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Abstract 

 

With the widespread deployment of wireless communication infrastructure, electromagnetic 

radiation is steadily increasing in the open environment over multiple frequency bands – in fact, 

electromagnetic radiation is omnipresent all around the globe. Presence of enormous water and 

ion substances in the majority of living tissues contributes to reasonably high permittivity (  
 ) 

and electrical conductivity ( ). Therefore, biological objects are quite capable of absorbing 

electromagnetic energy over wide frequency spectrum. Till date, scientists and researchers have 

majorly investigated electromagnetic energy absorption rates in several human models along 

with associated biological effects – however, similar investigations on prototyped fruit and plant 

models are rarely available. Furthermore, all existing global and national electromagnetic 

exposure regulatory standards have been prescribed entirely based on immediate thermal effects 

of electromagnetic radiation on humans. As a consequence, prescribed reference power density 

and Specific Absorption Rate (SAR) limits have been set only for humans. However, arguments 

can be put to investigate SAR values for fruit, flower and plant structures as those get exposed to 

uninterrupted electromagnetic radiation at multiple frequencies from the radiating antennas. 

Besides, higher surface-to-volume ratio of plant structures makes increased interaction with 

incident electromagnetic field possible. Therefore, in addition to investigating SAR data and 

spatial distributions, periodic (long duration) as well as one-time (hours long) electromagnetic 

irradiation induced plant responses should also be investigated at physiological and molecular 

levels. This thesis entitled “Investigations on the Effects of Electromagnetic Radiation on 

Indian Flora” aims at such investigations of complex dielectric properties      of fruit and plant 

tissues, SAR distributions in prototyped fruit and plant models, tissue equivalent phantom liquids 

for SAR measurement, and periodic (long duration) as well as one-time (hours long) 

electromagnetic irradiation induced physiological and molecular responses in plants. In this 

thesis, a chapter is dedicated to the fundamental concepts of material dielectric properties      

and broadband dielectric properties      characterization of fruit and plant tissue specimens. 

Furthermore, a novel technique to determine multi-tissue layers equivalent homogeneous 

phantom liquid formulation (for practical SAR measurement) has also been discussed in the 

same chapter. SAR data and associated spatial distributions in several tropical fruit models have 
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been demonstrated in the next chapter. The dependence of SAR data and spatial distributions in 

fruit and plant models on electromagnetic exposure regulatory guidelines, frequency of 

operation, angle of incidence and wave polarization has also been demonstrated. Reported 

findings indicate towards the necessity of harmonizing global and national electromagnetic 

exposure regulatory standards worldwide. The following chapter covers fruit and plant tissue 

equivalent homogeneous phantom liquid preparation for performing practical SAR measurement 

in future. Custom-made phantom liquid recipes have been prepared for twenty fruit and plant 

tissue layers at 947.50 MHz, 1842.50 MHz and 2450.00 MHz. In this thesis, the subsequent 

chapters by and large report induced plant responses under electromagnetic irradiation. The 

immediate next chapter covers investigations on electromagnetic propagation loss due to 

presence of plants inside an anechoic chamber and initial plant responses under long duration 

cell phone radiation. Being motivated by the initial plant responses, further investigations have 

been carried out to investigate periodic (long duration) as well as one-time (hours long), 

controlled and deterministic electromagnetic irradiation induced physiological and molecular 

plant responses in two subsequent chapters. Periodic electromagnetic irradiation (1837.50 MHz, 

2.75 mW/m
2
) induced physiological and molecular responses have been investigated in two rice 

variants (Oryza sativa) at different growth stages – inside a simple electromagnetic reverberation 

chamber. Reduced rice seed germination rate, photosynthetic pigment concentration levels and 

upregulated stress-sensitive gene expressions were noted under the periodic electromagnetic 

irradiation. Furthermore, investigations have been conducted to examine molecular responses in 

rice plants following one-time electromagnetic irradiation for 2 h 30 min. Transcript 

accumulations of selected stress-sensitive genes have been noted even following this one-time 

electromagnetic irradiation. Thus, reported findings indicate that plants in general perceive 

electromagnetic irradiation as an abiotic stress. Reported outcome in this thesis can lead to 

potential planning for minimizing electromagnetic energy absorption in fruits and plants along 

with associated biological effects without compromising sustainable telecommunication 

development. 
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Chapter 1 
Introduction 

 

In the present era of seamless wireless connectivity, electromagnetic radiation from different 

antennas over multiple frequency bands is omnipresent all over the world. Electromagnetic 

energy emission is gradually increasing with the widespread deployment of modern wireless 

telecommunication infrastructure – as a consequence, presence of electromagnetic fields at 

multiple frequencies is increasing all over the environment. Significant presence of water and ion 

content in human, animal and plant tissues contribute to high permittivity (  
 ) and electrical 

conductivity ( ) [1-11]. As a consequence, biological objects in general are quite capable of 

perceiving and absorbing incident electromagnetic energy that impinges on them. Though 

electromagnetic energy absorption rates have majorly been investigated for a number of human 

models along with associated biological effects [12-24], similar investigations on prototyped 

fruit and plant models is rarely available in literature. In addition, existing electromagnetic 

exposure regulatory norms have been set entirely based on immediate thermal effects of 

electromagnetic radiation on humans – thus, maximum reference power density and Specific 

Absorption Rate (SAR) limits have been prescribed only for human exposure [25-30]. In this 

context, arguments can be put to investigate SAR values for different fruit, flower and plant 

models – as, those get uninterrupted electromagnetic exposure at multiple frequencies from a 

number of radiating antennas. Over and above, higher surface-to-volume ratio of plants makes 

increased interaction with the incident electromagnetic energy possible [31]. Therefore, long 

duration as well as short duration deterministic electromagnetic irradiation evoked plant 

responses should also be investigated at physiological and molecular levels. This thesis entitled 

“Investigations on the Effects of Electromagnetic Radiation on Indian Flora” aims at such 

investigations of complex dielectric properties      of fruit and plant tissues, SAR distributions 

in prototyped fruit and plant models, tissue equivalent dielectric liquids for SAR measurement, 

and long duration as well as short duration electromagnetic irradiation induced physiological and 

molecular responses in plants. The outcomes of these investigations also suggest solutions to 

minimize electromagnetic energy absorption in fruits and plants along with associated biological 
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effects – while maintaining a sustainable telecommunication growth for seamless wireless 

connectivity.  

1.1 Motivation 

At initial stage, to start exploring the wide interdisciplinary research spectrum of electromagnetic 

energy absorption in biological objects, associated interaction mechanisms and consequent 

biological responses – it seems to be a standard approach to begin the investigations with 

broadband complex dielectric properties      characterization of different fruit, flower and plant 

tissue specimens. It is so because there are some articles available in the literature on dielectric 

properties      measurements of similar fruit and plant specimens – therefore, the adopted 

measurement technique, measured permittivity    
   and loss tangent        data can be verified 

along with a firm grasp on the underlying physics behind the adopted measurement system [4-

11, 32-41]. Among different dielectric properties measurement techniques, open ended coaxial 

measurement technique has been adopted mostly for characterizing dielectric properties      of 

soft semi-sold or liquid biological tissue specimens [35-41]. In spite of the fact that decades ago, 

researchers and scientists initiated exploring electromagnetic energy absorption in human models 

along with associated biological consequences [12-24] – electromagnetic energy absorption rates 

in different fruit and plant models have never been investigated before primarily due to mobile 

tower antenna emission at multiple frequency bands. Thus, with the ever-increasing utilization of 

electromagnetic energy in wireless telecommunication systems, investigating spatial SAR 

distributions in different fruit and plant models along with associated biological responses seems 

absolutely necessary.      

Investigations on permittivity    
   and loss tangent        measurement of different fruit / plant 

tissues, spatial SAR distributions in prototyped fruit / plant models, plant tissue equivalent 

phantom liquids, along with long duration and short duration electromagnetic irradiation evoked 

plant responses are gaining importance with the extensive utilization of electromagnetic energy 

over a wide frequency spectrum. Not only from the research perspective – it should be noted 

that, outcome of the above mentioned investigations can also facilitate different electromagnetic 

exposure regulatory committees and policy makers to re-evaluate existing regulatory norms and 

prepare revised electromagnetic regulatory guidelines in future. 
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In this dissertation, a chapter is dedicated to the fundamental concepts of material dielectric 

properties      [42], underlying physics behind different polarization mechanisms [42-43], 

polarization phenomena and dielectric properties      in plant tissues, appropriate dielectric 

properties      measurement techniques with special emphasis on open ended coaxial probe 

technique [35-41],  broadband dielectric properties      characterization of several fruit and plant 

tissue specimens, and subsequently a novel technique to determine multi-tissue layers equivalent 

homogeneous phantom liquid formulation for practical SAR measurement. As mentioned before, 

this chapter has primarily been divided into two parts – the first part deals with dielectric 

properties      characterization, whereas, the other part focuses on multilayer tissue modeling for 

practical SAR measurement. This particular chapter has been arranged after the initial two 

chapters i.e. Introduction and Literature Review presented in this thesis. Thus, this chapter 

provides a recapitulation of the fundamental concepts of material dielectric properties      and 

polarization mechanisms, reports dielectric properties      of several fruit and plant tissue 

samples, and formulates a novel protocol to define multilayer equivalent homogeneous phantom 

liquid for SAR measurement. 

The next chapter includes SAR data evaluation for several prototyped fruit and plant models with 

appropriate frequency dependent dielectric properties     , as reported in the preceding chapter. 

At initial phase, SAR data and associated spatial distributions have been evaluated in a number 

of tropical fruit models due to plane wave incidence with linear polarization at multiple 

frequency bands. Subsequently, disparities in SAR data for different fruit and plant models have 

been reported due to wide contrast among different international and national electromagnetic 

exposure regulatory standards [25-30]. At last, variations of SAR data and associated spatial 

distributions in different fruit models have been evaluated for different combinations of 

incidence angle and wave polarization. Reported findings in this chapter indicate towards the 

necessity of harmonizing different international and national electromagnetic exposure 

regulatory standards worldwide [25-30, 44]. 

The chapter on SAR evaluation in different fruit and plant models is followed by practical work 

on homogeneous phantom liquids preparation for different fruit and plant tissue specimens – in 

order to perform practical SAR measurement in future. In the past, human head and body 

equivalent homogeneous phantom liquids were prepared and standardized for SAR 

measurements and validations [45-50]. Hence, following similar methodology, custom-made 
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homogeneous phantom liquids have been prepared for twenty fruit and plant tissue layers chosen 

out of twelve fruit and plant specimens (some fruits are multilayer). Reference permittivity    
   

and loss tangent         values for all fruit or plant specimens have been attained either using 

sucrose (sugar), sodium chloride (NaCl), De-Ionized (DI) water based solution or employing 

diethylene glycol monobutyl ether (glycol), sodium chloride (NaCl) and DI water based solution. 

Fruit and plant tissue equivalent homogeneous phantom liquids have been prepared at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz – in total, sixty phantom liquid recipes have been 

formulated for SAR measurement in future. 

Following the earlier chapters related to electromagnetic energy deposition in fruit and plant 

models, subsequent chapters focus on electromagnetic irradiation induced responses in model 

plants. The immediate next chapter consists of two topics – first part describes a basic 

investigation on electromagnetic propagation loss due to presence of single or multiple plants 

inside test environment, whereas a time study on initial plant responses under long duration cell 

phone exposure has been reported in the following part. In the first investigation, higher 

propagation loss has been noted as number of plants increases in the channel between 

transmitting and receiving antennas near 1800 MHz – the observations have been explained 

using plant absorption and scattering phenomena. In 50 days time study, reduced seed 

germination rate, enhanced sapling growth and wrinkled leaf specimens have been observed 

among Capsicum annuum (commonly known as Chilli) saplings under long-duration cell phone 

irradiation. These initial observations motivated further to investigate long-duration as well as 

short-duration controlled and deterministic electromagnetic irradiation induced physiological and 

molecular plant responses in subsequent chapters. 

The next chapter reports periodic and controlled electromagnetic irradiation induced responses in 

rice plants (Oryza sativa) at physiological and molecular levels. It should be noted, Roux et al. 

and Vian et al. first introduced using Mode Stirred Reverberation Chamber (MSRC) for 

investigating controlled electromagnetic exposure evoked molecular responses in tomato plants – 

stress-responsive gene expression alterations were reported following the electromagnetic 

irradiation [31, 51-53]. Reported investigations, in 7
th

 chapter of this dissertation, have been 

carried out after gaining inspiration from the past work on short duration electromagnetic 

irradiation induced gene expression alterations in tomato plants [31, 51-54]. Physiological and 
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molecular effects under long-duration, periodic and controlled electromagnetic irradiation 

(1837.50 MHz, 2.75 mW/m
2
) have been investigated in Satabdi and Swarnaprabha rice variants 

at different growth stages – inside a simple electromagnetic reverberation chamber. Irrespective 

of variant and growth stage, the periodic electromagnetic irradiation causes significant 

physiological or molecular response alterations in rice plants. In general, rice seed germination 

rate and photosynthetic pigment concentration levels were reduced – whereas, stress-sensitive 

gene expressions were upregulated under periodic electromagnetic irradiation at 1837.50 MHz, 

2.75 mW/m
2
. 

In continuation of the work reported in the last chapter, further investigation has been carried out 

to determine molecular responses in rice plants following one-time controlled electromagnetic 

irradiation at 1837.50 MHz, 2.75 mW/m
2
. Inside the custom-made reverberation chamber, stress-

sensitive gene expressions have been investigated in both 12 days old Satabdi rice seedlings and 

40 days old Swarnaprabha rice plants following one-time electromagnetic irradiation (2 h 30 

min). Relative expressions for stress-responsive genes have been assayed using real-time 

quantitative Polymerase Chain Reaction (PCR) technique – transcript accumulation of selected 

stress related rice genes has been noted following the one-time electromagnetic irradiation. It 

should further be noted, 2 h 30 min electromagnetic irradiation induced transcript accumulation 

in rice plants is in line with the earlier molecular responses under periodic electromagnetic 

exposure at 1837.50 MHz, 2.75 mW/m
2
. The reported stress-responsive gene expressions 

upregulation confirms that plants perceive electromagnetic irradiation as an abiotic stress – 

similar findings, though limited, are available in literature [31, 51-54]. 

1.2 Organization of the Thesis 

Based on the chronological progress of work, the organization of this dissertation is described in 

this section. 

Chapter 2 summarizes an initial literature review report on the past research articles which were 

studied in detail to prepare the preliminary foundation for this research work. To be a bit 

specific, this chapter contains an extensive and multi-dimensional review of articles from cross-

disciplinary research domains. Research articles have been read to comprehend electromagnetic 

properties of plant tissues, SAR assessment techniques, electromagnetic exposure regulatory 
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standards, homogeneous phantom liquid formulation for SAR measurement and electromagnetic 

irradiation induced plant responses [5-20, 25-30, 45-55].    

Chapter 3 starts with the fundamental concepts of material dielectric properties      and 

associated polarization mechanisms – thereafter, dielectric properties      and polarization 

mechanisms in plant tissues have been discussed. Different dielectric properties      

measurement techniques have also been recapitulated in this chapter with special emphasis on 

open ended coaxial probe technique [32-41]. Furthermore, broadband permittivity    
   and loss 

tangent        data have been reported for several fruit and plant tissue specimens – these 

measured data have been utilized in subsequent research work. The second part, in this chapter, 

focuses on multilayer equivalent homogeneous dielectric modeling for SAR measurement. 

Chapter 4 reports SAR data simulations in a number of fruit and plant models due to plane wave 

irradiation with linear polarization. Measured dielectric properties      have been fed into the 

realistic fruit and plant models at the frequencies of interest – thereafter, spatial SAR 

distributions have been evaluated. For any particular fruit or plant model, variations in SAR data 

have been investigated due to lack of harmonization among different electromagnetic exposure 

standards [25-30]. Furthermore, variations in peak SAR value and spatial distribution have also 

been investigated in fruit models for various angles of incidence and wave polarizations. 

In Chapter 5, different fruit and plant tissue equivalent homogeneous phantom liquids have been 

formulated for practical SAR measurement in future. At three frequencies (i.e. 947.50 MHz, 

1842.50 MHz and 2450.00 MHz), homogeneous dielectric liquid recipes have been prepared for 

twenty fruit or plant tissue specimens. Thus, altogether, sixty phantom liquid recipes have been 

reported in this chapter. 

Chapter 6, in its first part, reports electromagnetic path loss due to presence of plants in a test 

propagation channel. Propagation loss has been explained with absorption and scattering 

phenomena due to presence of plants in the wireless channel. Furthermore, a preliminary 

investigation on visible plant responses under continuous cell phone irradiation has been reported 

in the subsequent part. Reduced seed germination, enhanced sapling growth and wrinkled leaves 

have been observed among Capsicum annuum plants following the cell phone irradiation. 

In Chapter 7, physiological and molecular responses have been investigated in rice plants 

(Oryza sativa) following periodic, controlled and deterministic electromagnetic exposure at 
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1837.50 MHz. Rice seeds and subsequent plants have been exposed to controlled 

electromagnetic radiation inside a simple metallic reverberation chamber. Periodic 

electromagnetic irradiation induced effects on seed germination rate, chlorophyll concentrations 

and stress-responsive gene expressions have been investigated in two rice variants at different 

growth stages. Seed germination rate and chlorophyll contents reduced – whereas, stress-

responsive gene expressions were upregulated under the periodic electromagnetic irradiation. 

Chapter 8 continues the work and reports further investigations on transcript accumulation of 

stress-responsive genes in rice plants following one-time, controlled and deterministic 

electromagnetic irradiation at 1837.50 MHz. These investigations have also been carried out 

inside the above mentioned custom-made reverberation chamber using the same exposure setup. 

Based on real-time quantitative PCR assay, upregulated stress-sensitive gene expressions have 

been noted in two rice variants following the 2 h 30 min electromagnetic irradiation. 

Chapter 9 summarizes the concluding remarks and scope for future research. 
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Chapter 2 
Literature Review 

 

2.1 Motivation 

Modern wireless communication has evolved through multiple development cycles since the 

pioneering theoretical and practical research work by Maxwell, Hertz, Marconi and Bose. With 

the worldwide deployment of advanced wireless communication infrastructure – the utilization 

of electromagnetic energy over multiple frequency bands has increased by a large extent. 

Biological bodies irrespective of humans, animals or plants possess fairly high permittivity (  
 ) 

and electrical conductivity ( ), in principle, due to the respective presence of water and ion 

contents [1-17] – thus, biological tissues possess great capabilities to perceive electromagnetic 

energy present in open environment. Since last few decades, electromagnetic energy absorption 

rates in human models along with associated biological consequences are being investigated [18-

36]. Furthermore, based on immediate thermal effects on humans, a number of international and 

national electromagnetic exposure regulatory guidelines have been prescribed across the globe 

[37-42]. It is unfortunate that these guidelines are not harmonized in terms of the prescribed 

power density or equivalent electromagnetic field strength – rather, those are prescribed wide 

apart from each other.  

In contrast, electromagnetic energy absorption rates in different fruits, plants and crops haven’t 

been explored yet – though, those are exposed to microwave radiation from a number of wireless 

antennas (such as, mobile tower antennas) throughout their lifespan. Moreover, larger surface-to-

volume ratio of plant structures facilitates higher interaction with the incident electromagnetic 

wave [43] – in spite of this fact, electromagnetic irradiation induced physiological and molecular 

responses in plants haven’t been investigated to sufficient extent [43-47]. 

Therefore, this chapter aims at rapid recapitulation of the significant developments in above 

mentioned research areas – as also, how these concepts directed the motivation of this thesis 

towards investigating dielectric properties (  ) of fruit / plant tissues, electromagnetic energy 

absorption rate analyses in prototyped fruit / plant models and electromagnetic irradiation evoked 

biological responses in selected plants with an aim for a sustainable development. 
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2.2 Dielectric Properties of Different Plant Tissue Specimens 

Major research work on characterizing dielectric properties (  ) of different plant, fruit and crop 

specimens have been initiated at around 1970 – at subsequent phase, prompt research progresses 

have been noticed in this particular field [7-17]. At initial instance, core motivation behind this 

work was several agricultural applications, food processing using dielectric tissue heating and 

pest control using microwave during crop storage. In 1973, S. O. Nelson reported dielectric 

properties (  ) of several crop and seed specimens such as wheat, sorghum, oats, alfalfa and 

soybean using three different microwave characterization techniques [7]. Later in 1980, 

dielectric properties (  ) of few fresh fruit and vegetable specimens were reported by Nelson at 

2.45 GHz using short circuited coaxial line measurement technique – permittivity (  
 ) and loss 

factor have been measured for some peach cultivars, two sweet potato cultivars and individual 

cultivars of potato, apple, cantaloupe and carrot [8]. Next, complex dielectric properties (  ) of 

potato, sweet potato, peach, watermelon, cantaloupe and cucumber specimens have been 

reported by Nelson at three different frequencies i.e. 2.45 GHz, 11.7 GHz and 22.0 GHz. In 

addition, correlations have been investigated between the complex dielectric properties (  ) of 

the tissue specimens and their respective moisture content levels [9]. In 1991, Nelson discussed 

the dependence of dielectric properties (  ) on frequency, temperature, moisture content and 

density of agricultural product [10]. In the same paper, different dielectric measurement 

techniques have also been reviewed – moreover, practical applications such as dielectric heating 

for seed treatment, improving grain qualities for long-duration storage, insect control during 

grain storage, crop quality assessment and determining moisture content etc. have also been 

discussed [10]. In 1997, the Debye equation has been utilized for analyzing measured dielectric 

properties (  ) of a number of fruit and vegetable samples over 3 GHz to 20 GHz; Kuang and 

Nelson have scrutinized Cole-Cole plots for the selected fruit and vegetable tissues to determine 

how close the measured data fit to Debye relaxation model [11]. Dielectric properties (  ) of 

apple cultivars have been reported by Ikediala et al. in the year of 2000. In the present twenty 

first century, Nelson and his research colleagues (such as W. C. Guo, S. Trabelsi etc.) have made 

significant advancement in this research domain – this group reported numerous experimental 

dielectric data analyses for a number of plant and fruit tissue specimens [12-17]. 
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In connection with dielectric properties (  ) measurement of plant tissues, suitable dielectric 

characterization techniques should also be discussed in this section. Appropriate measurement 

technique is chosen based on material type (solid, granular, semi-solid, gel or liquid), electrical 

characteristics, material density, particle size distribution, sample shape, surface smoothness, 

frequency range, temperature, accuracy and precision levels [8, 10-11, 13-17, 48-50]. Suitable 

sample holder design and lumped equivalent circuit modeling at microwave spectrum are the 

main challenges for dielectric constant (    characterization [48-51]. Complex dielectric constant 

     of test material can be characterized after solving the lumped equivalent system equations 

over desired microwave spectrum [5, 50, 52-60]. Closed resonant structures or open resonant 

structures are employed as two-port devices to characterize transmission coefficient – whereas, 

reflection coefficient is measured in one-port devices for deriving complex dielectric constant 

(  ) of the test material [48, 61]. Solid, semi-solid or liquid dielectric specimens can be 

characterized using several techniques such as cavity perturbation technique, waveguide or 

coaxial transmission line, free space transmission technique, microstrip transmission line, time 

domain reflectometry and open ended coaxial probe [48-50]. Complex dielectric properties (  ) 

of grains, fruits and vegetables can be measured using several techniques – as reported in 

literature [4, 6, 62-65]. At lower frequencies, grain and seed dielectric properties (  ) was 

measured with coaxial line sample holder and Q meter – based on resonant circuit model [10, 48, 

66]. Moreover, coaxial line or rectangular waveguide sample holder (along with different 

microwave components) based dielectric characterization techniques have been used for seed, 

grain, fruit and vegetable specimens over 1 GHz to 22 GHz [7-10, 48, 67]. Some of the widely 

adopted dielectric characterization techniques above 1 GHz are transmission line method, 

resonant cavity structure and free space transmission method [48, 61, 68-69]. However, open 

ended coaxial probe setup (one-port system with reflection coefficient measurement) is the most 

preferred non-destructive dielectric properties (  ) characterization system for biological tissues 

– plant and fruit specimens are no exception [5, 51-60]. In this technique, amplitude and phase 

information of reflected signal at the coaxial probe open end is utilized to characterize the 

dielectric properties (  ) of tissue specimen. The lumped equivalent circuit and detailed 

mathematical analyses are well established and available in literature [5, 52-60]. Agilent 

Technologies (currently known as Keysight Technologies) have produced a commercial version 

of this dielectric properties characterization setup – the same is known as 85070E open ended 
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coaxial probe kit and can measure permittivity    
   and loss tangent         over a broad 

frequency spectrum while connected with a vector network analyzer [70]. 

It’s true that, in past, dielectric properties (  ) characterizations of fruit, crop and plant tissues 

have been performed primarily aiming at different agricultural and food processing applications 

[10, 17]. However, it can be argued that these past developments related to the dielectric 

properties of different crop, fruit and plant tissue specimens i.e. measurement setup calibration, 

theoretical calculations, experimental measurements and detailed data analyses have helped a lot 

to shape the direction of this thesis work – in particular for characterizing broadband permittivity 

(  
 ) and loss tangent        of different plant tissues, estimating electromagnetic energy 

absorption rates for prototyped plant / fruit models and formulating different plant / fruit tissue 

equivalent phantom liquids. 

2.3 Specific Absorption Rate Assessment Technique 

In this era of extensive virtual communication, electromagnetic energy is being utilized over 

various frequency bands to sustain high speed wireless data services along with support for 

uninterrupted voice calls. Now, as an unavoidable consequence, living biological objects 

including humans, animals and plants are getting uninterrupted exposure to simultaneous 

electromagnetic radiation at numerous frequency bands from multiple transmitting antennas. 

Researchers have reported that deterministic exposure to electromagnetic radiation can lead to 

reversible or irreversible biological alterations or responses in humans and plants [31-36, 43-47, 

71-74]. Thus, scientists and researchers have started investigating electromagnetic energy 

absorption rates in different human phantom models at distinct exposure scenarios – in this 

connection, they have also coined a term ‘Specific Absorption Rate (SAR)’ to quantify 

electromagnetic energy absorption rate in living biological object while an incident 

electromagnetic wave impinges on it [18-30]. SAR data and its spatial distribution have been 

investigated using theoretical calculations, numerical simulations and practical measurements for 

different human body and head equivalent phantom models [18-30].      

In 1986, Stuchly et al. investigated electromagnetic energy deposition in a human model at three 

different frequencies i.e. at 160 MHz, 350 MHz and 915 MHz respectively. A computer 

controlled field scanning setup and non-perturbing field probes were employed to investigate 

spatial electric field distributions in a full length homogeneous human model at the above 
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mentioned frequencies both in far and near field of the resonant dipole antennas. Frequency 

dependent spatial SAR distributions and average values were analyzed. It was reported that, in 

far-field exposure scenario, SAR value reduces exponentially with the direction of propagation 

in torso at all frequencies of interest [18]. Later in 1997, Meier et al. reported dependence of 

electromagnetic energy absorption rate on human head phantom modeling in particular at 1800 

MHz. This investigation was of immense importance since few peripheral tissue layer 

thicknesses are of the order of     to     thickness in between 1.5 GHz and 2.5 GHz (bands 

utilized then for mobile communications) [19]. In 2006, SAR values inside a human head 

equivalent phantom model have been simulated using Finite Difference Time Domain (FDTD) 

method (mesh sizes of 2 mm) due to cellular phone exposure at 915 MHz and 1900 MHz – the 

effects on SAR values due to presence of a metallic spectacle frame and metallic tooth caps have 

also been investigated in the multi-tissue layer head and hand phantom models. In this article, 

Yelkenci reported that presence of the metallic spectacle frame can increase SAR values – 

however, metallic tooth caps had insignificant contribution on reported SAR values [20]. In 

2015, Gandhi confirmed that mobile phone exposure induced electromagnetic energy absorption 

rate among children is higher while compared to adults [21]. Takei et al. reported variation in 

SAR values due to various positions of a smart phone near the torso at 900 MHz and 2 GHz. The 

numerical simulations have been performed using realistic Japanese male and female adult 

models. Irrespective of smart phone position and placement, the 10g averaged SAR value (10g 

SAR) was reported to be higher at 2 GHz compared to 900 MHz. Over and above, 10g SAR had 

a trend to increase while the smart phone was positioned in vertical orientation with respect to 

torso. Observations indicate 10g SAR value primarily depends on tilt angle but not on placement 

height [22]. In 2002, Cooper et al. reported an investigation to determine safe distance for human 

body in near field of a cellular base station antenna – this work has been carried out in 

accordance with the IEEE standard and ICNIRP guidelines [23]. Christ et al. investigated and 

reported the dependence of electromagnetic energy absorption on body tissue composition 

particularly in far-field exposure scenarios over 300 MHz to 6 GHz. The article, published in 

2006, further indicated that for some specific separation in between the half-wave dipole antenna 

and body (around    ), strong standing wave phenomena dominate in the coupling mechanism 

and thus lead to increased SAR value in layered tissue mediums [24]. In 2006, Karunarathna and 

Dayawansa investigated and reported electromagnetic energy absorption in human body due to 
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microwave emissions in Sri Lanka. In this article, SAR values have been investigated over 100 

MHz to 2500 MHz for human organs like eye, testis, brain and kidney – results indicate that in 

general the maximum SAR values increase with frequency [25]. In the very next year, Hirata et 

al. published a brief communication on the dominant factors that influence whole body average 

SAR values in far field exposure scenario specifically near the frequency of whole body 

resonance and in GHz region. Computational results indicate that electromagnetic absorption rate 

reaches its peak around the resonance frequency and largely depends upon the tissue dielectric 

properties – however, the peak SAR value in GHz region is mainly dependent upon the surface 

area of the biological model [26]. Next, Hirata et al. conservatively estimated whole body 

averaged SAR values for nine months old infant employing a simple homogeneous phantom 

model in GHz region – the simulations have been performed over 1 GHz to 6 GHz in far field 

exposure scenario [27]. In 2008, a novel SAR measurement method has been reported employing 

a flat solid phantom model with multiple embedded electric field probes. Iyama et al. designed a 

measurement configuration to attain SAR distributions within 10% error limit both at 900 and 

1950 MHz [28]. Wessapan et al. investigated SAR and temperature distributions in human head 

model due to mobile phone radiation exposure at multiple frequency bands (900 MHz and 1800 

MHz) in 2012. In a real like human head model, the contributions of frequency and separation 

between mobile phone and human head on SAR and temperature profiles have been investigated. 

It should be noted that the temperature distribution is not directly proportional to the local SAR 

profile – as reported in this article [29]. In the following year (2013), Wessapan and 

Rattanadecho reported SAR profile and temperature increase in human eye because of 

electromagnetic exposure at 900 MHz and 1800 MHz. It was reported that temperature 

distribution in human eye is not directly proportionate to SAR distribution – as, tissue dielectric 

and thermal properties, blood perfusion and depth of penetration play important roles. In 

addition, this investigation demonstrated the influence of exposure time on temperature 

increment in the eye [30]. 

It’s a fact that, even before ten years from now, SAR values and their spatial distributions have 

been evaluated using simulations and measurements only for human models [18-30]. However, 

high dielectric constant (  ) of fruit / plant tissues along with past developments related to SAR 

simulations and measurements in human models have significantly motivated to estimate SAR 

data and their spatial distributions in different fruit and plant models at far field exposure 
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scenario. As a consequence, rigorous SAR simulations have been performed and reported later in 

this thesis for various fruit and plant models under different exposure scenarios. 

2.4 Disagreement among Different Electromagnetic Guidelines 

In the previous section, relevant articles on electromagnetic energy absorption rate (SAR) 

analyses in different human equivalent phantom models have been reviewed [18-30]. Based on 

the analyses, significant SAR values have been noted in different human models – in addition, 

there are a number of published articles that reported electromagnetic irradiation induced 

biological responses in humans [31-36]. Therefore, rational electromagnetic exposure limits must 

be prescribed to restrict maximum permissible SAR value in human body based on averaging 

tissue mass. In this connection, a number of international and national authorities have come up 

with different electromagnetic exposure regulatory guidelines – these guidelines have been 

adopted across the world [37-42]. In these electromagnetic exposure guidelines, frequency 

dependent reference power densities or plane wave equivalent field strengths have been capped 

for far field exposure scenario – in addition to basic SAR limits for humans [37-42]. 

However, it is crucial to note that the frequency dependent reference power density or equivalent 

field strength values for far field exposure have been capped at different limits based on the 

regulatory guidelines in effect. Thus, even at a particular frequency, prescribed electromagnetic 

power density levels can differ by factors of 10 to 100, depending upon the adopted 

electromagnetic regulatory guidelines [37-42]. To be specific, far and wide adopted international 

electromagnetic regulatory guidelines have been prescribed by two particular international 

organizations – Federal Communications Commission (FCC) and International Commission on 

Non-Ionizing Radiation Protection (ICNIRP) [37-38]. In addition, there are some stringent 

national electromagnetic exposure regulatory standards in countries like India, Switzerland, 

Russia and Italy etc. [39-42]. In general, stringent national electromagnetic regulatory standards 

have been followed to address potential health concerns and increasing awareness among general 

public [31-36]. 

It should be noted that different international and national electromagnetic regulatory guidelines 

have been prepared based on significantly diversified geographical locations, technical 

backgrounds, medical protocols and purposes to protect human lives on earth [37-42, 75-76]. 

Some of these standards have been prescribed to protect from immediate thermal effects of 
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Table 2.1 Lack of harmonization among different international and national electromagnetic 

exposure regulatory standards [37-42, 76] 

Frequency of 

exposure 

(MHz) 

Prescribed power density level (    ) 

Occupational Zone Public Zone 

FCC ICNIRP FCC ICNIRP India Swiss 

947.5 31.58 23.69 6.32 4.74 0.47 0.047 

1842.5 50 46.06 10 9.21 0.92 0.092 

2150 50 50 10 10 1 0.1 

2350 50 50 10 10 1 0.1 

2450 50 50 10 10 1 0.1 

 

microwave irradiation over short duration, few others plan to mitigate non-thermal biological 

effects over long duration exposure, whereas, the rest have been drafted to ensure enough safety 

measures against yet unknown health effects in humans. Furthermore, it should be noted that 

individual electromagnetic regulatory standards are consistent with the course of action 

promoted by respective governing authorities [76].  

However, as discussed earlier in this section, there is a severe lack of harmonization among these 

international and national electromagnetic regulatory standards. To be a bit specific, it should be 

noted that FCC and ICNIRP prescribed public electromagnetic exposure standards differ by a 

narrow margin below 2000 MHz and are exactly identical thereafter – FCC prescribed power 

density levels are 33% and 8.5% higher (compared to ICNIRP) at 947.5 MHz and 1842.5 MHz 

respectively (please, refer to Table 2.1). These two international electromagnetic exposure 

standards are quite relaxed compared to other national electromagnetic exposure standards [37-

42, 76]. In contrast, Indian public electromagnetic exposure standards are at moderate levels i.e. 

the prescribed reference power density levels are at 1/10
th
 levels compared to ICNIRP standards 

– please, refer to Table 2.1 [38-39]. The most stringent public electromagnetic exposure 

standards have been adopted in Switzerland at 1/100
th
 reference power density levels with 

respect to ICNIRP guidelines [38-40, 76]. All the above mentioned electromagnetic exposure 

standards have been prescribed for public exposure only. However, FCC and ICNIRP prescribed 

occupational exposure power density levels are five times more relaxed compared to respective 

power density levels for public exposure scenarios [37-38]. 
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Now, SAR value at a particular point            directly depends upon the square of electric 

field magnitude developed inside biological tissue – where,   is electrical conductivity of 

biological tissue,   is the developed peak electric field strength inside biological tissue and   is 

biological tissue density [18-30]. Furthermore, this internal electric field strength magnitude 

develops in direct proportion with the incident electric field strength. Thus, SAR value and its 

spatial magnitude distribution directly vary with the magnitude of incident plane wave power 

density. Hence, the lack of harmonization among different international and national 

electromagnetic regulatory guidelines has prompted to investigate the variation in SAR values 

among different prototyped fruit, plant and crop structures across geographical boundaries with 

contrasting electromagnetic exposure regulatory standards [37-42, 76].  

2.5 Multilayer Tissues Equivalent Homogeneous Phantom Liquid 

It is well known that interaction of living biological objects with electromagnetic energy is 

unavoidable due to immense utilization of wireless telecommunication infrastructures over a 

broad frequency spectrum. This interaction mechanism can take place either in near field (e.g. 

mobile phone emission) or in far field (e.g. mobile tower radiation) of the radiating element 

based on application [18-30]. Therefore, it is necessary to quantify electromagnetic energy 

absorption rate (SAR) due to either near field exposure close to the radiating antenna or plane 

wave incidence in the far field exposure scenario [37-38, 77-78]. It is an established fact that the 

SAR value is dependent on shape of biological model, number of distinct dielectric tissue layers, 

complex dielectric constant (  ) of each tissue layer, tissue density of each layer and incident 

field strength [18-30, 37-38, 77-78]. The mathematical expression for point SAR is          – 

where,     and   represent the respective parameters discussed in the previous section. It is clear 

that point SAR is dependent on the second degree of peak electric field strength developed inside 

biological tissue. Therefore, for practical SAR measurement, electric field probing inside 

prototyped biological model is absolutely necessary. However, invasive techniques that involve 

inserting electric field probe inside living biological object are avoided due to medical ethical 

guidelines. Thus, to circumvent this measurement challenge, few rudimentary attempts have 

been made to formulate and prepare multilayer tissues equivalent homogeneous phantom liquid 

with predefined dispersive dielectric properties (  ) [19, 77-83]. At initial phase, human head 

equivalent homogeneous phantom liquid formulations were proposed to possess average 
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dielectric properties (  ) in between grey matter and white matter; after that, those phantom 

liquids were utilized for frequency dependent practical SAR measurements [19, 79-80]. Later on, 

a multilayer tissues equivalent homogeneous dielectric liquid recipe was formulated and 

proposed based on the average permittivity    
   of all tissue layers and further tuning the 

conductivity     to match 1g or 10g averaged SAR value in specific phantom model – this 

research work was reported by Drossos et al. in the year 2000 [81]. In 2002, Monebhurrun et al. 

proposed a set of head equivalent phantom liquids based on tuning the maximum 10g averaged 

SAR value with appropriate set of dielectric properties (  ) [82]. Later in 2010, Monebhurrun 

confirmed that the SAM phantom with homogeneous liquid and typical frequency dependent 

dielectric properties (  ) can provide conservative SAR estimation in child’s head model [83]. 

 However, none of the above mentioned techniques attempted to tune and match the electric field 

or point SAR distributions inside original multilayered tissue model and the equivalent 

homogeneous phantom liquid [19, 77-83]. Therefore, the above reported articles have motivated 

to initiate further research on alignment of spatial point SAR distributions between original 

multilayer tissue model and equivalent homogeneous liquid on three dimensional coordinate 

bases. Till present time, no generalized and structured framework has been defined to find out 

equivalent dielectric properties (  ) of homogeneous phantom liquid based on dielectric 

properties (  ), thickness, stacking distribution and geometric shape of original tissue layers – 

irrespective of far or near field exposure scenarios. Hence, based on the reported articles, a 

further generalized algorithm has been developed later in this thesis to synthesize permittivity 

   
   and loss tangent        of the homogeneous phantom liquid equivalent to arbitrary 

combinations of stacked tissue layers – the work has been performed aiming accurate practical 

SAR measurement with precise phantom liquid characteristics.  

2.6 Phantom Liquid Recipes for SAR Measurement 

In the second section of this chapter, a thorough literature review on broadband dielectric 

properties      i.e. both permittivity    
   and loss tangent        characterization of different 

plant, fruit and crop specimens have been performed [7-17]. Based on the reported articles in 

literature, it is noted that plant, fruit and crop tissues possess quite high complex dielectric 

properties      over a broad frequency spectrum. Next, in last part of section 2.3, it is also 

mentioned that SAR analyses should be performed for the prototyped fruit and plant models as 
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the constituent tissues possess quite high permittivity    
   and loss tangent        [7-17]. The 

SAR evaluation can be performed either using numerical simulation or employing practical 

measurement in customized fruit or plant model filled with tissue equivalent liquid – in 

particular, considering far-field exposure scenario. To this end, SAR simulations along with 

spatial distributions have been performed for a number of fruit and plant models later in this 

thesis (Chapter 4) [84]. Plane wave exposure condition and time domain solver have been 

employed together in CST Microwave Studio (CST MWS) to simulate SAR data for the 

prototyped models [84-86]. Once SAR simulations have been performed, customized models 

along with fruit and plant tissue equivalent phantom liquids need to be prepared for practical 

validation of simulated SAR data. Therefore, fruit and plant tissue equivalent phantom liquid 

recipes with appropriate dielectric properties      should be prepared for practical SAR 

measurements. It should be taken into consideration that prepared phantom liquids must be non-

toxic, non-corrosive to the non-resonant electric field probe and phantom shell – in addition, the 

liquids should have low viscosity for easy movement of the probe [87-88]. In general, standard 

chemical formulations and frequency specific dielectric properties      are available for 

composite human body and head equivalent homogeneous phantom liquids [77-78, 89-90]. 

Human tissue equivalent phantom liquid recipes can be formulated with sugar, glycol or diacetin 

based solutions based on frequency range, reference permittivity    
   and loss tangent        

values. In general, sugar and water based tissue equivalent liquid recipes are formulated at 

around 900 MHz – whereas, glycol and water based phantom liquid recipes are preferred at 1800 

MHz and 2450 MHz [87-88, 91-98]. 

It’s a fact that till now standard phantom liquid recipes have been formulated only for composite 

human tissues equivalent model [87-98]. Those liquids have been used for SAR measurements in 

human body or head equivalent phantom models primarily due to near-field exposure from 

mobile phone or any other near body microwave transmitter [77-78, 89-90]. However, it can be 

stated that those previous developments related to human body or head equivalent phantom 

liquids formulation have helped a lot to outline the shape and direction of this thesis – in 

particular, to formulate the frequency band specific customized phantom liquids for different 

fruit or plant tissues. Moreover, the dependence of phantom liquid permittivity (  
 ) and loss 

tangent        on different chemical constituents have been understood from the related 

literature articles [87-88, 91-98]. This knowledge base is indeed helpful to formulate phantom 
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liquids for different fruit and plant tissues with diversified complex dielectric properties      at 

multiple frequencies of interest. 

2.7 Electromagnetic Irradiation Induced Responses in Plants 

The ever increasing utilization of different wireless technologies is reported to cause measurable 

biological responses on wide range of plants and crops – however, all of these research articles 

have been reported primarily in past two decades [43-47, 71-74, 99-128]. Therefore, it can easily 

be interpreted that this particular research domain is at an early stage and needs further attention 

for development and growth.  

In 2002, Scialabba and Tamburello reported 10.50 GHz and 12.50 GHz electromagnetic 

exposure induced effects on germination and subsequent growth of radish seedlings. To be 

specific, germination of radish seeds was reported to be delayed and reduced due to low power 

electromagnetic irradiation at the above mentioned frequencies. Moreover, the electromagnetic 

exposure also reduced hypocotyl growth rate. The reported effects were noted to be increased 

with rise in electromagnetic power level [99]. In the same year (2002), Tafforeau et al. reported 

that epidermal meristem production was induced in flax due to low intensity 0.90 GHz 

electromagnetic irradiation over two hours at non-thermal level using GSM telephone [100]. 

Later in 2005, Sandu et al. investigated effects of electromagnetic field on chlorophyll contents 

in black locust leaves. Three months old black locust seedlings were irradiated to 400 MHz 

electromagnetic radiation at low power density level. After regular irradiations (for 1, 2, 3 and 8 

hours per day) over three weeks, chlorophyll A and chlorophyll B levels were reported to be 

reduced and statistical significances were tested with respect to control specimens using t-tests 

[101]. Challis reviewed and reported different interaction mechanisms between electromagnetic 

fields and biological tissue in 2005 [102]. Next year, a chapter entitled ‘Electrical Signals in 

Plants: Facts and Hypotheses’ was published by Davies in the book ‘Plant Electrophysiology’ 

[103]. In 2006, Davies and Stankovic published another chapter on ‘Electrical Signals, the 

Cytoskeleton and Gene Expression: A Hypothesis on the Coherence of the Cellular Responses to 

Environmental Insult’ in a book entitled ‘Communication in Plants’ [104]. Both of these book 

chapters are helpful to explain possible disproportion of                   concentrations in 

plant cell under electromagnetic irradiation [103-104]. Roux et al. and Vian et al. investigated 

and reported controlled electromagnetic irradiation (900 MHz) induced molecular responses i.e. 
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stress-sensitive gene expression alterations in tomato plants [44-45]. In particular, three weeks 

old tomato plants have been exposed to short-duration, controlled and deterministic 

electromagnetic fields at 900 MHz inside a Mode Stirred Reverberation Chamber (MSRC). 

Upregulated expressions of stress-sensitive transcripts (calmodulin, protease inhibitor, 

chloroplast mRNA-binding protein and bZIP transcription factor) have been noted following the 

controlled electromagnetic irradiation at 900 MHz [44-45]. Next in 2007, Beaubois et al. 

reported intercellular communication in tomato plants due to electromagnetic stimulation [71]. 

Electromagnetic exposure was reported to induce rapid and substantial bZIP mRNA 

accumulation in terminal leaf of wild-type tomato plant. In spite of just irradiating the oldest leaf, 

bZIP mRNA accumulation was reported both in the local exposed leaf as well as in the distant 

unexposed leaf – however, somewhat delayed accumulation was noted in the distant leaf. 

Moreover, mRNA accumulation level of PIN2 was reported to be less than bZIP – both in the 

exposed as well as distant leaves with no delay in systemic response [71]. Furthermore, in 2008, 

Roux et al. reported that short duration and low amplitude electromagnetic field at 900 MHz 

caused rapid reduction in ATP concentration and Adenylate Energy Charge (AEC) in tomato 

plants [105]. In the same year, Roux et al. further confirmed that short duration, controlled and 

deterministic electromagnetic exposure at 900 MHz, 5 V/m can affect transcription, translation, 

calcium and energy charge in tomato plants [106]. In 2009, Balmori reported effects of 

electromagnetic pollution on wildlife, trees and plants [46]. In the same year, Ursache et al. 

reported the effects of electromagnetic exposure on vegetal (maize) organisms [107]. In 2009, 

Tkalec et al. published an article on electromagnetic field induced effects on onion seed 

germination and root meristematic cells [108]. Sharma et al. reported that mobile phone radiation 

induces oxidative stress and inhibits root growth in mung bean – published in 2009 [109]. Later 

in 2010, Panagopoulos et al. reported biological effects of radiation with respect to field intensity 

or distance from the transmitting antenna [72]. Furthermore, in 2010, Jangid et al. investigated 

electromagnetic irradiation induced mutations and gene expression alterations in moth bean 

[110]. Once again, Sharma et al. investigated and reported that mobile phone emitted radiation 

causes biochemical alterations and affects early stage growth in mung bean [111]. In 2012, 

Sivani and Sudarsanam reviewed research work on electromagnetic irradiation induced effect on 

several biological systems including plants [73]. In the same year, Akbal et al. reported effects of 

mobile phone radiation on lentil seed germination, root growth and mitotic division of root tip 
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cell [112]. Singh et al. reported that cell phone radiation (900 MHz) affects rhizogenesis in mung 

bean through impairing biochemical processes [113]. Next in 2013, Cucurachi et al. reviewed 

electromagnetic irradiation induced ecological effects on several biological systems including 

plants [74]. In the same year, Pesnya and Romanovsky investigated cytotoxic and genotoxic 

effects of GSM 900 MHz mobile phone radiation on onion – results have been further compared 

with the effects due to plutonium-239 alpha particles. GSM 900 MHz radiation was reported to 

increase mitotic index, rate of mitotic and chromosome abnormalities and micronucleus 

frequency in time dependent manner [114]. In 2014, Chen and Chen investigated mobile phone 

radiation effects on seed germination and initial growth of five bean species – different 

germination rates were observed among the bean species [115]. In the same year, long duration 

electromagnetic irradiation induced effects on mRNA expressions of stress related proteins were 

investigated in Lycopersicon esculentum – expressions for proteinase inhibitor (PIN II) and 

Lycospersicon esculentum basic leucine Zipper1 (lebZIP1) were upregulated following the 

electromagnetic exposure, as reported by Rammal et al. [116]. In 2014, Sharma and Parihar 

reported mobile phone irradiation induced effects on nodule formation in leguminous plants. The 

investigation reported that mobile phone radiation interacts with morphological and biochemical 

processes – thus, further affects growth and nodule formation in leguminous plants. It was 

reported that more number of nodules developed with increased radiation exposure [117]. In the 

next year, reduced soybean seedling growth was reported following weak electromagnetic 

exposure at 900 MHz – as investigated by Halgamuge et al. [118]. In 2015, Racuciu et al. 

reported inhibited seedling growth in maize due to low intensity electromagnetic irradiation 

[119]. Once again, in the same year, Kumar et al. further reported 1800 MHz electromagnetic 

irradiation induced early seedling growth inhibition in maize due to alterations in starch and 

sucrose metabolism [120]. Later in 2016, Grémiaux et al. reported that low intensity 

electromagnetic field at 900 MHz inside MSRC induces delayed and reduced growth of Rosa 

hybrid plant [121]. In the same year, Waldmann-Selsam et al. concluded that electromagnetic 

radiations injure plants and trees near mobile phone base stations. Based on the statistical 

analyses, it was reported that mobile tower radiation is harmful for plants and trees – in general, 

radiation evoked damage starts on one side of a tree and then extending further to the whole tree 

with time [122]. In 2016, Vian et al. further reviewed and summarized a number of articles 

related to electromagnetic irradiation induced responses in plants, at different frequencies [47]. 
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In the following year (2017), Halgamuge reviewed a number of articles on weak electromagnetic 

irradiation induced effects on different plant species and summarized the reported findings. 

Based on the available articles, it was reported that plants do respond significantly following 

exposure to electromagnetic radiation [123]. Stefi et al. investigated and reported long duration 

electromagnetic irradiation induced effects on maize plants in controlled laboratory environment 

– the structural conformation of chloroplasts within bundle sheath cells of the radiation treated 

leaves were observed to be affected [124]. Later in 2018, Stefi et al. reported that GSM radiation 

can cause oxidative stress and animal neurotransmitter synthesizing enzyme accumulation in the 

leaves of wild growing myrtle [125]. Once again, in 2020, Stefi et al. investigated long term non-

ionizing electromagnetic irradiation evoked responses in young Nerium oleander plants [126]. 

Under the above mentioned electromagnetic irradiation, Nerium oleander plants exhibited 

significant structural modifications such as flattening of crypts, elimination of trichomes and 

reduced layers of epidermal cells. Furthermore, considerable amplification in reactive oxygen 

species has been noted both at roots and above ground parts. Reduced light absorbance by 

photosynthetic pigments as well as significantly enhanced biosynthesis of L-Dopa decarboxylase 

(an enzyme helps in catalyzing the production of secondary metabolites that alleviate stress) has 

been noted due to the above mentioned long duration electromagnetic irradiation. However, the 

radiation treated plants exhibited larger primary plant productivity – in spite of reduced 

photosynthetic pigments and oxidative stress [126]. In recent times (2020), Czerwinski et al. 

reviewed a number of articles and summarized the influence of mobile telephony radiation on 

plant community as a whole – the possible interaction mechanisms along with potential 

indicators have also been investigated [127]. In 2021, Kaur et al. reviewed the impact of high 

frequency electromagnetic radiation on development of plants along with associated 

physiological, biochemical and molecular processes. They proposed that electromagnetic 

irradiation evokes increase in reactive oxygen species metabolism and cytosolic calcium in 

plants – as a consequence, gene expression alterations and enzymatic activities take place and 

result in either direct cellular alterations or deferred plant growth [128].  

Based on the articles available in literature, it is noted that mobile phones have been utilized in a 

number of experiments to investigate electromagnetic irradiation induced responses in plants – 

unfortunately, these wireless devices can’t produce entirely deterministic and controlled 

electromagnetic environment in laboratory conditions [109, 112, 114-115, 117-118]. In addition, 
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mobile phones emit electromagnetic energy with fixed propagation direction and polarization – 

as a result, plants get exposed to radiation from only one direction with a particular wave 

polarization. Therefore, it is difficult to interpret dose-dependent effects of electromagnetic 

radiation with targeted plant responses. In contrast, controlled and deterministic electromagnetic 

irradiation induced plant responses have been investigated in a limited manner – particularly at 

physiological and molecular levels [43-45, 47, 71, 105-106, 121]. Hence, based on the reviewed 

articles, a significant scope has been found to investigate long duration as well as short duration, 

controlled and deterministic electromagnetic irradiation induced physiological and molecular 

consequence in plants. Controlled and deterministic electromagnetic irradiation induced effects 

on seed germination rate, photosynthetic pigment profiles and stress-sensitive gene expressions 

can be investigated in model plants. Thus, the reviewed articles have indeed assisted to decide 

research direction and shape the structure of this thesis.  

2.8 Conclusions 

With the advancement of microwave measurement techniques, researchers and scientists have 

put their efforts to develop dielectric properties (  ) measurement techniques, characterize 

dielectric properties of some crop and fruit specimens (in addition to human tissues), estimate 

electromagnetic energy absorption rate in several human models, establish distinct 

electromagnetic exposure regulatory guidelines, prescribe human tissue equivalent phantom 

liquids for SAR measurement and investigate short duration electromagnetic irradiation induced 

immediate responses in humans and few plants. However, with the fast deployment of wireless 

communication systems, major investigations have been carried out on electromagnetic energy 

absorption rate estimation in human models along with potential biological effects – in contrast, 

much less attention has been paid to estimate SAR in plant, fruit and crop models along with 

associated biological responses. 

It can be argued that electromagnetic theories and measurement techniques developed to analyze 

SAR distribution in human models can judiciously be applied to investigate SAR distributions in 

different fruit and plant models at different electromagnetic exposure scenarios. Moreover, 

controlled and deterministic electromagnetic irradiation induced plant responses at physiological 

and molecular levels can also be investigated for better understanding of the interaction 

mechanisms between electromagnetic energy and plants. Hence, this thesis entitled 
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“Investigations on the Effects of Electromagnetic Radiation on Indian Flora” aims at 

dielectric properties (  ) characterization of several fruit, flower and plant tissue specimens, 

estimating SAR distribution in prototyped fruit and plant models under different electromagnetic 

exposure scenarios, formulating basis to define multilayer tissues equivalent homogeneous 

dielectric liquid, standardizing fruit and plant phantom liquid recipes for practical SAR 

measurement and investigating long duration as well as short duration electromagnetic 

irradiation induced physiological and molecular responses in plants. 
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Chapter 3 
Dielectric Properties Characterization 
and Multilayer Tissue Modeling  

 

Part I: Dielectric Properties Characterization 

3.1 Concept of Dielectric Properties 

Complex dielectric properties / dielectric constant      of a material are composed of two 

associated parameters – the first one is permittivity    
   of the material under consideration and 

dielectric loss factor    
    of the material is the second one. The permittivity    

   and dielectric 

loss factor    
    are respective real and imaginary parts of the complex material dielectric 

properties     , relative to free space,      
     

   [1-7]. The real part i.e. permittivity    
   of a 

material is the measure of its ability to polarize and align internal atoms / molecules while an 

external time-varying electromagnetic field is incident on the same – polarized atoms / molecules 

realign themselves from their initial equilibrium positions to follow the incident time-varying 

electric field, and thus, this whole phenomenon results in dielectric polarization. Resultant 

internal, developed and aligned molecular dipole moments oppose the external incident electric 

field strength, and thus, reduce the overall electric field strength inside the dielectric material [1-

3, 5-6]. Therefore, the real part i.e. permittivity    
   is associated with energy storage potential 

of the material while an electromagnetic wave gets incident on it. On the other hand, dielectric 

loss factor    
    signifies energy dissipation / loss within the material that gets converted to heat 

or any other form [1-7]. Both electrical conductivity (σ) and loss tangent (tan δ) of the material 

can also be calculated from the above mentioned parameters using the following relationships 

described in Eqs. (3.1) and (3.2) [1, 3, 5]. 

       
              (3.1) 

        
     

                                          
 
           (3.2) 
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Here, angular frequency         where   represents the frequency of incident 

electromagnetic field. In addition, the permittivity of free space                  F/m. 

3.1.1 Dipole Moment and Electronic Polarization 

In this context, electric dipole moment     is an important concept – it essentially measures the 

electrostatic effect of a pair of similar but opposite charges      and      separated by a finite 

distance    , and is expressed as in Eq. (3.3). The same relation is expressed in Eq. (3.3a) using 

vector notations – here,    is the distance vector from      to      and    is the electric dipole 

moment vector [1]. 

                             (3.3) 

                             (3.3a) 

In spite of net charge being zero in the atom or molecule, individual electric dipole moment     

gives rise to small local electric field strength inside materials and the same interacts with other 

electric fields originating from surrounding or external sources – unless, the positive and 

negative charge centers coincide. 

In general, the net charge within a neutral atom or molecule is noted to be zero. Moreover, the 

center of electrons inside an atom coincides with the center of positive nuclear charges, resulting 

in zero net dipole moment. However, under externally applied electric field, the light weight 

electrons get dislocated from their equilibrium positions inside the atom – as a consequence, 

separation of negative charge center and positive nucleus takes place inside the atom, resulting in 

an induced dipole moment           . This whole phenomenon is called polarization. The 

induced dipole moment             largely depends on the incident electric field – a new 

coefficient term ‘polarizability    ’ is introduced to define the relation between induced dipole 

moment            and incident electric field    . The relation is described in Eq. (3.4).     

                                   (3.4) 

As polarization of neutral atom takes place due to displacement of light weight electrons, this 

phenomenon is called electronic polarization with the coefficient known as ‘electronic 

polarizability     ’ [1]. 



Dielectric Properties Characterization and Multilayer Tissue Modeling 

44 
 

In addition, there are some molecules, like water      , that possess permanent dipole moments 

due to their structural conformations. Thus, the water molecules, in living plant tissues, attempt 

to follow the externally applied electric field     due to their permanent dipole moments. As a 

consequence, frequency dependent complex dielectric properties      arise due to the 

orientational polarization of these dipolar molecules [1, 5]. 

3.1.2 Polarization Vector 

A material is composed of a large number of atoms and molecules. When the material / substrate 

is placed in an electric field    , individual atoms and molecules become polarized inside the 

material / substrate. As a result, a specific distribution of dipole moments is observed inside the 

material / substrate – directions of all the induced dipole moments are aligned with the applied 

electric field [1]. If the polarized bulk material is considered, the induced dipoles are aligned 

head to tail i.e. one after another. As a consequence, each positive charge inside the material has 

a negative charge next to it and vice versa – thus, there is zero net charge within the bulk 

material. However, positive charges of the dipoles       appearing on one surface are not 

cancelled due to absence of negative charges at that surface – similarly, negative dipole charges 

      appearing on the opposite surface are also not cancelled by any positive charges. Thus, 

equal but opposite charges       and       appear on the two opposite surfaces of a material 

under the applied electric field    . It should be remembered that these charges are bound to the 

material and direct result of molecular polarization. The above mentioned bound charges       

and       are known as ‘surface polarization charges’ [1]. 

Thus, the polarization of a medium is defined by a vector quantity       and the same is 

mathematically represented as the total dipole moment per unit volume (please refer to Eq. 

(3.5)). 

    
 

      
                                       (3.5) 

Here,               are induced dipole moments in N molecules inside the material volume. 

For any arbitrary geometry of a substrate, ‘surface polarization charge density     ’ i.e. the 

charge per unit surface area appearing on the surface of a polarized medium is equal to the 
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normal component of polarization vector             i.e. normal to the surface – as illustrated in 

Eq. (3.6). 

                                    (3.6) 

3.1.3 Electric Susceptibility and Relative Permittivity 

The induced polarization in any dielectric substrate depends on the applied electric field strength. 

To define the dependence of polarization magnitude     on the magnitude of applied electric 

field strength    , a new term ‘electric susceptibility     ’ is introduced – as described in Eq. 

(3.7). 

                               (3.7) 

Moreover, a simple relation can be drawn in between   and          while proceeding from Eq. 

(3.4) – the same is depicted in Eq. (3.8). 

                                   (3.8) 

Here,   denotes the number of molecules per unit volume of material. Thus, simplifying Eqs. 

(3.7) and (3.8), a further important relation is illustrated by Eq. (3.9). 

   
 

  
                       (3.9) 

Further proceeding with the above equations, an important relation between the microscopic 

electronic polarization mechanism      and macroscopic material dielectric properties      can 

be deduced – as given in Eq. (3.10). The intermediate calculation steps are available in standard 

literature [1]. 

           
   

  
                 (3.10) 

3.1.4 Local Electric Field and Clausius-Mossotti Equation 

It should be noted that there is a little approximation in Eq. (3.10) that relates microscopic 

electronic polarization mechanism      and macroscopic dielectric properties      with each 

other. The approximation is introduced from the assumption that the electric field acting on each 
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and every atom or molecule is   itself – which is considered to be uniform near all the individual 

electric dipoles within the dielectric material. However, in true sense, induced polarization of 

individual molecule depends on the actual local electric field strength        experienced by the 

molecule but not on overall uniform electric field strength    . Molecules are polarized within 

dielectric material with their positive and negative charge centers separated – as a consequence, 

the local electric field strength        at atomic level is not constant at all places within the 

dielectric medium. The local electric field strength        experienced by each molecule is 

different than the overall uniform electric field strength    . The local electric field strength 

       is not only dependent on the externally applied uniform electric field strength     but also 

on the arrangement of surrounding polarized molecules. In case of a simple dielectric material 

with cubic crystal structure or a liquid, the local electric field strength        is observed to be as 

illustrated in Eq. (3.11) [1]. 

         
 

   
                   (3.11) 

The relation illustrated in Eq. (3.11) is known as Lorentz field. Thus, the induced polarization of 

molecule depends on local electric field strength        instead of overall uniform electric field 

strength     – as given in Eq. (3.12). 

                                   (3.12) 

However, the basic concept of electric susceptibility remains the same as described in Eq. (3.7) 

and         . The polarization     is still defined by the equation             but, the 

modified          is now calculated using Eqs. (3.11) and (3.12). 

Next, using the above relations, 
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The above mentioned Eq. (3.13) is known as Clausius-Mossotti equation. This equation 

facilitates to calculate the macroscopic material dielectric properties      from microscopic 

electronic polarization mechanism      employing local electric field strength        [1].   

3.1.5 Electronic Polarization – Covalent Bond 

Under the application of external electric field    , the atoms / molecules in dielectric material 

become polarized. The center of light weight electron cloud in each atomic structure shifts from 

the center of positive nucleus – thus, this phenomenon gives rise to electronic polarization. It 

should be noted that this electronic polarization in atom contributes reasonably less compared to 

polarization due to the valence electrons in the covalent bond within the dielectric material. 

Neighboring crystalline silicon atoms share their electrons in covalent bonds – these shared 

valence electrons form covalent bonds between two neighbor silicon atoms because they are 

loosely bound to the parent atoms. Thus, in covalent bonds, these shared electrons are not 

strongly tied with the ionic cores of individual silicon atoms. These electrons belong to the whole 

silicon crystal as they can relocate from one bond to another and change positions [1].  
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While an external electric field is applied, the negative charge distribution associated with the 

valence electrons shifts away from the positively charged silicon ionic cores – as a consequence, 

the whole silicon crystal becomes polarized. It is reported that only              energy is 

sufficient to make a valence electron free from the covalent bond, but more than       energy is 

required to free an electron from the ionic silicon core. Thus, the valence electrons in covalent 

bonds easily get displaced by the applied electric field     and the consequent electronic 

polarization contributes to higher dielectric constant of covalent crystal dielectric material 

          
      and            

     [1].   

3.1.6 Ionic Polarization Mechanism 

Besides electronic polarization, a number of other polarization mechanisms can also be identified 

and those also contribute to relative dielectric constant      of materials. Ionic polarization is one 

of those well known polarization mechanisms. Ionic crystals like          and      etc. 

demonstrate the mechanism of ionic polarization – ionic crystals contain paired ions like 

    and     
and each of such oppositely charged neighboring pairs possess a dipole moment. 

While the applied electric field     is absent, the solid crystal possesses no net polarization – as, 

altering     and     
ions stay in a chain formation. Thus, dipole moments of equal magnitudes 

stay in a chain head-to-head and tail-to-tail, resulting in zero net dipole moment (please refer to 

Eq. (3.14)). 

                                                                              

Thereafter when the electric field     is applied, the modified opposite dipole moments don’t 

possess equal magnitudes – thus, the net dipole moment becomes non-zero and dependent upon 

the applied electric field    . To be more precise, the average dipole moment per positive-

negative ion pair       depends on the applied electric field    . The ionic polarizability      is 

expressed in terms of the local electric field strength        – as expressed in Eq. (3.15).      

                                       (3.15) 
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In general, ionic polarizability      is much stronger than the electronic polarizability      – at 

least by a factor of 10 or more. Thus, dielectric materials that possess ionic polarizability      

have higher dielectric constants [1, 8]. 

The polarization     contributed in ionic material depends upon the number of positive-negative 

ion pairs      along with average dipole moment per positive-negative ion pair       – as 

expressed in Eq. (3.16). 

                                                (3.16) 

Thus further utilizing Eq. (3.16), the Clausius-Mossotti equation can be modified as in Eq. (3.17) 

– due to ionic polarization.   

 
      

      
 

    

   
                                                                             

However, it must be remembered that the electronic polarization gets added upon the ionic 

polarization – but, the magnitude of electronic polarization remains much smaller [1, 8]. 

3.1.7 Orientational (Dipolar) Polarization Mechanism 

A few polar molecules like water      , alcohol, acetone and gaseous     etc. possess 

permanent dipole moments due to their structural conformation. In water molecule      , the 

individual dipole moments are originated due to the fact that oxygen atom     is more 

electronegative than the hydrogen atom     – thus, there are two polar     bonds with an 

intermediate angle of 104.5˚        . As a result, two dipole moments of equal magnitude 

are originating from the oxygen atom     to two different hydrogen atoms     with the 

intermediate angle of 104.5˚        . The resultant orientational dipole moment      is 

originating from the oxygen atom     and direct at 52.25˚ (i.e. 104.5˚/2) angle from each of 

hydrogen atoms    .  

When there is no applied electric field    , these individual polar molecules orient themselves in 

random directions due to thermal agitation – as a consequence, net polarization in the dipolar 

material becomes zero. However when an external electric field     is applied, all individual 

dipoles attempt to align themselves parallel to  . The dipolar molecule experiences a torque 
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about its center of mass – this torque acts on the dipolar molecule and rotates it to align the 

orientational dipole moment      with the applied electric field    . In case it is considered that 

all the molecules rotate and align themselves with the applied electric field    , the total 

polarization within unit material volume would be as expressed in Eq. (3.18) – where,   is the 

number of dipolar molecules per unit material volume [1]. 

                                        (3.18) 

However, it should be noted that the dipolar molecules attempt to move in random directions due 

to their thermal energy which varies with the system temperature. Thus, the molecules tend to 

collide with each other and also with the container walls resulting in random orientations of the 

molecules – as the system temperature increases. As a consequence, these thermal energy 

induced molecular collisions somewhat destroy and reduce the overall dipole alignments. 

Nonetheless, there is a finite net average dipole moment per dipolar molecule and the same is 

aligned with the applied electric field     – thus, the overall dipolar material possesses a net 

orientational / dipolar polarization that further contributes to dielectric constant      of the 

material [1-2, 4, 9].     

There is a conflict in between the average potential energy of individual molecule        under 

the applied electric field     and the average thermal energy of individual molecule  
 

 
   . In 

case 
 

 
       , then the thermal energy of the dipolar molecules is sufficiently high to either 

prevent or destroy dipole alignment with the applied electric field     and thus the orientational 

polarization will not take place. On the opposite side, when 
 

 
       , then the thermal energy 

of the dipolar molecules is insufficient to destroy the dipole alignment and the orientational 

polarization is conserved within the material. Thus, if the orientational polarization needs to be 

effective, the average potential energy of individual molecule        must be of greater 

magnitude compared to the average thermal energy of individual molecule  
 

 
    [1, 6, 9]. 

The orientational polarizability      per dipolar molecule is defined by the following Eq. (3.19). 

          
 

 

  
 

  
                             (3.19) 
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It must be noted that the orientational (dipolar) polarization significantly depends upon the 

temperature – orientational polarizability      reduces with temperature and thus the relative 

permittivity    
   also reduces with temperature [1, 6, 8-9]. 

3.1.8 Interfacial Polarization Mechanism 

In addition to the earlier mentioned polarization mechanisms, an additional interfacial 

polarization mechanism is exhibited at the interface between two dielectric materials or at 

dielectric-metal interface, whenever there is an accumulation of interfacial charges. Even in 

perfect materials, some crystal defects, impurities, mobile charge carriers (like electrons and 

holes) or impurity ions are always contained. In a particular dielectric material, there are equal 

numbers of positive and negative ions – either the positive or the negative ions are more mobile 

depending upon their relative sizes. Now under the application of an external electric field    , 

either the positive or the negative ions (which are more mobile) reach near the electrode or 

crystal defect interface. However, these mobile ions near the interface can’t leave the dielectric 

material and enter the metal electrode or crystal defect – rather, those mobile ions simply gather 

at the interface and give rise to a space charge. These charges near the interface attract more 

opposite charges on the electrode; thus, this whole phenomenon appears to be an increase in the 

material dielectric constant      [1, 8]. 

The terminology ‘interfacial polarization’ is conceptualized because the mobile charges (either 

positive or negative) accumulating near interface and the remaining opposite charges in the bulk 

dielectric region form dipole moments – these, interfacial dipole moments contribute to the 

overall polarization vector    . This polarization vector     is due to all the dipoles per unit 

volume of the dielectric substrate.  

The trapping of electrons or holes at crystal defect surfaces can also lead to interfacial 

polarization. The grain boundaries in addition to crystal defect boundaries often lead to 

interfacial polarization as they can trap some charges moving under the influence of an external 

electric field    . These trapped charges contribute to form dipoles with opposite charges, and 

result in increased magnitude of polarization vector     [1].          
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3.1.9 Total Polarization 

It should be noted that all the earlier mentioned polarization mechanisms i.e. electronic, ionic 

and orientational (dipolar) dipole moments come into effect together. Thus, the average dipole 

moment per molecule consists of cumulative contributions from electronic, ionic and 

orientational (dipolar) polarization mechanisms – in terms of the local electric field        [1]. 

                                                    (3.20) 

From Eq. (3.20), it is evident that each polarization mechanism contributes in a linear fashion to 

the cumulative dipole moment per molecule. On contrary, the interfacial polarization mechanism 

i.e.         can’t directly be added to Eq. (3.20) because it is experienced only near the dielectric 

interfaces. Thus, this interfacial polarization can’t simply be added to the average dipole moment 

per molecule in the bulk dielectric substrate. Furthermore, the local fields are not well defined at 

the dielectric interfaces. Even, the Lorentz local field approximation can’t directly be utilized for 

dipolar dielectric materials – as a consequence, the Clausius-Mossotti Equation can’t be applied 

in dipolar dielectric materials. However, the relative dielectric constant      can be calculated 

under electronic and ionic polarization mechanisms – using Eq. (3.21) [1]. 

 
      

      
 

 

   
                                                                           

3.1.10 Frequency Dependence: Dielectric Constant and Loss Factor 

The static dielectric properties      account for the polarization effect under dc electric field – 

however, the polarization of a dielectric medium under ac electric field is generally different than 

the static condition [1, 9]. In case, orientational polarization is considered for dipolar molecules 

(for example, water – as it has a significant presence in all plant and fruit tissues), the ac electric 

field has a sinusoidal variation with continuous time varying magnitude and direction; as a 

consequence, the molecular dipoles try to follow the variation in applied ac electric field and thus 

align in one way and then in the other way in alternating cycles.  
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In an ideal scenario, the instantaneous induced dipole moment     per molecule can immediately 

follow the time variation of externally applied field – as in Eq. (3.22).    is at the maximum 

expected value  
 

 

  
 

  
  at static conditions (please refer to earlier Eq. (3.19)). 

                                              (3.22) 

However, there are two critical factors opposing the instantaneous dipolar alignment with the 

applied electric field. The thermal energy of dipolar molecules tries to randomize their 

orientation – thus, opposes immediate alignment with the time varying electric field. In addition, 

these dipolar molecules attempt to rotate in a viscous medium due to the interaction with the 

neighboring molecules – this particular phenomenon somewhat restricts the dipoles to respond 

immediately to the change in applied field. Because of these two factors, the dipolar molecules 

can’t follow the rapid change in applied field and remain somewhat randomly oriented [1, 9].  

Thus, with this physical understanding,    becomes zero at high frequencies as the field can’t 

practically induce a dipole moment. However, at low frequencies,    is at its maximum value 

because the dipolar molecules can rapidly follow the applied field. In case of static electric field, 

if the applied field strength is suddenly reduced, the induced dipole moment per molecule must 

also reduce or relax proportionately. In gaseous or liquid medium, the molecules collide with 

each other or with the walls of the container – thus, the induced dipole moment per molecule is 

relaxed. Relaxation time     is the average time between molecular collisions and thus the mean 

time taken per molecule to randomize the spare induced dipole moment. The orientational 

(dipolar) polarizability         under high frequency ac condition is defined in Eq. (3.23) [1, 9].  

      
     

     
                                                                     

As given by Eq. (3.23), frequency dependent orientational polarizability       is basically a 

complex quantity – the same indicates that the induced dipole moment     and the time harmonic 

electric field     are out of phase. As a result, even the polarization per unit volume        

and the alternating electric field     are out of phase – where,   is the number of dipolar 

molecules per unit material volume. As per Eq. (3.23),      at low frequency region and as a 

consequence, the value of        is nearly equal to the value of       i.e. induced dipole 
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moment     is in proper phase with the time alternating electric field    . At low frequency 

region, the rate of relaxation  
 

 
  is much faster when compared to the frequency     of applied 

field (or, the rate at which polarization     is being changed) – thus, induced dipole moment     

can closely follow the time harmonic electric field    . On contrary,      at higher frequency 

region and thus, the rate of relaxation  
 

 
  is now much slower compared to the applied 

frequency    . Thus, the induced dipole moment     can’t follow the alternating electric field 

    variation [1]. 

Next, it is possible to calculate the dielectric properties      from       using Eq. (3.10). Thus, 

it is obvious that the material dielectric properties      will be complex as       itself is 

complex. As per the convention, complex dielectric constant      is represented as in Eq. (3.24). 

     
     

                                        (3.24) 

Here,   
  and   

   are the real and imaginary parts of frequency dependent complex dielectric 

properties    . The real part    
   reduces from the peak value   

     corresponding to       to 1 

at very high frequencies when         (please refer to Eq. (3.23)). The imaginary part    
    is 

near zero at very low frequency region as well as at very high frequency region – however,   
   

peaks at      condition i.e. when the condition   
 

 
 is satisfied [1-7, 9].  

The real part i.e. permittivity    
   is utilized to calculate the capacitance     whereas the 

imaginary part    
    is useful for quantifying the energy loss (or, parallel conductance     ) in 

dielectric material. Let’s imagine, a sinusoidal voltage is applied across the two electrodes and 

there is a dielectric material      in between with cross-sectional area   and length  . The 

admittance     is expressed as in Eqs. (3.25) and (3.25a). 
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Thus, admittance     of the dielectric medium is a parallel combination of an ideal lossless 

capacitor     and a conductance      – as defined in Eq. (3.25a). The conductance      is 

responsible for real power dissipation. The real dissipated power in the dielectric material is 

dependent upon   
   and is maximum when   

 

 
. In this condition, the energy storage in the 

dielectric material due to externally applied field and energy loss due to random collisions 

among the dipolar molecules take place at the same rate – thus, the energy is getting converted to 

heat in the most efficient way. The maximum value in   
   versus   plot is known as relaxation 

peak; at the corresponding frequency     dipole relaxations are at proper rate for the maximum 

power dissipation – this is known as dielectric resonance [1, 9]. 

It should be noted that the relative magnitude of   
   with respect to   

  is defined as loss tangent 

        – as illustrated in Eq. (3.2). Thus,   
   is related to   

  using a simple relation – as referred 

in Eq. (3.26). This quantity       peaks in the gigahertz region for most liquid and solid 

dielectric samples [5]. 

  
     

                                                                                

The power dissipated per unit volume        of a lossy dielectric material is defined in Eq. 

(3.27). 

     
           

      
 

  

  
 

 

  
 

  

 
  

 
 

  
 

  

 
      

  

 
 

  
 

  

  
     

                        

Next, employing Eq. (3.26), Eq. (3.27) and   
 

 
 , Eq. (3.27a) is derived. 

            
                                                                       

Eq. (3.27a) defines how the stored electromagnetic power is dissipated per unit volume of lossy 

dielectric material due to polarization mechanism. It is evident that the dielectric loss is 

dependent upon three prime factors viz.              [1, 5]. 

Although, in the preceding discussion, orientational (dipolar) polarization has been considered – 

in general, a dielectric material possesses the other polarization mechanisms as well. In general, 

the interfacial polarization is dominant at low frequency region, whereas the orientational 
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(dipolar) polarization is dominant at microwave region. The ionic and electronic polarizations 

lead respectively at infrared and ultraviolet regions [1]. 

3.1.11 Dielectric Properties and Polarizations in Plant Tissues 

In general, different plants, fruits and flowers possess large amount of water and ions – in 

addition, a number of tissue dielectric interfaces do also exist among them [3-6, 9]. Like most 

other living biological tissues, there is enormous presence of dipolar water       molecules in 

different types of plant tissues – these water       molecules possess permanent dipole 

moments due to their structural conformation. As a consequence, the orientational (dipolar) 

polarization mechanism plays a crucial role and contributes to the complex dielectric properties 

     of different plant, fruit and flower tissues (particularly in the microwave region) [1-7, 9]. In 

addition, large presence of ionic compounds and different ions                          

contribute to ionic polarization mechanism in plants, fruits and flowers. Thus, this ionic 

polarization mechanism also contributes to the complex dielectric properties      of different 

plant tissues [1-9].  

Besides the above discussed polarization mechanisms in various plant tissues, the inherent 

electronic polarization mechanism is always exhibited due to presence of orbital electron clouds 

in the atoms, or shared electrons in the covalent bonds [1]. Furthermore, there are tissue 

dielectric interfaces from one tissue layer to another and small gaps in between tissue layers 

(acting as defects in tissue dielectrics). As a consequence, the interfacial polarization mechanism 

becomes significant at those tissue dielectric interfaces and tissue dielectric defects – resulting in 

contribution to effective dielectric properties      of plant tissues [1, 8]. 

Thus, due to the complex compositions of plant tissue dielectrics, all types of polarization 

mechanisms play their respective roles and contribute to the broadband complex dielectric 

properties      of different plant, fruit and flower specimens. In general, it is true that a specific 

polarization mechanism dominates at a distinct frequency region; however, all these polarization 

mechanisms still contribute together to the overall broadband complex dielectric properties      

of different plant tissues [1].  

Next, to align this discussion with the research objectives, a focused discussion on dielectric 

properties      characterization of different plant tissues is absolutely pertinent. It is already 
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discussed that enormous amount of water content contributes to high permittivity    
   of plant 

tissues whereas significant dielectric loss factor    
    or equivalent loss tangent (tan δ) is caused 

due to the presence of different ions in plant leaves, fruits and flowers [2-7, 9]. Dielectric 

properties      of plant tissues are dependent on several physical and physiological factors such 

as frequency of interest, temperature, tissue variant, ripening stage, water content (moisture), ion 

contents and so on [2-7, 9-12]. Before proceeding further with complex dielectric properties      

measurement of plant specimens, a comprehensive discussion on different dielectric 

characterization techniques seems to be much needed – thus, different dielectric measurement 

techniques are outlined in the following section [11-13]. Afterward, the most appropriate and 

practiced measurement technique for characterizing dielectric properties      of different plant 

specimens is meticulously discussed in the following section [13-23]. 

3.2 Dielectric Characterization Techniques – Special Emphasis on 

Plant Specimen Measurements 

In general, adoption of suitable dielectric measurement technique depends upon certain 

parameters such as material type (solid, granular, semi-solid, gel or liquid etc.), electrical nature 

of material, density of material, particle size, sample shape, surface smoothness, frequency of 

interest, temperature, required accuracy / precision level, and so on [2-7, 9-13]. Despite the fact 

that a number of dielectric measuring techniques can be employed, selective dielectric 

characterization techniques capable of ensuring proper sample holding and reliable 

characterization of dielectric properties      at the required frequency region should be adopted. 

In this context, few critical measurement challenges are appropriate sample holder design and 

accurate lumped equivalent circuit modeling at microwave frequency range for reliable 

extraction of dielectric properties      from the direct measured electromagnetic parameters 

(such as reflection and transmission coefficients) [11-13, 24]. Once lumped equivalent circuit 

parameters (impedance or admittance) are calibrated in an accurate manner, the complex 

dielectric constant      i.e. both permittivity    
   and dielectric loss factor    

    of material 

under test can be characterized after solving the lumped equivalent system equations [13-23].  

Dielectric characterization techniques can be broadly classified into two segments – reflection or 

transmission methods using either resonant or non-resonant setups with open / closed material 
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sensing structures. The characterizing techniques that use waveguides / coaxial transmission 

lines are closed measurement setups whereas free space transmission technique and open ended 

coaxial line setup are open sensing structures [11, 25-26]. Either closed resonant cavities or the 

open resonant structures can be used as two-port devices to measure transmission coefficient or 

one-port devices to measure reflection coefficient [11, 25].  

Complex dielectric properties      of solid, semi-solid or liquid samples can be measured using 

several alternative characterization methods like cavity perturbation technique, waveguide / 

coaxial transmission line technique, free space transmission protocol, microstrip transmission 

line technique, time domain reflectometry method and the open ended coaxial probe technique 

[11-13]. A number of dielectric properties      measurement techniques are available for grains, 

seeds, fruits and vegetables [27-32]. At low frequency range (50 KHz – 50 MHz), dielectric 

properties      of grain and seed samples have been reported to be measured using coaxial line 

sample holder and Q meter developed based on a resonant circuit [5, 11, 33]. The coaxial line 

sample holder terminated with open circuit, modeled as transmission line section, was reported 

to be employed for dielectric measurements with bridge and admittance meter between 50 MHz 

– 500 MHz [5, 11, 34-35]. In addition, a number of coaxial line / rectangular waveguide sample 

holder based dielectric measurement techniques (assembled with different microwave 

components) have been reported to determine dielectric properties      of seeds, grains, fruits 

and vegetables in between 1 GHz – 22 GHz [5, 11, 36-39]. The transmission line technique, 

resonant cavity method and free space technique are some of the widely adopted dielectric 

characterization schemes beyond 1 GHz [11, 25-26, 40]. However with specific reference to 

plant specimens (biological specimens in general), a reliable non-destructive dielectric properties 

     characterization technique is important so that physical / chemical changes in the plant 

specimens can be monitored. To this end, open ended coaxial probe technique (one port 

reflection coefficient measurement system) is the most widely adopted non-destructive dielectric 

characterization setup for different biological tissues including plant and fruit specimens [14-24]. 

Thus, a detailed discussion on open ended coaxial probe technique along with background 

understanding is much needed and useful before proceeding further. 
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Fig. 3.1: High frequency lumped equivalent circuit for open ended coaxial probe [14-23] 

3.2.1 Open Ended Coaxial Probe Technique – A Non-Destructive 

Dielectric Characterization System 

The open ended coaxial probe technique for non-destructive dielectric characterization of 

biological tissues utilizes reflection coefficient data with open material sensing structure – which 

is a single port measurement system [14-24]. In general, most biological tissues are soft semi-

solid, gel or liquid with reasonably high permittivity    
   and loss tangent        over a wide 

frequency range [2-7, 9]. In most cases, complex dielectric properties      of different biological 

tissues need to be measured directly on living biological objects – thus, non-invasive dielectric 

characterization technique is essential. One particular measurement technique characterizes 

dielectric properties      of the Material under Test (MUT) using phase and amplitude of the 

reflected signal at open end of the coaxial probe pressed against flat smooth surface of MUT 

sample – however, the open probe is directly immersed inside liquid MUT sample while 

measuring complex dielectric properties      of liquid specimens [14-23]. High frequency 

lumped equivalent circuit for this open ended coaxial probe can be modeled as parallel 

combination of a fringing capacitance from inner-to-outer conductor through MUT sample, 

another radiation conductance that signifies wave propagation loss through the MUT sample 

along with a fringing capacitance from inner-to-outer conductor via the intervening dielectric 

material within coaxial structure (please refer to Fig. 3.1) [14-23]. For a particular probe with 

fixed dimensions, respective values of fringing capacitance and radiation conductance are 

dependent on complex dielectric properties      of MUT sample and measurement frequency 

range. The complex input admittance of above mentioned coaxial probe is dependent on 

radiation conductance and fringing capacitance through MUT sample. The real    
   and 
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imaginary    
    parts of complex dielectric properties      of MUT sample can be computed 

using derived fringing capacitance and radiation conductance of the open ended coaxial probe 

(while in proper contact with MUT specimen). Detailed physical and mathematical analyses of 

this dielectric measurement technique are available in literature [14-23]. 

The input admittance of open ended coaxial probe is expressed as described in Eq. (3.28). 

                                                                (3.28) 

                                                                             (3.28a) 

                                                

                                                  

                                                

                                             

                    

The analytical model for open ended coaxial probe can be represented as an antenna in a lossy 

dielectric medium. 

                                            (3.29) 

            
                       (3.29a) 

In accordance with Deschamps’s theorem, Eq. (3.29) demonstrates that resultant input 

admittance of the open ended coaxial probe in a dielectric medium with complex permittivity    

and at an angular frequency ω is equal to     times the input admittance of the same open ended 

probe in air/vacuum at angular frequency      [14].  

The capacitance    is considered constant in free space. The value of radiation conductance    

while the antenna i.e. open ended coaxial probe is in vacuum is calculated using the formula 

given by Liu in 1986 (please, refer to Eqs. (3.30) to (3.30c)) [15-16]. The Bessel function can be 

expanded employing Maclaurin series, 

    
  

   
 

 
 
   

   

 
                       

  

     
               (3.30) 

     
  

   
 

 
 
      

       
                                     (3.30a) 
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     (N-type/ SMA connectors)             (3.30b) 

                                                   (3.30c) 

In Eqs. (3.30) to (3.30c),       is Bessel function of order zero whereas         etc. are 

parameters that depend on different antenna dimensions like   (i.e. inner radius of the outer 

conductor),   (i.e. outer radius of the inner conductor) and also on the frequency of operation 

( ). Here,   is equal to       where    represents the free space wavelength. It should be noted 

that the parameter    can be approximated by    for N type and SMA connectors. Thus, the 

radiation conductance of open ended coaxial probe can be considered to be varying in proportion 

with    [15-16]. 

Further simplifying Eqs. (3.29) and (3.30), the derived expression for input admittance is 

illustrated in Eq. (3.30a). Here,   is the calculated input admittance of the open ended coaxial 

probe, whereas the parameters    and    are capacitance and radiation conductance of the probe 

antenna in free space respectively.  

The input admittance of open ended coaxial probe   is derived from the measured reflection 

coefficient     data (in linear scale) using Eq. (3.31) [22]. 

        
     

     
                                        (3.31) 

    
            

   is characteristics admittance of the above mentioned coaxial probe.   

The following characterization steps are considered to calculate dielectric properties of MUT 

sample (biological tissue).  

a. Complex input admittance     is calculated from reflection coefficient (    in linear 

scale) data using Eq. (3.31). 

b. Real and imaginary parts of the complex input admittance     illustrated in Eq. (3.29a) is 

separated out. 
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Fig. 3.2: Open ended coaxial probe for broadband dielectric properties measurement [41] 

 

c. Thus, two nonlinear equations are derived from Eq. (3.29a) for solving two unknown 

system parameters i.e.    and   . 

d. To solve for system parameters    and    during calibration, the complex input 

admittance     is derived from reflection coefficient (    in linear scale) data for a 

reference sample (like, distilled water at 25 ˚C) with known complex dielectric properties 

     over broad frequency spectrum.  

e. Next, the derived complex input admittance     value and known complex dielectric 

properties      of the reference dielectric sample (distilled water at 25 ˚C) are put in Eq. 

(3.29a). Thus, the system parameters    and    are solved using Eq. (3.29a) without 

further effort. 

f. Once    and    are solved during calibration, the complex dielectric properties      for 

any unknown MUT sample (biological tissue) can be calculated using the earlier derived 

values for input admittance     ,    and    in Eq. (3.29a). 

Agilent 85070E open ended coaxial probe kit is the commercial version of the above described 

dielectric measurement setup. This open ended coaxial probe can withstand high temperature up 

to 200 °C while measuring real permittivity    
   and loss tangent         of the MUT specimen 

– please, refer to Fig. 3.2. During dielectric constant      measurement, amplitude and phase of 

the reflected electromagnetic wave at flat surface of MUT specimen is employed for reflection 

coefficient (   ) data acquisition. Thus, Agilent Technologies E5071B Vector Network Analyzer 
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(a) 

 

(b) 

Fig. 3.3: Open ended coaxial probe setup for broadband dielectric properties      

measurements of (a) mango pulp tissue and (b) de-ionized water at 25 ˚C 

 

(VNA) is employed with the open ended coaxial probe during open-short-deionized water 

calibration technique. The diameter of this high temperature open ended coaxial probe is just 

about 2 cm – thus, MUT specimen diameter should be greater than 2 cm. The above mentioned 

85070E dielectric measurement kit is capable of characterizing complex dielectric properties 

     up to 20 GHz [41]. However, frequency range of the E5071B VNA is up to 8.5 GHz – thus, 

the cascaded dielectric characterization setup used can provide measurement data up to 8.5 GHz. 

The cascaded dielectric properties      measurement setup is illustrated in Figs. 3.3(a) and (b). 

This dielectric characterization setup provides fairly accurate data measurements once system 

calibration is performed. In this context, it should be noted that there are two types of uncertainty 
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factors associated with this dielectric measurement technique – those are random error (Type A) 

and systematic error (Type B) respectively [42-44]. Random error (Type A) is the primary 

uncertainty factor – it’s essentially associated with sample-to-sample variations in repeated 

measurements for particular MUT specimen (biological tissue) at fixed temperature and after 

single system calibration. The typical range of random error (Type A) associated with open 

ended coaxial measurement technique is observed to be within 4% limit. In addition, there is 

another uncertainty factor known as systematic error (Type B) – it is associated with open ended 

coaxial probe calibration technique, calibration in reference liquid specimen, measurement of 

MUT specimens, VNA drift and movement/bending of coaxial cable. However, all these 

individual uncertainty factors can precisely be controlled at elemental levels to minimize the 

cumulative systematic error within 1% limit. Thus, the combined uncertainty limit of measured 

dielectric parameters is typically observed to be within 5% for different biological specimens 

[42-44]. Furthermore, MUT specimens (i.e. different plant / fruit specimens) have been cut with 

a sharp knife to obtain smooth flat surfaces so that there is no air gap between the open ended 

coaxial probe and MUT specimens for accurate dielectric properties      measurement. It has 

been ensured that the entire open ended coaxial probe is covered with electrically large, smooth 

flat, cut surfaces of MUT specimens (i.e. plant/fruit specimens) during measurement. The radial 

dimensions as well as dimensions of MUT specimens beneath the coaxial probe have been kept 

sufficiently large compared to skin depths in respective plant / fruit specimens. Thus, the 

condition of semi-infinite dimensions of MUT specimens has been satisfied during dielectric 

properties      characterization. In addition, optimum pressure has been applied on the flat cut 

surfaces of MUT specimens with the open ended coaxial probe – as excessive pressure during 

dielectric measurements could lead to plant/fruit tissue deformation along with subsequent 

erroneous measurement records. Measured dielectric properties      of different plant / fruit 

specimens vary within a fine range. Minor sample-to-sample variation in measured dielectric 

properties      of a particular tissue type is fairly reasonable. This variation can be either due to 

minute difference in percentage of water content along with other tissue constituents (random 

error (Type A)) or because of other systematic errors (Type B) introduced in the measurement 

setup [42-44]. It should be noted in this context that internal water content (increases), soluble 

solid content (increases) and firmness (reduces) etc. alter as fruits mature to ripening phase. 
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(a)                                                                           (b) 

Fig. 3.4: Open ended coaxial probe setup for broadband dielectric properties 

measurement of coconut tissue specimens (a) green skin, (b) yellowish pulp 

 

Therefore, the measured dielectric properties      of different plant / fruit tissues can reasonably 

vary at different maturation stages with aging [45-47].  

3.3 Dielectric Properties Characterization of Different Plant Tissues 

Broadband dielectric properties      of a number of fruit, flower and plant tissue specimens have 

been measured using the 85070E open ended coaxial probe kit along with E5071B VNA – real 

permittivity    
   and loss tangent        data have been recorded up to 8.5 GHz. Measured 

dielectric properties      for the plant tissues have been documented with proper illustrations. 

Obtained dielectric data points have been plotted using MATLAB R2014a software [48]. 

3.3.1 Dielectric Properties of Coconut Tissues 

Broadband dielectric properties      of different coconut tissues have been characterized up to 

8.5 GHz at 25 ˚C ambient temperature. Permittivity    
   and loss tangent        data have been 

measured for coconut’s green skin, yellowish pulp and fresh coconut water specimens. The 

dielectric measurement setup for tissue specimens is illustrated in Figs. 3.4(a) and (b). The open 

ended coaxial probe is optimally pressed on flat surfaces of coconut green skin and yellowish 

pulp (in separate measurements) to avoid air gap. The probe is completely immersed inside the 

coconut water specimen as the same is liquid in nature – formation of air bubbles beneath the 

probe is strictly avoided. Measured permittivity    
   and loss tangent        data for coconut’s 

green skin, yellowish pulp and fresh coconut water specimens have been plotted in Figs. 3.5(a) 

and (b) respectively. 
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(a) 

 

(b) 

Fig. 3.5: Broadband dielectric properties of coconut green skin, yellowish pulp and 

fresh coconut water specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 
 

The highest values of permittivity    
   are noted for coconut water specimen and compared with 

other coconut tissues – followed by yellowish pulp and green skin of coconut. Please refer to Fig. 

3.5(a). It is so because percentage of water content is the highest in fresh coconut water specimen 

– water percentage reduces in yellowish pulp tissue and the least in coconut green skin 

specimens. Thus, the observed variations in permittivity    
   data are fairly reasonable. In 

contrast, the loss tangent        values over a broad frequency spectrum are the minimum for 

coconut water specimen, moderate for yellowish pulp tissue and the maximum for coconut green 
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(a)                                                                         (b) 

Fig. 3.6: Open ended coaxial probe setup for broadband dielectric properties 

measurement of mango pulp specimen (a) total measurement setup, (b) close-up view 

 

skin specimen – as illustrated in Fig. 3.5(b). However, the loss tangent        of coconut green 

skin specimen falls below the yellowish pulp tissue beyond 6 GHz. Thus, it is interpreted that 

availability of free electrons is more in outer tissue layers of green coconut compared to the 

innermost water content. 

3.3.2 Dielectric Properties of Mango Tissues 

Broadband dielectric properties      of different green mango fruit and leaf tissues have been 

characterized up to 8.5 GHz at 25 ˚C ambient temperature. Permittivity    
   and loss tangent 

       data have been measured for green mango pulp, seed and leaf specimens. The overall 

dielectric properties      measurement setup for a typical mango pulp specimen is illustrated in 

Fig. 3.6(a) – an enlarged view is illustrated in Fig. 3.6(b). The mango fruits have been cut with a 

sharp knife to obtain flat specimen surfaces for avoiding air gap beneath the open ended coaxial 

probe. Next, the probe is pressed on flat surface with optimum pressure for accurate dielectric 

properties      measurements. In case of leaf specimens, a number of leaves have been stacked 

together (without air gap) to provide sufficient tissue thickness beneath the coaxial probe – thus, 

the condition of infinite sample dimension (thickness > skin depth) is satisfied. The measured 

permittivity    
   and loss tangent        data for green mango pulp, seed and leaf specimens 

have been plotted in Figs. 3.7(a) and (b) respectively. 

The broadband permittivity    
   values are on the higher side for green mango pulp, in moderate 

range for mango seed and on the lower side for mango leaves – as plotted in Fig. 3.7(a). These 

variations in broadband permittivity    
   data are reasonable and maybe linked with the 
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(a) 

 

(b) 

Fig. 3.7: Broadband dielectric properties of green mango pulp, seed and leaf 

specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 

 percentage of water content in different mango tissue specimens. In contrast, mango leaf 

specimens possess higher loss tangent values over broad spectrum up to 8.5 GHz. Mango pulp 

and seed specimens possess relatively low loss tangent        values – as illustrated in Fig. 

3.7(b). Thus, it seems that more free electrons / ions are available in mango leaf tissue to support 

biophysical transportation activities in plants. 
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(a)                                                                         (b) 

    
(c)                                                                         (d) 

Fig. 3.8: Open ended coaxial probe setup for broadband dielectric properties measurement of 

orange tissue specimens (a) orange pulp – measurement setup, (b) orange pulp – enlarged view, 

(c) orange peel – measurement setup and (d) orange peel – enlarged view 

3.3.3 Dielectric Properties of Orange Tissues 

Broadband dielectric properties      i.e. permittivity    
   and loss tangent        of ripe orange 

pulp and peel tissue specimens have been characterized up to 8.5 GHz at 25 ˚C ambient 

temperature. The dielectric properties      measurement setup for typical orange pulp specimen 

(along with an enlarged view) is illustrated in Figs. 3.8(a) and (b). In addition, the measurement 

setup for orange peel specimen (along with enlarged view) is illustrated in Figs. 3.8(c) and (d). A 

number of pulp specimens have been stacked together to ensure sufficient tissue thickness 

beneath the probe for accurate measurement. Permittivity    
   and loss tangent        data for 

ripe orange pulp and peel tissue specimens have been plotted in Figs. 3.9(a) and (b) respectively. 

As illustrated in Fig. 3.9(a), permittivity    
   of ripe orange pulp is significantly higher than 

orange peel over the entire frequency range (up to 8.5 GHz) – it’s primarily due to the variation 

in water content. In contrast, the loss tangent        of orange peel is higher than ripe orange 

pulp over almost the entire frequency range (0.5 GHz to 8.5 GHz). Please, refer to Fig. 3.9(b). 
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(a) 

 

(b) 

Fig. 3.9: Broadband dielectric properties of orange pulp and peel specimens up to 8.5 GHz (a) 

permittivity and (b) loss tangent 

 

 

 

3.3.4 Dielectric Properties of Water Apple Tissue 

Broadband dielectric properties      i.e. permittivity    
   and loss tangent        of mature 

water apple specimen have been measured up to 8.5 GHz at 25 ˚C ambient temperature – the 

measurement setup and an enlarged view are illustrated in Figs. 3.10(a) and (b) respectively.  
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(a)                                                                   (b) 

Fig. 3.10: Open ended coaxial probe setup for broadband dielectric properties measurement 

of water apple tissue specimen (a) total measurement setup, (b) a close-up view 

 
(a) 

 
(b) 

Fig. 3.11: Broadband dielectric properties of water apple specimens up to 8.5 GHz (a) 

permittivity and (b) loss tangent 
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(a)                                                                         (b) 

Fig. 3.12: Open ended coaxial probe setup for broadband dielectric properties 

measurement of sapodilla pulp specimen (a) total measurement setup, (b) close-up view 

 

Measured permittivity    
   and loss tangent        data for a typical water apple specimen have 

been plotted in Figs. 3.11(a) and (b) respectively. Reported dielectric properties      are fairly 

high due to the presence of sufficient water and ion contents in ripe water apple tissue. 

3.3.5 Dielectric Properties of Sapodilla Tissues 

Broadband dielectric properties      i.e. permittivity    
   and loss tangent        of ripe 

sapodilla fruit pulp and leaf tissue specimens have been measured up to 8.5 GHz at 25 ˚C 

ambient temperature. Photographs of the measurement setup for a typical sapodilla fruit pulp 

specimen are illustrated in Figs. 3.12(a) and (b). In case of leaf specimens, a number of sapodilla 

leaves have been stacked together to ensure sufficient thickness without air gap beneath the 

coaxial probe. Thus, collective MUT thickness turns out to be greater than the skin depth – 

condition of semi-infinite dimension is fulfilled for accurate dielectric properties      

characterization. Measured permittivity    
   and loss tangent        data for ripe sapodilla fruit 

pulp and leaf tissue specimens have been plotted in Figs. 3.13(a) and (b) respectively. 

As illustrated in Fig. 3.13(a), permittivity    
   of ripe sapodilla fruit pulp is fairly high compared 

to the respective leaf specimens over the entire frequency spectrum up to 8.5 GHz. Higher water 

content in ripe fruit pulp predominantly contributes to elevated permittivity    
   value. However, 

the loss tangent        values of sapodilla leaf tissue are higher than the sapodilla fruit pulp up 

to 6 GHz – but, the trend alters thereafter at higher frequency region. Please, refer to Fig. 

3.13(b). 
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(a) 

 

(b) 

Fig. 3.13: Broadband dielectric properties of sapodilla pulp and leaf specimens up to 8.5 GHz 

(a) permittivity and (b) loss tangent 

 

 

 

3.3.6 Dielectric Properties of Grape Tissue 

This time, broadband dielectric properties      of ripe grape fruit pulp specimen have been 

characterized at 25 ˚C ambient temperature up to 8.5 GHz. The measurement setup for a typical 

grape fruit specimen is illustrated in Figs. 3.14(a) and (b).  
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(a)                                                                         (b) 

Fig. 3.14: Open ended coaxial probe setup for broadband dielectric properties 

measurement of ripe grape fruit specimen (a) total measurement setup, (b) close-up view 

 
(a) 

  
(b) 

Fig. 3.15: Frequency dependent variation in broadband dielectric properties of ripe grape tissue 

specimen up to 8.5 GHz (a) permittivity and (b) loss tangent 
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The respective percentages of water and free ion contents are fairly high in ripe grape fruit 

specimen – thus, the effective skin depth should be reasonably less. Therefore, the condition of 

semi-infinite MUT thickness can be satisfied even with a single grape fruit beneath the coaxial 

probe. Measured permittivity    
   and loss tangent        data for ripe grape pulp specimen 

have been plotted in Figs. 3.15(a) and (b) respectively. 

As illustrated in Fig. 3.15(a), permittivity    
   of ripe grape fruit pulp is fairly high over the 

entire measured spectrum up to 8.5 GHz. As expected, high amount of water content in ripe 

grape fruit largely contributes to elevated permittivity    
   value. In addition, significant loss 

tangent        values over a broadband spectrum are caused due to adequate presence of free 

ions in the ripe grape tissue specimen (please, refer to Fig. 3.15(b)). These free ions possibly take 

part in different biophysical or transportation activities in plants and fruits.  

3.3.7 Dielectric Properties of Apple Tissue 

Broadband dielectric properties      of fresh apple fruit tissue have been characterized up to 8.5 

GHz at two different temperatures i.e. 25 ˚C and 16 ˚C. Prior to performing dielectric 

measurements, fresh apple fruit specimens have been divided in two sets – one set has been 

stored at 25 ˚C ambient temperature and the other at 16 ˚C ambient temperature for at least 4 

hours. Thus, the temperatures of respective apple specimens were made to settle at the desired 

values i.e. either 25 ˚C or 16 ˚C. Next, the temperature dependent variations in permittivity    
   

and loss tangent        data have been studied for fresh apple tissue specimens. The overall 

dielectric properties      measurement setup for a typical apple fruit specimen is illustrated in 

Fig. 3.16(a) and an enlarged view is illustrated in Fig. 3.16(b). The apple fruit specimens have 

been cut with a sharp knife to obtain flat surfaces for avoiding air gap beneath the coaxial probe 

– thus, an accurate measurement system has been ensured. Measured permittivity    
   and loss 

tangent        data for the apple specimens at two different temperatures i.e. 25 ˚C and 16 ˚C 

have been plotted in Figs. 3.17(a) and (b) respectively. 

The broadband permittivity    
   value for apple fruit specimen reduces with temperature – i.e. 

the permittivity    
   data are higher at 16 ˚C and lower at 25 ˚C over the measured frequency 

range up to 8.5 GHz (please, refer to Fig. 3.17(a)). In contrast, the broadband loss tangent 

       / tissue conductivity     value for apple fruit specimen increases with temperature – as 
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(a)                                                               (b) 

Fig. 3.16: Open ended coaxial probe setup for broadband dielectric properties measurement of 

apple tissue specimen (a) total measurement setup, (b) a close-up view 

plotted in Fig. 3.17(b). Observed temperature dependent variations in permittivity    
   and loss 

tangent        data for the apple fruit tissue are justified and aligned with the previous reported 

temperature dependent dielectric data available in literature [2-3, 6-7]. 

To explain temperature dependent complex dielectric properties      of apple tissue, concepts of 

ionic and orientational (dipolar) polarization mechanisms should be revisited [1-4, 6-9]. Apple 

contains enormous ion content – therefore, the ionic polarization dominates over dipolar 

relaxation at low frequency region and permittivity    
   of apple increases with temperature 

(typically, up to few tens of MHz) [2-3, 6-7]. However, the same phenomenon is not reflected 

here in the measured permittivity    
   data for apple because 85070E dielectric measurement kit 

works from 200 MHz and above [41]. On contrary, permittivity    
   of apple starts decreasing 

with temperature at higher frequency region where dipolar relaxation mechanism dominates – 

this phenomenon is observed here (200 MHz to 8.5 GHz) [2-3, 6-7]. As discussed earlier, dipolar 

molecules tend to move in random directions at higher temperature – thus, the overall alignment 

of dipolar molecules under external applied electric field gets disturbed at higher temperature 

and consequently permittivity    
   decreases with temperature [1]. Apple tissue also contains 

quite high amount of water which is a dipolar molecule – thus, apple exhibits quite strong dipolar 

relaxation over 200 MHz to 8.5 GHz, and permittivity    
   of apple reduces with temperature [1-

3, 6-7]. For every fruit / vegetable, there is a particular frequency point where the permittivity 

   
   doesn’t alter with temperature – ionic polarization dominates below that frequency and 

dipolar relaxation becomes dominant thereafter. The loss tangent        of apple increases with 

temperature over entire frequency range – as reported for other fruits as well [2-3, 6-7].  
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(a) 

  
(b) 

Fig. 3.17: Temperature dependent variations in broadband dielectric properties of apple tissue 

specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 

 

 

3.3.8 Dielectric Properties of Tomato Tissue 

Broadband dielectric properties      of ripe red tomato tissue have been characterized up to 8.5 

GHz at two different temperatures viz. 25 ˚C and 16 ˚C. Similar to the apple specimens, fresh red 

tomato specimens have also been divided in two groups prior to performing measurements – one 

group has been stored at 25 ˚C ambient temperature and the other at 16 ˚C ambient temperature 
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(a)                                                               (b) 

Fig. 3.18: Open ended coaxial probe setup for broadband dielectric properties measurement of 

ripe tomato specimen (a) total measurement setup, (b) a close-up view 

for at least 4 hours. Subsequently, temperatures of respective tomato specimens settled at the 

desired values of either 25 ˚C or 16 ˚C. Thereafter, temperature dependent variations in 

permittivity    
   and loss tangent        data have been studied for fresh ripe tomato 

specimens. The total dielectric properties      measurement setup and an enlarged view of a 

typical MUT specimen are illustrated in Figs. 3.18(a) and (b) respectively. The open ended 

coaxial probe has been optimally pressed against the ripe tomato specimen so that a flat surface 

can be managed to avoid possible air gap in between – thus, an accurate measurement setup has 

been established. Characterized permittivity    
   and loss tangent        data for the ripe 

tomato specimens have been plotted in Figs. 3.19(a) and (b) respectively – at the above 

mentioned temperatures i.e. 25 ˚C and 16 ˚C. 

It is observed that broadband permittivity    
   for ripe tomato specimens reduces with 

temperature – i.e. higher permittivity    
   data have been noted at 16 ˚C compared to the 

respective data at 25 ˚C over the entire measured frequency range up to 8.5 GHz (please, refer to 

Fig. 3.19(a)). In contrast, noted broadband loss tangent        / tissue conductivity     data for 

ripe tomato specimen increase with temperature – as illustrated in Fig. 3.19(b). However, 

observed temperature dependent variations in dielectric properties      of ripe red tomato 

specimens are absolutely justified and aligned with the previous observations for apple 

specimens. Moreover, research articles indicating similar temperature dependent dielectric 

variations in fruits and vegetables over the reported frequency span are also available in literature 

[2-3, 6-7]. 
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(a) 

  
(b) 

Fig. 3.19: Temperature dependent variations in broadband dielectric properties of ripe tomato 

tissue specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 

 

 

3.3.9 Dielectric Properties of Brinjal Tissue 

Next, broadband dielectric properties      of mature brinjal tissue have also been characterized 

up to 8.5 GHz at 25 ˚C and 16 ˚C. The brinjal specimens have also been divided in two sets prior 

to performing dielectric measurements – as performed in cases of apple and tomato specimens. 

Next, one set has been stored at 25 ˚C ambient temperature and the other set at 16 ˚C ambient 

temperature for at least 4 hours each – thus, the ultimate temperatures of respective brinjal 
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(a)                                                              (b) 

Fig. 3.20: Open ended coaxial probe setup for broadband dielectric properties measurement of 

mature brinjal specimen (a) total measurement setup, (b) a close-up view 

specimens settled at 25 ˚C and 16 ˚C. Subsequently, temperature dependent alterations in 

dielectric properties      of mature brinjal specimens have been studied. The overall dielectric 

properties      measurement setup and a close-up view of a typical brinjal specimen beneath the 

coaxial probe are illustrated in Figs. 3.20(a) and (b) respectively. The open ended coaxial probe 

has been pressed against flat cut plane of the brinjal specimen – thus, air gap has been avoided to 

obtain accurate measured data. Measured permittivity    
   and loss tangent        data for the 

brinjal specimens have been plotted in Figs. 3.21(a) and (b) respectively at 25 ˚C and 16 ˚C. 

The broadband permittivity    
   values for mature brinjal specimens are quite less than other 

fruit / vegetable specimens – it’s primarily due to less water content. Furthermore, the 

permittivity    
   of mature brinjal specimen reduces with increase in temperature – i.e. higher 

permittivity    
   data have been measured at 16 ˚C compared to respective data at 25 ˚C over the 

entire range up to 8.5 GHz (please, refer to Fig. 3.21(a)). However, broadband loss tangent 

       data for the brinjal specimen increase with temperature up to around 3.5 GHz but, the 

trend reverses thereafter – as illustrated in Fig. 3.21(b). Observed temperature dependent 

variation in permittivity    
   of mature brinjal specimens is aligned with the previous 

observations [2-3, 6-7]. In case of loss tangent       , the trend is aligned with previous 

observations up to 3.5 GHz but differs slightly thereafter [2-3, 6-7]. Similar type of trend 

reversals in temperature dependent dielectric loss factor were reported earlier for navel orange 

and cucumber specimens around 1 GHz to 2 GHz [6]. On contrary, this trend reversal can also be 

observed simply due to specimen-to-specimen variation that falls under the category of random 

error (type A) in the measurement technique [42-44]. 
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(a) 

  
(b) 

Fig. 3.21: Temperature dependent variations in broadband dielectric properties of mature 

brinjal tissue specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 

 3.3.10 Dielectric Properties of Guava Tissue 

This time, broadband dielectric properties      of mature guava specimens have been measured 

up to 8.5 GHz at 25 ˚C and 16 ˚C respectively. The fruit specimens (guavas) have been divided 

in two sets – one set has been stored at 25 ˚C ambient temperature and the other at 16 ˚C ambient 

temperature for at least 4 hours. At subsequent time, the final temperatures of respective guava 

specimens settled at 25 ˚C and 16 ˚C (similar to earlier fruit specimens). Thereafter, temperature 
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(a)                                                            (b) 

Fig. 3.22: Open ended coaxial probe setup for broadband dielectric properties measurement of 

mature guava specimen (a) total measurement setup, (b) a close-up view 

dependent variations in permittivity    
   and loss tangent        properties of mature guava 

specimens have been studied. The entire dielectric properties      characterization setup is 

illustrated in Fig. 3.22(a) – whereas, an enlarged view of a typical guava specimen beneath the 

open ended coaxial probe is illustrated in Fig. 3.22(b). The open ended coaxial probe has been 

pressed with optimal pressure on flat cut surface of the guava specimen. This ensures that no air 

gap is present in between the open end of coaxial probe and the flat cut surface of MUT (guava) 

specimen for obtaining accurate dielectric data. Finally, measured permittivity    
   and loss 

tangent        data for the guava specimens have been plotted in Figs. 3.23(a) and (b) 

respectively at 25 ˚C and 16 ˚C. 

Permittivity    
   values for mature guava specimens are reasonably high due to sufficient water 

content – both at 25 ˚C and 16 ˚C. However in contrast to the earlier observations, permittivity 

   
   data for mature guava specimens have been noted to be increased with temperature – i.e. 

higher permittivity    
   data have been measured at 25 ˚C compared to 16 ˚C over the entire 

measured frequency range up to 8.5 GHz (please, refer to Fig. 3.23(a)). Moreover, broadband 

loss tangent        data for guava specimen increase with temperature up to 1 GHz – but, the 

trend has been lost thereafter – as illustrated in Fig. 3.23(b). Thus, the overall temperature 

dependent variations in dielectric properties      of mature guava specimens are somewhat 

misaligned with previous observations [2-3, 6-7]. Observed misalignments in temperature 

dependent variations in dielectric properties      of guava specimens seem to be solely due to 

specimen-to-specimen variation under random error (type A) – possibly, the guava specimen 

characterized at 25 ˚C was overripe [42-44]. 
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(a) 

  
(b) 

Fig. 3.23: Temperature dependent variations in broadband dielectric properties of mature guava 

tissue specimens up to 8.5 GHz (a) permittivity and (b) loss tangent 

 

 
3.4 Conclusions 

The physics of different polarization phenomenon, contributing to broadband complex dielectric 

properties      of different materials, have initially been outlined in the first part of this chapter. 

In addition, selection of the most suitable non-destructive broadband dielectric properties      

measurement technique (open ended coaxial probe technique) has been justified along with the 

technical and analytical specifications. Next, measured permittivity    
   and loss tangent        
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data for numerous plant and fruit specimens have been presented in this part using graphical 

illustrations – in addition, the temperature dependent variations in complex dielectric properties 

     of some fruit specimens have also been studied over the measured frequency range. 

Based on the measured data, it is clearly noticed that permittivity    
   of all plant and fruit 

tissues reduces with frequency i.e. over the span of 200 MHz to 8.5 GHz. It is so because there is 

a significant presence of water       in all plant and fruit tissues and the same demonstrates 

orientational polarization (dipolar molecule). Now, as the frequency increases, the externally 

applied electric field varies in magnitude with time at a faster rate. As a result, the dipolar 

molecules in plant and fruit tissues also attempt to follow the fast time variation in applied 

electric field strength in alternating cycles. But, two prime factors oppose immediate alignment 

of the dipolar molecules with the applied field at higher frequency range – firstly, the thermal 

energy of dipolar molecules attempt to destroy their alignment in a particular direction with the 

applied time varying electric field and randomize their orientation. Over and above, these dipolar 

molecules rotate in a viscous like medium due to their interactions with adjacent molecules and 

thus, the dipolar molecules are somewhat restricted to respond immediately to the time varying 

electric field at higher frequency range. As a consequence of these two phenomena, dipolar 

molecules in plant and fruit tissues can’t follow the rapid time variation in applied electric field 

at higher frequencies and demonstrate reduced permittivity    
  .       

In addition, broadband permittivity    
   of different fruit specimens reduces with temperature in 

general – whereas, loss tangent        increases with temperature. This observation can also be 

explained with orientational polarization of dipolar molecules in fruit tissues. The thermal energy 

of dipolar molecules increases with temperature – thus, alignment of dipolar molecules along the 

direction of applied electric field is furthermore inhibited. Hence, permittivity    
   reduces and 

loss tangent        increases with temperature.   

Reported complex dielectric properties      of these fruits and plants are indeed useful for 

‘Specific Absorption Rate (SAR)’ estimations in prototyped fruit and plant models in accordance 

with different electromagnetic regulatory guidelines – as discussed in the next chapter. 

Moreover, measured dielectric properties      of these specimens have also been utilized as 

reference dataset for preparing different fruit and plant tissue equivalent homogeneous phantom 

liquids for practical SAR measurements (Chapter 5).  
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Part II: Multilayer Tissue Modeling 

3.5 Introduction to Multilayer Tissue Modeling 

It’s now clear and an established fact that interaction of electromagnetic energy with living 

biological systems can’t be avoided because of the massive utilization of wireless 

telecommunication systems over a wide spectrum of frequency band. Above said interaction 

mechanism with biological objects can take place either in far field or in near field of the 

electromagnetic radiating element – based on the applications [49-58]. Far field plane wave 

exposure of biological bodies takes place due to mobile tower antenna radiation – whereas, 

mobile phones and other wireless Body-Area-Network (BAN) devices are the primary reasons 

for human body exposure to electromagnetic fields near the radiating element [49-58]. As a 

consequence, it is equally important to quantify electromagnetic energy absorption rate either 

due to plane wave incidence in far field or very close to the radiating antenna i.e. in near field 

region. This electromagnetic energy absorption rate is termed as ‘Specific Absorption Rate 

(SAR)’ in relevant literature [59-63] – SAR is defined as the rate of electromagnetic energy 

absorption per unit mass of biological tissue while exposed to an external incident 

electromagnetic field. Magnitude of SAR value in principle depends upon the geometrical shape 

of living biological object, number of distinguishable tissue layers, complex dielectric properties 

     of individual tissue layer, material density of each tissue layer, magnitude of incident 

electric field, direction of arrival and polarization of incident electric field [55-58]. Therefore, 

once the above mentioned parameters are known, point SAR value at a particular location can 

easily be calculated employing any standard electromagnetic solver such as CST Microwave 

Studio (CST MWS) [64]. The mathematical formulation for point SAR calculation is          

– where,   denotes electrical conductivity of the tissue, E represents peak electric field strength 

developed inside the biological tissue and   represents the density of the biological tissue. 

Therefore, it is clear that point SAR value significantly depends upon the second degree of peak 

electric field magnitude (developed inside biological tissue layer) [59-63]. Next, for practical 

SAR measurement and validation purposes, actual electric field probing and measurement inside 

the biological model is deemed necessary. However, any invasive technique that involves 

inserting electric field probes inside living biological tissue layer is completely avoided during 
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practical SAR measurement – as prescribed by medical ethics. Thus, to overcome this 

measurement issue, several attempts have been taken to formulate and prepare tissue equivalent 

homogeneous phantom liquid with dispersive complex dielectric properties      [59, 61-62, 65-

69]. During initial phase, human head equivalent phantom liquid was proposed and formulated 

by simply considering average dielectric properties      between the grey and white matters for 

practical SAR measurement [65-67]. Thereafter, a multilayer tissue equivalent dielectric liquid 

formula was proposed based on considering the average permittivity    
   of all tissue layers and 

thereafter adjusting the conductivity     of that equivalent liquid, so that the original 1g or 10g 

averaged SAR value in a particular multilayer biological model can be attained [68]. In 

somewhat similar fashion, another group of researchers formulated a range of head tissue 

equivalent phantom liquids simply by matching the maximum 10g averaged SAR value with 

tuned complex dielectric properties      [69]. Nevertheless, none of the above reported 

equivalent liquid formulating techniques attempted to replicate either the electric field 

distribution or the point SAR distribution in original multilayer biological model. Thus, the 

concerned scientists and researchers are yet to address alignment of point SAR distributions in 

the original multilayer biological model and the equivalent homogeneous phantom liquid on 

basis of three dimensional coordinates. In addition, SAR assessment in different prototyped plant 

and fruit models is another contemporary research theme primarily due to plane wave irradiation 

in far field region – this research field has been vastly explored in the next part of this thesis. As 

a consequence, formulation of multilayer plant/fruit tissues equivalent homogeneous dielectric 

phantom liquid is an added research challenge.  

It must be noted that, till date, no generalized and structured framework has been formulated that 

defines complex dielectric properties      of the equivalent phantom liquid based on multi-

dimensional critical parameters such as dielectric properties     , thickness, stacking sequence 

and geometrical shape of original biological layers, and also irrespective of far field or near field 

exposure scenarios. As a consequence, a generalized and structured technique is indeed required 

on urgent basis to formulate and further synthesize the equivalent homogeneous phantom liquids 

with customized permittivity    
   and loss tangent        for any random stacked tissue layer 

combinations in either far or near field exposure scenario. As an accurate SAR measurement is 

the ultimate objective, any chosen figure of merit for formulating and further synthesizing the 
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equivalent homogeneous phantom liquid should be defined based on realistic spatial matching of 

point-wise SAR or internal electric field distributions inside the biological model.  

3.6 A Brief Outline of the Problem 

The work presented in the subsequent part of this chapter aims at formulating and developing a 

novel, generalized, as well as structured protocol to determine effective complex dielectric 

properties      of homogenous phantom liquid equivalent to any prototyped multilayer tissue 

model for accurate SAR measurement. In addition, the proposed technique must also be capable 

of tuning the complex dielectric properties      of tissue equivalent phantom liquid both in far 

field due to plane wave exposure as well as in near field i.e. close to the radiating antenna. In this 

work, electric field distribution as well as point SAR distribution in the original multilayer tissue 

model has been considered while formulating and developing the basis towards a structured 

protocol. To address multi-dimensional aspects of the problem, a number of critical parameters 

such as thickness, relative positioning and geometric shape of each tissue layer have been taken 

into account while determining the equivalent complex dielectric properties      of 

homogeneous phantom liquid. The technique has been proposed to be developed in such a way 

that the same can work at any particular frequency of interest. Once the proposed protocol is 

finalized, it can be applied to two specific problems having four tissue layers with different 

permittivity    
   and loss tangent        values. In one of these two cases, the dielectric tissue 

layers are of equal thickness – whereas, the dielectric tissue layers are of unequal thickness in the 

other case. Furthermore, the proposed and developed protocol is applied to the above mentioned 

multilayer biological tissue prototypes both in plane wave irradiation scenario (far field) as well 

as in close proximity region to the transmitting antenna (near field) – therefore, the generic 

nature of this novel protocol is also validated. In the following part, it has been attempted to 

achieve appropriate permittivity    
   and loss tangent        values of the multilayer tissue 

equivalent homogeneous phantom liquids for two distinct tissue layer combinations along with 

two different exposure scenarios (far field and near field).  

3.7 Multilayer Equivalent Phantom Liquid Formulation Technique 

It is already discussed that point SAR at a particular position inside the biological tissue layer at 

large depends on the magnitude of developed electric field strength at that position      , tissue 
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(a) 

    

(b) 

Fig. 3.24: Electromagnetic wave incidence on multilayer tissue model and an equivalent 

homogeneous phantom formulation (a) a linearly polarized plane wave impinges on the first 

layer and propagates through all the subsequent layers of n-layer tissue model, (b) an 

equivalent homogeneous problem with single phantom dielectric layer of thickness    

 

conductivity     and tissue density    . Thus,   and   being fixed for a particular type of tissue 

at a fixed temperature, SAR greatly varies with the squared magnitude of developed electric field 

strength        [59-63]. Hence, there are first and foremost two parameters i.e. internally 

developed electric field     and point SAR that can help to formulate an appropriate protocol for 

defining homogeneous dielectric phantom liquid equivalent to a multilayer biological body (for 

practical SAR measurement). 
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Fig. 3.24(a) demonstrates the original problem consisting of an n-layer (         respectively) 

biological tissue model – the tissue layer thicknesses and material densities are                 

and                 respectively. It is important to note that all the tissue layers have equal 

cross-sectional dimensions along                   and                   axes – these 

cross-sectional dimensions are indeed electrically large at the frequency of interest. Thus, the 

effect of dielectric discontinuities (due to cross-sectional boundaries) can be minimized at the 

cross-sectional center                     of each tissue layer. At this point, there are two 

probable exposure scenarios – either, a far field plane wave impinges on the first layer (    and 

passes through all subsequent layers (         respectively) of the n-layer tissue model, or, an 

antenna radiates in close proximity to the first layer (    of the same n-layer tissue model and the 

emitted electromagnetic energy then interacts with the subsequent tissue layers (         

respectively). In case of far field scenario, a plane wave with linear polarization propagating 

along z axis and electric field varying along   axis impinges on the very first tissue layer      

and then propagates through subsequent tissue layers (         respectively). In the later case, a 

simple rectangular microstrip patch antenna radiates in the fundamental mode along   axis 

(broadside radiation) in close proximity (near field region) to the very first layer      and the 

emitted field further interacts with the subsequent dielectric tissue layers i.e.          

respectively. Fig. 3.24(b) illustrates the equivalent phantom problem with single homogeneous 

dielectric layer of permittivity    
  , loss tangent        , thickness      (where,           

         ) and material density      (practically,    should depend upon choice of equivalent 

phantom medium based on original multilayer dielectric model – however, in practice,    is 

considered to be            for SAR measurements in human tissue equivalent phantom 

liquid). Now, the prime aim is to determine equivalent   
  and       of the homogeneous 

phantom liquid so that either electric field distribution or point SAR distribution along the central 

coordinate points (                              ) inside the multilayer tissue 

model and the homogeneous phantom model are spatially similar; however, the exact same 

electric field or point SAR distribution can never be achieved employing a single-layered 

homogeneous equivalent liquid particularly at and around the dielectric layer interfaces in 

original n-layer model. 
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At initial phase, the maximum difference between two electric field distribution curves from the 

original n-layer model and the equivalent homogeneous phantom liquid model with varied   
  

and       is minimized. A coordinate position dependent (  dependent) cost function       , 

computed along cross-sectional central line          , is defined as the absolute difference 

between the two electric field distribution curves in the original n-layer model and the equivalent 

homogeneous model. This cost function is expressed as described in Eq. (3.32a). 

                                             (3.32a) 

                                                    

                                                                                                

                                            

It should be noted that         and          are the respective magnitudes of peak electric fields at 

    location in original n-layer tissue model and equivalent single-layered phantom model. 

The coordinate location, where        is observed to be maximum, is unique for each combination 

of permittivity    
   and loss tangent        of the equivalent homogeneous phantom liquid. The 

maximum value of        is defined as the figure of merit i.e.            . 

                                                                                                   (3.32b) 

This                             in Eq. (3.32b) needs to be minimized by tuning the 

permittivity     and loss tangent     of the equivalent homogeneous phantom liquid in an 

appropriate manner. 

In case of the original multilayer (n-layer) problem, it is noted that magnitude of electric field is 

normally maximum in the first layer      and it is sufficiently high compared to subsequent 

tissue layers (         respectively). As a consequence, the figure of merit defined in Eq. (3.32b) 

is typically dominated by the very first layer      itself – thus, the equivalent complex dielectric 

properties      of the homogeneous phantom liquid are noted to be biased toward     

characteristics and very little priority is allotted to the subsequent tissue layers (         

respectively). To prevail over this issue, a tailored figure of merit is further decided on based on 

the maximum fractional difference between electric field distribution curves of the original n-
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layer model and the equivalent homogeneous phantom model. This particular cost function 

would stay away from assigning undue priority to the initial tissue layers. Thus, a new z-

coordinate dependent dimensionless cost function       
  at           is introduced in Eq. 

(3.33a). 

      
                                                (3.33a) 

                                                    

                                                                                                

                                            

Now, the maximum value of       
  is defined as the modified figure of merit i.e.           

  . 

                                                                          
                          (3.33b) 

Subsequently, this cost function is further modified to directly consider the difference in point 

SAR distribution curves instead of the difference in peak electric field distribution curves. It is 

already discussed that point SAR value varies with squared magnitude of the developed electric 

field inside biological tissue layers        [59-63] – thus, it can be argued that a cost function 

formulation based on the difference in point SAR distribution curves is expected to be more 

appropriate than the earlier ones described in Eqs. (3.32a), (3.32b), (3.33a) and (3.33b) 

respectively. It is so because SAR is the standard and worldwide accepted metric to directly 

correlate with electromagnetic energy absorption in different complex biological models. 

Subsequently, a different coordinate position dependent (  dependent) cost function       , 

computed along the cross-sectional central line          , is now introduced as the absolute 

difference between the two point SAR distribution curves from the original n-layer model and 

the equivalent homogeneous phantom model. Now, the maximum value of        is defined as 

the modified figure of merit i.e.             – the same is required to be minimized. These 

modified cost function i.e.        and the associated figure of merit i.e.             are described 

in Eqs. (3.34a) and (3.34b) respectively. 

                                               (3.34a) 
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                                                                                                    (3.34b) 

At the final phase, a further tailored cost function       
  is defined based on the fractional 

difference between two point SAR distribution curves of the original n-layer model and the 

equivalent homogeneous phantom model. This new  -coordinate dependent dimensionless cost 

function       
  along cross-sectional central coordinates           is introduced in Eq. 

(3.35a). Next, maximum value of       
  is considered as the final figure of merit i.e.           

   

– this needs to be minimized. This modified figure of merit i.e.           
   is described in Eq. 

(3.35b). 

      
                                                            (3.35a) 

                                                    

                                                                                                

                                            

                                                                         
                          (3.35b) 

Herein, it must be noted that the proposed technique for finding out the most appropriate 

equivalent homogeneous dielectric liquid for SAR measurement, is generic in nature – as, this 

proposed technique is applicable for any number of tissue dielectric layers, individual tissue 

layer thickness, dielectric properties      of individual tissue layer, material density of each 

tissue layer, frequency of operation, either far field or near field irradiation, magnitude of 

incident electric field strength and geometrical shape of multilayer biological model. 

3.8 Multilayer Equivalent Homogeneous Phantom Liquid for Plane 

Wave Exposure in Far Field Scenario 

3.8.1 Plane Wave Exposure – A Typical Four Equal Layer Model 
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Table 3.1 Thickness and dielectric properties      of four equal tissue layers model 

Layer Permittivity at 2.45 GHz Loss tangent at 2.45 GHz 

L1: 0 – 1 cm 30 0.30 

L2: 1 – 2 cm 45 0.25 

L3: 2 – 3 cm 60 0.20 

L4: 3 – 4 cm 75 0.15 

 

The proposed technique outlined in the previous section has been applied to a prototyped four tissue layer 

model (        ) with different permittivity    
   and loss tangent        values – it should be noted 

that all four tissue layers (        ) are of identical thickness. In addition, it is considered that all the 

four layers (        ) possess same material density of 1000 kg/m
3
. A plane wave with linear 

polarization at          is assumed to impinge on this four equal tissue layers prototype (        ). At 

first, the plane wave impinges on the first tissue layer (   , with normal incidence to the cross-sectional 

surface of the biological model, and subsequently propagates through the rest three equal tissue layers 

(        ). The incident plane wave possesses           peak electric field strength as limited for 

existing Indian public exposure scenario [63]. The cross-sectional dimensions of all four tissue layers 

(        ) are             along with individual layer thickness of      each – as illustrated in Fig. 

3.25. Both the peak electric field and the point SAR data are noted along cross-sectional central 

coordinates of all the tissue layers (            i.e. along  -axis) so that negligible effects of boundary 

discontinuity along lateral directions can be ensured in this work. Thickness and dielectric properties      

of individual tissue layers have been outlined in Table 3.1. Then, at first, transient (time domain) 

simulation is performed in CST MWS 2018 to obtain peak electric field as well as point SAR 

distributions in the original four equal tissue layers model – along the cross-sectional central coordinates 

          i.e. for different values of   coordinate [64]. At subsequent phase, seventy two more 

transient simulations are performed by systematically tuning the permittivity    
   from 20 to 75, and loss 

tangent        from 0.10 to 0.35 of the homogeneous phantom liquid while keeping the material density 

fixed at           . At the final phase, the proposed technique outlined in the previous part is applied 

on step by step basis to derive equivalent complex dielectric properties      of homogeneous phantom 

liquid for practical SAR measurement. 
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Fig. 3.25: A plane wave with linear polarization at          impinges on the four equal 

tissue layers model           respectively) – each tissue layer possesses different dielectric 

properties but equal thickness        
  

3.8.1.1 A Brief Description of the Electromagnetic Simulation Setup 

Quite high contrast in complex dielectric properties      of the adjacent tissue layers (         

respectively) and low quality factor of the lossy dielectric tissue layers are two fundamental 

reasons to choose transient solver in CST MWS 2018 for appropriate meshing of the multilayer 

biological structure as illustrated in Fig. 3.25 [64]. The transient solver available in CST MWS 

2018 is developed based on Finite Integration Technique (FIT) computational technique which 

was conceptualized way back in 1977 [64, 70-71]. In this electromagnetic solver, Maxwell’s 

integral equations are discretized and then solved using numerical technique in the solution 

space. Thus, this multilayer biological structure (         respectively) has been discretized first 

using hexahedral cells of variable mesh sizes where a wavelength in dielectric tissue layers is 

subdivided into twenty equal sections. At the structural boundary region, four perfectly matched 
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layers with 0.0001 reflection coefficient have been set as the electromagnetic absorbing 

boundary. A steady state energy criterion of – 40 dB has been chosen for inverse transformation 

to observe frequency domain responses.  

3.8.1.2 Results and Discussion (Plane Wave – Four Equal Layers) 

The figures of merit defined in Eqs. (3.32b), (3.33b), (3.34b) and (3.35b) have been employed 

one at a time to determine permittivity    
   and loss tangent        of the homogeneous 

phantom liquid equivalent to the four equal tissue layers problem – obviously due to plane wave 

irradiation with linear polarization at 2.45 GHz. At first, the figure of merit defined in Eqs. 

(3.32a) and (3.32b) are applied on the four equal tissue layers problem. The             plot for 

various combinations of permittivity    
   and loss tangent        of the equivalent 

homogeneous phantom liquid is illustrated in Fig. 3.26(a). Observation indicates that permittivity 

   
   and loss tangent        combination of (50, 0.20) produces a peak electric field 

distribution that is the closest replication of peak electric field distribution in the original four 

equal tissue layers model (         respectively). Figs. 3.26(b) and (c) demonstrate the 

comparison of peak electric field distribution curves and the associated absolute difference plot 

for (50, 0.20) combination of permittivity    
   and loss tangent        values. A maximum 

difference of 1.46 V/m between peak electric field distribution curves is observed in the third 

layer (  ) at coordinate location (0, 0, 2.96 cm). 

Next, multilayer equivalent complex dielectric properties      of the homogeneous phantom 

liquid have been derived using Eqs. (3.33a) and (3.33b). Fig. 3.26(d) illustrates           
   plot 

for varied permittivity    
   and loss tangent        combinations of homogeneous phantom 

liquid representing the original four equal layers model (         respectively). Complex 

dielectric properties of (40, 0.35) produce a peak electric field distribution that is closest to the 

original four equal tissue layers model (         respectively) while maximum percentage 

difference in peak electric field distribution is minimized. Figs. 3.26(e) and (f) demonstrate the 

comparison of peak electric field distribution curves along with associated absolute peak electric 

field difference plot for permittivity    
   and loss tangent        combination of (40, 0.35). A 

maximum absolute difference of 1.91 V/m between the peak electric field distribution curves is 

observed in the first layer (  ) at coordinate location (0, 0, 0.66 cm).  



Dielectric Properties Characterization and Multilayer Tissue Modeling 

96 
 

 

(a)                                                                          (d) 

 

(b)                                                                             (e) 

 

                                           (c)                                                                             (f) 

Fig. 3.26: Four equal tissue layers model – plane wave exposure in far field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

electric field distributions between four equal layers model and equivalent dielectric properties (50, 

0.20) that lead to smallest            , (c) difference in peak   field distribution for equivalent 

dielectric properties (50, 0.20), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of electric field distributions between four equal layers model 

and equivalent dielectric properties (40, 0.35) that result in smallest           
  , (f) difference in 

peak   field distribution for equivalent dielectric properties (40, 0.35) 
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As practical SAR measurement in phantom liquid is our final objective, adopting a cost function 

developed based upon closely replicating the original SAR distribution in the four equal tissue 

layers model (         respectively), by tuning the dielectric properties      of the equivalent 

phantom liquid, seems more logical. To this end, the effective dielectric properties      of the 

multilayer (         respectively) tissue equivalent liquid have now been attempted to be 

computed employing the metric defined in Eqs. (3.34a) and (3.34b). In this technique, the 

absolute maximum difference between the point SAR distributions over the entire cross-sectional 

central coordinates                       is minimized.  

The             plot for varying combinations of permittivity    
   and loss tangent        of 

the multilayer (         respectively) tissue equivalent homogeneous phantom liquid is 

illustrated in Fig. 3.27(a). It is noted that homogeneous phantom dielectric properties of (25, 

0.30) can produce a point SAR distribution closest to the original four equal tissue layers model 

(         respectively). The comparison of point SAR distributions and the associated absolute 

difference in point SAR plot for (25, 0.30) dielectric combination are illustrated in Figs. 3.27(b) 

and (c) respectively. It is evident that point SAR distribution inside the derived equivalent 

homogeneous dielectric liquid (25, 0.30) is best matched in the very first layer (  ) of original 

four equal tissue layers model (         respectively) – as observed in Figs. 3.27(b) and (c). 

Nevertheless, it should be noted that the obtained difference in overall point SAR distribution is 

one order down while compared to the original four equal tissue layers model – as seen in Fig. 

3.27(c). A maximum absolute difference of          W/kg in point SAR is noted at the 

interface of second (  ) and third (  ) tissue layers i.e. at            coordinate location.  

At last, a final attempt is made to closely replicate the original point SAR distribution not only in 

the very first tissue layer (  ) but also in the subsequent three tissue layers (        ) by 

minimizing fractional difference in point SAR distribution over the entire cross-sectional central 

coordinates                      . Eqs. (3.35a) and (3.35b) have finally been applied on 

the raw data sets to minimize the maximum fractional difference in point SAR distribution due to 

replacing four equal tissue layers model (         respectively) with an equivalent homogeneous 

phantom liquid. Fig. 3.27(d) demonstrates           
   plot for varied combinations of 

permittivity    
   and loss tangent        of the equivalent homogeneous phantom liquid – for 

accurate  SAR  measurement. Complex  dielectric  properties  of  (40, 0.35) produce a point SAR  
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                                        (a)                                                                              (d) 

 

                                        (b)                                                                             (e) 

 

                                        (c)                                                                             (f) 

Fig. 3.27: Four equal tissue layers model – plane wave exposure in far field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

point SAR distributions between four equal layer model and equivalent dielectric properties (25, 

0.30) that lead to smallest            , (c) difference in point SAR distribution for equivalent 

dielectric properties (25, 0.30), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of point SAR distributions between four equal layer model and 

equivalent dielectric properties (40, 0.35) that result in smallest           
  , (f) difference in point 

SAR distribution for equivalent dielectric properties (40, 0.35) 
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distribution over the entire cross-sectional central coordinates                       that 

is fairly well replicated and similar to the original four equal tissue layers model (         

respectively) based on Eqs. (3.35a) and (3.35b). Figs. 3.27(e) and (f) illustrate the comparison of 

point SAR distributions along with associated difference in point SAR distribution plot for (40, 

0.35) dielectric properties combination. It should be taken into note that point SAR distribution 

inside the derived equivalent homogeneous dielectric liquid (40, 0.35) is matched well over 

second to fourth tissue layers (        ) in addition to the first tissue layer (  ) – please, refer to 

Figs. 3.27(e) and (f). Observed difference in overall point SAR distribution is still one order 

down while compared to the original four equal tissue layers model (         respectively) – as 

noted in Fig. 3.27(f). Maximum point SAR difference of          W/kg is noted at open 

surface of the first tissue layer (  ) i.e. at (0, 0, 0) coordinate location. 

3.8.2 Plane Wave Exposure – A Typical Four Unequal Layer Model 

All the above mentioned steps along with associated observations have now been repeated for 

another similar multilayer tissue model with four unequal tissue layers (         respectively) – 

each layer possesses different permittivity    
   and loss tangent       . The contrast in 

dielectric properties      is exactly alike to that for the previous four equal tissue layers model 

(         respectively) and all the tissue layers possess            material density. A plane 

wave with linear polarization at 2.45 GHz impinges on the first tissue layer (  ) with normal 

incidence and subsequently propagates through next three tissue layers (        ). The incident 

plane wave possesses peak electric field strength of 27.46 V/m as prescribed for existing Indian 

scenario [63]. All the four tissue layers possess cross-sectional dimensions of             

but with unequal layer thicknesses – individual tissue layer thickness and complex dielectric 

properties      have been tabulated in Table 3.2. Next, transient (time domain) simulation  has 

been performed in CST MWS 2018 to note spatial peak electric field and point SAR 

distributions data in the original four unequal tissue layers (         respectively) model along 

the cross-sectional central coordinates           i.e. for different values of   coordinate 

[64]. Peak electric field and point SAR data have been noted at            

             coordinates of four unequal tissue layers (        ) to ensure negligible effect of 

boundary discontinuity except at tissue layer interfaces. Thereafter, seventy two subsequent 

simulations have been performed by changing the permittivity    
   from 20 to 75, and loss 
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Table 3.2 Thickness and dielectric properties      of four unequal tissue layers model 

Layer Permittivity at 2.45 GHz Loss tangent at 2.45 GHz 

L1: 0 – 0.25 cm 30 0.30 

L2: 0.25 – 0.75 cm 45 0.25 

L3: 0.75 – 1.50 cm 60 0.20 

L4: 1.50 – 2.50 cm 75 0.15 

 

tangent        from 0.10 to 0.35 of the homogeneous phantom liquid and keeping the tissue 

density fixed at           . At last, the proposed technique has been applied in step by step 

approach to determine dielectric properties      of the equivalent homogeneous phantom liquid 

for practical SAR measurement. 

3.8.2.1 Results and Discussion (Plane Wave – Four Unequal Layers) 

The four cost functions and associated figures of merit defined in Eqs. (3.32a), (3.32b), (3.33a), 

(3.33b), (3.34a), (3.34b), (3.35a) and (3.35b) have been applied in this problem as well to 

estimate the permittivity    
   and loss tangent        of proposed equivalent homogeneous 

liquid – obtained results have been discussed next. At first, Eqs. (3.32a) and (3.32b) have been 

employed to observe and predict the homogeneous phantom liquid properties by proper tuning of 

permittivity    
   and loss tangent       . Fig. 3.28(a) illustrates             plot for widely 

varied permittivity    
   and loss tangent        of the equivalent homogeneous phantom liquid. 

It is observed that permittivity    
   and loss tangent        combination of (55, 0.20) 

reproduces a peak electric field distribution which is closest to the original four unequal tissue 

layers model (         respectively). Figs. 3.28(b) and (c) respectively demonstrate the 

comparison of peak electric field distributions along with associated absolute difference plot for 

(55, 0.20) dielectric properties combination. Noted maximum difference between peak electric 

field distribution curves is 1.91 V/m in the second tissue layer (  ) at               coordinate 

location. 

Next, the cost function and associated figure of merit defined in Eqs. (3.33a) and (3.33b) have 

been employed to solve this problem. Fig. 3.28(d) illustrates           
   plot for widely varied 

permittivity    
   and loss tangent        of the equivalent homogeneous phantom liquid. 

Complex   dielectric   properties   combination   of   (60, 0.20)   produces   a   peak  electric  field  
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                                   (a)                                                                             (d) 

 

                                   (b)                                                                             (e) 

 

                                   (c)                                                                             (f) 

Fig. 3.28: Four unequal tissue layers model – plane wave exposure in far field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

electric field distributions between four unequal layers model and equivalent dielectric properties 

(55, 0.20) that lead to smallest            , (c) difference in peak   field distribution for 

equivalent dielectric properties (55, 0.20), (d)           
   plot for varied permittivity and loss 

tangent of equivalent model, (e) comparison of electric field distributions between four unequal 

layers model and equivalent dielectric properties (60, 0.20) that result in smallest           
  , (f) 

difference in peak   field distribution for equivalent dielectric properties (60, 0.20) 
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distribution that is closest to the original four unequal tissue layers model (         respectively) 

while minimizing the fractional absolute difference in overall peak electric field distribution. 

Figs. 3.28(e) and (f) illustrate the comparison of peak electric field distributions along with 

associated difference plot for (60, 0.20) dielectric combination. A maximum of 2.26 V/m 

difference in peak electric field distribution is still noted in the first tissue layer (  ) at 

              coordinate location.  

Then, the figure of merit based on absolute maximum difference in point SAR (Eqs. (3.34a) and 

(3.34b)) distribution over cross-sectional central coordinate locations            

             is minimized to obtain the equivalent homogeneous phantom dielectric properties 

    . Fig. 3.29(a) illustrates             plot for different combinations of permittivity    
   and 

loss tangent        of the homogeneous phantom liquid equivalent to four unequal tissue layers 

model (         respectively). Equivalent dielectric properties combination of (60, 0.30) 

reproduces a point SAR distribution closest to the original four unequal tissue layers model 

based on protocol defined in Eqs. (3.34a) and (3.34b). Figs. 3.29(b) and (c) demonstrate the 

comparison of point SAR distributions along with associated absolute difference in point SAR 

for (60, 0.30) dielectric properties combination. It has been observed that point SAR distribution 

inside equivalent homogeneous dielectric liquid (60, 0.30) is best matched in the very first tissue 

layer (  ) of the original four unequal layers model (         respectively) (please refer to Fig. 

3.29(b)). Noted difference in overall point SAR distribution inside equivalent homogeneous 

phantom liquid is one order down while compared to the original four unequal tissue layers 

model (         respectively) (please refer to Fig. 3.29(c)). Maximum difference of           

W/kg in point SAR is noted in the second tissue layer (  ) at               coordinate location.  

At last, final attempt has been made to determine the complex dielectric properties      of the 

homogeneous phantom liquid employing Eqs. (3.35a) and (3.35b). This involves minimization of 

the maximum fractional point SAR value over entire cross-sectional central coordinate 

locations                         . Fig. 3.29(d) illustrates           
   plot for different 

combinations of permittivity    
   and loss tangent        of the equivalent homogeneous 

phantom liquid. Dielectric properties combination of (60, 0.25) produces a point SAR 

distribution over entire cross-sectional central coordinate locations            

               that   is   closest   to   the   original   four  unequal  tissue  layers  model  (          
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                                  (a)                                                                            (d) 

 

                                  (b)                                                                            (e) 

 

                                  (c)                                                                            (f) 

Fig. 3.29: Four unequal tissue layers model – plane wave exposure in far field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

point SAR distributions between four unequal layer model and equivalent dielectric properties (60, 

0.30) that lead to smallest            , (c) difference in point SAR distribution for equivalent 

dielectric properties (60, 0.30), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of point SAR distributions between four unequal layer model and 

equivalent dielectric properties (60, 0.25) that result in smallest           
  , (f) difference in point 

SAR distribution for equivalent dielectric properties (60, 0.25) 
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respectively) based on Eqs. (3.35a) and (3.35b). Figs. 3.29(e) and (f) respectively illustrate the 

comparison of point SAR distributions  along with associated difference in point  SAR 

distribution for  (60, 0.25) dielectric properties combination. It has been observed that point SAR 

distribution inside derived equivalent homogeneous liquid (60, 0.25) is better matched over 

second to fourth tissue layers            compared to earlier protocol described above (please 

refer to Fig. 3.29(e)). In addition, similar to earlier case, absolute difference in overall point SAR 

distribution is one order down while compared to original unequal tissue layers model (         

respectively) as visible in Fig. 3.29(f). A maximum point SAR difference of           W/kg 

is observed at the beginning of second tissue layer (  ) i.e. at               coordinate location.  

3.9 Multilayer Equivalent Homogeneous Phantom Liquid Close to 

Radiating Antenna in Near Field Scenario 

3.9.1 Antenna Proximity Radiation Exposure – A Typical Four 

Equal Layer Model 

In this case, a simple rectangular microstrip patch antenna radiates at 2.45 GHz in fundamental 

mode along z axis (broadside direction) in proximity (near field) to the first tissue layer       of 

the same four equal tissue layers model (         respectively) – the fields further interact with 

the subsequent tissue layers i.e.          (with reference to Fig. 3.30). The earlier proposed 

technique has been applied once again to the four equal tissue layers model (         

respectively) and specifications of the individual tissue layers have already been listed earlier 

(please refer to Table 3.1). The antenna radiated power in near field first impinges on the first 

tissue layer      with normal incidence and thereafter interacts further with the subsequent tissue 

layers i.e.         . It must be noted that the average input power of this microstrip antenna has 

been set at 0.50 Watt – thus, the electric field / point SAR values in different tissue layers 

(         respectively) shouldn’t be compared with those for the earlier case of plane wave with 

linear polarization. The peak electric field / point SAR data have been noted along cross-

sectional central coordinates                       of the original four equal tissue 

layers model using transient (time domain) simulation. The same electromagnetic simulation 

setup has been followed in CST MWS 2018 as stated earlier [64]. Next, seventy two subsequent 

simulations have been performed with varying permittivity (20 to 75) and loss tangent (0.10 to 
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Fig. 3.30: A rectangular microstrip antenna radiates at 2.45 GHz in proximity to the four 

equal tissue layers model            respectively) – each tissue layer possesses different 

dielectric properties but equal thickness        
 

0.35) along with a fixed material density of 1000 kg/m
3 

of the equivalent homogeneous phantom 

liquid. Eventually, the earlier proposed techniques have been applied on the obtained data set to 

determine complex dielectric properties      of the closest possible equivalent homogeneous 

liquid for SAR measurement. 

3.9.1.1 Results and Discussion (In Close Proximity of Antenna – 

Four Equal Layers) 

This time, cost functions and the associated figures of merit defined in Eqs. (3.32a), (3.32b), 

(3.33a), (3.33b), (3.34a), (3.34b), (3.35a) and (3.35b) have been employed to determine 

permittivity    
   and loss tangent        of the equivalent homogeneous phantom liquid – due 

to 2.45 GHz fields at near field region in proximity to the antenna.  
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                                   (a)                                                                             (d) 

 

                                   (b)                                                                             (e) 

 

                                   (c)                                                                             (f) 

Fig. 3.31: Four equal tissue layers model – close to the radiating antenna in near field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

electric field distributions between four equal layers model and equivalent dielectric properties (30, 

0.35) that lead to smallest            , (c) difference in peak   field distribution for equivalent 

dielectric properties (30, 0.35), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of electric field distributions between four equal layers model and 

equivalent dielectric properties (55, 0.25) that result in smallest           
  , (f) difference in peak   

field distribution for equivalent dielectric properties (55, 0.25) 
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Fig. 3.31(a) illustrates             plot for widely varied permittivity    
   and loss tangent 

       parameters of the equivalent homogeneous phantom liquid – employing the figure of 

merit defined using Eqs. (3.32a) and (3.32b). It is observed that permittivity    
   and loss tangent 

       combination of (30, 0.35) produces a peak electric field distribution that is closest to the 

original four equal tissue layers model           respectively). Figs. 3.31(b) and (c) illustrate the 

comparison of peak electric field distributions along with associated absolute difference plot for 

(30, 0.35) dielectric properties combination. A maximum difference of 18.54 V/m between the 

peak electric field distribution curves is noted in third tissue layer      at               

coordinate location. 

At subsequent stage, multilayer equivalent dielectric properties      of homogeneous phantom 

liquid have been derived using Eqs. (3.33a) and (3.33b). Fig. 3.31(d) illustrates           
   plot 

for a wide range of permittivity    
   and loss tangent        combinations of the equivalent 

homogeneous liquid. Finally, dielectric properties combination of (55, 0.25) produces a peak 

electric field distribution closest to the original four equal tissue layers model           

respectively) – while, minimizing the maximum fractional difference over entire cross-sectional 

central coordinate line                      . Figs. 3.31(e) and (f) illustrate the 

comparison of peak electric field distribution curves and the difference plot for (55, 0.25) 

dielectric properties combination. This time, a large maximum electric field difference is noted 

in the first tissue layer      at               coordinate location.  

Next, it is attempted to minimize the maximum absolute difference in point SAR distribution 

over the entire cross-sectional central coordinates (                   ) employing the 

cost function and associated figure of merit defined in Eqs. (3.34a) and (3.34b). Fig. 3.32(a) 

demonstrates             plot for the above mentioned spans of permittivity    
   and loss 

tangent        of the equivalent homogeneous phantom liquid. Dielectric properties 

combination of (30, 0.30) produces a point SAR distribution over the cross-sectional central 

coordinates of the four equal tissue layers                       that closely replicates 

the point SAR distribution in the original four equal tissue layers model           respectively). 

Figs. 3.32(b) and (c) illustrate the comparison of point SAR distributions along with associated 

difference plot in point SAR for (30, 0.30) dielectric properties combination. The obtained point 

SAR  distribution inside derived equivalent homogeneous  liquid (30, 0.30) is well  matched over 
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                                  (a)                                                                            (d) 

 

                                  (b)                                                                            (e) 

 

                                  (c)                                                                            (f) 

Fig. 3.32: Four equal tissue layers model – close to the radiating antenna in near field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

point SAR distributions between four equal layers model and equivalent dielectric properties (30, 

0.30) that lead to smallest            , (c) difference in point SAR distribution for equivalent 

dielectric properties (30, 0.30), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of point SAR distributions between four equal layers model and 

equivalent dielectric properties (50, 0.35) that result in smallest           
  , (f) difference in point 

SAR distribution for equivalent dielectric properties (50, 0.35) 
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all the four equal tissue layers            (please refer to Fig. 3.32(b)). Noted difference in 

overall point SAR distribution is quite negligible while compared to the original four equal tissue 

layers model           respectively) – as noted in Fig. 3.32(c). A maximum point SAR 

difference of 1.34 W/kg is noted in the second tissue layer      i.e.                  coordinate 

location.  

In the final attempt, Eqs. (3.35a) and (3.35b) have been employed to minimize the maximum 

fractional difference in point SAR distribution along the central coordinates across all four tissue 

layers           respectively). Thus, it has been attempted to minimize the fractional SAR 

distribution over coordinate locations                      . Fig. 3.32(d) illustrates 

          
   plot for different combinations of permittivity    

   and loss tangent        of the 

equivalent homogeneous phantom liquid. Dielectric properties combination of (50, 0.35) 

produces a point SAR distribution closest to the original four equal tissue layers model           

respectively). Figs. 3.32(e) and (f) illustrate comparison of point SAR distributions along with 

their difference plot for (50, 0.35) dielectric properties combination. Point SAR distribution 

inside the derived equivalent liquid (50, 0.35) is reasonably matched over all four equal tissue 

layers           respectively) except at the open interface of the very first tissue layer     . 

Please refer to Figs. 3.32(e) and (f).  

3.9.2 Antenna Proximity Radiation Exposure – A Typical Four 

Unequal Layer Model 

Here, the rectangular microstrip patch antenna radiates at 2.45 GHz fundamental mode along   

axis in close proximity of the first tissue layer       of four unequal tissue layer model           

respectively) and the fields further interact with subsequent tissue layers i.e.         . The 

thickness and dielectric properties      of each layer have already been described in Table 3.2 – 

in addition, dielectric contrast among four tissue layers is exactly the same as stated earlier and 

all tissue layers possess            material density. Next, the above mentioned steps have 

been applied once again to the four unequal tissue layers model           respectively). Here 

also, the average input power of antenna has been kept fixed at 0.50 Watt – the peak electric field 

/ point SAR data have been noted along the cross-sectional central coordinates        

                 of the four unequal tissue layers model. Then, seventy two more simulations 
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have been performed over wide ranges of permittivity (20 to 75) and loss tangent (0.10 to 0.35)
 

of the equivalent homogeneous phantom liquid. At last, dielectric properties      of equivalent 

liquid have been determined for SAR measurement in the four unequal layers model           

respectively). 

3.9.2.1 Results and Discussion (In Close Proximity of Antenna – 

Four Unequal Layers) 

The cost functions and figures of merit defined in Eqs. (3.32a), (3.32b), (3.33a), (3.33b), (3.34a), 

(3.34b), (3.35a) and (3.35b) have been applied again to estimate complex dielectric properties 

     of the equivalent homogeneous phantom liquid – noted results have been discussed in the 

following section. 

Figure of merit defined using Eqs. (3.32a) and (3.32b) has been employed first – consequently, 

Fig. 3.33(a) demonstrates             plot for wide ranges of permittivity    
   and loss tangent 

       of the equivalent homogeneous phantom liquid. Specific combination of permittivity 

   
   and loss tangent (45, 0.20) produces a peak electric field distribution closest to the original 

four unequal tissue layers model. Figs. 3.33(b) and (c) illustrate comparison of peak electric field 

distributions and the associated absolute difference plot for (45, 0.20) dielectric properties 

combination. Noted maximum difference between peak electric field distribution curves is 27.08 

V/m near the interface of second      and third      tissue layers at               coordinate 

location. 

Subsequently, metric defined using Eqs. (3.33a) and (3.33b) has been employed in the next step 

– Fig. 3.33(d) demonstrates           
   plot for the same ranges of permittivity    

   and loss 

tangent        of the equivalent homogeneous phantom liquid. Dielectric properties 

combination of (55, 0.35) finally reproduces a peak electric field distribution that is closest to the 

original four unequal tissue layers model           respectively) while minimizing fractional 

difference in overall peak electric field distribution. Figs. 3.33(e) and (f) illustrate comparison of 

peak electric field distributions and the absolute difference plot for (55, 0.35) dielectric 

properties combination. However, still a significantly large maximum electric field difference is 

noted in the first tissue layer      at               coordinate location.  



Dielectric Properties Characterization and Multilayer Tissue Modeling 

111 
 

 

                                   (a)                                                                             (d) 

 

                                   (b)                                                                             (e) 

 

                                   (c)                                                                             (f) 

Fig. 3.33: Four unequal tissue layers model – close to the radiating antenna in near field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

electric field distributions between four unequal layers model and equivalent dielectric properties (45, 

0.20) that lead to smallest            , (c) difference in peak   field distribution for equivalent 

dielectric properties (45, 0.20), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of electric field distributions between four unequal layers model 

and equivalent dielectric properties (55, 0.35) that result in smallest           
  , (f) difference in 

peak   field distribution for equivalent dielectric properties (55, 0.35)  

 



Dielectric Properties Characterization and Multilayer Tissue Modeling 

112 
 

Next, it has been attempted to minimize proposed figure of merit based on absolute difference in 

point SAR distribution (Eqs. (3.34a) and (3.34b)) – Fig. 3.34(a) demonstrates              plot 

for wide ranges of permittivity    
   and loss tangent        of the equivalent homogeneous 

phantom liquid for four unequal tissue layers model           respectively). Final equivalent 

dielectric properties of (45, 0.35) produce a point SAR distribution that is close to the original 

unequal tissue layers model           respectively). Figs. 3.34(b) and (c) illustrate respectively 

the comparison of point SAR distributions and the associated absolute point SAR difference plot 

for (45, 0.35) dielectric properties combination. It is to be noted that point SAR distribution 

inside the equivalent homogeneous dielectric liquid (45, 0.35) is sensibly matched with the 

original model           respectively) – however, a reasonable difference is observed at and 

around the interface of first      and second      tissue layers at               coordinate 

location. 

At last, Fig. 3.34(d) illustrates           
   plot for the wide ranges of permittivity    

   and loss 

tangent        of equivalent homogeneous phantom liquid employing the metric defined using 

Eqs. (3.35a) and (3.35b) – it involves minimizing the maximum value of fractional point SAR. 

Dielectric properties combination of (60, 0.35) produces a point SAR distribution over    

                      coordinates close to the original point SAR distribution in four 

unequal tissue layers model           respectively). Figs. 3.34(e) and (f) demonstrate comparison 

of point SAR distributions and their difference for (60, 0.35) combination. It is observed that the 

nature of point SAR distribution inside the equivalent homogeneous dielectric liquid (60, 0.35) is 

matched with the original unequal tissue layers model           respectively) (please refer to 

Figs. 3.34(e) and (f)). However, a considerable difference is still observed in the first      and 

second      tissue layers with peak near the interface of those two tissue layers at               

coordinate location. 

3.10 Discussions 

It should be noted that minimizing the maximum fractional difference in point SAR distribution 

provides the appropriate dielectric properties      of the equivalent homogeneous phantom liquid 

for most of the multilayer tissue models while targeting overall SAR measurement in all the 

tissue layers           respectively). Therefore, the overall original SAR distribution  along  with  



Dielectric Properties Characterization and Multilayer Tissue Modeling 

113 
 

 

                                  (a)                                                                            (d) 

 

                                  (b)                                                                            (e) 

 

                                  (c)                                                                            (f) 

Fig. 3.34: Four unequal tissue layers model – close to the radiating antenna in near field scenario (a) 

            plot for varied permittivity and loss tangent of equivalent model, (b) comparison of 

point SAR distributions between four unequal layers model and equivalent dielectric properties (45, 

0.35) that lead to smallest            , (c) difference in point SAR distribution for equivalent 

dielectric properties (45, 0.35), (d)           
   plot for varied permittivity and loss tangent of 

equivalent model, (e) comparison of point SAR distributions between four unequal layers model and 

equivalent dielectric properties (60, 0.35) that result in smallest           
  , (f) difference in point 

SAR distribution for equivalent dielectric properties (60, 0.35) 
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SAR values at individual coordinate locations is replicated with minimum possible fractional 

errors. In some cases, minimizing the maximum absolute point SAR difference results in 

achieving appropriate equivalent homogeneous phantom liquid for SAR measurement in 

multilayer tissue models. However, it must also be noted that even the derived equivalent 

homogeneous liquid to some extent lacks in precisely replicating the original electric field / point 

SAR distributions near tissue layer interfaces with significant dielectric contrast. This 

disagreement in electric field / point SAR data near tissue layer interfaces can’t be avoided 

entirely using any homogeneous phantom liquid because the reflection and refraction of 

electromagnetic wave at layer interfaces can only take place in multilayer models with dielectric 

discontinuities – these phenomena don’t occur in equivalent homogeneous phantom liquid. The 

proposed technique can more accurately derive the equivalent homogeneous dielectric properties 

     of any arbitrary shaped multilayer tissue model in case raw simulation data is available for 

each and every point inside the tissue layers of that arbitrary shaped model instead of only at 

cross-sectional central coordinate locations i.e.                                ). In 

addition, special attention should also be drawn on any specific tissue layer (in multilayer model) 

where the most accurate electric field / SAR measurement is an absolute necessity – dielectric 

properties      of the equivalent homogeneous phantom liquid can accordingly be tuned. Thus, 

the proposed technique to determine equivalent dielectric properties      of the homogeneous 

phantom liquid is much improved compared to earlier reported techniques available in literature 

[59, 65-69].     

3.11 Conclusions 

This work (presented in second part of this chapter) contributes to significant advancement in the 

domain of formulating equivalent homogeneous phantom liquid properties by developing a 

novel, generalized and structured technique that does not merely attempt to match the maximum 

SAR value; rather it attempts to replicate overall geometric peak electric field / point SAR 

distribution inside the equivalent homogeneous phantom liquid similar to the original multilayer 

biological model. This is a more appropriate metric than merely matching averaged SAR data 

over 1 g or 10 g contiguous mass since once point SAR distribution is matched inside equivalent 

liquid, all other SAR data either averaged over 1 g or 10 g contiguous mass would match well 

with original multilayer tissue model. As verified for two different four tissue layers models 
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          respectively) both in far-field as well as in proximity to antenna, peak electric field / 

point SAR distribution inside derived equivalent phantom liquid matches exactly at multiple 

coordinate locations in different tissue layers and the overall peak electric field or point SAR 

distribution patterns have also been quite well replicated using the proposed technique (except at 

tissue layer interfaces). It has been observed that the basis of using fractional difference in point 

SAR distribution provides the appropriate dielectric properties      of the homogeneous 

phantom liquid in most cases of SAR measurements. 

It should also be pointed out that exact point by point matching of point SAR distribution across 

different tissue layers can never be achieved using a single homogeneous equivalent dielectric 

liquid because of the absence of dielectric discontinuities unlike the original multilayer tissue 

model. However, the procedure outlined in this work presents an optimal solution as it minimizes 

the worst case scenario i.e. maximum mismatch between the original problem formulation and 

the equivalent homogeneous model. Hence, the developed technique can be adopted by 

international and national electromagnetic exposure regulatory organizations to prescribe 

equivalent homogeneous dielectric properties      for customized multilayer biological body 

during practical SAR measurement. 
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Chapter 4 
Specific Absorption Rate Evaluation for 
Prototyped Fruit and Plant Models 

 

4.1 Introduction 

Living in this era of 21
st
 century, high speed wireless voice and data services are prime need of 

the hour in current global scenario. For example, people need to work either from home or 

remote office location and interact via virtual / online meetings, teachers need to teach on virtual 

platform, students need to interact and learn in digital classroom environment and so on. 

Therefore, as prerequisite, electromagnetic energy is being utilized extensively over multiple 

frequency bands with the increasing demand of high speed wireless telecommunication services 

and other related applications. As a result, all living objects such as humans, animals, plants, 

fruits and crops are continuously being exposed to simultaneous electromagnetic radiations at 

multiple frequencies from different sources (transmitting antennas). However, excessive 

exposure to uncontrolled electromagnetic radiation can possibly lead to either reversible or 

irreversible biological consequences in humans as well as plants [1-8]. In this connection, to 

limit electromagnetic exposure of humans, electromagnetic regulatory guidelines have been 

prescribed by different international and nationalized enforcement organizations [9-16]. 

Quantifiable metrics like ‘Specific Absorption Rate (SAR)’ and ‘reference power density’ etc. 

have been prescribed for respective near field and far field exposure scenarios [9-11]. SAR is 

defined as the rate at which electromagnetic energy is absorbed per unit mass of a living 

biological object while exposed to an external Radio Frequency (RF) radiation. SAR value at a 

particular point inside the biological object is defined as          – where,   denotes electrical 

conductivity of the tissue,   represents peak electric field strength developed inside the 

biological tissue and   represents the density of biological tissue. Thus, point SAR is dependent 

upon reference power density, tissue dielectric properties, geometry of biological object, 

direction of wave incidence and polarization of incident wave etc. [17-31]. SAR has been 

employed to quantify electromagnetic energy absorption rate in the near field of transmitter [9-
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11, 19-24, 30] – however, recent papers are even reporting SAR estimations in far field exposure 

scenarios along with its justifications [19, 25, 27-28]. In addition, different international and 

national electromagnetic regulatory organizations prescribe reference power density limits for far 

field exposure scenarios just to protect humans from immediate thermal effects [9-16]. However, 

it is unfortunate that none of these enforcement organizations have considered electromagnetic 

energy absorption in plants, fruits and crops while preparing the electromagnetic regulatory 

norms [9-16]. But, most of the plant, fruit and crop tissues possess reasonably high permittivity 

   
   and electrical conductivity     – as demonstrated in the previous chapter [32-39]. Thus, 

investigating electromagnetic energy absorption rates in terms of SAR inside different 

prototyped plant and fruit models is an absolute necessity in existing electromagnetic exposure 

scenario. Moreover, the investigated SAR distributions in different plant and fruit models can 

rationalize further the need to explore electromagnetic irradiation induced physiological and 

molecular responses in plants [40-48].  

As mentioned earlier, evaluated SAR data depends upon squared magnitude of electric field 

strength developed inside biological tissue – this internal field strength is further dependent upon 

external incident reference power density or plane wave equivalent incident electric field 

strength in far field exposure scenario. Thus, the effective electromagnetic regulatory guideline 

has a significant impact on evaluated SAR data for a particular fruit or plant prototype. Now, it 

should be noted that a number of international and national electromagnetic exposure regulatory 

standards are in effect worldwide [9-16] – however, these prescribed standards are quite 

inconsistent due to development based upon significantly diversified backgrounds, technical 

specifications, medical inferences and objectives to protect life [16]. Some of these standards 

prescribe the basic SAR limits along with reference power density limits to protect human health 

from immediate thermal effects, few others aim at mitigating biological effects of long duration 

exposure and the rest are prescribed to ensure additional precautions against yet unknown health 

effects [9-16]. However, these electromagnetic exposure standards prescribed by different 

international and national organizations are widely inconsistent – prescribed power density limits 

differ by ten to hundred times due to dissimilarity among these electromagnetic exposure 

standards [16]. As a consequence, the wide contrast in reference power density limits across 

geographical boundaries is also expected to be reflected on electromagnetic energy absorption 

rate in all living biological objects including plants, fruits and crops. In addition, prescribed 
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reference power density limit also varies with frequency of irradiation [9-16] – thus, 

electromagnetic energy absorption rates in biological bodies are expected to be dependent upon 

frequency of irradiation.  

Furthermore, in many cases, plant and fruit structures are multilayer and asymmetric in nature – 

hence, directions of arrival along with polarization of incident electromagnetic wave are also two 

important factors that play crucial role in determining magnitude of SAR value along with its 

spatial distribution. Thus, it is obvious that prescribing only the maximum reference power 

density limits in far field exposure scenario is insufficient without a basic SAR limit. To explore 

this matter, the dependence of absorbed electromagnetic energy distribution on direction of 

arrival and polarization of incident wave should also be investigated in homogeneous single 

layer as well as multilayer fruit models. 

Thus, in this particular chapter, Maximum Local Point SAR (MLP SAR), SAR averaged over 1 g 

of contiguous tissue mass (1g SAR), SAR averaged over 10 g of contiguous tissue mass (10g 

SAR) and SAR averaged over the entire biological tissue mass i.e. Whole Body Averaged SAR 

(WBA SAR) along with their respective distributions in the prototyped plant or fruit models have 

been evaluated in accordance with the existing Indian electromagnetic regulatory guidelines [11]. 

Next, the contrasts in SAR data have been investigated for some prototyped plant and fruit 

models due to discrepancy in reference power density limits prescribed by different international 

and national regulatory organizations [9-12]. At last, frequency, angle of incidence and wave 

polarization dependent variations in SAR data along with associated spatial distributions have 

been studied in both homogeneous single layer as well as multilayer fruit models. 

4.2 SAR Analyses in Different Tropical Fruit Models 

In this section, SAR data along with spatial distributions have been analyzed for a number of 

multilayer / single layer fruit models such as coconut, apple, guava and grape etc. SAR data have 

been analyzed in accordance with the Indian public electromagnetic regulatory guidelines 

prescribed by Department of Telecommunications (DoT), India [11]. It should be noted that 

Federal Communications Commission (FCC) and International Commission on Non-Ionizing 

Radiation Protection (ICNIRP) prescribed electromagnetic guidelines are more liberal [9-10] – in 

contrast, much stricter exposure guidelines have been adopted in Switzerland, Italy, Poland and 

Luxembourg etc. to avoid possible biological effects of electromagnetic radiation [12-16]. 
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4.2.1 SAR Analysis in a Typical Multilayer Coconut Model 

In this work, a realistic multilayer coconut (Cocos nucifera) fruit model has been designed in 

CST Microwave Studio 2010 (CST MWS 2010) electromagnetic simulation platform [49]. 

Different coconut tissue layers like green skin, yellowish pulp and coconut water along with the 

connecting twig possess quite high permittivity    
   and electrical conductivity     values – the 

same can result in reasonable amount of electromagnetic energy absorption in coconut fruits 

while maturing in trees. Thus, at first, measured dielectric properties      for different coconut 

tissue layers have been reported at specific frequencies of interest – the associated analysis of 

open ended coaxial probe technique along with broadband dielectric properties      data have 

been reported in the last chapter. Next, electromagnetic energy absorption rate (SAR) in a typical 

twig connected multilayer coconut fruit structure has been reported in context with existing 

Indian public electromagnetic exposure scenario [11]. SAR data have been evaluated using 

transient / time domain solver available in CST MWS 2010 platform [49] – the solver has been 

developed based on Finite Integration Technique (FIT) [50-51]. SAR data and its spatial 

distribution in the prototyped multilayer coconut fruit model have been evaluated due to linearly 

polarized plane wave exposure at 947.5 MHz (935-960 MHz downlink band), 1842.5 MHz 

(1805-1880 MHz downlink band) and 2450 MHz (2400-2500 MHz band) in public exposure 

scenario. As already known, SAR value is highly dependent upon geometry of the dielectric 

object – in real scenario, there is a twig, connected to each coconut, which not only contributes to 

alter SAR distribution but also increases SAR value in the coconut fruit model due to its sharp 

geometry. 

4.2.1.1 Existing Electromagnetic Exposure Standards in India 

In this work, SAR data in the multilayer coconut model and its spatial distribution have been 

evaluated in accordance with the revised Indian electromagnetic exposure scenario [11]. ICNIRP 

prescribed electromagnetic exposure regulatory guidelines were in effect in India up to 31
st
 

August, 2012 along with many other European countries [10]. However, DoT (Govt. of India) 

has revised the maximum permissible electromagnetic exposure levels to further stringent limits 

at all frequencies up to 300 GHz [11]. There are mainly three RF exposure zones around a base 

station transmitting antenna – those are known as excess electromagnetic exposure zone, 

controlled / occupational electromagnetic exposure zone and public electromagnetic exposure 

                                                                  5 
 2        3                 4                                   
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Fig. 4.1: Electromagnetic exposure zones around a base station antenna 

 
Table 4.1 Existing revised Indian public electromagnetic exposure guidelines [11] 

Frequency 

(MHz) 

Equivalent Plane Wave 

Power Density (W/m²) 

Equivalent Peak Electric 

Field Strength (V/m) 

947.50 0.47375 18.90 

1842.50 0.92125 26.36 

2450.00 1.00 27.46 

 

zone. All these three electromagnetic exposure zones have been pointed out in Fig. 4.1 along 

with power density profile. As per the existing Indian electromagnetic exposure standards, 

maximum permissible electromagnetic power densities at public zone have been reduced to 

1/10
th
 of ICNIRP regulations – however, no specific information has clearly been mentioned for 

excess and controlled electromagnetic exposure zones. According to the existing Indian scenario, 

maximum permissible RF exposure limits for public zone have been tabulated in Table 4.1. In 

addition to the reference exposure limits, revised Indian electromagnetic exposure standards also 

include basic restriction on maximum permissible SAR limit for humans up to 1.6 W/kg 

averaged over 1 g of contiguous tissue [11]. However, it must be noted that all these 

electromagnetic exposure standards and SAR limit have been prescribed for humans only – these 

have not been prescribed considering the electromagnetic energy absorption rates and 

consequent biological effects in plants, fruits and crops. 
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4.2.1.2 Material Density and Dielectric Properties of Coconut 

At initial stage, a number of fresh green coconut specimens have been collected – next, random 

coconut specimens have been chosen for material density     measurements of different tissue 

layers i.e. green skin (exocarp), yellowish pulp (mesocarp) and coconut water (liquid 

endosperm). Respective mass and volume of each tissue layer have been measured using 

electronic balance and a glass beaker (filled with water) respectively for computing the material 

density    . Above mentioned density measurement technique has been repeated for multiple 

coconut specimens. At last, average tissue densities     for different coconut layers have been 

tabulated in Table 4.2. 

In subsequent stage, broadband dielectric properties      for the above mentioned coconut tissue 

layers i.e. green skin, yellowish pulp and coconut water have been measured with Agilent 

Technologies 85070E open ended coaxial probe kit and Agilent Technologies E5071B bench top 

VNA. In this connection, it should be noted that the shell (endocarp) around coconut water is so 

thin in tender coconut fruit that the same can’t be characterized as a separate tissue dielectric 

layer due to difficulties in measuring accurate dielectric properties      using this open ended 

coaxial probe technique [52-62]. Thickness of the shell inside tender coconut is insufficient and 

fails to fulfill the bare minimum tissue layer thickness (based upon the skin depth) for accurate 

dielectric properties      measurement. Therefore, the shell has been considered as an integral 

part together with the yellowish pulp tissue layer. In the previous chapter, comprehensive 

physical and mathematical analyses of this non-destructive dielectric properties      

measurement technique have been outlined – thus, the same are not repeated here [52-62]. The 

open ended coaxial probe is capable of measuring complex dielectric properties      up to 20 

GHz and can withstand temperature up to 200 °C. Once system calibration has been performed 

employing open-short-deionized water, this open ended coaxial probe (along with E5071B 

VNA) can measure wideband permittivity    
   and loss tangent        data from corresponding 

reflection coefficient       data of the coconut tissue specimens. Due to frequency limitation of 

the available E5071B VNA, the cascaded system can measure dielectric properties      up to 8.5 

GHz. But, to keep the data consistent with this work, permittivity    
   and loss tangent        

data have been tabulated at 947.5 MHz, 1842.5 MHz and 2450 MHz. Complex dielectric 

properties      measurement setup employing Agilent Technologies 85070E open ended coaxial 
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(a)                                                                         (b) 

Fig. 4.2: Dielectric properties measurement for coconut layers (a) green skin, (b) yellowish pulp 

 

Table 4.2 Measured material densities     of different coconut layers 

Name of coconut layer Material density             

Green skin 1064 

Yellowish pulp 976.5 

Coconut water 1013 

Twig
 

1064 

 
Table 4.3 Measured dielectric properties      of different coconut layers 

Name of 

coconut layer 

947.5 MHz 1842.5 MHz 2450 MHz 

  
 

         
 

         
 

       

Green skin 41.21 0.385 38.12 0.306 37.14 0.296 

Yellowish pulp 65.01 0.251 62.59 0.224 61.46 0.235 

Coconut water 77.54 0.190 76.51 0.168 75.91 0.181 

Twig
# 

41.21 0.385 38.12 0.306 37.14 0.296 

 

probe kit and Agilent Technologies E5071B bench top VNA has been presented in Figs. 4.2(a) 

and (b) – those two figures demonstrate respective dielectric properties      measurements for 

green coconut skin and yellowish pulp specimens. Measured dielectric properties      for 

different coconut tissue layer specimens have been tabulated in Table 4.3. 

4.2.1.3 A Typical Multilayer Coconut Modeling in CST MWS 2010 

At first, a typical standard size fresh green coconut with 1.40 kg mass has been collected to 

observe shape of the coconut, shape of connecting twig, number of distinguishable tissue layers 
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in the coconut structure, thickness of each tissue layer along with their inner / outer dimensions 

etc. Next, observing detailed geometrical shape of the coconut, shape of twig connected to the 

coconut and size of different sections – three different coconut tissue dielectric layers have been 

identified from outer to inner direction and named as green skin (exocarp), yellowish pulp 

(mesocarp) and coconut water (liquid endosperm). Hard shell (endocarp) tissue dielectric layer is 

so thin that the same couldn’t be characterized as a separate tissue dielectric layer due to 

difficulties in measuring accurate dielectric properties      using open ended coaxial probe 

technique that asks for a minimum dielectric thickness (depending upon the skin depth) for 

accurate measurement [52-62]. Therefore, the hard shell (endocarp) has been taken into 

consideration together with the yellowish pulp (mesocarp) region. Besides these three tissue 

layers, the twig connected to the coconut has been considered as a separate section; consideration 

of twig in the designed coconut structure improves SAR estimation closer to realistic scenario.  

The twig connected multilayer coconut structure (three tissue layers) has been modeled in CST 

MWS 2010 electromagnetic simulator with proper dimensions of each tissue layer [49] – a sharp 

twig structure has been incorporated for more accurate assessment of SAR data along with 

associated spatial distributions. Designed typical twig connected multilayer coconut model has 

been illustrated in Fig. 4.3 along with detailed modeling specifications tabulated in Table 4.4.  

4.2.1.4 SAR Computational Technique 

Three coconut tissue layers from outer to inner direction are top most green skin (exocarp), 

intermediate yellowish pulp region (mesocarp) and inner most coconut water (liquid endosperm) 

along with a twig structure connected to one pole of the designed coconut structure on green skin 

– moreover, complex dielectric properties      and material densities     have also been defined 

for each dielectric tissue layer. A linearly polarized plane wave impinges on the twig connected 

coconut structure at each frequency of investigation – the electric field strength of the plane 

wave alters with frequency of operation as prescribed in the revised Indian electromagnetic 

exposure regulatory guidelines – please refer to Table 4.1 [11]. The complex geometric structure 

shown in Fig. 4.3 and the low quality factor due to lossy dielectric tissue layers inside the 

multilayer coconut structure have led to the choice of transient / time domain solver for 

achieving a robust mesh distribution. This time domain solver is developed based on a 

computational numerical method called FIT – it was first introduced way back in 1977 [50-51]. 
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Fig. 4.3: Twig connected multilayer coconut structure modeled in CST MWS 2010 [49] 
 

Table 4.4 Modeling specifications of the twig connected multilayer coconut model 

Name of 

tissue 

layer 

Basic geometrical 

shapes required to 

construct tissue layer 

Least thickness 

of tissue layer 

(cm) 

Volume of 

tissue layer 

(cm
3
) 

Mass of 

tissue layer 

(kg) 

green skin cone + sphere + 

cylinder + sphere + 

cone 

0.5 285.870 0.304166 

yellowish 

pulp 

cone + sphere + 

cylinder + sphere + 

cone 

2.5 745.124 0.727241 

coconut 

water 

sphere + cylinder + 

sphere 

3.5 327.801 0.332062 

Twig cone 0.1 4.47086 0.004757 

 
The Maxwell’s integral equations are discretized and solved using numerical techniques inside 

the prototyped multilayer twig connected coconut model i.e. the desired solution space. The 

whole prototyped multilayer coconut structure is discretized in space with infinitesimal 

hexahedral meshes of variable size – one wavelength of spatial distance inside the dielectric 

tissue layers is subdivided into 20 segments. The typical mesh cell count for the above 

mentioned multilayer coconut fruit model is observed to be more than a few lakh – moreover, the 

average mass of individual mesh cell is around 0.0019 g. A typical Gaussian pulse of around 100 
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ns duration has been used for excitation. Four perfectly matched layers with      reflection 

coefficient have been used as electromagnetic absorbing boundaries. Distance between the 

designed coconut structure and the absorbing boundary wall has been set minimal by choosing 

appropriate boundary conditions – thus, the plane wave can be excited very close to the 

prototyped structure [49]. The above mentioned multilayer coconut structure has been irradiated 

with linearly polarized plane waves propagating along  -axis and electric field variation along 

the  -axis – as illustrated in Fig. 4.3. After satisfying the steady state energy criterion, an inverse 

transformation precision of –40 dB has been preferred in all the time domain simulations to 

obtain the frequency domain responses [49-51].  

MLP SAR, 1g averaged SAR, 10g averaged SAR and WBA SAR data have been simulated in 

accordance with the revised Indian electromagnetic regulatory standards [11]. All reported SAR 

data have been evaluated using the most updated IEEE/IEC 62704-1 SAR averaging protocol 

[17, 49]. As described in this protocol – once the Maxwell’s integral equations have been solved 

and electric field strengths on the edges of a grid cell are known, the average electric fields along 

all three axes are calculated. Next, the effective electric field at the grid centre is obtained and 

further utilized to calculate point SAR value           . Next, a cubical volume is uniformly 

expanded along all three axes centering a particular grid cell to achieve the desired SAR 

averaging mass. In few cases, this cubical volume can include at most 10 percent background 

material near the structural boundaries – but, the background material mass is not taken into 

consideration to achieve the averaging mass. Thus, 1g or 10g averaged spatial SAR values have 

been calculated for a particular grid cell – this averaging technique is repeated positioning each 

valid grid cell at the centre of the averaging cube. Finally, 1g or 10g averaged spatial SAR 

distributions on and inside the prototyped mango fruits model have been obtained using the 

earlier calculated spatial averaged SAR data of all individual grid cells in the prototyped 

structure. This is how spatial SAR averaging has been performed in accordance with the 

IEEE/IEC 62704-1 SAR averaging protocol – more detailed descriptions are available in 

literature [17, 49]. 

4.2.1.5 SAR Results in Twig Connected Coconut Structure 

SAR investigations have been performed for the above mentioned twig connected multilayer 

coconut structure due to linearly polarized plane wave irradiation at public exposure zone – SAR 
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data have been evaluated in particular at 947.5 MHz (935-960 MHz downlink band), 1842.5 

MHz (1805-1880 MHz downlink band) and 2450 MHz (2400-2500 MHz band) as per the 

existing Indian electromagnetic exposure regulatory standards [11]. CST MWS 2010 considers 

peak electric field value for defining plane wave with linear polarization; therefore, peak electric 

field values have been obtained by multiplying respective unperturbed r. m. s. electric field 

values with    (considering sinusoidal variation) at all three frequencies of interest and further 

tabulated in Table 4.5. This implies that the modeled multilayer coconut structure has been 

irradiated with linearly polarized plane wave precisely as per the revised Indian electromagnetic 

exposure standards at all three frequencies of interest [11]. In real time scenario, plane wave 

from cell tower antennas and other sources gets radiated 24 hours a day and 365 days a year; 

thus, the evaluated SAR data would not reduce by averaging over longer time span. SAR data 

have been calculated over point, 1 g and 10 g contiguous mass of different coconut tissue 

dielectric layers. A comparative overview of MLP SAR, 1g averaged SAR and 10g averaged 

SAR data has been illustrated in Table 4.5 and Fig. 4.4 respectively – for this twig connected 

multilayer coconut model. 

It is clearly visible in Fig. 4.4 that SAR data for the twig connected coconut structure cannot be 

ignored even after revising the Indian electromagnetic exposure standards to much stricter limits 

[11] – while compared to international standards [9-10]. MLP SAR value is 0.26 W/kg at 947.5 

MHz whereas the same increases to 0.69 W/kg and 1.04 W/kg respectively at 1842.5 MHz and 

2450 MHz. Later on, it has been clearly observed that MLP SAR values are mostly distributed 

near and around the twig that connects the multilayer coconut model to the coconut plant. 1g 

averaged SAR values for the twig connected multilayer coconut structure are 0.07, 0.18 and 0.24 

W/kg respectively at 947.5 MHz, 1842.5 MHz and 2450 MHz. SAR values increase at higher 

frequency bands primarily because of two factors. First of all, the prescribed reference power 

density level increases at 1842.5 MHz and 2450 MHz (while compared to 947.5 MHz) – thus, 

the same factor contributes to increased SAR value (at higher frequency) in the designed 

multilayer coconut model. In addition, there is presence of more number of electric field peaks 

within the twig connected multilayer coconut structure at higher frequency bands. Free space 

wavelength      at 1842.5 MHz is 16.28 cm but the wavelength is reduced to only 1.87 cm 

                 while considered in coconut water; hence, there is presence of several 

electric field peaks within the coconut water dielectric layer. It indicates that there is a possibility 
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Table 4.5 SAR results for twig connected coconut with electric field set as per revised 

Indian electromagnetic exposure standards [11] 

Peak electric field 

value of the plane 

wave (V/m) 

Frequency 

of operation 

(GHz) 

SAR  

Averaging 

mass (g) 

Simulated 

maximum SAR 

(W/kg) 

WBA SAR 

(W/kg) 

18.90 0.9475 Point 0.260 0.0056 

" " 1 0.072 " 

" " 10 0.024 " 

26.36 1.8425 Point 0.689 0.0107 

" " 1 0.184 " 

" " 10 0.084 " 

27.46 2.45 Point 1.039 0.0107 

" " 1 0.236 " 

" " 10 0.104 " 

 

 

Fig. 4.4: Comparative SAR analysis for the twig connected coconut structure at 947.5 MHz, 

1842.5 MHz and 2450 MHz as per the existing electromagnetic standards in India [11] 
 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

947.5 MHz 
1842.5 MHz 

2450 MHz 

SAR distribution for coconut model (W/kg) 

Whole body averaged SAR 10g averaged SAR 

1g averaged SAR Maximum local point SAR 

of local tissue dielectric heating and consequent temperature rise phenomenon near those internal 

peak electric field regions due to polar nature of coconut water content. Moreover, the aspect of 

possible physiological and molecular responses in the twig connected multilayer coconut fruit 

and plant should be investigated in future for better interpretation. 
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4.2.1.6 SAR Distribution on Surface of the Coconut Model 

Three Dimensional (3D) SAR distributions on surface of the twig connected multilayer coconut 

model have been illustrated in Figs. 4.5 and 4.6. Fig. 4.5(a) illustrates that a plane wave 

propagating along  -direction at 2450 MHz (with electric field in  -direction as per the existing 

Indian electromagnetic exposure standards) impinges and passes through the twig connected 

multilayer coconut structure in CST MWS 2010 electromagnetic simulation environment [49]. 

Corresponding 1g averaged SAR distribution on 3D surface of the twig connected multilayer 

coconut structure has been illustrated in Fig. 4.5(b). 1g averaged SAR distribution has been 

illustrated in Fig. 4.5(b) on purpose – because, the existing Indian electromagnetic exposure 

regulations have been prescribed based upon 1g SAR averaging protocol [11]. It is evident in 

Fig. 4.5(b) that maximum 1g averaged SAR magnitude is distributed primarily around the twig 

in the coconut model, whereas, SAR values are extreme less on rest of the coconut surface.  

1g averaged SAR distribution has been well illustrated in Figs. 4.6(a) and (b) – these two figures 

demonstrate respective top view and side view of the twig connected multilayer coconut model. 

In addition to Fig. 4.5(b), illustrations in Figs. 4.6(a) and (b) validate that 1g averaged maximum 

SAR distribution is entirely concentrated over a narrow zone around the twig in this prototyped 

multilayer coconut model. Hence, it is well established that the maximum rate of electromagnetic 

energy absorption takes place around the junction point where the twig is connected to the 

typical multilayer coconut model. 

4.2.1.7 Conclusions 

Evaluated SAR dataset should not be ignored in particular at higher frequencies like 1842.5 MHz 

and 2450 MHz – the key reasons for elevated SAR values at those frequencies have already been 

discussed earlier. It is relevant to mention that the twig contributes to significantly higher 

electromagnetic energy accumulation in the prototyped multilayer coconut structure due to sharp 

change in geometry near the junction of twig and prototyped coconut model. However while 

SAR averaging mass is varied from point mass to 1 g and thereafter 10 g, position of maximum 

3D SAR slightly relocates around the twig. Maximum 3D SAR positions infer that there is a 

possibility of local temperature rise near the junction point of twig and prototyped coconut 

model. This temperature rise can further result in drying out the twig and consequent early fall of 
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(a)                                                                          (b) 

Fig. 4.5: (a) A linearly polarized plane wave at 2450 MHz (with peak electric field 27.46 V/m) 

impinges on the twig connected multilayer coconut structure, (b) 1g averaged SAR distribution 

on three dimensional surface of the twig connected multilayer coconut structure at 2450 MHz in 

Indian scenario 

 

(a)                                                                          (b) 

Fig. 4.6: (a) Top view of the twig connected multilayer coconut structure illustrating 1g averaged 

SAR distribution at 2450 MHz as per the existing Indian electromagnetic exposure scenario, (b) 

Side view of the twig connected multilayer coconut structure illustrating 1g averaged SAR 

distribution at 2450 MHz as per the existing Indian electromagnetic exposure scenario 
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immature green coconuts from plant. All reported SAR data have solely been evaluated for 

public electromagnetic exposure scenarios – where, the prescribed electromagnetic power 

densities are sufficiently low. However, evaluated SAR data are expected to be much higher in 

controlled electromagnetic exposure scenarios near base stations as the prescribed reference 

power densities have not yet been revised in India [11]. In addition, it should also be noted that 

SAR is additive in nature over different frequencies of exposure; therefore, cumulative SAR in 

this twig connected multilayer coconut structure is expected to be much higher due to 

simultaneous electromagnetic irradiation at multiple frequencies from several sources.   

An important aspect should be pointed out that these coconut tissue layers possess moderately 

high permittivity    
   that contributes to store electromagnetic energy inside the multilayer 

coconut model rather than supporting radiation from any part of the structure (example twig). 

Likelihood of radiation further gets minimized due to reasonable conductivity     of coconut 

tissue layers; it causes conversion of stored electromagnetic energy to other forms e.g. heat 

during multiple reflections inside this multilayer structure due to abrupt dielectric discontinuity 

and contributes to increase in SAR             value.   

At last, it should be noted that computation of 3D SAR distribution around the twig of a realistic 

coconut structure is a significant novel contribution. Further biological investigations can reveal 

possible physiological and molecular effects of electromagnetic irradiation on plants. 

4.2.2 SAR Analysis in Single Apple, Guava and Grape Models 

The prime objective of this work is to investigate electromagnetic energy absorption rate i.e. 

SAR data in some single and simplified tropical fruit models as per the existing Indian 

electromagnetic exposure regulatory guidelines – in particular, at 900 MHz, 1800 MHz and 2400 

MHz for public exposure scenarios [11]. SAR data have been evaluated for single apple, guava 

and grape models in public exposure scenarios – at the above mentioned frequencies. At first, 

shape, mass, volume of typical medium size fruits have been observed and noted down for 

prototyping three dimensional fruit models in CST MWS 2010 [49]. Next, broadband 

permittivity    
   and loss tangent         data for the above mentioned fruits have been 

measured using Agilent Technologies 85070E dielectric probe kit and E5071B VNA – in 

addition, material density     of those fruit specimens have also been characterized. Thereafter, 

these measured parameters have been fed into the three dimensional fruit models while using 
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transient / time domain simulations in CST MWS 2010 [49]. Plane wave with linear polarization 

has been impinged on individual fruit structures at any particular frequency. MLP SAR, 1g 

averaged SAR and 10g averaged SAR data have been evaluated for all the prototyped fruit 

models.  

4.2.2.1 Density and Dielectric Properties of Apple, Guava and Grape 

Initially, few typical medium sized fresh fruits (apples, guavas and grapes) have been collected. 

Next, for each type of fruit sample, respective mass and volume have been measured repeatedly. 

Material density     has been calculated by taking the ratio of mass to volume for each fruit 

sample. Thereafter, mean material density     value has been recorded for each of three fruit 

specimens. The above mentioned method has been repeated for all three fruit specimens i.e. 

apples, guavas and grapes. The finalized mean material densities     of apple, guava and grape 

specimens have been tabulated in Table 4.6.  

The broadband permittivity    
   and loss tangent         parameters for the above mentioned 

fruit specimens have been measured with Agilent Technologies 85070E coaxial probe kit along 

with Agilent Technologies E5071B bench top VNA at the Electronics and Telecommunication 

Engineering department, Jadavpur University. The required physical and mathematical analyses 

for this non-destructive dielectric measurement technique have already been discussed in the 

previous chapter [52-62]. The 85070E dielectric probe kit contains a coaxial probe that can 

measure dielectric properties up to 20 GHz and can withstand temperature up to 200 °C. This 

85070E dielectric probe kit needs to be connected with E5071B VNA via coaxial cable for 

characterizing the broadband permittivity    
   and loss tangent         parameters from 

respective reflection coefficient data of the fruit specimens – after proper system calibration. 

However, the frequency range of the available E5071B VNA is limited up to 8.5 GHz – thus, the 

whole integrated system can measure dielectric properties      up to 8.5 GHz. But, for keeping 

the data consistent with this research work, measured permittivity    
   and loss tangent         

parameters have precisely been tabulated at 0.9 GHz, 1.8 GHz and 2.4 GHz. Complex dielectric 

properties      measurement setup for one apple sample has been illustrated in Fig. 4.7. The 

permittivity    
   and loss tangent         values for apple, guava and grape specimens have 

been presented in Table 4.7. 



Specific Absorption Rate Evaluation for Prototyped Fruit and Plant Models 

139 
 

 

Fig. 4.7:  Dielectric properties      measurement setup for an apple specimen 

 

4.2.2.2 Modeling of Apple, Guava and Grape in CST MWS 2010 

At first, typical modeling of three different fruits i.e. apple, guava and grape is deemed necessary 

for SAR data evaluations for those fruit specimens. Therefore, three fruit models have been 

prototyped in their respective closest equivalent shapes utilizing CST MWS 2010 platform [49]. 

Apple and guava have been modeled to be spherical in shape with equivalent dimensions close to 

those of the real fruit specimens – whereas the grape has been modeled with one cylinder and 

two hemi-spheres at the two ends. Thereafter, two small cones have been subtracted from the 

Table 4.6 Measured material densities     of apple, guava and grape 

Name of fruit Apple Guava Grape 

Material density (kg/m
3
) 847.4 887.1 1056.5 

 

Table 4.7 Measured dielectric properties      of apple, guava and grape 

Name of fruit 900 MHz 1800 MHz 2400 MHz 

  
 

         
 

         
 

       

Apple 65.03 0.135 63.72 0.156 62.23 0.194 

Guava 72.08 0.154 71.05 0.159 69.73 0.179 

Grape 69.11 0.167 66.81 0.185 65.27 0.210 
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two poles of the apple model to obtain a more realistic shape and further accurate SAR data. 

Detailed modeling specifications for apple, guava and grape prototypes have been incorporated 

in Table 4.8 – furthermore, 3D prototyped models for apple, guava and grape specimens have 

been illustrated in Fig. 4.8(a), (b) and (c) respectively.  

4.2.2.3 SAR Computational Technique 

SAR simulations for the above mentioned three fruit models have been performed using time 

domain / transient solver available in CST MWS 2010 [49]. As mentioned earlier, this transient 

solver has been developed based upon FIT computational technique [50-51]. The detailed SAR 

simulation setup in CST MWS 2010 transient solver has been discussed earlier in this chapter – 

almost similar SAR computational protocol has also been utilized in these simulations. Plane 

waves with linear polarization possessing different electric field strengths have been impinged on 

Table 4.8 Modeling specifications of apple, guava and grape 

Name Basic shape 

components 

Outer radius of 

the layers (cm) 

Inner  radius of 

the layers (cm) 

Volume 

(cm
3
) 

Mass 

(g) 

Apple Sphere – 2×cone 3.25 (sphere) 

0.5 (cone) 

0 (sphere) 

0 (cone) 

139 118 

Guava Sphere 3.20 0 138 122 

Grape Cylinder + 

2×(half sphere) 

0.5 (cylinder) 

0.5 (sphere) 

0 (cylinder) 

0 (sphere) 

5 5.5 

 

       

Fig. 4.8: Simplified models of (a) apple, (b) guava and (c) grape fruits 
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individual fruit models in different electromagnetic simulations. Respective peak electric field 

values of the linearly polarized plane waves have been defined as per the existing Indian 

electromagnetic exposure regulatory guidelines – at the frequencies of interest [11]. Four PMLs 

with 0.0001 reflection coefficient have been utilized as the electromagnetic absorbing 

boundaries. The separation between individual fruit model and boundary wall has been kept 

fixed at 3 cm by varying mesh line settings at different frequencies of operation. 

4.2.2.4 Indian Electromagnetic Exposure Standards 

SAR data have been evaluated for the above mentioned three fruit models (apple, guava and 

grape) – in accordance with the revised Indian electromagnetic exposure standards prescribed by 

DoT, Govt. of India [11]. Prior to this, ICNIRP electromagnetic exposure standards were 

effective in India up to 31
st
 August, 2012 [10]. A detailed outline of the revised Indian 

electromagnetic regulatory standards has already been discussed earlier in this chapter – thus the 

same is not repeated here. In brief, reference power density limits in India have been brought 

down to 1/10
th
 of ICNIRP limits at all frequencies up to 300 GHz. The revised SAR limit has 

been cut down to 1.6 W/kg averaged over 1g contiguous human tissue from 2 W/kg averaged 

over 10g contiguous human tissue. However, it should be noted that there is no existing SAR 

limit for safety of fruits, crops and plants.  

As this work is on SAR evaluations in the prototyped apple, guava and grape models due to 

plane wave exposure at 900 MHz, 1800 MHz and 2400 MHz as per the revised Indian 

electromagnetic exposure guidelines, the maximum permissible limits for public exposure to 

time-varying electric fields as well as reference power densities have been tabulated at those 

frequencies in Table 4.9 [11]. 

1 

Table 4.9 Revised Indian electromagnetic exposure guidelines for public scenario [11] 

Frequency 

(MHz) 

Equivalent Plane Wave 

Power Density     

       

Unperturbed R.M.S. 

Electric Field 

Strength (V/m) 

Equivalent Peak 

Electric Field 

Strength (V/m) 

900 0.45 13.02 18.42 

1800 0.90 18.42 26.05 

2400 1.00 19.42 27.46 
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4.2.2.5 SAR Computational Results 

The prime objective of this work is to investigate SAR data for the prototyped apple, guava and 

grape models due to far field plane wave irradiation with linear polarization in accordance with 

the revised Indian public electromagnetic exposure guidelines [11]. Thereafter, comparative 

analyses of evaluated SAR data for the above mentioned fruit models (apple, guava and grape) 

have been performed. Thus, in each simulation, individual fruit models have been exposed to 

linearly polarized plane waves at 900 MHz, 1800 MHz and 2400 MHz with electric field 

strength defined in accordance with the revised Indian electromagnetic scenario for public 

exposure [11]. 

A. Evaluated SAR Data for Apple 

At each of the above specified three frequencies, a plane wave with linear polarization has been 

impinged on the prototyped apple model in each simulation run. The plane wave with linear 

polarization possesses peak electric field strength in accordance with the existing Indian 

electromagnetic regulatory guidelines for public scenario [11]. Respective MLP SAR, 1g 

averaged SAR, 10g averaged SAR and WBA SAR data for the designed apple model have been 

noted to be quite less at 900 MHz. However, those SAR values rise in significant manner at 1800 

MHz and 2400 MHz. All simulated SAR data for the prototyped apple model have been recorded 

in Table 4.10 and illustrated in Fig. 4.9.  

Table 4.10 SAR data for apple model as per public electromagnetic exposure guidelines in India 

Frequency 

of exposure 

(GHz) 

R. M. S. 

electric field 

(V/m) 

Equivalent 

Peak electric 

field (V/m) 

SAR 

averaging 

mass (g) 

Simulated 

max SAR 

(W/kg) 

WBA SAR 

(W/kg) 

0.9 

 

13.02 

 

18.42 

 

point 0.049 0.008 

1 0.041 

10 0.024 

1.8 

 

18.42 

 

26.05 

 

point 0.374 0.025 

1 0.217 

10 0.096 

2.4 

 

19.42 

 

27.46 point 0.580 0.028 

1 0.275 

10 0.095 
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B. Evaluated SAR Data for Guava 

All SAR data for the prototyped guava model have been evaluated utilizing similar plane wave 

exposure settings – as in case of the earlier apple model. Thus, MLP SAR, 1g averaged SAR, 

10g averaged SAR and WBA SAR data for the guava model have been evaluated in accordance 

with the revised Indian electromagnetic exposure guidelines for public exposure scenario [11]. 

All estimated SAR data for the guava model have been tabulated in Table 4.11 and illustrated in 

Fig. 4.10. This time also, evaluated SAR data for the prototyped guava model have been noted to 

be quite less at 900 MHz. However, respective SAR data considerably rise at 1800 MHz and 

2400 MHz – as visible in Table 4.11 and Fig. 4.10 respectively. 

 

Fig. 4.9: MLP and 1g averaged SAR data analyses for apple model as per public 

electromagnetic exposure guidelines in India  
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Fig. 4.10: MLP and 1g averaged SAR data analyses for guava model as per public 

electromagnetic exposure guidelines in India  
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C. Evaluated SAR Data for Grape 

Adopted SAR data evaluation technique for the prototyped grape model has been similar to the 

protocol taken up for other two fruit models. Here it must be noted that MLP SAR, 1g averaged 

SAR and WBA SAR data for the grape model have been evaluated in accordance with the 

revised Indian electromagnetic exposure guidelines for public exposure scenario [11] – however, 

Table 4.11 SAR data for guava model as per public electromagnetic exposure guidelines in India 

Frequency 

of exposure 

(GHz) 

R. M. S. 

electric field 

(V/m) 

Equivalent 

Peak electric 

field (V/m) 

SAR 

averaging 

mass (g) 

Simulated 

max SAR 

(W/kg) 

WBA SAR 

(W/kg) 

0.9 

 

13.02 

 

18.42 

 

point 0.035 0.006 

1 0.030 

10 0.019 

1.8 

 

18.42 

 

26.05 

 

point 0.387 0.022 

1 0.210 

10 0.077 

2.4 

 

19.42 

 

27.46 point 0.363 0.022 

1 0.165 

10 0.054 

 

Table 4.12 SAR data for grape model as per public electromagnetic exposure guidelines in India 

Frequency 

of exposure 

(GHz) 

R. M. S. 

electric field 

(V/m) 

Equivalent 

Peak electric 

field (V/m) 

SAR 

averaging 

mass (g) 

Simulated 

max SAR 

(W/kg) 

WBA SAR 

(W/kg) 

0.9 

 

13.02 

 

18.42 

 

point 0.013 0.002 

1 0.002 

2 0.002 

1.8 

 

18.42 

 

26.05 

 

point 0.587 0.140 

1 0.234 

2 0.195 

2.4 

 

19.42 

 

27.46 point 0.739 0.141 

1 0.255 

2 0.207 
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10g averaged SAR data could not be evaluated as the entire mass of prototyped grape model is 

5.5 g only. Thus, 2g averaged SAR data has been estimated in place of 10g averaged SAR data 

for the prototyped grape model. All estimated SAR data for the grape model have been tabulated 

in Table 4.12 – whereas, a comparative SAR data analysis has been illustrated in Fig. 4.11. Once 

again, estimated SAR data for the prototyped grape model have been noted to be considerably 

less at 900 MHz – but, the respective values significantly rise at 1800 MHz and 2400 MHz. 

4.2.2.6 SAR Data Analyses 

Before analyzing evaluated SAR data, it must be noted that the maximum prescribed 

electromagnetic power density is much less for 900 MHz (0.45     ) compared to those for 

1800 MHz (0.90     ) and 2400 MHz (1.00     ) (please refer to Table 4.9) [11]. On the 

other side, respective volume and mass of prototyped apple (139     / 118 g) and guava (138 

    / 122 g) models have been noted to be quite similar; but the volume and mass of the grape 

model (5     / 5.5 g) is too small compared to those for the other two fruit models – as observed 

in Table 4.8. In general, SAR value significantly rises at 1800 MHz and 2400 MHz in each fruit 

model. It is because of two prime factors – first of all, plane wave equivalent reference power 

density limit increases at higher frequency (up to 2000 MHz) and thus, the SAR value increases 

with frequency [11]. In addition, the realized wavelength becomes shorter at higher frequency 

and more numbers of node and anti-node formations take place within the fruit structures. 

Moreover, frequency dependent variation in complex dielectric properties      of fruit specimens 

 

Fig. 4.11: MLP and 1g averaged SAR data analyses for grape model as per public 

electromagnetic exposure guidelines in India  
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also influences SAR data for the prototyped fruit models. It should be noted that the shapes of 

individual apple and guava fruit models are almost symmetrical – therefore, the magnitude and 

spatial distribution of SAR data in individual fruit model are independent of direction of arrival 

and wave polarization. But, in real scenarios, apple, guava and grape fruits grow in asymmetrical 

bunches and thus SAR magnitude and spatial distribution significantly depend upon direction of 

arrival and wave polarization.     

4.2.2.7 Conclusions 

SAR data evaluation for the prototyped apple, guava and grape models have been performed in 

accordance with the existing Indian electromagnetic exposure regulatory guidelines prescribed 

for public exposure scenarios [11]. Based on evaluated SAR data for the prototyped fruit models, 

it has been noted that electromagnetic energy absorption rate is quiet high in the fruit models in 

particular at 1800 MHz and 2400 MHz. Fruits and plants get exposed to uninterrupted 

electromagnetic radiation – hence, the calculated SAR values shouldn’t be diluted by averaging 

over extended averaging time span. It must also be taken into consideration that all SAR data 

have been evaluated for most simplistic fruit models without any twig or bunch structure – 

therefore, the recorded SAR data for the prototyped fruit models can increase many folds if twig 

structures in between the prototyped fruits and the trees are taken into consideration. Local 

temperature rise due to localized increase in SAR magnitude near the twig structure can result in 

possible early fall of fruits from the plant at an immature stage. Even in real scenario, apple, 

guava and grape fruits individually grow in asymmetrical bunches – as a consequence, 

magnitude and spatial distribution of SAR data depend upon direction of arrival and wave 

polarization at large. In general, it is true that most of these fruit producing plants are present at 

public exposure zone – but, there are also a significant number of plants that get exposed to 

much higher electromagnetic field strength at controlled exposure zones near to the base station 

antennas. As a consequence, those plants at the controlled exposure zone absorb electromagnetic 

energy at much significant levels along with associated higher SAR values. 

Agriculture being one of the key verticals of Indian economy, it is recommended to investigate 

SAR data in different fruit, plant and crop models along with associated physiological and 

molecular responses due to electromagnetic irradiation in accordance with the existing Indian 

electromagnetic exposure regulatory standards [11]. 
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4.2.3 SAR Analysis in a Typical Bunch of Grapes Model 

In this work, a typical realistic bunch of grapes model has been prototyped in CST MWS 2010 

electromagnetic simulation software [49]. The entire bunch consists of 21 spherical grapes with 

variable dimensions – the grapes possess reasonably high dielectric properties i.e. permittivity 

   
   and electrical conductivity     due to presence of enormous water and ion contents. The 

dielectric properties for fresh grape samples have been measured with the open ended coaxial 

probe technique – the associated mathematical and physical analysis of the same along with 

broadband complex dielectric properties      data have been reported in the previous chapter. 

Based on measured dielectric properties     , it has been predicted that the prototyped bunch of 

grapes can possibly absorb a considerable amount of electromagnetic power while an 

electromagnetic wave passes through the same and the fact must be investigated for further 

biophysical and biological inferences. In the previous work, basic SAR estimation in a single 

homogeneous grape model (along with two other fruits) has already been performed as per the 

existing Indian electromagnetic exposure regulatory guidelines; however, grapes grow in 

bunches and thus, this work focuses on more realistic spatial SAR distribution in the prototyped 

bunch of grapes at 947.5 MHz, 1842.5 MHz and 2450 MHz as per the revised Indian 

electromagnetic exposure regulatory guidelines [11]. SAR data and their spatial distributions 

have been analyzed in this typical bunch of grapes due to plane wave electromagnetic exposure 

at multiple frequencies. All SAR data have been calculated using the transient / time domain 

solver available in CST MWS 2010 [49] – developed using Finite Integration Technique (FIT) 

[50-51]. Thereafter, MLP SAR, 1g averaged SAR and also 10g averaged SAR data have been 

evaluated in the designed bunch of grapes model at each frequency of irradiation in separate 

electromagnetic simulation environment. In the earlier case, 10g averaged SAR data could not be 

evaluated for the single grape model due to its smaller mass – however, 10g averaged SAR data 

have also been evaluated in this realistic bunch of grapes model as the total mass is 23.75 g. SAR 

data in this typical bunch of grapes are alarming in particular at 1842.5 MHz and 2450 MHz – 

which require further correlation with biophysical and biological analyses. 

4.2.3.1 Indian Electromagnetic Regulatory Guidelines 

For the above mentioned bunch of grapes model, all SAR data along with their spatial 

distributions have been evaluated in accordance with the revised Indian electromagnetic 

1 
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exposure scenario – as prescribed by DoT, Govt. of India [11]. Detailed discussions on the 

existing Indian electromagnetic exposure regulatory guidelines have already been carried out in 

this chapter and thus need not to be repeated here. The reference power density limits along with 

associated peak electric field strengths have already been tabulated at 947.5 MHz, 1842.5 MHz 

and 2450 MHz – please, refer to Table 4.1. 

4.2.3.2 Material Density and Dielectric Properties of Grapes 

At first, several fresh bunches of grapes have been collected – random samples have been 

selected from each bunch of grapes. Next, mass and volume of individual grape samples have 

been measured with an electronic balance and a glass beaker respectively to calculate the 

material density. This procedure has been repeated for all the grape samples and average material 

density has been found to be 1120      .  

Broadband dielectric properties for grape samples have been measured with Agilent 

Technologies 85070E dielectric properties      measurement probe kit along with Agilent 

Technologies E5071B bench top vector network analyzer at Electronics and Telecommunication 

Engineering department, Jadavpur University. The detailed physical and analytical analyses of 

this non-destructive dielectric measurement technique have been discussed in the previous 

chapter [52-62]. Above mentioned dielectric probe is capable of measuring permittivity    
   and 

electrical conductivity     up to 20 GHz and can withstand temperature as high as 200 ºC. 

However, the integrated measurement setup demonstrated in Fig. 4.12 can perform dielectric 

properties      measurement up to 8.5 GHz which is due to the frequency limitation of E5071B 

vector network analyzer. As pointed out in the previous chapter, in addition to dependence on 

frequency, complex dielectric properties      of any material also vary with temperature. 

Therefore, it is important to mention that all measurements have been performed at 25 ºC 

ambient temperature. However, the complex dielectric properties      of grape twig samples 

could not be measured with Agilent 85070E coaxial dielectric probe (20 mm diameter) as they 

are of much smaller dimension. Grape twig contains less water than grape fruits and thus, should 

result in reduced dielectric constant    
   for grape twig samples – those dielectric parameters 

have been estimated from the measured dielectric properties      of grape fruits. Broadband 

permittivity    
   and loss tangent parameters        for grape samples have been once again 
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plotted in Figs. 4.13(a) and (b) respectively. In addition, dielectric properties      of grape 

samples have also been tabulated in Table 4.13 at the frequencies of interest. 

 

Fig. 4.12: Broadband dielectric measurement setup for grape samples at 25 ˚C using open ended 

coaxial probe technique 

 

                                          (a)                                                                          (b) 

Fig. 4.13: Measured dielectric parameters for two typical grape samples at 25 ˚C using open ended 

coaxial probe technique (a) permittivity vs. frequency, (b) loss tangent vs. frequency 

          Table 4.13 Measured dielectric properties of grape samples 

Name 
947.5 MHz 1842.5 MHz 2450 MHz 

εr tan δ εr tan δ εr tan δ 

Grape 69.28 0.22 64.89 0.23 63.17 0.26 

Twig
# 

49.28 0.17 44.89 0.18 43.17 0.21 
# 
estimated values. 
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Table 4.14 Modeling specifications for the bunch of grapes model 

Component Shape Radius (cm) Volume (cm
3
) Mass (g) Replication 

Large grape sphere 0.75 1.76 1.98 7 

 Medium grape sphere 0.60 0.94 1.05 6 

Small grape sphere 0.45 0.38 0.43 8 

Twig  21 cones
 

n/a
 

0.19 0.21 1 

 

4.2.3.3 A Typical Bunch of Grapes Modeling in CST MWS 2010 

A typical bunch of spherical shaped grapes has been prototyped in CST MWS 2010 

electromagnetic simulation platform [49]. This typical bunch of grapes model consists of a single 

twig structure along with twenty one grapes – as illustrated in Figs. 4.14(a) and (b); all grapes are 

spherical in shape but they are of three different sizes i.e. large, medium and small. Typical 

modeling specifications for this prototyped bunch of grapes model have been tabulated in Table 

4.14. Respective Masses of individual large, medium and small grapes are 1.98 g, 1.05 g and 

0.43 g – whereas, the total composite twig structure consists of twenty one cones (with small 

individual mass) connected to twenty one grapes (one each).  

4.2.3.4 SAR Computational Scheme 

SAR simulations for the above mentioned typical bunch of grapes model has been performed 

using time domain / transient solver available in CST Microwave Studio 2010 [49] – as 

discussed earlier, this technique is developed based upon FIT computational scheme [50-51]. A 

detailed SAR computational technique along with the prerequisite transient / time domain setup 

in CST MWS 2010 electromagnetic simulator has been outlined earlier in this chapter – a similar 

SAR computational technique has also been employed in this work [17, 49]. The prototyped 

bunch of grapes model consists of near about 1,60,000 mesh cells with minimum step size 0.1 

cm. A linearly polarized plane wave propagating along  -direction (with electric field variation 

along the  -direction) has been utilized as the incident electromagnetic radiation source. The 

respective peak electric field strengths of the linearly polarized plane waves have been set in 

accordance with the existing Indian electromagnetic exposure regulatory guidelines at all three 

different frequencies [11]. As mentioned earlier, four Perfectly Matched Layers (PMLs) with 

negligible reflection coefficient have been set as the electromagnetic absorbing boundary – the 

separation between absorbing boundary and bunch of grapes model has been adjusted to 3 cm. 
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4.2.3.5 SAR Results and Discussion 

SAR data have been evaluated for the above mentioned bunch of grapes model at 947.5 MHz, 

1842.5 MHz and 2450 MHz band as per the revised Indian electromagnetic regulatory guidelines 

at regions accessible to general public [11]. It is obvious that all measured SAR data have been 

evaluated in particular at far-field region of the telecom tower antennas considering plane wave 

incidence – thus, it replicates the real scenario where most of the plants and fruits get exposed to 

electromagnetic radiation at some distance from the telecom antennas. The maximum 

permissible electromagnetic field strength increases with frequency of irradiation as indicated in 

Table 4.15. The bunch of grapes model has been exposed to linearly polarized plane waves for 

around 100 ns in transient analysis. The peak electric field strengths have been obtained by 

multiplying √2 to the respective r. m. s. electric field strengths considering sinusoidal variations 

– as prescribed in the revised Indian public exposure guidelines at all three frequencies [11]. 

MLP SAR, 1g averaged SAR and 10g averaged SAR data at all three frequencies have been 

tabulated in Table 4.16 – for the bunch of grapes model illustrated in Fig. 4.14(a). Evaluated 

SAR (either averaged over point mass or contiguous mass) data have been noted to be quite high 

at 1842.5 MHz and 2450 MHz (as observed in Table 4.16) while compared to those for 947.5 

   

                          (a)                                                                         (b) 

Fig. 4.14: (a) A typical bunch of grapes modeled in CST MWS 2010, (b) The bunch of grapes 

is exposed to GSM 1842.5 MHz linearly polarized plane wave radiation 
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MHz. This increment in SAR values takes place due to higher permissible electromagnetic field 

strength at higher frequency – as visible in Table 4.15 and Table 4.16 [11]. In addition, more 

numbers of peak electric field hotspots develop within the bunch of grapes model at higher 

frequencies. It should be noted that SAR values (either averaged over point mass or contiguous 

mass) in this typical bunch of grapes model are much higher compared to SAR values in a single 

grape model exposed to similar electromagnetic exposure conditions (as reported earlier). 

Evaluated SAR values have been noted to be higher in the prototyped bunch of grapes model as 

Table 4.15 Revised Indian electromagnetic regulatory guidelines for public exposure zone 

Frequency 

(MHz) 

Equivalent Plane Wave 

Power Density           

R. M. S. electric 

field (V/m) 

Peak electric field 

(V/m) 

947.5 0.47 13.31 18.82 

1842.5 0.92 18.63 26.35 

2450 1.00 19.41 27.46 

 

Table 4.16 SAR data for a typical bunch of grapes model as per the existing Indian 

electromagnetic regulatory guidelines 

Frequency 

(MHz) 

 

Peak E-field of 

Plane Wave 

(V/m) 

SAR 

averaging 

mass (g) 

Simulated 

Maximum SAR 

(W/kg) 

Whole Body 

Averaged SAR 

(W/kg) 

947.5 18.82 point 1.520 0.006 

″ ″ 1 0.020 ″ 

″ ″ 10 0.008 ″ 

1842.5 26.35 point 8.838 0.097 

″ ″ 1 0.440 ″ 

″ ″ 10 0.143 ″ 

2450 27.46 point 13.61 0.155 

″ ″ 1 0.318 ″ 

″ ″ 10 0.173 ″ 
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the resultant electric field strength is different than in a single grape model (reported earlier in 

this chapter). Thus, the shapes of individual grape and overall geometry of the model are two 

important factors that considerably contribute to SAR data and associated spatial distribution. In 

addition, measured loss tangent        values of grape samples are slight higher at all three 

frequencies than the respective values reported earlier in case of single grape model.  

The existing Indian electromagnetic exposure regulatory guidelines have been made more 

stringent than the ICNIRP prescribed electromagnetic exposure guidelines, where it has been 

instructed to average electromagnetic exposure over 6 minutes of time span [10-11]. However, 

plane wave gets emitted continuously in far-field region from the wireless communication towers 

24 365 hours a year – almost without any break as most TDMA time slots are utilized for voice 

/ data over GSM carriers. Therefore, tabulated SAR data in Table 4.16 would not reduce under 

any circumstances i.e. averaging over larger time span. 

Fig. 4.15(a) demonstrates 1g averaged SAR distribution at 1842.5 MHz on three dimensional 

surface of the bunch of grapes model; whereas Figs. 4.15(b) and (c) illustrate 1g averaged SAR 

distributions at 1842.5 MHz on two orthogonal cut-planes in the prototyped bunch of grapes 

model. It is evident from Figs. 4.15(a), (b) and (c) that the maximum 1g averaged SAR 

distribution has been noted among those few grapes (in the bunch) on which the plane wave with 

linear polarization impinges first. This observation indicates that a significant part of 

electromagnetic energy associated with the plane wave gets absorbed within those few grapes 

out of the entire model. To support this observation, it should also be noted that the measured 

permittivity    
   and in particular conductivity     of grape samples are substantially high 

compared to several other fruits – as reported earlier; and the same results in huge absorption and 

energy loss of the plane wave in those grapes through which the plane wave passes first. As 

observed in Fig. 4.13(b) and Table 4.13, grape samples possess high conductivity     that results 

in smaller skin depth and the plane wave loses its maximum energy among the few outer most 

grapes as observed in Figs. 4.15(a), (b) and (c). Here, it is important to mention that more 

emphasis has been prioritized on 1g averaged SAR data in the bunch of grapes model – because 

1g averaged SAR measurement protocol has been adopted and prescribed in the existing Indian 

electromagnetic exposure regulatory guidelines [11]. 
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4.2.3.6 Conclusions 

SAR data have been reported for a typical bunch of grapes model exposed to plane waves with 

linear polarization in far field region of base station antennas – all SAR simulations have been 

performed in accordance with the revised Indian public exposure norms [11]. In spite of that, 

reported SAR values have been noted to be quite alarming; and also, it is obvious that grapes that 

   

                                       (a)                                                                           (b) 

 

                                                                               (c) 

Fig. 4.15: (a) Three dimensional 1g averaged SAR distribution at 1842.5 MHz, (b) Two 

dimensional 1g averaged SAR distribution on  -  plane of the prototyped bunch of grapes model 

at 1842.5 MHz and (c) Two dimensional 1g averaged SAR distribution on  -  plane of the 

prototyped bunch of grapes model at 1842.5 MHz 
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grow in controlled electromagnetic exposure zone, i.e. near to the base station antennas, are 

capable of absorbing much more electromagnetic power even in Indian scenario. ICNIRP and 

FCC allow much higher electromagnetic field strengths at the mentioned frequencies of interest 

[9-10]; which can obviously cause more intense electromagnetic energy absorption in the 

prototyped bunch of grapes model and also in other fruits. However, reported SAR data for the 

prototyped bunch of grapes model have no relation with the prescribed SAR limits for humans. It 

is so because human physiological processes are entirely different than plant physiological 

process, and of course, SAR limits for humans have been prescribed based on immediate thermal 

effects of electromagnetic radiation on humans only. Therefore, it requires further biological, 

biochemical and biophysical analyses to comment on potential effects of electromagnetic energy 

absorption in the bunch of grapes along with its retained food values. 

4.3 Contrast in SAR Data for Fruit and Plant Specimens – due to 

Discrepancy among Electromagnetic Regulatory Guidelines 

Seamless connectivity requirements initiated hard challenges for the telecom service providers, 

who in turn – have exhaustively used up the available bandwidths, leading to continuous 

electromagnetic emission in nature. As discussed earlier, electromagnetic energy emitted from 

the cell tower antennas, gets absorbed in biological masses (be it humans or plants) due to 

reasonably high dielectric properties      of living tissues [32-39, 63-66]. In this connection, 

adequate literature is available regarding the electromagnetic energy deposition i.e. SAR 

estimation in humans [19-31] – moreover, some recent work on plants and fruits have also been 

reported in this chapter. To gauge and check the maximum permissible SAR limits for humans, 

several electromagnetic regulatory guidelines are in effect across the globe [9-12]. In addition to 

the basic SAR limits (for humans), frequency dependent reference electromagnetic field 

strengths for far field exposures have also been capped at different levels depending upon the 

regulatory standards in effect, for the concerned geographical regions [9-16]. These guidelines 

have been prescribed by international electromagnetic exposure regulatory organizations such as 

FCC, ICNIRP etc. [9-10] – in addition, there are a number of stringent nationalized 

electromagnetic exposure regulatory guidelines like in India, Switzerland etc. along with few 

other countries [11-16]. However, no such electromagnetic exposure regulatory guidelines have 

been adopted for plants, crops or fruits, which too, are at the same time getting exposed to 
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electromagnetic radiation in a continuous manner throughout their lifespan. On the other hand, 

significant amount of disparity exists among these different existing electromagnetic exposure 

regulatory guidelines, in terms of the reference electromagnetic power density levels and the 

variation lies in the order of as high as ten to hundred folds among the standards [9-16]. As 

discussed earlier – SAR value extensively depends upon the strength of incident electromagnetic 

field, in addition to wave polarization, angle of incidence, material properties and geometrical 

shapes of biological objects. Therefore, the existing disparity among different electromagnetic 

exposure regulatory standards plays an important role in determining the electromagnetic energy 

deposition rates, in terms of SAR values of the objects concerned. 

Thus, in this section, the contrast in SAR data along with associated spatial distributions in one 

composite fruits model and a typical plant model have been reported due to existing wide 

discrepancies among different global and national electromagnetic regulatory standards [9-12].   

4.3.1 Contrast in SAR Data for a Bunch of Sapodilla Fruits Model 

4.3.1.1 Introduction 

Quantitative estimation of electromagnetic energy absorption rate in composite bunch of fruits 

structure is less frequently reported. In general, different fruits and plants are of different 

geometrical shapes and they possess dissimilar dielectric properties     . Consequently, one 

unique prototype model is neither sufficient nor exhaustive, to conceive the problem and to 

investigate the phenomenon of electromagnetic energy absorption in fruits and plants 

respectively. SAR investigations in single fruit models, bunch of fruits model and multilayer 

fruit model have been reported earlier in this chapter. However, no comparative SAR 

investigation has been performed in any fruit model based on the existing disparities among 

different electromagnetic standards [9-12]. Therefore, estimation of SAR levels in a typical 

bunch of sapodilla fruits model has been presented in this particular work. A detailed discussion 

on their variations, due to the existing disparity among different international and national 

electromagnetic regulatory standards has been presented in a quantitative manner [9-12]. The 

work includes dielectric properties      characterization of the sapodilla fruit specimen and the 

modeling of a typical bunch of fruits according to their dielectric properties      for the 

simulation-based investigations in order to gauge the SAR levels based on the electromagnetic 



Specific Absorption Rate Evaluation for Prototyped Fruit and Plant Models 

157 
 

exposure standards. A typical geometric shape of the bunch of sapodilla fruits, modeled under 

the most practical considerations – has also been taken, in order to replicate the exact natural 

scenario, where the fruits or the other plant tissues are irradiated with electromagnetic exposures 

from the mobile towers and other electromagnetic energy sources. The variations in the 

estimated SAR levels calculated under different electromagnetic regulatory standards prescribed 

globally have been seen to be substantial and the records have been presented in detail herein [9-

12]. Rigorous simulation works have been carried out, to ensure accurate comparison between 

the estimated SAR levels. Two global and two national electromagnetic standards have been 

taken for the comparisons; both occupational and public exposure standards have been 

considered [9-12]. Five different frequencies of mobile operations have also been considered as 

possible electromagnetic exposure sources in this work for the investigations. The variation 

existing between the estimated SAR levels based on the different electromagnetic standards at 

each of the frequencies – suggests a critical evaluation of the status quo and calls for the need of 

maintaining a global homogeneity among the existing electromagnetic exposure regulations 

considering the effects on plants, fruits and crops. 

4.3.1.2 Disparity among Different Electromagnetic Standards 

It is already known that electromagnetic energy absorption rate at a particular point inside 

biological mass is quantified as             ; where   is electrical conductivity of 

biological tissue,   is peak electric field strength developed inside biological tissue and   is 

material density of biological tissue. Moreover, 1g averaged SAR, 10g averaged SAR and WBA 

SAR data are basically averages of local point SAR data over respective contiguous tissue 

masses [17]. Thus, it is clear that point SAR varies with the squared magnitude of internally 

developed electric field strength – furthermore, the internal electric field strength magnitude 

develops in direct proportion with the incident electric field strength on the biological object. 

Hence, disparity among different international and national electromagnetic regulatory standards 

plays an important role while investigating SAR magnitudes in a specific biological object at a 

particular frequency of interest. International electromagnetic standards prescribed by the 

organizations like FCC, ICNIRP etc. have been adopted over a considerable part of the world to 

defend against possible health risks [9-10]. But, reference power density levels (below 2000 

MHz) for public exposure prescribed by these organizations don’t precisely agree with each 
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Table 4.17 Disparity among different global and national electromagnetic exposure regulatory 

guidelines [9-12] 

Frequency of 

exposure 

(MHz) 

Prescribed power density level (    ) 

Occupational Zone Public Zone 

FCC ICNIRP FCC ICNIRP India Swiss 

947.5 31.58 23.69 6.32 4.74 0.47 0.047 

1842.5 50 46.06 10 9.21 0.92 0.092 

2150 50 50 10 10 1 0.1 

2350 50 50 10 10 1 0.1 

2450 50 50 10 10 1 0.1 

 
Table 4.18 Measured material density     of sapodilla fruit, leaf and twig samples 

Name of sample Sapodilla Leaf Twig 

Material density         1107.8 833.3 1107.8 

 

 

 

other. Research outcomes on electromagnetic energy absorption rate in human phantoms along 

with consequent biological responses have raised concerns among the scientists and general 

public as well [19-31, 67-73]. In response, competent authorities in nations like India, 

Switzerland etc. have prescribed stricter national electromagnetic standards [11-12]. However, 

these global and national electromagnetic regulatory standards are not at par in terms of 

prescribed reference power density levels – with variations ranging from ten to hundred folds. A 

comparative overview of these different international and national electromagnetic regulatory 

guidelines has been tabulated in Table 4.17 [9-12]. 

4.3.1.3 Material Density and Dielectric Properties Characterization 

Adequate number of fresh sapodilla fruit samples along with connected leaves has been taken to 

laboratory for material density measurement and dielectric properties      characterization. 

Thereafter, half of the samples have been taken for material density measurement and rest have 

been utilized in dielectric properties      characterization. 

A. Material Density Characterization 

For material density characterization, individual mass of sapodilla fruit, leaf and twig specimens 

has been weighed using a balance. Volume of individual specimen has also been measured. 
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Thereafter, material densities of sapodilla fruit, leaf and twig specimens have been calculated. 

Obtained data have been averaged over similar specimens and illustrated in Table 4.18. 

B. Dielectric Properties Characterization 

Broadband dielectric properties i.e. real part of complex permittivity    
   and loss tangent 

        data for sapodilla fruit, leaf and twig specimens have been characterized using 85070E 

open ended coaxial probe dielectric measurement kit (Agilent Technologies) along with E5071B 

ENA series VNA (Agilent Technologies). A detailed analysis of this well established non-

destructive dielectric properties characterization technique has been outlined in the previous 

chapter [52-62]. This particular coaxial probe is capable of characterizing permittivity    
   and 

electrical conductivity     up to 20 GHz and can also withstand up to 200 ºC temperatures. But, 

the combined measurement set up illustrated in Fig. 4.16(a) is capable of characterizing 

dielectric properties      up to 8.5 GHz only – due to frequency limitation of the E5071B VNA. 

All dielectric properties      characterizations have been performed at 25 ºC ambient 

temperature. Figs. 4.16(a), (b) and (c) illustrate the actual dielectric properties      measurement 

set up for sapodilla fruit and leaf specimens. During dielectric properties      characterization, 

adequate numbers of sapodilla leaves have been stacked to ensure negligible contribution from 

the base material beneath stacked leaves on measured reflection coefficient data at open ended 

coaxial probe interface. Thickness of stacked sapodilla leaves has been ensured to be more than 

twice the skin depth to ascertain accurate dielectric properties      characterization. Dielectric 

properties      of sapodilla twig couldn’t be characterized separately due to small radial 

dimension of the twigs compared to diameter of the open ended coaxial probe (2 cm) – thus, the 

twig has been considered to possess similar dielectric properties to that of sapodilla leaves. 

Measured dielectric properties      of sapodilla fruit, leaf and twig (considered) samples have 

been tabulated in Table 4.19. 

4.3.1.4 A Bunch of Sapodilla Fruits Modeling in CST MWS 2014 

A typical three dimensional bunch of sapodilla fruits model along with a leaf structure has been 

prototyped in CST MWS 2014 [49]. The bunch containing three fruits was weighing 121.16 g 

and occupying a volume of 109.58 cm
3
. Three sapodilla fruit specimens have been designed as 

spheres of different radial dimensions. A typical medium sized leaf structure has been first 
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outlined on graph paper – then two dimensional coordinates have been imported and extruded to 

replicate the three dimensional leaf structure with specified thickness. The finalized three 

dimensional bunch of sapodilla fruits model has been illustrated in Fig. 4.17. In addition, exact 

geometrical specifications of the prototyped model have been listed in Table 4.20.  

 

  
                            (a)                                                                     (b) 

 
(c) 

Fig. 4.16: Broadband permittivity and loss tangent measurement setup using Agilent 85070E 

dielectric measurement kit and E5071B ENA series Vector Network Analyzer (VNA) (a) 

sapodilla fruit, (b) enlarged view of open ended coaxial probe on flat cut surface of sapodilla 

fruit and (c) sapodilla leaves 

Table 4.19 Measured permittivity and loss tangent of sapodilla fruit, leaf and twig samples 

Sample 947.50 MHz 1842.50 MHz 2150 MHz 2350 MHz 2450 MHz 

   
          

          
          

          
        

Fruit 66.08 0.222 64.33 0.217 63.30 0.237 62.67 0.239 62.90 0.248 

Leaf 33.21 0.438 30.33 0.358 29.72 0.348 29.26 0.358 29.32 0.350 

Twig 33.21 0.438 30.33 0.358 29.72 0.348 29.26 0.358 29.32 0.350 
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Fig. 4.17: Three dimensional CAD model of the bunch of sapodilla fruits with linearly 

polarized plane wave at 1842.50 MHz in accordance with FCC public exposure scenario 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.5 SAR Simulation Setup 

The designed bunch of sapodilla fruits model has been irradiated with plane waves as per the 

contrasting international and national electromagnetic regulatory standards. Linearly polarized 

plane waves with different electric field strengths, depending upon the frequency of exposure 

and regulatory standards in effect, have been used as far-field radiation sources. CST MWS 2014 

electromagnetic simulator takes into account peak electric field strength as an input for linearly 

polarized plane wave set up [49]. Hence, prescribed unperturbed r. m. s. electric field strength 

has been multiplied each time by √2 to obtain the peak electric field strength (considering 

sinusoidal variation) [9-12]. The transient / time-domain solver available in CST MWS 2014 has 

been utilized to estimate the SAR values for the prototyped bunch of sapodilla fruits model [49-

51]. Total number of mesh cells in the above mentioned prototyped specimen is about 0.25 

million in number with an average mesh cell size of 0.004 g. Four PMLs with      
reflection 
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Table 4.20 Modeling specifications of the bunch of sapodilla fruits model 

Fruit Sample Specifications 

Sapodilla fruit Shape Radius (mm) 

Large spherical 25 

Medium spherical 20 

Small spherical 15 

Leaf Sample Specifications 

Leaf Shape Length (mm) Width (mm) Thickness (mm) 

Leaf blade Thin planner 80 30 0.5 

Twig Sample Specifications 

Twig Shape Length (mm) Radius (mm) 

Primary twig connected to 

large fruit 

cylindrical 40 1 

Secondary twig connected 

to medium fruit 

cylindrical 30 0.7 

Secondary twig connected 

to small fruit 

cylindrical 25 0.7 

Secondary twig connected 

to leaf blade 

cylindrical 20 0.5 

 

coefficient have been used as electromagnetic absorbing boundaries during simulation. Distance 

between the bunch of sapodilla fruits and the boundary wall has been kept negligible by 

choosing appropriate boundary conditions. MLP SAR, 1g averaged SAR, 10g averaged SAR and 

WBA SAR data have been compared in accordance with the above mentioned electromagnetic 

exposure regulatory standards [9-12]. SAR data (except point SAR data that don’t require 

averaging) have been averaged using three standard protocols, viz. IEEE C95.3 [74], CST C95.3 

[49] and the most recent IEEE/IEC 62704-1 [17] SAR averaging techniques. However, 

insignificant variations have been noted among the obtained datasets while three different SAR 

averaging protocols have been adopted. Hence, all SAR data have been reported adopting the 

most recent IEEE/IEC 62704-1 SAR averaging protocol only [17]. 
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(a)                                                                           (b)             

Fig. 4.18: (a) Simulated point SAR profile on surface of sapodilla bunch at 1842.50 MHz in 

accordance with FCC public exposure scenario and (b) Simulated 1g averaged SAR profile on 

surface of sapodilla bunch at 1842.50 MHz in accordance with FCC public exposure scenario 

 

4.3.1.6 Comparative SAR Data and Analysis 

A. SAR Simulation Results 

SAR data have been simulated mimicking international occupational as well as public exposure 

scenarios [9-10]. Moreover, SAR simulations have also been performed in accordance with 

selected nationalized public exposure scenarios in countries like India and Switzerland [11-12]. 

SAR data have been estimated at 947.5 MHz, 1842.5 MHz, 2150 MHz, 2350 MHz and 2450 

MHz. Earlier, Fig. 4.17 illustrated a typical linearly polarized plane wave impinging on the 

bunch of sapodilla fruits model at 1842.5 MHz as per FCC public exposure standards [9]. 

Consequent MLP SAR and 1g averaged SAR distributions have been illustrated in Figs. 4.18(a) 

and (b) respectively [9]. The contrasts obtained in the comparative SAR datasets for the bunch of 

sapodilla fruits model at five different frequency bands have been summarized over Table 4.21 

to Table 4.25 in sequence with the illustrations in Figs. 4.19(a) to (e). Fig. 4.19(f) depicts the 

contrast in cumulative SAR data over all the five frequencies for the above mentioned bunch of 

sapodilla fruits model. 
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Table 4.21 Disparity among SAR data for bunch of sapodilla model at 947.5 MHz as per different 

global and national electromagnetic standards 

Frequency 947.5 MHz 

Exposure Zone Occupational Public 

 Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density (W/m
2
) 31.58 23.69 6.32 4.74 0.47 0.047 

Equivalent peak electric field 

(V/m) 

154.3 133.6 69.02 59.77 18.82 5.95 

MLP SAR 29.82 22.45 5.96 4.49 0.45 0.045 

1g SAR 4.92 3.67 0.98 0.73 0.07 0.007 

10g SAR 2.79 2.11 0.56 0.42 0.04 0.004 

WBA SAR 1.44 1.08 0.29 0.22 0.02 0.002 

SAR is in W/kg 

 

 

Table 4.22 Disparity among SAR data for bunch of sapodilla model at 1842.5 MHz as per 

different global and national electromagnetic standards 

Frequency 1842.5 MHz 

Exposure Zone Occupational Public 

 Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density (W/m
2
) 50 46.06 10 9.21 0.92 0.092 

Equivalent peak electric field 

(V/m) 

194.14 186.33 86.82 83.33 26.35 8.33 

MLP SAR 32.35 29.80 6.47 5.96 0.60 0.060 

1g SAR 11.23 10.35 2.25 2.07 0.21 0.021 

10g SAR 4.60 4.23 0.92 0.85 0.08 0.008 

WBA SAR 2.06 1.90 0.41 0.38 0.04 0.004 

SAR is in W/kg 
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Table 4.23 Disparity among SAR data for bunch of sapodilla model at 2150 MHz as per different 

global and national electromagnetic standards 

Frequency 2150 MHz 

Exposure Zone Occupational Public 

 Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density (W/m
2
) 50 50 10 10 1 0.1 

Equivalent peak electric field 

(V/m) 

194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 39.91 39.91 7.98 7.98 0.80 0.08 

1g SAR 10.50 10.50 2.10 2.10 0.21 0.021 

10g SAR 4.78 4.78 0.96 0.96 0.10 0.01 

WBA SAR 2.07 2.07 0.41 0.41 0.04 0.004 

SAR is in W/kg 

 

 

Table 4.24 Disparity among SAR data for bunch of sapodilla model at 2350 MHz as per different 

global and national electromagnetic standards 

Frequency 2350 MHz 

Exposure Zone Occupational Public 

 Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density (W/m
2
) 50 50 10 10 1 0.1 

Equivalent peak electric field 

(V/m) 

194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 35.85 35.85 7.17 7.17 0.72 0.072 

1g SAR 10.34 10.34 2.07 2.07 0.21 0.021 

10g SAR 4.70 4.70 0.94 0.94 0.09 0.009 

WBA SAR 1.99 1.99 0.40 0.40 0.04 0.004 

SAR is in W/kg 
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Table 4.25 Disparity among SAR data for bunch of sapodilla model at 2450 MHz as per different 

global and national electromagnetic standards 

Frequency 2450 MHz 

Exposure Zone Occupational Public 

 Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density (W/m
2
) 50 50 10 10 1 0.1 

Equivalent peak electric field 

(V/m) 

194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 38.91 38.91 7.78 7.78 0.78 0.078 

1g SAR 11.46 11.46 2.29 2.29 0.23 0.023 

10g SAR 4.63 4.63 0.93 0.93 0.09 0.009 

WBA SAR 1.96 1.96 0.39 0.39 0.04 0.004 

SAR is in W/kg 

B. Result Analysis 

It is observed in Figs. 4.18(a) and (b) that SAR distribution increases near the surface with sharp 

geometries i.e. a surface with higher curvature or smaller radius. Charge density at the locations 

of greater surface curvature tends to be greater in magnitude. This could also be proved by 

solving the Poisson’s equation on and around the surface of arbitrary shapes [75]. Local electric 

field due to such non uniform charge densities tends to follow a similar pattern i.e. the electric 

field near a location with greater charge density is also greater in magnitude [76]. The 

phenomenon of increased electric field concentration near the sharp edges is not limited to 

conducting bodies alone [77]. Even in case of a dielectric body with finite conductivity    , 

similar principle applies. Solution of the scattering problem depicted by the scattering of incident 

electromagnetic field by the said dielectric object eventually leads to an electric field distribution 

(or an equivalent induced surface current density) that prefers the sharp edges i.e. the magnitude 

of the distribution is greater near the regions of greater surface curvature. 

Reported data reveal that the SAR value in general increases with frequency of exposure in 

accordance with any particular electromagnetic regulatory standards [9-12]. It is so because of 

the  following reasons. First of  all, the  permissible electromagnetic field strength  increases with 
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  (a)                                                                                 (b)             
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  (c)                                                                                 (d)             
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  (e)                                                                                 (f)             

Fig. 4.19: Disparity among SAR data for the bunch of sapodilla model due to variation among 

different electromagnetic regulatory guidelines (a) 947.5 MHz, (b) 1842.5 MHz, (c) 2150 MHz, 

(d) 2350 MHz, (e) 2450 MHz and (f) cumulative SAR data over all five frequencies 
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frequency of exposure up to 2000 MHz in most cases (exception: 1500 MHz in case of the FCC 

electromagnetic standards) and as a consequence of the same, electric field values inside the 

bunch of sapodilla model also increase along with the resultant SAR values. Hence, a prominent 

increment in SAR data has been observed in between 947.5 MHz to 1842.5 MHz. Moreover, the 

operating wavelength inside the bunch of sapodilla fruits model shortens with an increase in 

frequency – resulting in more number of hotspots with intense electric field strengths 

contributing to increased SAR value. In addition, dielectric properties      of the sapodilla fruit, 

leaf and twig change with frequency i.e. permittivity    
   to some extent reduces with frequency 

but loss tangent         increases to a greater extent with frequency above a crucial point in 

between 1500 MHz to 2500 MHz for plant tissues in general. As a consequence, SAR value also 

increases with frequency because of the direct and greater dependence of itself on tissue 

conductivity     / loss tangent         value. Reported SAR data (be it MLP SAR, 1g SAR, 10g 

SAR or WBA SAR) are absolutely justified in terms of averaging duration (six or thirty minutes 

for public exposure [9-12]) – because, plants and fruits are stationary in nature and get exposed 

to electromagnetic energy throughout their lifespan. 
Looking from a different aspect, contrasting SAR data have been noted even at a particular 

frequency because of disparity among the different electromagnetic standards [9-12] (refer to 

Table 4.21 to Table 4.25 along with Figs. 4.19(a) to (e)). It should be noted that two reported 

occupational electromagnetic standards differ by a slight margin below 2000 MHz and match 

exactly beyond. Both FCC as well as ICNIRP have set down the occupational electromagnetic 

standards, five folds tolerant compared to the respective public electromagnetic standards [9-10]. 

SAR            , being directly dependent upon the square of internal electric field strength 

magnitude developed inside biological medium i.e. bunch of sapodilla fruits model in this case, 

varies with the square of incident electric field magnitude / directly with power density of plane 

wave depending upon electromagnetic standards in effect. In the results, SAR values for the 

bunch of sapodilla fruits model in the occupational exposure zone are too high in accordance 

with either FCC or ICNIRP occupational exposure standards. From Table 4.21 and Table 4.22, it 

is observed that power density levels prescribed in FCC occupational standards (compared to 

ICNIRP) are 33 percent and 8.5 percent higher at 947.5 MHz and 1842.5 MHz correspondingly. 

As a consequence, SAR datasets as per FCC standards also differ by respective factors compared 

to ICNIRP standards; it is so because both incident power density and resultant SAR datasets are 
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related to the second order of electric field strength magnitude at their respective points of 

observation. Even in case of public exposure, FCC and ICNIRP prescribed power density levels 

differ by same folds at 947.5 MHz and 1842.5 MHz along with the resultant SAR values (refer to 

Table 4.21 and Table 4.22 along with Figs. 4.19(a) and (b) in order). Nationalized public 

electromagnetic standards in India and Switzerland are ten to hundred folds stricter compared to 

the global electromagnetic standards [11-12]. As a consequence, SAR values in India and 

Switzerland are respectively ten to hundred folds lower compared to international standards for 

public exposure (illustrated in Table 4.21 to Table 4.25). Figs. 4.19(a) to (e) summarize the 

significant contrast in MLP SAR, 1g SAR, 10g SAR and WBA SAR values as per different 

electromagnetic standards over 947.5 MHz to 2450 MHz respectively. SAR values are 

significantly high where FCC or ICNIRP guidelines are in effect; SAR values are moderate in 

Indian public exposure scenario but strictly less in Swiss public electromagnetic exposure 

scenario. However, it must be noted that the safe SAR limit for representative sapodilla plant or 

any other plant is yet unknown. Moreover, simultaneous wireless communications over different 

frequency bands result in cumulative SAR effects i.e. electromagnetic energy absorption in 

biological tissue adds up over multiple frequencies of wireless communication as illustrated in 

Fig. 4.19(f). Cumulative SAR data for the bunch of sapodilla fruits model over all five frequency 

bands indicate significant disparity among the different global and nationalized electromagnetic 

standards and seek immediate attention for uniform electromagnetic standards across the globe. 

4.3.1.7 Conclusions 

SAR data for the prototyped bunch of sapodilla fruits model (at a particular frequency) is 

predominantly dependent on the reference power density prescribed in the electromagnetic 

regulatory standards in effect. SAR datasets in the occupational zone are quite noticeable as FCC 

and ICNIRP declare occupational premises based on restricted accessibility to public but not 

based on the presence of plants [9-10]. Even more, SAR data at public premises have been noted 

to be varying by ten to hundred folds depending upon the electromagnetic regulatory standards in 

effect [9-12]. SAR data according to the existing Indian standards have been found to be 

moderate whereas the same is significantly less in Swiss territory. On contrary, corresponding 

SAR data in accordance with the global public electromagnetic regulatory standards (i.e. FCC 

and ICNIRP) are quite high and need to be considered with utmost care. Noted disparity among 
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the SAR datasets in accordance with the different electromagnetic regulatory guidelines is no 

different for other biological objects including plants.  

Reported SAR data have been recorded due to linearly polarized plane wave (direction of 

propagation along  -axis and electric field along  -axis as illustrated in Fig. 4.17) that impinges 

from a specific side of the bunch of sapodilla fruits model. It must be noted that the prototyped 

bunch of sapodilla fruits model is asymmetrical in nature and SAR is highly dependent on 

geometrical shape of the biological object along with direction and polarization of incident wave. 

Therefore, absolute value of SAR data can differ for different combinations of plane wave 

incidence and polarization; however, ratio of SAR values due to the disparity among the 

different global and nationalized electromagnetic exposure regulatory protocols will remain the 

same in those cases. 

At present, simulated SAR data have been reported and couldn’t be extended to practical 

measurements due to the following reasons. Sapodilla leaf and twig are very thin and precise 

electric field measurement inside phantom model is difficult due to significant field perturbation 

using near field probe. In addition, customized non-standard sapodilla phantom model needs to 

be imported and same would be quite cost involving. Hence, simulated SAR data can be 

considered for the time being and can be backed by practical measurements in future.  

Absence of global or local SAR limit for plants makes the situation complicated to scientifically 

consider an exposure scenario suitable for sustainable plant growth. Therefore, the biological 

effects of electromagnetic radiation should be studied over a number of plants and fruits [40-48]. 

These investigations can further lead to a subsequent uniform electromagnetic standards 

implementation worldwide along with the explicit SAR limit prescription for plants and the other 

biological masses concerned. 

4.3.2 Contrast in SAR Data for a Typical Plant Model 

4.3.2.1 Introduction 

Different international and national electromagnetic exposure regulatory standards have been 

developed based upon significantly diversified premises, developmental backgrounds (such as 

technical specifications, medical practices etc.) and objectives to safeguard life [9-16]. Some 

electromagnetic regulatory standards have been developed based on assessing thermal effects of 
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electromagnetic radiation over short time span, some other standards aim at mitigating non-

thermal effects over prolonged exposure duration, whereas the rest are prescribed to take 

adequate precautions against yet unknown health effects [16]. However, each standard is 

consistent with the policy promoted by the respective regulatory organization. To name a few 

organizations who have prescribed global electromagnetic exposure standards, FCC and ICNIRP 

secure the top ranks in the list [9-10]. In contrast, India, Switzerland, Russia and Italy etc. are 

among the selected countries to enforce stricter national electromagnetic regulatory standards 

[11-15]. National electromagnetic exposure regulatory guidelines have been made stricter to 

address possible health concerns raised by researchers and awareness among common people in 

selected countries – stricter national protocols have been adopted either based on scientific 

information or as precautionary measure [16]. However, as discussed earlier in this chapter, there 

is lack of uniformity among the different global and national electromagnetic exposure standards 

resulting in ten to hundred fold variations in plane wave equivalent reference power density 

levels across countries over several telecommunication bands. Let us consider 1842.5 MHz 

(center frequency of 1805-1880 MHz GSM downlink band) for an example. The plane wave 

equivalent reference power density levels adopted by FCC, ICNIRP, India and Switzerland are 

10 W/m
2
, 9.21 W/m

2
, 0.92 W/m

2
 and 0.092 W/m

2
 respectively [9-12]. As a consequence, living 

objects i.e. humans, animals as well as plants are expected to absorb significantly different 

amount of electromagnetic energy due to mobile tower emitted uninterrupted pulsed microwave 

radiation depending upon the regulatory standards in effect. Stringent public exposure scenarios 

in countries like Russia, Italy etc. (fixed at 0.10 W/m
2
 from ≤ 300 MHz to 300 GHz) are also at 

comparable scale to that of Swiss public standard [12-16]. In this connection, it should also be 

noted that SAR at a point is defined as         ; where,           represent the respective 

parameters as discussed earlier. For uninterrupted pulsed microwave incidence on biological 

object, equivalent continuous wave electric field strength can be derived from the duty cycle of 

the pulse train. Thereafter,     at the point of interest inside biological tissue can be evaluated 

further to calculate point SAR value. 

As reported in Chapter 3, plants, vegetables and fruits also possess dielectric properties      that 

indicate a consistent absorption of the RF energy in wireless communication bands. The open 

ended coaxial probe technique has been primarily reported for dielectric properties      

characterization of different fruit, vegetable and plant samples [32-39]. In recent times, SAR data 
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have been reported for different fruit models following different electromagnetic exposure 

standards – as reported earlier in this chapter. However, in spite of lossy dielectric nature of plant 

tissues, SAR data and its surface distribution for a complete plant model have neither been 

reported in literature nor been considered while preparing safety standards. 

Combining these aspects together, this work aims at highlighting the wide discrepancies among 

different global and national electromagnetic regulatory standards, characterizing dielectric 

properties      of plant samples, investigating SAR distribution in a typical plant model 

(containing leaves, flower and stem) for plane wave incidence along with analyzing the contrast 

in SAR data due to discrepancy among different global and national electromagnetic standards 

over a number of frequency bands [9-12]. To this end, Catharanthus roseus plant containing 

green leaves, green stem and pink flower has been chosen as prototype. Dielectric properties      

of fresh leaf, flower and stem samples have been characterized using open ended coaxial probe 

technique [32-39]. Next, a typical three dimensional Catharanthus roseus plant model has been 

developed – typical geometric shape of the plant prototype has been modeled considering the 

most practical scenario. Detailed analyses on variation of SAR levels due to wide discrepancy 

among the existing electromagnetic regulatory standards have been reported in a quantitative 

manner. SAR levels have been reported at five different telecommunication bands as per two 

occupational and four public exposure scenarios. SAR data have been simulated as per 

established electromagnetic regulatory standards prescribed by ICNIRP (international), FCC 

(international), India (national) and Switzerland (national) [9-12]. Next, simulated SAR data 

have been compared at mid frequencies of multiple communication bands like 947.5 MHz (935-

960 MHz downlink band), 1842.5 MHz (1805-1880 MHz downlink band), 2150 MHz (2120-

2170 MHz downlink band), 2350 MHz (2300-2400 MHz band) and 2450 MHz (2400-2500 MHz 

band). A total of thirty rigorous simulations have been carried out along with one hundred and 

twenty SAR data evaluations to ensure accurate comparison among different electromagnetic 

regulatory standards. Variations among the estimated SAR levels have been noted to be 

significant and presented in detail in this work. Furthermore, how fixing a global set of criteria 

for investigating biological effects of electromagnetic radiation can lead to the path of 

minimizing the existing discrepancies among different electromagnetic standards, has been 

discussed. 
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Table 4.26 Measured density (ρ) of Catharanthus roseus leaf, flower 

and stem samples 

Name of sample Leaf Flower Stem 

Material density         717 267.7 774 

 

4.3.2.2 Disparity among Different Electromagnetic Standards 

It has been discussed earlier that different electromagnetic regulatory standards prescribed by 

FCC, ICNIRP, DoT (India) and Switzerland are extensively inconsistent in terms of plane wave 

equivalent reference power density limit or equivalent electric field strength limit for public 

exposure [9-12]. The prescribed plane wave equivalent reference power density levels fluctuate 

by ten to hundred folds depending upon the electromagnetic regulatory standards in effect. A 

detailed discussion can be found earlier in this chapter (please refer to Table 4.17) [9-12].   

4.3.2.3 Material Density and Dielectric Properties Characterization 

A.  Material Density Characterization 

Initially, few medium sized fresh Catharanthus roseus plants have been collected. Next, mass 

and volume of leaf, flower and stem samples have been measured – material densities     have 

been calculated by taking ratio of mass to volume of respective samples. Finally, mean material 

density     for each type of Catharanthus roseus sample has been tabulated in Table 4.26. 

B.  Dielectric Properties Characterization 

Real part i.e. permittivity    
   and loss tangent         data for Catharanthus roseus leaf, flower 

and stem samples have been measured using Agilent Technologies 85070E open ended coaxial 

probe (high temperature probe, – 40 ˚C to 200 ˚C, option 020) and Agilent Technologies E5071B 

VNA. A detailed discussion on this non-destructive dielectric properties      characterization 

technique can be found in the previous chapter [52-62]. The dielectric measurement kit consists 

of a high temperature coaxial probe that can characterize dielectric properties      up to 20 GHz. 

This particular probe is capable of characterizing dielectric properties      for solid (with a 

smooth flat surface), semi solid and liquid samples possessing relatively high loss tangent 

(greater than 0.05). Complex dielectric properties      have been computed from raw reflection 

coefficient data for the material under test after calibrating measurement setup at 25 ˚C. 
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Catharanthus roseus leaves, flowers and green stems consist of soft tissues with significant 

amount of liquid content. Individual leaf or flower sample being quite thin, sufficient number of 

leaves or flowers have been stacked and thereafter the coaxial probe is moderately pressed on 

stacked samples to avoid air gap between leaves or flowers to obtain accurate dielectric 

properties     . Leaf or flower samples have been stacked to provide sufficient material depth 

(depending upon skin depth) beneath the coaxial probe for accurate measurement. In case of 

stem samples, a small amount of air gap couldn’t be avoided due to cylindrical shape. Precaution 

has been taken during measurement because excessive pressure on the plant samples could cause 

tissue deformation resulting in erroneous measurement data.   

Dielectric properties      for the above mentioned plant samples have been measured from 20 

MHz to 8.5 GHz. To keep the data consistent with this work of SAR computation, real part of 

permittivity    
   and loss tangent         parameters have been tabulated in Table 4.27 at 

frequencies of interest. Complex dielectric properties      measurement set up with plant 

samples has been illustrated in Figs. 4.20(a) and (b). 

Table 4.27 Measured dielectric properties of Catharanthus roseus leaf, flower and stem 

Sample 947.5 MHz 1842.5 MHz 2150 MHz 2350 MHz 2450 MHz 

   
 

         
          

          
          

        

Leaf 57.85 0.501 54.05 0.331 53.53 0.306 53.21 0.295 53.21 0.295 

Flower 62.47 0.212 60.53 0.175 60.14 0.182 60.03 0.186  60.04 0.186 

Stem 43.26 0.475 40.16 0.326 39.47 0.315 39.29 0.307  39.29 0.307 

 

  

  (a)                                                                            (b)             

Fig. 4.20: (a) Entire dielectric properties measurement setup for Catharanthus roseus leaf samples, 

(b) An enlarged view of the coaxial probe with leaf samples 
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4.3.2.4 Catharanthus roseus Plant Modeling in CST MWS 2014 

Few typical medium sized Catharanthus roseus plants have been collected – thereafter length, 

width, surface area and radius of plant leaf, flower and stem samples have been measured. Next, 

two dimensional footprints of leaf and flower samples have been imported and further extruded 

for making three dimensional models in CST MWS 2014 [49]. Subsequently, the initial three 

dimensional leaf model has been replicated, scaled and rotated eighteen times around a conical 

stem at different heights along with a three dimensional flower structure on top of the plant 

prototype. Detailed specifications of the typical Catharanthus roseus plant model (2.70 g mass) 

have been incorporated in Table 4.28 and designed three-dimensional model is illustrated in Fig. 

4.21. 

Table 4.28 Modeling specifications of Catharanthus roseus leaf, flower and stem 

Leaf Samples Specifications 

 Leaves from top 

to bottom 

Length along 

axis (mm) 

Thickness of 

leaves (mm) 

Repetition factor 

Leaf 1 17.13 0.250 2 

Leaf 2 24.56 0.286 2 

Leaf 3 32.67 0.330 2 

Leaf 4 48.71 0.430 2 

Leaf 5 48.80 0.430 2 

Leaf 6 51.93 0.450 2 

Leaf 7 52.10 0.450 2 

Leaf 8 58.89 0.490 2 

Leaf 9 63.00 0.545 2 

 

Flower Sample Specifications 

Maximum diagonal 

length (mm) 

Thickness of 

flower (mm) 
Repetition factor 

36.23 0.5 1 

 

Stem Sample Specifications 

Vertical length of 

the cone (mm) 

Base radius 

(mm) 

Top radius 

(mm) 

Repetition 

factor 

140.3 2.00 0.50 1 
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4.3.2.5 Computational Scheme for SAR Estimation 

SAR simulations for Catharanthus roseus plant model have been performed using transient 

solver available in CST MWS 2014 [49]. Complicated nature of the plant structure shown in Fig. 

4.21 along with lossy low quality factor of the layer permittivities have led to the choice of time 

domain / transient solver for a robust meshing. As discussed earlier, the transient solver works 

based on FIT computational scheme developed in 1977 [50-51]. In this technique, Maxwell’s 

integral equations in the solution space are discretized and solved numerically. Spatial 

discretizations have been performed with hexahedral meshes of variable sizes and one 

wavelength of spatial distance is subdivided into 20 parts. Four PMLs with 0.0001 reflection 

coefficient have been set as electromagnetic boundary at 3 cm distance from the plant structure 

to bring the plane wave excitation as close as possible. To observe frequency domain 

characteristics, an inverse transformation accuracy of – 40 dB has been chosen that transforms 

the domain once the steady state energy criterion is met. IEEE/IEC 62704-1 averaging method 

has been adopted for SAR data calculation with an average mesh cell of 0.00043 g [17]. Once 

 

Fig. 4.21: Simplified three dimensional model of 

Catharanthus roseus plant designed in CST MWS 

2014 [49] 
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electric field values on all edges of a particular grid cell are known, electric field values on all 

edges parallel to a particular axis are averaged; this technique is applied to obtain average 

electric fields along all three axes and effective electric field strength is calculated at the centre 

of that grid cell. At last, point SAR is calculated using the standard formula         . For SAR 

averaging, a cubical volume centred at a particular grid cell is expanded evenly in all directions 

until the target averaging mass is achieved. In special cases, the averaging cube may include 

partial background material near boundary (maximum 10 percent volume of the cube); however, 

mass of background material is not considered to achieve the target mass. This is how spatial 

averaged SAR value is assigned to a particular ‘valid’ grid cell in accordance with IEEE/IEC 

62704-1 protocol. Other grid cells encompassed in that averaging cube are flagged as ‘used’ – 

but, partially covered grid cells are marked as ‘unused’. This technique is repeated keeping every 

grid cell at the centre and grid cells are flagged as ‘valid’, ‘used’ or ‘unused’. The ‘used’ grid 

cells that have never been at the centre of a ‘valid’ averaging cube are assigned the highest 

spatial average SAR value among all averaging cubes in which they were enclosed. 

For each ‘unused’ grid cell, six cubical volumes are constructed to achieve the averaging mass 

by keeping each surface of an ‘unused’ cell at the centre of a surface of those six averaging 

cubes. Then, those six cubes are expanded until the target mass is achieved regardless the 

amount of enclosed background material. Spatial average SAR values of cubes whose volume is 

not greater than 5 percent of the smallest cube are considered – finally, the highest spatial 

average SAR value among those averaging cubes is assigned to the ‘unused’ cell. Then, spatial 

averaged SAR distribution on the plant surface is derived from spatial average SAR values of 

individual grid cells that are lying on surface of the designed plant model. The same technique 

can also be followed to obtain the spatial averaged SAR distribution on any cut plane inside the 

plant model. Thus, 1g averaged SAR distribution has been obtained on two dimensional surface 

of the plant model [17]. 

4.3.2.6 Computed SAR Data and Analysis 

SAR data along with associated spatial distributions in the Catharanthus roseus plant model 

have been simulated for occupational and public exposure scenarios in accordance with FCC and 

ICNIRP prescribed global electromagnetic standards [9-10]; moreover, SAR data have also been 

evaluated as per stricter public exposure standards effective in India and Switzerland [11-12]. 
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(a)                                                                        (b)             

Fig. 4.22: (a) A linearly polarized plane wave passes through Catharanthus roseus plant model 

at 2150 MHz with field strength set as per FCC guidelines for public zone, (b) Evaluated 1g 

averaged SAR profile on surface of Catharanthus roseus model at 2150 MHz 

 
Linearly polarized plane wave (with specified field strength and frequency) impinges on the 

prototyped plant model in each SAR simulation scenario. MLP SAR, 1g averaged SAR, 2g 

averaged SAR and WBA SAR data have been simulated for above mentioned plant model at 

947.5 MHz, 1842.5 MHz, 2150 MHz, 2350 MHz and 2450 MHz respectively.  

Fig. 4.22(a) illustrates a typical simulation setup where a linearly polarized plane wave impinges 

on the designed Catharanthus roseus plant model at 2150 MHz as per FCC public exposure 

guidelines. Fig. 4.22(b) illustrates consequent 1g averaged SAR distribution profile on surface of 

the plant model. Elevated SAR distribution levels have been noted among larger leaves at 2150 

MHz. It is so because primarily leaves are very thin with sharp edges; moreover, Catharanthus 

roseus leaves possess permittivity    
   of 53.53 at 2150 MHz whereas realized wavelength 

inside leave tissue is around 
     

      
          . As a consequence, leaves having dimensions 
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larger than realized wavelength possess more number of peaks and higher SAR distribution than 

the rest of the plant structure. 

As discussed earlier – charge accumulation on surface area with greater curvature tends to be 

greater in magnitude; this phenomenon can be proved by solving Poisson’s equation on and 

around the surface of arbitrary shaped structure [75]. Local electric field strength because of such 

non uniform charge distribution also follows a similar distribution i.e. electric field at points with 

greater charge density is greater in magnitude [76]. The occurrence of concentrated electric field 

near sharp edges is not only limited to conducting bodies but also applies to lossy dielectric 

bodies with finite conductivity     [77]. Explanation of scattering problem illustrated by 

scattering of incident electromagnetic field by a lossy dielectric object ultimately leads to an 

electric field distribution or equivalent induced surface current density that prefers the sharp 

edges i.e. magnitude of the distribution is greater in close vicinity of greater surface curvature. 

Data summarized in Table 4.29 to Table 4.33 indicate that MLP SAR, 1g averaged SAR and 

WBA SAR values increase with frequency for all electromagnetic regulatory standards. 

Estimated SAR data increase with frequency primarily because of two factors; first, plane wave 

equivalent reference power density level increases with increase in frequency of exposure. In 

addition, effective wavelength within plant dielectric tissue shortens with increase in frequency 

of exposure; consequently, more numbers of peak electric field point develop within the plant 

model resulting in increased SAR value for even same magnitude of electromagnetic field. 

Moreover, dielectric properties      of plant tissues also vary with frequency which further 

contributes to alter SAR data. Plants are exposed to mobile tower radiation throughout their 

lifespan – therefore, simulated SAR data are absolutely pertinent and shouldn’t be 

underestimated further by averaging over six minutes of time span. 

Comprehensive analyses of data at any particular frequency reveal that there are wide 

discrepancies among SAR values depending upon the electromagnetic standards in effect. Six 

different electromagnetic exposure scenarios have been considered during this comparative study 

– two are global occupational exposure scenarios and rests are global as well as national public 

exposure scenarios [9-12]. FCC and ICNIRP prescribed occupational exposure levels are 

fivefold liberal compared to respective public exposure levels [9-10]. As a consequence, SAR 

data for the plant model are extremely high in occupational exposure scenarios at all frequencies. 
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Occupational electromagnetic standards prescribed by FCC and ICNIRP are somewhat different 

at 900 MHz and 1800 MHz bands; proportionate differences between respective SAR data have 

also been noted (Table 4.29 and Table 4.30). SAR data rise by 33 percent (947.5 MHz) and 8 

percent (1842.5 MHz) as per FCC occupational exposure standards compared to ICNIRP 

occupational exposure standards.  

In public exposure scenario, plane wave equivalent reference power density levels differ by 

tenfold to hundredfold among different global and national electromagnetic exposure regulatory 

standards. Resembling occupational exposure scenario, FCC and ICNIRP prescribed public 

electromagnetic standards are also dissimilar at 900 MHz and 1800 MHz bands; but, national 

public exposure standards in India and Switzerland are much stricter compared to global 

scenarios [9-12]. While analyzing, significant disparity in SAR data has been noted under 

different global and national public exposure scenarios. Similar to occupational exposure 

scenario at 947.5 MHz and 1842.5 MHz, SAR data differ by same ratio between two global 

public exposure standards (Table 4.29 and Table 4.30). However compared to global public 

exposure standards, all SAR values have been reduced by tenfold and hundredfold respectively 

in India and Switzerland. Fig. 4.23 illustrates severe contrast in 1g averaged SAR data as per 

different global and national public electromagnetic standards. 1g averaged SAR values at public 

places have been noted to be extremely high as per FCC and ICNIRP standards, moderate in 

India and extremely low in Switzerland. Furthermore, it can be noted that SAR values at public 

places in countries like Russia, Italy etc. would also be very similar to that of Swiss public 

scenario – as plane wave equivalent reference power density levels are close enough at 947.5 

MHz and 1842.5 MHz and exactly similar thereafter [12-16]. 

Coexistence of several frequency bands results in cumulative SAR effect – base station antennas 

radiating at different frequencies are operational simultaneously over the years. As a 

consequence, evaluated SAR data at all frequencies add up and results in cumulative effect in 

any biological object and this plant model is no exception. Cumulative SAR data over all five 

frequencies have been illustrated in Fig. 4.24 and resulting curves indicate substantial 

discrepancies among different global and national electromagnetic exposure guidelines. 
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Table 4.29 Comparative SAR data for Catharanthus roseus plant model at 947.5 MHz as per 

different global and national electromagnetic regulatory guidelines 

Frequency 947.5 MHz 

Exposure Zone Occupational Public 

Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density        31.58 23.69 6.32 4.74 0.47 0.047 

Equivalent peak electric field (V/m) 154.3 133.6 69.02 59.77 18.82 5.95 

MLP SAR 17.8 13.3 3.56 2.67 0.27 0.027 

1g SAR 5.41 4.06 1.08 0.81 0.08 0.008 

2g SAR 3.81 2.86 0.76 0.57 0.06 0.006 

WBA SAR 3.32 2.49 0.66 0.50 0.05 0.005 

SAR is in W/kg 

 

Table 4.30 Comparative SAR data for Catharanthus roseus plant model at 1842.5 MHz as per 

different global and national electromagnetic regulatory guidelines 

Frequency 1842.5 MHz 

Exposure Zone Occupational Public 

Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density        50 46.06 10 9.21 0.92 0.092 

Equivalent peak electric field (V/m) 194.14 186.33 86.82 83.33 26.35 8.33 

MLP SAR 46.28 42.63 9.26 8.53 0.85 0.085 

1g SAR 14.34 13.21 2.87 2.64 0.26 0.026 

2g SAR 9.83 9.06 1.97 1.81 0.18 0.018 

WBA SAR 8.33 7.68 1.67 1.54 0.15 0.015 

SAR is in W/kg 

 

 



Specific Absorption Rate Evaluation for Prototyped Fruit and Plant Models 
 

182 
 

 

Table 4.31 Comparative SAR data for Catharanthus roseus plant model at 2150 MHz as per 

different global and national electromagnetic regulatory guidelines 

Frequency 2150 MHz 

Exposure Zone Occupational Public 

Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density        50 50 10 10 1 0.1 

Equivalent peak electric field (V/m) 194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 57.23 57.23 11.44 11.44 1.14 0.114 

1g SAR 17.80 17.80 3.56 3.56 0.356 0.036 

2g SAR 12.04 12.04 2.41 2.41 0.241 0.024 

WBA SAR 10.08 10.08 2.02 2.02 0.202 0.020 

SAR is in W/kg 

 

Table 4.32 Comparative SAR data for Catharanthus roseus plant model at 2350 MHz as per 

different global and national electromagnetic regulatory guidelines 

Frequency 2350 MHz 

Exposure Zone Occupational Public 

Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density        50 50 10 10 1 0.1 

Equivalent peak electric field (V/m) 194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 66.75 66.75 13.35 13.35 1.34 0.133 

1g SAR 20.85 20.85 4.17 4.17 0.417 0.042 

2g SAR 13.94 13.94 2.79 2.79 0.279 0.028 

WBA SAR 11.59 11.59 2.32 2.32 0.232 0.023 

SAR is in W/kg 
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4.3.2.7 Conclusions 

Significant contrast in SAR data has been noted for Catharanthus roseus plant model due to lack 

of uniformity among different global and national electromagnetic regulatory standards [9-12]. 

SAR data for the plant model reduce by tenfold to hundredfold as per Indian and Swiss public 

standards respectively compared to other established global electromagnetic standards. It is so 

because both power density        
      and SAR            vary proportionately with second 

power of electric field strength;        and   respectively stand for maximum amplitude of 

incident electric field and intrinsic impedance of free space (377 ohm). All SAR data for the 

designed Catharanthus roseus model (stands along  -axis) have been reported due to linearly 

polarized plane wave incidence with direction of propagation along  -axis and electric field 

variation along  -axis. However, SAR data are expected to change for different directions of 

propagation or different axes of electric field variation – as demonstrated later in this chapter. 

Reported simulation data can be a good reference for validation through practical SAR 

measurement. Catharanthus roseus tissue equivalent phantom liquids are being prepared for the 

same purpose – those phantom liquid formulae are presented later in this thesis. 

Table 4.33 Comparative SAR data for Catharanthus roseus plant model at 2450 MHz as per 

different global and national electromagnetic regulatory guidelines 

Frequency 2450 MHz 

Exposure Zone Occupational Public 

Guidelines FCC ICNIRP FCC ICNIRP India Swiss 

Power density        50 50 10 10 1 0.1 

Equivalent peak electric field (V/m) 194.14 194.14 86.82 86.82 27.45 8.68 

MLP SAR 72.76 72.76 14.55 14.55 1.46 0.145 

1g SAR 22.63 22.63 4.52 4.52 0.45 0.045 

2g SAR 15.05 15.05 3.01 3.01 0.30 0.030 

WBA SAR 12.48 12.48 2.50 2.50 0.25 0.025 

SAR is in W/kg 
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Observed wide variation in SAR data due to lack of uniformity among different electromagnetic 

standards is not object specific i.e. this contrast in SAR data is applicable for all biological 

models irrespective of their structures and tissue layer distributions. Hence, introducing uniform 

electromagnetic regulatory standards worldwide is an absolute necessity considering effects of 

electromagnetic energy absorption in plants (along with humans). Basis to introduce decisive 

uniform electromagnetic standards is a trade-off between two factors. Minimum feasible power 

density (or equivalent electric field strength) sufficient for seamless data and voice connectivity 

over-the-air is the primary factor. This factor further depends on effective implementation of 

 

Fig. 4.23: Contrast in 1g averaged SAR data for Catharanthus roseus plant model due to 

variation among different global and national public electromagnetic standards 

   

Fig. 4.24: Contrast in cumulative SAR data for Catharanthus roseus plant model due to 

variation among electromagnetic standards prescribed by different global and national 

organizations 
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smaller cell size and more of frequency reuses; more number of mobile towers should be 

installed and each mobile tower antenna must emit minimal electromagnetic power to reduce 

radiated power density in far field. Secondly, further investigations should be carried out to 

explore the maximum power density levels over different frequency bands that have negligible 

biological effects on humans as well as plants. Different global and national electromagnetic 

standards are consistent with their own history, evolution criteria and the policy promoted by the 

issuing authority. All those regulatory bodies must decide together a standard set of criteria for 

investigating biological effects of electromagnetic radiation on humans and plants. Scientific 

publications that report investigations in accordance with those standard set of criteria will only 

have to be taken into consideration – thus, the regulatory specifications can be harmonized and 

lead to subsequent introduction of a globally uniform electromagnetic standards [16]. However 

until biological effects are precisely known, the minimum feasible power density sufficient for 

seamless data and voice connectivity should be treated as the reference level and lead the path 

toward uniform electromagnetic regulatory standards worldwide. 

4.4 Dependence of SAR Data and Spatial Distribution in Fruit 

Specimens on Angle of Incidence and Wave Polarization 

The necessity to investigate SAR dataset and their spatial distributions in different fruit and plant 

models has already been discussed. Thus, SAR is not only dependent upon reference power 

density and dielectric properties      of the biological model (example, a bunch of fruits 

structure) but also on its geometry and polarization of incident wave. Hence, investigating 

variation in SAR data for any particular plant / bunch of fruits structure due to different 

combinations of frequency, angle of incidence and wave polarization is much needed in far field 

exposure scenario. To explore this issue meticulously, SAR dataset have been simulated for two 

asymmetrical bunches of fruits and their variations due to different combinations of frequency, 

angle of incidence and wave polarization have also been investigated thereafter. This 

investigation includes SAR dataset and their spatial distributions in a bunch of single layer fruits 

model as well as in a bunch of multilayer fruits model. These asymmetrical bunches of fruits 

models have separately been irradiated with plane wave incidence at five different frequencies 

i.e. 947.50 MHz, 1842.50 MHz, 2150 MHz, 2350 MHz and 2450 MHz respectively. At a 

particular frequency of irradiation, SAR data have been simulated for six different combinations 



Specific Absorption Rate Evaluation for Prototyped Fruit and Plant Models 
 

186 
 

of angle of incidence and wave polarization. Electric field strength at different frequencies has 

been modified as per the electromagnetic exposure regulatory guidelines in effect. Variations of 

SAR dataset have been noted down for different exposure scenarios. Recorded data indicate 

different order of changes in SAR value for different bunches of fruits models due to similar 

combinations of frequency, power density, angle of incidence and wave polarization. 

4.4.1 Dependence of SAR in Homogeneous Fruits Model 

4.4.1.1 Introduction 

In most practical scenarios, plants and bunches of fruits are of asymmetric geometrical shapes 

and sizes. As a consequence, even at a particular frequency with fixed reference power density, 

electromagnetic energy absorption rate i.e. SAR value in plants and bunches of fruits is expected 

to differ depending upon the angle of wave incidence and polarization of incident wave. To 

address these issues in detail, a typical bunch of three single layered water apples has been 

prototyped and exposed to plane wave irradiation at five different frequency bands as per the 

existing Indian electromagnetic regulatory guidelines [11]. Broadband dielectric properties      

of water apple specimens have been measured using open ended coaxial probe technique [32-

39]; next, measured dielectric properties      have been fed into the designed model. At a 

particular frequency, reasonable variations in magnitude and position of maximum local point 

SAR, 1g averaged SAR and 10g averaged SAR data have been noted for six different 

combinations of angle of incidence and wave polarization. This whole course of action is 

repeated over five different frequencies i.e. at 947.50 MHz, 1842.50 MHz, 2150 MHz, 2350 

MHz and 2450 MHz respectively. Moreover, variations in observed SAR data have also been 

compared with the variations in SAR data for another multilayer fruit structure (discussed later in 

this chapter). Observations indicate different order of changes in SAR for different fruit 

structures due to similar combinations of frequency, power density, angle of incidence and wave 

polarization. 

4.4.1.2 Indian Electromagnetic Exposure Guidelines 

For the above mentioned bunch of homogeneous water apples model, all SAR datasets along 

with their spatial distributions have been evaluated in accordance with the existing Indian 

electromagnetic exposure regulatory guidelines (as prescribed by DoT, Govt. of India) [11]. A 

1 
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Table 4.34 Reference power density and equivalent electric field strength in India [11] 

Public Electromagnetic 

Guidelines in India 

Frequency (MHz) 

947.50 1842.50 2150 2350 2450 

Power Density        0.474 0.948 1.00 1.00 1.00 

Peak Electric Field (V/m) 18.90 26.73 27.46 27.46 27.46 

 

detailed discussion on the revised Indian electromagnetic exposure regulatory guidelines has 

already been carried out earlier in this chapter – therefore, the same is not required to be repeated 

here. The plane wave equivalent reference power density limits along with equivalent peak 

electric field strengths have been tabulated in Table 4.34 [11]. 

4.4.1.3 Dielectric Properties and Material Density of Water Apple 

It is now well established that complex dielectric properties      of different fruit specimens are 

measured using open ended coaxial probe technique [32-39]. It is so because most fruit tissues 

are soft solids with high permittivity    
   and loss tangent        – thus, they require non 

invasive dielectric properties      characterization technique. This technique characterizes 

dielectric properties      using phase and amplitude of reflected signal at open end of the probe 

pressed against flat surface of samples (in case of liquid samples, the probe is directly immersed 

inside). The 85070E high temperature open ended coaxial probe works with E5071B VNA to 

record reflection coefficient data. The cascaded system is calibrated employing open-short-

reference liquid method [32-39]. The equivalent circuit model along with detailed mathematical 

analysis has been outlined in the previous chapter [52-62].  

Agilent Technologies 85070E open ended coaxial probe kit has been employed along with 

Agilent Technologies E5071B VNA for broadband permittivity    
   and loss tangent        

measurement of green water apple fruit tissue at 25 ˚C [32-39]. This setup provides quite 

accurate measured data after precise system calibration. However, there are two categories of 

uncertainty factors associated with this measurement technique – random error (Type A) and 

systematic error (Type B) [78-80]. The random error (Type A) is primarily associated with 

variations in repeated sample-to-sample measurements for a specific biological tissue – even at a 

fixed temperature and after single system calibration (within 4% typical limit). In contrast, the 
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systematic error (Type B) is associated with probe calibration technique, calibration in reference 

liquid, measurement of fruit specimens, VNA drift and movement / bending of cable – however, 

these factors can be controlled with precision to minimize systematic error (1%). In general, the 

combined uncertainty of the measured dielectric data is observed to be within 5% limit for 

different biological specimens. The water apples have been cut with a sharp knife to obtain flat 

surfaces for accurate dielectric characterization. The entire open ended coaxial probe has been 

covered by the large flat cut surfaces of fruit specimens. The fruit specimens’ dimensions along 

the radial directions as well as beneath the coaxial probe were large enough compared to the skin 

depth – thus, the condition of infinite dimensions of the material under test (water apple) has 

been satisfied. Optimal pressure has been applied with the open ended coaxial probe on the flat 

cut surfaces of the water apples during measurement – as extreme pressure could result in tissue 

deformation and subsequent erroneous measurement records. Dielectric properties      have 

been measured for five different green water apples at early maturation stage and data for the 

fifth water apple have been further utilized for SAR estimation. However, the measured 

dielectric properties      for the fruit specimens varied within a narrow range. This limited 

sample-to-sample variation in measured data is quite reasonable due to minor differences in 

water content and other tissue constituents (random error (Type A)) along with additional factors 

contributing to systematic error in the measurement setup (Type B) [78-80]. The cascaded 

dielectric properties      measurement setup has been illustrated in Fig. 4.25(a). Measured 

permittivity    
   and loss tangent        data for water apple fruits have been illustrated 

respectively in Figs. 4.25(b) and (c) along with summarization in Table 4.35. In this context, it 

should also be noted that the water content (increases), soluble solid content (increases) and 

firmness (reduces) etc. change with the fruit maturation / ripening process – as a consequence, 

the measured dielectric properties      of water apple can also reasonably change at different 

growth stages as it progresses to maturation / ripening phase [81-83].  

Material density of water apple fruit is also required for SAR calculation. Mass and volume of 

some green water apples have been measured using balance, beaker and a stone with cotton 

string. Average material density has been observed to be 833.33      . 
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Table 4.35 Measured parameters of water apple tissue 

Dielectric Properties Frequency (MHz) 

947.50 1842.50 2150 2350 2450 

Permittivity 68.75 67.57 67.58 67.68 67.53 

Loss Tangent 0.102 0.124 0.136 0.141 0.149 

 

 

(a) 

 

(b)                                                                          (c) 

Fig. 4.25: (a) Open ended coaxial probe setup for broadband dielectric properties 

characterization of water apples, (b) Measured permittivity data for different water apple samples 

and (c) Measured loss tangent data for different water apple samples 

 

4.4.1.4 Bunch of Water Apples Model and SAR Simulation Setup 

A typical bunch of three single layered water apples has been modelled in CST MWS 2016 [49]. 

The peel of water apple is practically inseparable from the pulp – thus, it has not been considered 

as a separate dielectric layer in the model. Each individual water apple has been considered to be 

symmetric along its major axis to reduce the complexity of design. The entire designed prototype 

is illustrated in Fig. 4.26(a) – where three fruits with different sizes are connected via twigs and 
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(a)                                                         (b) 

 

(c)                                                         (d) 

Fig. 4.26: (a) A linearly polarized plane wave incidence on the bunch of water apples [Direction 

of Propagation (DoP):   = -1,   field:   axis], (b) MLP SAR distribution at 1842.50 MHz 

[Direction of Propagation (DoP):   = -1,   field:   axis], (c) 1g SAR distribution at 1842.50 

MHz [Direction of Propagation (DoP):   = -1,   field:   axis] and (d) 10g SAR distribution at 

1842.50 MHz [Direction of Propagation (DoP):   = -1,   field:   axis] 

 

possess a total mass of 94 g. In the designed prototype, the water apples are inclined to each 

other – thus, the entire prototype containing three fruits is asymmetric in nature. To achieve a 

robust meshing of the designed structure – time domain solver has been chosen because of the 
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complicated geometry of prototyped model and the lossy low quality factor of constituent tissue 

dielectric layer [49]. As already discussed, this time domain solver in CST MWS 2016 is 

developed based on FIT computational scheme – the same was first introduced in 1977 [50-51]. 

In the required solution space, Maxwell’s integral equations are first discretized and then solved 

using numerical technique in this computational scheme. The prototyped biological model is 

spatially discretized using hexahedral meshes with flexible size – where one wavelength spatial 

distance is divided into 20 subsections. Four PMLs have been used as absorbing boundary. 

Distance of absorbing boundary is kept fixed at 0.10 cm. Inverse transformation accuracy of −40 

dB has been chosen as the steady state energy criterion to observe frequency domain 

characteristics [49]. At a particular frequency, linearly polarized plane waves with six different 

combinations of direction of propagation and wave polarization have been impinged on the 

bunch of water apples in six distinct simulations. Then, variations in position and magnitude of 

maximum SAR data have been recorded. Point SAR at the centre of individual mesh cell is 

calculated using the formula          – where σ, E and ρ respectively represent electrical 

conductivity of the biological tissue, developed peak electric field strength at the point of interest 

and material density of the tissue. The IEEE/IEC 62704-1 SAR averaging protocol available in 

CST MWS 2016 has been employed to calculate all SAR data – detailed SAR calculation 

technique and the spatial averaging protocol have already been discussed earlier in this chapter 

[17, 49]. Simulations have been performed at five different frequency bands of interest (to be 

precise, 947.50 MHz, 1842.50 MHz, 2150 MHz, 2350 MHz and 2450 MHz) as per the revised 

Indian electromagnetic regulatory guidelines. MLP SAR, 1g averaged SAR, 10g averaged SAR 

and WBA SAR data have been recorded at all five frequencies as per the prescribed power 

density levels in India [11]. 

4.4.1.5 SAR Results and Discussion 

Observed variations in simulated MLP SAR, 1g SAR, 10g SAR and WBA SAR data for six 

different combinations of direction of propagation and wave polarization have been tabulated at 

all five frequencies. Relevant SAR data along with respective positions at 947.50 MHz, 1842.50 

MHz, 2150 MHz, 2350 MHz and 2450 MHz have been tabulated respectively in Table 4.36 to 

Table 4.40. In this connection, MLP SAR, 1g SAR and 10g SAR distributions on three 

dimensional surfaces of the prototyped bunch of water apples have been illustrated in Figs. 
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Table 4.36 SAR data for different directions of propagation and wave polarizations at 947.50 MHz 

Frequency = 947.50 MHz 

Direction of 

Propagation & 

Wave 

Polarization 

MLP 

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

1g      

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

10g  

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

WBA 

SAR 

(W/kg) 

DoP: x = 1       

E-field: y axis 

1.5005 -0.41625, 1.9266, 1.72001 0.1849 -0.0707107, 2.0625, 1.58667 0.07714 0.183211, 2.80427, 2.40579 0.04536 

DoP: x = 1       

E-field: z axis 

0.8532 -0.41625, 1.9266, 1.72001 0.1449 2.0625, -0.0707107, 2.6295 0.08277 2.80427, -0.0707107, 3.31693 0.04016 

DoP: y = 1       

E-field: x axis 

1.4908 1.9266, -0.41625, 1.72001 0.1849 2.0625, -0.0707107, 1.58667 0.07716 2.80427, 0.183211, 2.40579 0.04537 

DoP: y = 1       

E-field: z axis 

0.8480 1.9266, -0.41625, 1.72001 0.1448 -0.0707107, 2.0625, 2.6295 0.08276 -0.0707107, 2.80427, 3.31693 0.04015 

DoP: z = -1       

E-field: x axis 

0.8033 1.7798, 0.0707107, 1.9113 0.1921 2.0625, 0.0707107, 2.40579 0.10592 -0.0707107, 4.17622, 4.6375 0.05341 

DoP: z = -1       

E-field: y axis 
0.8026 0.0707107, 1.7798, 1.9113 0.1920 0.0707107, 2.0625, 2.40579 0.10586 4.17622, -0.0707107, 4.6375 0.05339 

Max-to-Min 

SAR Ratio 

1.87 1.33 1.37 1.33 

 

 

Table 4.37 SAR data for different directions of propagation and wave polarizations at 1842.50 MHz 

Frequency = 1842.50 MHz 

Direction of 

Propagation & 

Wave 

Polarization 

MLP 

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

1g      

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

10g    

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

WBA 

SAR 

(W/kg) 

DoP: x = 1       

E-field: y axis 

1.1325 -0.0707107, 1.15736, 

4.42621 

0.27237 0.41625, 3.39399, 2.85807 0.125892 -0.0707107, 3.04446, 

2.74335 

0.048930 

DoP: x = 1       

E-field: z axis 

0.5628 1.7798, -0.0707107, 

1.9113 

0.24238 0.183211, 0.0707107, 

0.286402 

0.105029 0.0707107, 0.0707107, 

0.515524 

0.047632 

DoP: y = 1       

E-field: x axis 

1.1329 1.15736, 0.0707107, 

4.42621 

0.27241 3.39399, 0.41625, 2.85807 0.125896 3.04446, -0.0707107, 

2.74335 

0.048929 

DoP: y = 1       

E-field: z axis 
0.5617 -0.0707107, 1.7798, 

1.9113 

0.24232 0.0707107, 0.183211, 

0.286402 

0.105019 0.0707107, 0.0707107, 

0.515524 

0.047628 

DoP: z = -1       

E-field: x axis 
1.4736 1.15736, 0.0707107, 

4.42621 

0.30543 0.0707107, 0.0707107, 

0.515524 

0.114452 3.04446, -0.183211, 2.85807 0.061304 

DoP: z = -1       

E-field: y axis 

1.4733 -0.0707107, 1.15736, 

4.42621 
0.30544 0.0707107, 0.0707107, 

0.515524 

0.114456 -0.183211, 3.04446, 2.85807 0.061310 

Max-to-Min 

SAR Ratio 

2.62 1.26 1.20 1.29 

 

 

 

 

4.26(b), (c) and (d) respectively – specifically at 1842.50 MHz for direction of propagation 

(plane wave):   = –1 and electric field (  field):   axis. Here, it must be noted that higher charge 

accumulation, consequent local electric field development and equivalent induced surface 

current density take place near the curved regions on pure conducting bodies as well as lossy 

dielectric objects [75-77]. Thus, prototyped bunch of water apples contains higher SAR 

distribution near the curved regions on the fruit surface. 
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Table 4.38 SAR data for different directions of propagation and wave polarizations at 2150 MHz 

Frequency = 2150 MHz 

Direction of 

Propagation & 

Wave 

Polarization 

MLP 

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

1g      

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

10g    

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

WBA 

SAR 

(W/kg) 

DoP: x = 1       

E-field: y axis 

1.4766 -0.0707107, 1.15736, 

4.42621 

0.21127 0.0707107, 0.28875, 

0.400963 
0.086005 -0.0707107, 0.41625, 

0.859207 

0.044028 

DoP: x = 1       

E-field: z axis 

1.5689 0.0707107, -0.0707107, 

3.84605 

0.18929 0.0707107, 3.16456, 

2.74335 

0.088682 -0.0707107, 0.28875, 

0.515524 

0.045977 

DoP: y = 1       

E-field: x axis 

1.4769 1.15736, 0.0707107, 

4.42621 

0.21126 0.28875, 0.0707107, 

0.400963 

0.086009 0.41625, -0.0707107, 

0.859207 

0.044028 

DoP: y = 1       

E-field: z axis 

1.5690 0.0707107, -0.0707107, 

3.84605 

0.18927 3.16456, 0.0707107, 

2.74335 

0.088680 0.28875, -0.0707107, 

0.515524 

0.045977 

DoP: z = -1       

E-field: x axis 

1.1199 1.15736, 0.0707107, 

4.42621 

0.22996 -0.0707107, 3.28466, 

2.74335 

0.087638 -0.183211, 2.68417, 2.28933 0.045340 

DoP: z = -1       

E-field: y axis 

1.1200 -0.0707107, 1.15736, 

4.42621 

0.22982 3.28466, -0.0707107, 

2.74335 

0.087616 2.68417, -0.183211, 2.28933 0.045343 

Max-to-Min 

SAR Ratio 

1.40 1.21 1.03 1.04 

 

Table 4.39 SAR data for different directions of propagation and wave polarizations at 2350 MHz 

Frequency = 2350 MHz 

Direction of 

Propagation & 

Wave 

Polarization 

MLP 

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

1g      

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

10g    

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

WBA 

SAR 

(W/kg) 

DoP: x = 1       

E-field: y axis 

1.2237 -0.0707107, 1.15736, 

4.42621 

0.223071 0.183211, 3.28466, 2.85807 0.093812 -0.0707107, 2.80427, 2.6295 0.044020 

DoP: x = 1       

E-field: z axis 
1.7670 

(1.60) 

0.0707107, -0.0707107, 

3.84605 

0.214339 0.183211, 3.28466, 2.74335 0.084475 0.0707107, 2.92437, 2.51653 0.045232 

DoP: y = 1       

E-field: x axis 

1.2243 1.15736, 0.0707107, 

4.42621 

0.223052 3.28466, 0.183211, 2.85807 0.093816 2.80427, -0.0707107, 2.6295 0.044021 

DoP: y = 1       

E-field: z axis 

1.7669 0.0707107, -0.0707107, 

3.84605 

0.214343 3.28466, 0.183211, 2.74335 0.084468 2.92437, -0.0707107, 

2.51653 

0.045230 

DoP: z = -1       

E-field: x axis 

1.1083 1.15736, 0.0707107, 

4.42621 

0.269293 -0.0707107, 3.28466, 2.6295 0.096274 

(1.14) 

0.183211, 3.04446, 2.74335 0.046575 

DoP: z = -1       

E-field: y axis 

1.1077 -0.0707107, 1.15736, 

4.42621 

0.269167 3.28466, -0.0707107, 2.6295 0.096232 3.04446, 0.183211, 2.74335 0.046578 

Max-to-Min 

SAR Ratio 

1.60 1.26 1.14 1.06 

 

 

 

 
 

 

Magnitude of MLP SAR varies 1.87, 2.62, 1.40, 1.60 and 1.13 times (i.e. Max-to-Min MLP SAR 

Ratio) respectively at 947.50 MHz, 1842.50 MHz, 2150 MHz, 2350 MHz and 2450 MHz due to 

different combinations of direction of arrival and wave polarization. It should be noted that the 

maximum (or the minimum) SAR values at different frequencies don’t happen to occur for 

unique combination of direction of propagation and wave polarization – it is so because the 

internally developed electric field distribution alters with frequency and so does the SAR 

distribution. Even at a particular frequency, positions of MLP SAR, maximum 1g SAR and 
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Table 4.40 SAR data for different directions of propagation and wave polarizations at 2450 MHz 

Frequency = 2450 MHz 

Direction of 

Propagation & 

Wave 

Polarization 

MLP 

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

1g      

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

10g    

SAR 

(W/kg) 

Position [x, y, z] 

(cm) 

WBA 

SAR 

(W/kg) 

DoP: x = 1       

E-field: y axis 

1.6318 -0.0707107, 1.15736, 

4.42621 

0.20062 0.28875, 0.0707107, 

0.400963 

0.084905 -0.183211, 2.80427, 2.51653 0.040987 

DoP: x = 1       

E-field: z axis 

1.8141 0.0707107, -0.0707107, 

3.84605 

0.18270 0.0707107, 3.28466, 

2.74335 

0.075784 

 

-0.0707107, 2.92437, 

2.40579 

0.042298 

DoP: y = 1       

E-field: x axis 

1.6324 1.15736, 0.0707107, 

4.42621 

0.20059 0.0707107, 0.28875, 

0.400963 
0.084910 2.80427, -0.183211, 2.51653 0.040988 

DoP: y = 1       

E-field: z axis 
1.8141 0.0707107, -0.0707107, 

3.84605 

0.18270 3.28466, 0.0707107, 

2.74335 
0.075778 2.92437, -0.0707107, 

2.40579 

0.042296 

DoP: z = -1       

E-field: x axis 

1.6012 1.15736, 0.0707107, 

4.42621 
0.23135 -0.0707107, 3.28466, 2.6295 0.082632 0.183211, 3.04446, 2.74335 0.046313 

DoP: z = -1       

E-field: y axis 
1.6004 -0.0707107, 1.15736, 

4.42621 

0.23125 3.28466, -0.0707107, 2.6295 0.082598 3.04446, 0.183211, 2.74335 0.046316 

Max-to-Min 

SAR Ratio 

1.13 1.27 1.12 1.13 

 

 

 

 

maximum 10g SAR don’t coincide. Figs. 4.27(a) to (e) illustrate variations in position and 

magnitude of MLP SAR for six different combinations of direction of propagation and wave 

polarization at five distinct frequencies – wide contrast in spatial coordinates of MLP SAR has 

been noted in addition to magnitude variation due to alteration in directions of propagation and 

wave polarizations. However, though significant variations in position of maximum 1g averaged 

and 10g averaged SAR data have been observed due to different combinations of direction of 

arrival and wave polarization, magnitudes differ to somewhat extent. Magnitude of maximum 1g 

averaged SAR varies 1.33, 1.26, 1.21, 1.26 and 1.27 times (i.e. Max-to-Min 1g SAR Ratio) 

respectively at five frequencies – as illustrated in Figs. 4.28(a) to (e). Likewise, magnitude of 

maximum 10g averaged SAR varies 1.37, 1.20, 1.03, 1.14 and 1.12 times (i.e. Max-to-Min 10g 

SAR Ratio) respectively at five frequencies – those have been graphically illustrated in Figs. 

4.29(a) to (e). Fig. 4.30 demonstrates that WBA SAR varies 1.33, 1.29, 1.04, 1.06 and 1.13 times 

(i.e. Max-to-Min WBA SAR Ratio) at five frequencies mentioned earlier.  

Water apples are composed of single homogeneous dielectric layer and symmetric over the 

major axes of individual fruits. Hence, different combinations of direction of arrival and wave 

polarization have resulted in between 1.13 to 2.62 order of change in MLP SAR. However for 

multilayer fruit structure, this order of change in MLP SAR can shoot up to a factor of 10 to 13 – 

as reported later in this chapter. In addition, it is also observed that variation in SAR decreases as  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig 4.27: (a) to (e) Variations in magnitude and 

position of MLP SAR for six different 

combinations of direction of propagation and 

wave polarization at 947.50 MHz, 1842.50 MHz, 

2150 MHz, 2350 MHz and 2450 MHz 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig 4.28: (a) to (e) Variation in magnitude and 

position of 1g averaged SAR for six different 

combinations of direction of propagation and 

wave polarization at 947.50 MHz, 1842.50 MHz, 

2150 MHz, 2350 MHz and 2450 MHz 
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  (a)                                                                  (b) 

 
  (c)                                                                  (d) 

 
(e) 

Fig 4.29: (a) to (e) Variation in magnitude and position of 10g averaged SAR for six different 

combinations of direction of propagation and wave polarization at 947.50 MHz, 1842.50 MHz, 

2150 MHz, 2350 MHz and 2450 MHz 

 

 
 

Fig. 4.30: Variation in magnitude of WBA SAR at 947.50 MHz, 1842.50 MHz, 2150 MHz, 

2350 MHz and 2450 MHz 
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the averaging mass increases – the same phenomenon has been observed even for multilayer 

fruits structure in the later example. Multilayer fruits structure has been reported to have 

significantly higher order of change even in case of maximum 10g averaged and WBA SAR (2 

to 4 times). SAR variation in multilayer fruit model is higher compared to single layer fruit  

model – it is so because multiple reflections of propagating electromagnetic wave take place at 

layer interfaces and thus result in local superposition of incident and reflected waves causing 

elevated SAR in multilayer model – please refer to the next work in this chapter. 

4.4.1.6 Conclusions 

Position and magnitude of SAR in fruit models significantly vary with different combinations of 

frequency, direction of arrival and wave polarization. Moreover, this variation in SAR 

distribution is also geometry, orientation of fruits, number of dielectric layers and dielectric 

profile dependent in different models. In addition, the dielectric properties      of fruits change 

with maturation process [83] – this factor can further contribute to alter SAR distribution in fruit 

models. Hence, prescribing reference power density level in far field can’t describe the entire 

electromagnetic energy absorption scenario and fails to reflect comprehensive SAR information 

in plants and fruits. This particular work has been performed in accordance with the existing 

Indian electromagnetic guidelines [11] – however, different global and national electromagnetic 

regulatory guidelines are not uniform with each other and also demand harmonization among 

themselves [9-16]. Thus, direct adoption of SAR limit for plants and fruits is also required in far 

field and therefore recommended. SAR limit for plants and fruits should be adopted based upon 

further investigated outcome of electromagnetic irradiation induced physiological and molecular 

responses in plants, fruits and crops [40-48]. 

4.4.2 Dependence of SAR in Multilayer Fruits Model 

4.4.2.1 Introduction 

It is already known that a number of diversified international and national electromagnetic 

regulatory standards have been prescribed across geographical boundaries for limiting 

electromagnetic radiation – SAR and plane wave equivalent reference power density limits have 

been prescribed by the international organizations to protect humans from immediate thermal 

effects [9-16]. However, reference power density limits differ by ten to hundred times across 
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geographical boundaries depending upon the electromagnetic standards in effect – as discussed 

earlier in this chapter. Moreover, prescribed reference power density limit also varies with 

frequency of irradiation. In addition, plants and fruits are primarily asymmetric in nature – 

therefore, direction of arrival and polarization of incident electromagnetic field are two crucial 

factors that significantly influence the amplitude and spatial distribution of SAR. Therefore, 

prescribing only the maximum permissible power density limit in far field seems to be 

inadequate. To address these issues, SAR data inside a typical multilayer mango fruits model 

have been estimated at five different frequencies in accordance with four different international 

and national electromagnetic regulatory standards (with contrasting reference power density 

limits) [9-12] – the magnitudes and spatial distributions of SAR data have been quantified and 

reported at different frequencies as well as for distinct averaging techniques. Moreover, the 

impact of direction of arrival and polarization of incident electromagnetic field on the magnitude 

and spatial distribution of SAR has also been investigated. A total of one hundred and twenty 

rigorous simulations has been performed and consequent to it four hundred and eighty SAR data 

points have been analyzed. Wide disagreement in SAR data has been observed due to variations 

in four factors mentioned above – i.e. reference power density, frequency, direction of arrival 

and polarization of incident electromagnetic field. Moreover keeping all the other factors 

unaltered, SAR can’t be directly correlated with the reference power density limit primarily due 

to non-identical and asymmetric structures of bunch of fruits and plants in most practical 

scenarios. Thus, observations indicate the necessity of adopting globally harmonized 

electromagnetic regulatory standards and direct adoption of SAR limit for plants and fruits 

instead of only the reference power density limits in far field exposure scenario. 

4.4.2.2 Dielectric Properties and Material Density of Mango Tissues 

As discussed earlier, the open ended coaxial probe technique is a well established non-invasive 

method for characterizing dielectric properties of biological tissues [32-39]. The lumped 

equivalent circuit for open ended coaxial probe along with detailed mathematical analyses has 

already been discussed in this chapter [52-62]. In this particular work, Agilent Technologies 

85070E open ended coaxial dielectric properties measurement probe has been used along with 

the Agilent Technologies E5071B ENA series vector network analyzer to characterize dielectric 

properties      of green mango pulp, seed and leaf samples [32-39]. Dielectric properties      for 
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(a)                                                                          (b) 

  

(c)                                                                          (d) 

Fig. 4.31: (a) Dielectric properties measurement setup for mango pulp, (b) Close-up view of 

dielectric properties measurement setup for mango pulp, (c) Measured permittivity for different 

mango tissues over broad frequency range and (d) Measured loss tangent for different mango 

tissues over broad frequency range 

the above mentioned samples have been measured over 20 MHz to 8.5 GHz frequency spectrum 

at 25 ˚C. Dielectric properties      characterization setup has been illustrated in Figs. 4.31(a) and 

(b); whereas the measured dielectric properties      of different mango tissue specimens have 

been plotted in Figs. 4.31(c) and (d) respectively. Dielectric properties      have further been 

summarized in Table 4.41 at the frequencies of interest along with the measured material 

densities for mango pulp, seed, leaf and twig specimens. 

4.4.2.3 Bunch of Mango Fruits and SAR Simulation Setup 

An indigenous multilayer prototype for a bunch of two mango fruits has been developed in CST 

MWS 2014 [49]. The prototyped model is composed of mango pulp, seed, twigs and leaf 

weighing around 235 g mass along with a volume of 260 cm
3
. As discussed earlier, the complex 
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Table 4.41 Measured parameters of different mango tissues 

Tissue Pulp Seed Leaf & twig 

Density 906.25 kg/m
3
 914.89 kg/m

3
 833.33 kg/m

3
 

Frequency εr tan δ εr tan δ εr tan δ 

947.5 MHz 71.72 0.171 67.00 0.148 33.61 0.309 

1842.5 MHz 70.59 0.160 65.66 0.152 31.45 0.270 

2150 MHz 70.24 0.178 65.32 0.174 31.00 0.270 

2350 MHz 70.14 0.182 65.29 0.182 30.67 0.272 

2450 MHz 69.88 0.190 65.01 0.192 30.63 0.277 

 

geometric structure shown in Fig. 4.32(a) and the low quality factor due to lossy dielectric layers 

inside the multilayer fruits model have led to the choice of transient / time domain solver 

(developed based on FIT) for achieving a robust mesh distribution [50-51]. The Maxwell’s 

integral equations are discretized and solved using numerical techniques inside the prototyped 

multilayer fruits model i.e. the desired solution space. The whole prototyped multilayer mango 

fruits model has been discretized in space with infinitesimal hexahedral meshes of variable size – 

one wavelength of spatial distance inside the dielectric layers has been subdivided into 20 

segments. The typical mesh cell count for the above mentioned bunch of mango fruits has been 

observed to be around 6.5 lakh – moreover, the average mass of individual mesh cell is around 

0.0015 g. Four PMLs with 10
-4

 reflection coefficient have been used as the electromagnetic 

absorbing boundaries. Separation between the prototyped bunch of mango fruits structure and 

the absorbing boundary wall has been set negligible by choosing appropriate boundary 

conditions – thus, plane wave is excited very close to the prototyped structure. Next, the above 

mentioned bunch of mango fruits has been exposed to linearly polarized plane waves with 

different combinations of directions of propagation and wave polarizations at five different 

frequencies (refer to Fig. 4.32(b)). After satisfying the steady state energy criterion, an inverse 

transformation precision of –40 dB has been preferred in all the time domain simulations to 

obtain the frequency domain responses [49]. MLP SAR, 1g averaged SAR, 10g averaged SAR 

and WBA SAR data have been simulated in accordance with four different international and 

national electromagnetic regulatory standards for different directions of incidence and 
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polarizations of incident field [9-12]. All together, one hundred and twenty electromagnetic 

simulations have been performed – next, four hundred and eighty SAR data points have been 

analyzed in subsequent steps. All reported SAR data have been evaluated using the most updated 

IEEE/IEC 62704-1 SAR averaging protocol [17, 49]. As discussed earlier – once the Maxwell’s 

integral equations have been solved and electric field strengths on the edges of a grid cell are 

known, the average electric fields along all three axes are calculated. Next, the effective electric 

field at the grid centre is obtained and further utilized to calculate point SAR          . Next, 

a cubical volume is uniformly expanded along all three axes centering a particular grid cell to 

achieve the desired SAR averaging mass. In few cases, this cubical volume can include at most 

10 percent background material near the structural boundaries – but, the background material 

mass is not taken into consideration to achieve the averaging mass. Thus, 1g or 10g averaged 

spatial SAR values have been calculated for a particular grid cell – this averaging technique is 

repeated positioning each valid grid cell at the centre of the averaging cube. Finally, 1g or 10g 

averaged spatial SAR distributions on and inside the prototyped mango fruits model have been 

obtained using the earlier calculated spatial averaged SAR data of all individual grid cells in the 

prototyped structure. This is how spatial SAR averaging has been performed in accordance with 

the IEEE/IEC 62704-1 SAR averaging protocol – more detailed descriptions are available in 

literature [17].  

4.4.2.4 Contrast among Different Electromagnetic Standards 

SAR value for the designed bunch of mango fruits model is expected to differ with incident 

electric field strength at any particular frequency. Therefore, the contrasts among different 

electromagnetic regulatory standards prescribed by FCC, ICNIRP, DoT (India) and Switzerland 

in terms of plane wave equivalent reference power density limit or equivalent electric field 

strength limit for public exposure have been outlined earlier in this chapter [9-12]. The plane 

wave equivalent reference power density limits at public zone differ by ten to hundred times 

across geographical boundaries based on the regulatory standards in effect (refer to Table 4.17) 

[9-12, 16]. In addition, the public exposure policies in Russia, Italy etc. are very strict like in 

Switzerland – thus, those electromagnetic policies haven’t been discussed here separately [12-

15]. 



Specific Absorption Rate Evaluation for Prototyped Fruit and Plant Models 
 

202 
 

 

      (a)                                                                                   (b) 

              

      (c)                                                                                   (d) 

Fig. 4.32: (a) Three dimensional perspective of the designed bunch of mango fruits model with 

marked coordinates, (b) The bunch of mango fruits model is exposed to a linearly polarized plane 

wave propagating along  -axis and electric field along  -axis, (c) 1g SAR distribution on three 

dimensional surfaces of the bunch of mango fruits model at 2.45 GHz as per the existing Indian 

public scenario, (d) 1g SAR distribution on a two dimensional cut plane of the bunch of mango 

fruits model at 2.45 GHz as per the existing Indian public scenario 

 
4.4.2.5 SAR Data and Analysis 

The dependence of SAR magnitude and its distribution inside the typical bunch of mango fruits 

model on reference power density limit, frequency of irradiation, direction of arrival and wave 

polarization has been investigated in this work. However, a prior discussion regarding typical 

SAR distribution on three dimensional external surfaces and on specific internal cut plane of the 
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Table 4.42 Comparative SAR data at 947.5 MHz for different directions of arrival and 

polarizations of incident wave 

Frequency 947.5 MHz 

Direction and polarization 

of incident wave 

FCC  ICNIRP  India  Swiss  

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

DoP: y = 1, E-field: z axis 6.97 0.87 0.47 5.22 0.65 0.35 0.52 0.06 0.035 0.05 0.006 0.003 

DoP: y = -1, E-field: z axis 7.06 0.87 0.47 5.30 0.65 0.35 0.53 0.06 0.035 0.05 0.006 0.003 

DoP: x = 1, E-field: z axis 6.55 1.06 0.61 4.91 0.80 0.46 0.49 0.08 0.046 0.04 0.008 0.004 

DoP: x = -1, E-field: z axis 7.34 1.01 0.59 5.51 0.76 0.44 0.55 0.07 0.044 0.05 0.007 0.004 

DoP: z = -1, E-field: y axis 1.38 0.41 0.20 1.03 0.31 0.15 0.10 0.03 0.015 0.01 0.003 0.001 

DoP: z = -1, E-field: x axis 18.77 3.09 0.93 14.08 2.32 0.70 1.40 0.23 0.070 0.14 0.023 0.007 

SAR is in W/kg 

Table 4.43 Comparative SAR data at 1842.5 MHz for different directions of arrival and 

polarizations of incident wave 

Frequency 1842.5 MHz 

Direction and polarization 

of incident wave 

FCC  ICNIRP  India  Swiss  

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

DoP: y = 1, E-field: z axis 6.36 1.84 0.56 5.86 1.69 0.51 0.58 0.16 0.051 0.05 0.016 0.005 

DoP: y = -1, E-field: z axis 5.95 1.01 0.46 5.48 0.93 0.43 0.54 0.09 0.043 0.05 0.009 0.004 

DoP: x = 1, E-field: z axis 22.23 2.19 0.94 20.48 2.02 0.86 2.04 0.20 0.087 0.20 0.020 0.008 

DoP: x = -1, E-field: z axis 22.61 1.90 0.83 20.83 1.75 0.77 2.08 0.17 0.077 0.20 0.017 0.007 

DoP: z = -1, E-field: y axis 2.39 1.31 0.63 2.20 1.21 0.58 0.22 0.12 0.058 0.02 0.012 0.005 

DoP: z = -1, E-field: x axis 16.11 2.30 1.11 14.84 2.12 1.02 1.48 0.21 0.102 0.14 0.021 0.010 

SAR is in W/kg 

 
bunch of mango fruits model is deemed necessary. Figs. 4.32(c) and (d) illustrate 1g averaged 

SAR distributions respectively on three dimensional surfaces and on specific two dimensional 

cut planes of prototyped bunch of mango fruits model at 2.45 GHz as per the existing Indian 

public exposure scenario [11]. The SAR distributions are consequences of linearly polarized 

plane wave irradiation with direction of propagation along the  -axis and electric field variation 

along the  -axis. It has been observed that the SAR value increases on and around regions with 

higher curvature or near dielectric boundaries. It is so because magnitude of charge accumulation 

tends to increase on surface region with greater curvature as obtained by solving Poisson’s 

equation on and around the surface of an arbitrary shaped structure [75]. Local electric field 

distribution also follows a similar pattern due to such non uniform charge distribution i.e. electric 
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Table 4.44 Comparative SAR data at 2150 MHz for different directions of arrival and 

polarizations of incident wave 

Frequency 2150 MHz 

Direction and polarization 

of incident wave 

FCC  ICNIRP  India  Swiss  

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

DoP: y = 1, E-field: z axis 6.06 2.55 0.72 6.06 2.55 0.72 0.59 0.25 0.072 0.06 0.025 0.007 

DoP: y = -1, E-field: z axis 5.20 1.10 0.46 5.20 1.10 0.46 0.51 0.10 0.046 0.05 0.011 0.004 

DoP: x = 1, E-field: z axis 20.53 2.77 0.90 20.53 2.77 0.90 2.06 0.27 0.089 0.20 0.027 0.008 

DoP: x = -1, E-field: z axis 18.21 1.54 0.61 18.21 1.54 0.61 1.80 0.15 0.061 0.18 0.015 0.006 

DoP: z = -1, E-field: y axis 2.40 1.20 0.45 2.40 1.20 0.45 0.240 0.12 0.045 0.02 0.012 0.004 

DoP: z = -1, E-field: x axis 16.42 2.39 1.06 16.42 2.39 1.06 1.62 0.23 0.106 0.16 0.023 0.010 

SAR is in W/kg 

Table 4.45 Comparative SAR data at 2350 MHz for different directions of arrival and 

polarizations of incident wave 

Frequency 2350 MHz 

Direction and polarization 

of incident wave 

FCC  ICNIRP  India  Swiss  

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

DoP: y = 1, E-field: z axis 7.40 3.02 0.81 7.40 3.02 0.81 0.71 0.29 0.080 0.07 0.030 0.008 

DoP: y = -1, E-field: z axis 6.31 1.00 0.45 6.31 1.00 0.45 0.61 0.10 0.045 0.06 0.010 0.004 

DoP: x = 1, E-field: z axis 21.76 3.24 0.89 21.76 3.24 0.89 2.09 0.31 0.088 0.21 0.032 0.008 

DoP: x = -1, E-field: z axis 17.87 1.23 0.49 17.87 1.23 0.49 1.73 0.12 0.050 0.17 0.012 0.004 

DoP: z = -1, E-field: y axis 2.98 1.51 0.46 2.98 1.51 0.46 0.29 0.14 0.046 0.02 0.015 0.004 

DoP: z = -1, E-field: x axis 14.02 2.61 1.07 14.02 2.61 1.07 1.39 0.25 0.106 0.13 0.026 0.010 

SAR is in W/kg 

 

field strength at regions with greater charge density is greater in magnitude [76]. This 

phenomenon of concentrated electric field near sharp edges is not only true for conducting 

bodies but also applies to dielectric objects with reasonably high electrical conductivity / loss 

tangent [77]. Analysis of the scattering problem i.e. scattering of incident electromagnetic field 

due to a lossy dielectric body generally leads to an electric field distribution or equivalent 

induced surface current density that prefers to be in close vicinity of sharp edges – magnitude of 

surface current distribution is more in close vicinity of greater surface curvature. Hence, 

increased electromagnetic energy absorption rate near sharp geometries of prototype bunch of 

mangoes can cause localized effects and the same shouldn’t be averaged over nearby masses 

with less electromagnetic energy absorption rates.  
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Table 4.46 Comparative SAR data at 2450 MHz for different directions of arrival and 

polarizations of incident wave 

Frequency 2450 MHz 

Direction and polarization 

of incident wave 

FCC  ICNIRP  India  Swiss  

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

MLP 

SAR 

1g 

SAR 

10g 

SAR 

DoP: y = 1, E-field: z axis 8.20 3.36 0.87 8.20 3.36 0.87 0.82 0.33 0.087 0.08 0.033 0.008 

DoP: y = -1, E-field: z axis 7.81 1.05 0.43 7.81 1.05 0.43 0.78 0.10 0.043 0.07 0.010 0.004 

DoP: x = 1, E-field: z axis 24.11 3.56 0.92 24.11 3.56 0.92 2.41 0.35 0.092 0.24 0.035 0.009 

DoP: x = -1, E-field: z axis 17.30 1.09 0.44 17.30 1.09 0.44 1.73 0.10 0.044 0.17 0.011 0.004 

DoP: z = -1, E-field: y axis 2.97 1.68 0.45 2.97 1.68 0.45 0.29 0.16 0.045 0.03 0.016 0.004 

DoP: z = -1, E-field: x axis 15.76 2.69 1.08 15.76 2.69 1.08 1.57 0.26 0.10 0.15 0.026 0.010 

SAR is in W/kg 

 

Next, let’s consider the effect of reference power density limit which is regulated by the 

electromagnetic standards in effect; SAR data have been estimated for the prototyped bunch of 

mango fruits model over five different frequencies in accordance with the FCC and ICNIRP 

prescribed international public exposure standards [9-10]. In addition, SAR data have also been 

simulated as per the existing Indian and Swiss national public electromagnetic regulatory 

policies (refer to Table 4.17) [11-12]. It is noted that for a particular combination of frequency, 

direction of incidence and wave polarization, SAR values for the bunch of mango fruits model 

are widely contrasting in nature depending upon the reference power density limit (i.e. the 

regulatory standards) in effect. Data presented in Table 4.42 to Table 4.46 illustrate that SAR 

value increases proportionately with the prescribed reference power density limit irrespective of 

frequency of irradiation. Thus, be it MLP SAR, 1g averaged SAR or 10g averaged SAR, it is 

always maximum corresponding to public exposure in accordance with the FCC standards [9]; 

however SAR data are also quite high as per the ICNIRP norms for public exposure (below 1500 

MHz) and at par with the FCC standards beyond 1500 MHz [10]. Simulated SAR data in 

accordance with the existing Indian scenario have been noted to be moderate at 1/10
th
 levels of 

the ICNIRP scenario [10-11]. The most stringent SAR values have been noted as per the Swiss 

public exposure standards at 1/100
th
 levels of the ICNIRP scenario [10, 12]. Both reference 

power density and SAR value are dependent upon second degree of electric field strength 

magnitude at their respective points of measurement; hence, contrast in SAR value for the 

designed bunch of mango fruits model exactly follows contrasting nature of the reference power 
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density limits as per the above mentioned international and national electromagnetic regulatory 

standards [9-12].   

Frequency of irradiation is the second factor that significantly contributes to the SAR magnitude 

variation along with its distribution in the prototyped bunch of mango fruits model. Keeping all 

other factors unchanged, SAR magnitude in general varies with the frequency of irradiation as 

noted in Table 4.42 to Table 4.46. Moreover, the spatial SAR distribution along with the position 

of maximum SAR shifts inside the prototyped bunch of mango fruits model with frequency of 

irradiation – as illustrated in Figs. 4.33(a) to (p) and Figs. 4.34(a) to (p). The realized wavelength 

inside biological tissue layers decreases with increase in frequency of irradiation; as a 

consequence, more number of peak formations occurs inside the bunch of mango fruits model. 

Moreover, the maximum permissible reference power density limit increases with frequency of 

irradiation up to 1500 MHz [9-12]; both these factors influence resultant SAR value. As a 

consequence, 1g and 10g averaged SAR values increase considerably from 947.5 MHz to 1842.5 

MHz (as seen in Table 4.42 to Table 4.43) and thereafter varies at a lower rate with frequency of 

irradiation.  

The magnitude of electromagnetic energy absorption rate and its distribution not only depend 

upon the reference power density limit and frequency of irradiation – rather, the direction of 

arrival and polarization of incident wave are also two crucial factors in determining SAR value 

and its distribution. It is so because plant and fruit structures are mostly asymmetric in nature. 

Observations in Figs. 4.33(a) to (p), Figs. 4.34(a) to (p) and Tables 4.42-4.47 indicate that the 

magnitudes of MLP SAR, 1g averaged SAR, 10g averaged SAR and their distributions 

significantly differ due to six different combinations of direction of arrival and polarization of 

incident wave. The respective maximum variations in MLP SAR, 1g averaged SAR, 10g 

averaged SAR and WBA SAR are 9.46 times, 2.27 times, 2.37 times and 1.79 times at 1842.5 

MHz due to alterations in direction of arrival and incident wave polarization. Similar variations 

in electromagnetic energy absorption rate due to different combinations of direction of arrival 

and polarization of incident wave have been observed at all the other frequencies as well (refer to 

Table 4.47). 
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Fig. 4.33: SAR data as per the FCC public electromagnetic standards (a) to (c) MLP SAR, 1g 

averaged and 10g averaged SAR distribution at 947.5 MHz due to variations in direction of 

arrival and polarization; (d) to (f) MLP SAR, 1g averaged and 10g averaged SAR distribution at 

1842.5 MHz due to variations in direction of arrival and polarization; (g) to (i) MLP SAR, 1g 

averaged and 10g averaged SAR distribution at 2150 MHz due to variations in direction of 

arrival and polarization; (j) to (l) MLP SAR, 1g averaged and 10g averaged SAR distribution at 

2350 MHz due to variations in direction of arrival and polarization; (m) to (o) MLP SAR, 1g 

averaged and 10g averaged SAR distribution at 2450 MHz due to variations in direction of 

arrival and polarization; (p) WBA SAR data over all five frequencies due to variat ions in 

direction of arrival and polarization 
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Fig. 4.34: SAR data as per the existing Indian public electromagnetic standards (a) to (c) MLP 

SAR, 1g averaged and 10g averaged SAR distribution at 947.5 MHz due to variations in 

direction of arrival and polarization; (d) to (f) MLP SAR, 1g averaged and 10g averaged SAR 

distribution at 1842.5 MHz due to variations in direction of arrival and polarization; (g) to (i) 

MLP SAR, 1g averaged and 10g averaged SAR distribution at 2150 MHz due to variations in 

direction of arrival and polarization; (j) to (l) MLP SAR, 1g averaged and 10g averaged SAR 

distribution at 2350 MHz due to variations in direction of arrival and polarization; (m) to (o) 

MLP SAR, 1g averaged and 10g averaged SAR distribution at 2450 MHz due to variations in 

direction of arrival and polarization; (p) WBA SAR data over all five frequencies due to 

variations in direction of arrival and polarization 
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Table 4.47 Typical Max-to-Min SAR ratio for different combinations of direction of arrival 

and polarization of incident wave 

Frequency 

(MHz) 

Typical Max/Min SAR ratio for different 

combinations of direction of arrival and 

polarization of incident field 

MLP SAR 1g SAR 10g SAR WBA SAR 

947.5 13.66 7.48 4.66 4.16 

1842.5 9.46 2.27 2.37 1.79 

2150 8.55 2.51 2.35 1.52 

2350 7.30 3.24 2.37 1.45 

2450 8.11 3.39 2.51 1.32 

 

The reported data in Table 4.47 strongly indicate that limiting the reference power density level 

or the equivalent electric field strength is inadequate to correlate with SAR value and ensure 

safety of plants, crops and fruits in far field region; because, electromagnetic energy absorption 

rate in asymmetric bunch of mango fruits model is largely dependent upon the direction of 

arrival and polarization of incident wave. Hence, direct adoption of basic SAR limit for all living 

bodies is more logical even in far field.   

4.4.2.6 Conclusions 

All reported SAR data have been estimated for public exposure in accordance with different 

international and national electromagnetic regulatory standards. However, it must be noted that 

the reference power density limits are much liberal in case of occupational exposure scenario; as 

a consequence, estimated SAR values would increase five times or so for such exposure scenario 

[9-10]. Furthermore, SAR values are additive in nature over multiple frequency bands of 

irradiation; hence, restriction should also be imposed to limit the cumulative SAR value instead 

of SAR estimated for a single frequency of irradiation.  

Electromagnetic energy absorption rate inside the prototyped bunch of mango fruits model 

considerably varies depending upon each of these factors – i.e. reference power density, 

frequency, direction of arrival and polarization of incident wave. Proportionate disagreement in 

SAR magnitude due to discrepancy in reference power density limit as per the different 
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international and national guidelines indicates the need of uniform regulatory guidelines 

worldwide [16]. In addition, magnitude as well as spatial distribution of SAR varies significantly 

with frequency of irradiation. In general, SAR magnitude increases with frequency of irradiation 

because of enhanced reference power density limits (up to 2000 MHz) and increased number of 

peak formations due to reduced wavelength in biological tissues. Plant and fruit structures are 

reasonably asymmetric in nature – as a consequence, magnitude and spatial distribution of SAR 

inside the bunch of mango fruits model crucially vary with direction of arrival and polarization 

of incident wave. The ratios of maximum SAR magnitude to minimum SAR magnitude at 

different frequencies have been noted to be quite significant – as reported in Table 4.47. In 

addition, significant variations in spatial SAR distribution due to different directions of arrival 

and polarizations of incident wave have also been reported. Hence, uniform electromagnetic 

regulatory standards should be adopted worldwide – in addition, direct adoption of maximum 

allowable SAR limits is preferable even for plant and fruit structures as they are quite 

asymmetric in nature. 
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Chapter 5 
Phantom Liquid Preparation for Different 
Fruit and Plant Samples to Perform 
Practical Specific Absorption Rate 
Measurement  

 

5.1 Introduction 

In the previous two chapters, broadband complex dielectric properties      have been 

characterized and Specific Absorption Rate (SAR) data have been estimated for a number of fruit 

and plant specimens. Broadband dielectric properties      i.e. permittivity    
   and loss tangent 

       data have been measured using open ended coaxial probe technique over a broad 

frequency range up to 8.5 GHz [1-11]. Moreover, SAR data and their variations in a number of 

fruit and plant prototypes due to contrast in electromagnetic regulatory guidelines, angle of wave 

incidence and polarization have been simulated using the Time Domain (TD) solver available in 

CST Microwave Studio (CST MWS) [12-14]. Next, to further validate these simulated SAR 

data, customized fruit and plant phantom models are required. To be specific, three dimensional 

hollow fruit and plant phantom models need to be manufactured using thin, low permittivity    
   

and low lossy        dielectric material – the same needs precise industrial manufacturing 

support. In addition, different fruit and plant tissue equivalent phantom liquids must also be 

prepared for practical SAR measurement with appropriate dielectric properties      i.e. 

permittivity    
   and loss tangent       .  

Thus, different fruit and plant tissue equivalent phantom liquids have been prepared for three 

different frequencies i.e. 947.50 MHz, 1842.50 MHz and 2450 MHz. While preparing the tissue 

equivalent liquids, it should be taken into consideration that the phantom liquids must be non-

toxic, non-corrosive to the measuring electric field probe and phantom shell and of low viscosity 

to ease the movement of electric field probe [15]. 
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Standard dielectric properties      and chemical recipes are now available for human body and 

head equivalent phantom liquids at different frequencies of interest [16]. Biological tissue 

equivalent phantom liquids can be prepared using sugar, glycol or diacetin based solutions 

depending upon frequency of operation, required permittivity    
   and loss tangent        

parameter values. In general, sugar based solutions are prepared to formulate tissue equivalent 

liquids at lower frequencies such as 900 MHz – but, glycol based solutions are more preferred at 

1800 MHz and 2450 MHz [15]. 

Keeping all these design and application constraints in vision, frequency dependent phantom 

liquid recipes have been prepared for twenty fruit and plant tissue layers (from twelve fruit and 

plant specimens) – targeting proper dielectric properties      equivalence at around 947.50 MHz, 

1842.50 MHz and 2450 MHz. 

5.2 Phantom Liquid Preparation for Fruit and Plant Specimens 

Different fruit and plant tissue layer equivalent phantom liquids have been prepared for 

application around 947.50 MHz, 1842.50 MHz and 2450 MHz. All the plant tissue equivalent 

phantom liquids have been prepared based on De-Ionized (DI) water with 13      resistivity – 

sucrose (sugar) based solutions have been prepared primarily at 947.50 MHz, whereas, 98% pure 

diethylene glycol monobutyl ether (glycol) based solutions have been prepared majorly at 

1842.50 MHz and 2450 MHz. In addition, 99.5% pure sodium chloride (NaCl) has been added to 

tune the electrical conductivity     / loss tangent        of the phantom liquid solutions. 

Individual tissue equivalent phantom liquid recipes have been prepared for twenty tissue layers 

identified out of twelve fruit and plant specimens – some of the fruit / plant structures are 

multilayer in nature. As mentioned before, complex dielectric properties      have been realized 

at 947.50 MHz and 1842.50 MHz downlink frequencies along with at ISM 2450 MHz. Thus, 

altogether, sixty (60) phantom liquid recipes have been prepared typically within 5% limit (in 

most cases) of the target permittivity    
   and loss tangent        values at the frequencies of 

interest. Customized recipes for fruit and plant tissue equivalent phantom liquids have been 

prepared in this chapter with different compositions of DI water, sucrose / diethylene glycol 

monobutyl ether and sodium chloride (NaCl). Next, dielectric properties      of the custom-

made phantom liquids have been measured with high temperature open-ended dielectric probe 
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                            (a)                                                                (b) 

Fig. 5.1: Open-ended coaxial probe and dielectric properties      measurement setup (a) 

85070E high temperature open-ended coaxial dielectric measurement probe, (b) broadband 

dielectric properties      measurement setup for characterizing phantom liquids 

kit (Agilent Technologies 85070E dielectric measurement kit) and Agilent Technologies E5071B 

Vector Network Analyzer (VNA) – after proper system calibration at 25 ˚C. All measured 

dielectric properties      i.e. both permittivity    
   and loss tangent        data of the phantom 

liquids have been plotted using MATLAB software [17]. Figs. 5.1(a) and (b) illustrate 85070E 

high temperature open-ended coaxial dielectric measurement probe and the entire dielectric 

properties      measurement setup for characterizing permittivity    
   and loss tangent        

of the prepared phantom liquids [18].   

5.3 Target Dielectric Properties of Fruit and Plant Specimens 

In this section, the measured reference dielectric properties      for a number of fruit and plant 

specimens have been tabulated at the frequencies of interest i.e. at 947.50 MHz, 1842.50 MHz 

and 2450 MHz. Based on these measured dielectric properties     , various fruit / plant tissue 

equivalent phantom liquid compositions have been proposed at the above mentioned frequencies. 

The permittivity    
   and loss tangent        data altogether for twenty tissue layers identified 

out of the twelve fruit and plant specimens have been presented in Table 5.1 – most of these 

measured data have been taken from the work reported in last two chapters. However, the 

measured dielectric properties      for black grape have only been taken from literature [19].  

In this connection, it should be noted that broadband complex dielectric properties      i.e. both 

permittivity    
   and loss tangent        of different fruit / plant specimens alter with 

maturation stage. Thus, even these measured reference dielectric properties      of different fruit 



Phantom Liquid Preparation for Different Fruit and Plant Samples 
 

224 
 

Table 5.1 Measured dielectric properties      of the targeted fruit and plant specimens 

Sl. 

No. 

Fruit / Plant 

Specimen 

947.5 MHz 1842.5 MHz 2450 MHz 

    
  tan δ   

  tan δ   
  tan δ 

1 Coconut green skin 41.21 0.385 38.12 0.306 37.14 0.296 

Coconut pulp 65.01 0.251 62.59 0.224 61.46 0.235 

Coconut water 77.54 0.190 76.51 0.168 75.91 0.181 

2 Apple 65.03 0.135 63.72 0.156 62.23 0.194 

3 Guava 72.08 0.154 71.05 0.159 69.73 0.179 

4 Grape 69.11 0.167 66.81 0.185 65.27 0.210 

5 Tomato 47.00 0.225 46.00 0.190 45.00 0.200 

6 Brinjal 34.00 0.200 33.00 0.185 32.50 0.200 

7 Chiku 66.02 0.199 63.65 0.214 62.50 0.245 

Chiku leaf 33.12 0.440 30.28 0.360 28.94 0.360 

8 Catharanthus roseus 

leaf 

57.85 0.501 54.05 0.331 53.21 0.295 

Catharanthus roseus 

flower 

62.47 0.212 60.53 0.175 60.04 0.186 

Catharanthus roseus 

stem 

43.26 0.475 40.16 0.326 39.29 0.307 

9 Green mango pulp 71.68 0.178 70.54 0.173 70.17 0.197 

Green mango seed 67.59 0.156 65.69 0.168 65.12 0.197 

Green mango leaf 34.03 0.302 31.80 0.268 31.04 0.272 

10 Water apple 68.75 0.102 67.57 0.124 67.53 0.149 

11 Orange 65.78 0.220 63.35 0.210 62.70 0.230 

Orange peel 43.48 0.240 41.59 0.230 41.26 0.269 

12 Black grape 71.25 0.176 68.94 0.202 67.47 0.224 

 

/ plant specimens can be a little different based on the maturation stage – the phantom liquid 

recipes can also be fine tuned in accordance with the reference values as per requirements.  
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(a) 

 

(b) 

Fig. 5.2: Coconut green skin tissue equivalent phantom liquid at 947.50 MHz (a) permittivity 

and (b) loss tangent 

5.4 Phantom Liquid Preparation for Fruit and Plant Specimens 

5.4.1 Phantom Liquids Preparation for Coconut Specimens 

Phantom liquids have been prepared for three different tissue layers in green coconut i.e. green 

skin in coconut, coconut pulp and coconut water. Phantom liquid recipes have been prepared at 

three different frequencies as stated earlier (947.50 MHz, 1842.50 MHz and 2450.00 MHz 

respectively). In most scenarios, different compositions of DI water, sucrose / diethylene glycol 

monobutyl ether and sodium chloride (NaCl) have been employed to achieve the desired 

permittivity    
   and loss tangent        values of the tissue equivalent phantom liquids at the 

frequencies of interest.  
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(a) 

 

(b) 

Fig. 5.3: Coconut green skin tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity 

and (b) loss tangent 

5.4.1.1 Phantom Liquids for Coconut Green Skin 

Phantom liquid recipes have been prepared for coconut green skin tissue layer at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz respectively. In all scenarios, coconut green skin tissue 

equivalent phantom liquids (at above mentioned frequencies) have been prepared based on 

different compositions of DI water (13 M cm resistivity), diethylene glycol monobutyl ether 

and sodium chloride (NaCl). In general, diethylene glycol monobutyl ether has been added with 

DI water in order to bring down the permittivity    
   of the composition – thus, to tune the 

consequential permittivity    
   close to the reference permittivity    

   of coconut green skin. 

Furthermore, sodium chloride (NaCl) has been added to the liquid recipes to fine tune the 

electrical conductivity     / loss tangent        of the equivalent phantom liquid solutions. 
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(a) 

 

(b) 

Fig. 5.4: Coconut green skin tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity 

and (b) loss tangent 

To prepare the coconut green skin tissue equivalent phantom liquids, broadband complex 

dielectric properties      of pure DI water (13 M cm resistivity) have been measured at initial 

phase. The measured permittivity    
   and loss tangent        values of the above mentioned 

DI water at 25 ˚C are 78.21, 77.69, 77.20 and 0.045, 0.091, 0.120 respectively at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. 

Aiming coconut green skin tissue equivalent phantom liquid at 947.50 MHz, 100 ml diethylene 

glycol monobutyl ether and 1600 mg sodium chloride (NaCl) have been mixed with 100 ml DI 

water in order to tune permittivity    
   and loss tangent        of the phantom liquid to values 

close to the original measured data – please refer to Table 5.2. Final phantom liquid permittivity 

   
   and loss tangent        values have been achieved within 0.85% and 0.52% limits of the 

reference values at 947.50 MHz – please refer to Fig. 5.2 and Table 5.3. 
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Next at 1842.50 MHz, 100 ml diethylene glycol monobutyl ether and 400 mg sodium chloride 

(NaCl) have been added with 100 ml DI water to tune dielectric properties      of the resultant 

phantom liquid close to the original coconut green skin tissue – please refer to Table 5.2. 

Achieved phantom liquid permittivity    
   and loss tangent        values are within 0.29% and 

2.61% limits of the reference values at 1842.50 MHz – please refer to Fig. 5.3 and Table 5.3. 

At 2450.00 MHz, 100 ml diethylene glycol monobutyl ether has been added with 100 ml DI 

water to tune permittivity    
   and loss tangent        of the resultant phantom liquid to values 

close to the original coconut green skin tissue – please refer to Table 5.2. Achieved phantom 

liquid permittivity    
   and loss tangent        values are within 0.75% and 11.15% limits of 

the reference values at 2450.00 MHz – please refer to Fig. 5.4 and Table 5.3. The deviation in 

loss tangent        can be minimized further using DI water with higher resistivity (>13 

M cm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2 Final compositions of coconut green skin tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 100 ml DGME & 1600 mg NaCl 

1842.50 100 ml DI water, 100 ml DGME & 400 mg NaCl 

2450.00 100 ml DI water & 100 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.3 Difference between the measured dielectric properties      of coconut green skin tissue 

specimen and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

41.21  

 

0.85% 

38.12  

 

0.29% 

37.14  

 

0.75% Phantom Liquid 

Permittivity    
   

40.86 38.01 37.42 

Reference Loss 

Tangent        

0.385  

 

0.52% 

0.306  

 

2.61% 

0.296  

 

11.15% Phantom Liquid 

Loss Tangent        

0.387 0.314 0.329 

 



Phantom Liquid Preparation for Different Fruit and Plant Samples 

229 
 

  

(a) 

 

(b) 

Fig. 5.5: Coconut pulp tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) 

loss tangent 

5.4.1.2 Phantom Liquids for Coconut Pulp 

This time, phantom liquids have been formulated for coconut pulp tissue layer at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz respectively. Coconut pulp tissue equivalent phantom liquids 

have been prepared based on different compositions of DI water (13 M cm resistivity), sucrose 

and sodium chloride (NaCl). In general, sucrose has been added with DI water to reduce 

permittivity    
   of the composition and thus to tune the phantom liquid permittivity    

   close 

to the reference permittivity    
   values of coconut pulp tissue (original measured data). In 

addition, sodium chloride (NaCl) has been added to the phantom liquid recipes for fine tuning 

electrical conductivity     / loss tangent        of the final equivalent phantom liquids. 



Phantom Liquid Preparation for Different Fruit and Plant Samples 
 

230 
 

  

(a) 

 

(b) 

Fig. 5.6: Coconut pulp tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

Before proceeding with coconut pulp tissue equivalent phantom liquid preparations, broadband 

complex dielectric properties      i.e. permittivity    
   and loss tangent        of pure DI water 

(13 M cm resistivity) has been measured at initial stage. The frequency dependent permittivity 

   
   and loss tangent        values of the DI water (13 M cm resistivity) at 25 ˚C have already 

been mentioned earlier and thus not repeated here. 

In order to prepare coconut pulp tissue equivalent phantom liquid recipe at 947.50 MHz, 42 g 

sucrose and 650 mg sodium chloride (NaCl) have been added to 100 ml DI water for tuning 

permittivity    
   and loss tangent        of the final phantom liquid to values close to the 

original measured values – please refer to Table 5.4. Final phantom liquid permittivity    
   and 
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(a) 

 

(b) 

Fig. 5.7: Coconut pulp tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

loss tangent        values have been achieved within 1.05% and 1.18% limits of the reference 

values at 947.50 MHz – please refer to Fig. 5.5 and Table 5.5. 

Next, to formulate coconut pulp tissue equivalent phantom liquid preparation at 1842.50 MHz, 

42 g sucrose and 200 mg sodium chloride (NaCl) have been added with 100 ml DI water to tune 

permittivity    
   and loss tangent        parameters of the consequential phantom liquid close 

to the original coconut pulp tissue specimen – please refer to Table 5.4. It should be noted that 

the phantom liquid permittivity    
   and loss tangent        values have been attained within 

1.76% and 2.68% limits of the reference values at 1842.50 MHz – please refer to Fig. 5.6 and 

Table 5.5. 
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At final phase, to prepare coconut pulp tissue equivalent phantom liquid recipe at 2450.00 MHz, 

42 g sucrose and 50 mg sodium chloride (NaCl) have been added to 100 ml DI water for tuning 

final dielectric properties      i.e. permittivity    
   and loss tangent        values of the 

phantom liquid recipe close to the original coconut pulp tissue specimen – please refer to Table 

5.4 for detailed composition. Finalized phantom liquid permittivity    
   and loss tangent        

parameter values have been achieved within 2.49% and 8.51% limits of the reference dielectric 

values at 2450.00 MHz – please refer to Fig. 5.7 and Table 5.5. In this connection, it should be 

noted that the loss tangent        at 2450.00 MHz has been achieved with 8.51% error – 

however, the difference in loss tangent        can further be reduced by using DI water with 

resistivity greater than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

Table 5.4 Final compositions of coconut pulp tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 42 g sucrose & 650 mg NaCl 

1842.50 100 ml DI water, 42 g sucrose & 200 mg NaCl 

2450.00 100 ml DI water, 42 g sucrose & 50 mg NaCl 

 

Table 5.5 Difference between the measured dielectric properties      of coconut pulp tissue 

specimen and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

65.01  

 

1.05% 

62.59  

 

1.76% 

61.46  

 

2.49% Phantom Liquid 

Permittivity    
   

65.69 63.69 62.99 

Reference Loss 

Tangent        

0.251  

 

1.18% 

0.224  

 

2.68% 

0.235  

 

8.51% Phantom Liquid 

Loss Tangent        

0.254 0.218 0.255 
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(a) 

 

(b) 

Fig. 5.8: Coconut water equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.1.3 Phantom Liquids for Coconut Water 

Coconut water equivalent phantom liquid recipe has been prepared to achieve reference 

permittivity    
   and loss tangent        values at all three frequencies i.e. 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. Coconut water equivalent phantom liquid recipe has been 

formulated based on a single composition of DI water (13 M cm resistivity) and sodium 

chloride (NaCl). It is well understood that sodium chloride (NaCl) has been added to DI water 

for increasing the electrical conductivity     / loss tangent        of the equivalent phantom 

liquid to match with coconut water specimen. 
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(a) 

 

(b) 

Fig. 5.9: Coconut water equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) loss 

tangent 

As mentioned earlier, prior to formulate coconut water equivalent phantom liquid recipe, 

broadband complex dielectric properties      of pure DI water (13 M cm resistivity) has been 

measured and validated. The measured permittivity    
   and loss tangent        values of the 

DI water (13 M cm resistivity) at 947.50 MHz, 1842.50 MHz and 2450.00 MHz have been 

mentioned before in this chapter – thus, not repeated here. 

To prepare coconut water equivalent phantom liquid recipe at 947.50 MHz, 300 mg sodium 

chloride (NaCl) has been added with 100 ml DI water to tune permittivity    
   and loss tangent 

       of the phantom liquid close to the reference values – please refer to Table 5.6. Final 

phantom liquid permittivity    
   and loss tangent        values have been achieved within 
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(a) 

 

(b) 

Fig. 5.10: Coconut water equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) 

loss tangent 

0.61% and 5.79% limits of the reference values at 947.50 MHz – please refer to Fig. 5.8 and 

Table 5.7. It should be noted that the error limit in loss tangent        at 947.50 MHz can be 

further brought down by employing DI water with higher resistivity (>13 M cm). 

Next, the same composition has been utilized further to achieve permittivity    
   and loss 

tangent        values of the coconut water equivalent phantom liquid even at 1842.50 MHz and 

2450.00 MHz – please refer to Table 5.6. Final phantom liquid permittivity    
   and loss tangent 

       values have been achieved within 0.01%, 0.08% and 0.00%, 2.21% limits respectively at 

1842.50 MHz and 2450 MHz – please refer to Figs. 5.9 and 5.10 along with Table 5.7.  
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Table 5.6 Final compositions of coconut water equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water & 300 mg NaCl 

1842.50 100 ml DI water & 300 mg NaCl 

2450.00 100 ml DI water & 300 mg NaCl 

 

Table 5.7 Difference between the measured dielectric properties      of coconut water specimen 

and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

77.54  

 

0.61% 

76.51  

 

0.01% 

75.91  

 

0.08% Phantom Liquid 

Permittivity    
   

77.07 76.50 75.97 

Reference Loss 

Tangent        

0.190  

 

5.79% 

0.168  

 

0.00% 

0.181  

 

2.21% Phantom Liquid 

Loss Tangent        

0.201 0.168 0.177 
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(a) 

 

(b) 

Fig. 5.11: Apple tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.2 Phantom Liquids Preparation for Apple Specimen 

Phantom liquid recipes have been prepared for apple tissue at 947.50 MHz, 1842.50 MHz and 

2450.00 MHz respectively. Apple tissue equivalent phantom liquids have been prepared based 

on different compositions of DI water (13 M cm resistivity), sucrose / diethylene glycol 

monobutyl ether and sodium chloride (NaCl). Based on desired frequency range, sucrose / 

diethylene glycol monobutyl ether has been added with DI water in order to bring down 

permittivity    
   of the liquid composition – thus, phantom liquid permittivity    

   is tuned 

closer to the measured permittivity    
   of apple tissue (reference data). Furthermore, sodium 

chloride (NaCl) has been added to the phantom liquid preparations to fine tune electrical 

conductivity     / loss tangent        of the equivalent phantom liquids. 
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(a) 

 

(b) 

Fig. 5.12: Apple tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) loss 

tangent 

As stated earlier, broadband dielectric properties      i.e. permittivity    
   and loss tangent 

       data for unadulterated DI water (13 M cm resistivity) have been measured first i.e. 

ahead of apple tissue equivalent phantom liquids preparation. The dielectric properties      i.e. 

permittivity    
   and loss tangent        data for DI water (13 M cm resistivity) at 25 ˚C have 

been discussed earlier at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – therefore, those values 

are not repeated here. 

At first, to formulate apple tissue equivalent phantom liquid preparation at 947.50 MHz, 42 g 

sucrose and 50 mg sodium chloride (NaCl) have been added to 100 ml DI water for achieving 

phantom liquid permittivity    
   and loss tangent        values close to the original reference 
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(a) 

 

(b) 

Fig. 5.13: Apple tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) loss 

tangent 

data for apple specimen (please refer to Table 5.8). The ultimate phantom liquid permittivity    
   

and loss tangent        values have been achieved within 4.26% and 8.15% limits of the 

reference data at 947.50 MHz (please refer to Fig. 5.11 and Table 5.9). It should be noted that the 

deviation in loss tangent        value can further be brought down by utilizing DI water with 

resistivity more than 13 M cm. 

Next, to prepare apple tissue equivalent phantom liquid recipe at 1842.50 MHz, 26.32 ml 

diethylene glycol monobutyl ether has been added with 100 ml DI water (resistivity = 13 M cm) 

to tune permittivity    
   and loss tangent        values of the equivalent phantom liquid close 

to the original apple tissue specimen (please refer to Table 5.8). It should be noted that the final 
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phantom liquid permittivity    
   value has been achieved within 1.95% limit of the reference 

value and loss tangent        value exactly matches at 1842.50 MHz – please refer to Fig. 5.12 

and Table 5.9. 

At final stage, the last mentioned phantom liquid composition i.e. a mixture of 26.32 ml 

diethylene glycol monobutyl ether and 100 ml DI water (resistivity = 13 M cm) has been 

utilized to tune dielectric properties      i.e. permittivity    
   and loss tangent        values of 

the liquid formulation close to the original apple tissue specimen at 2450.00 MHz (please refer to 

Table 5.8 for detailed chemical composition at 25 ˚C). Finalized phantom liquid permittivity    
   

and loss tangent        values have been tuned within 1.45% and 5.15% limits of the reference 

dielectric properties      of apple tissue specimen at 2450.00 MHz (please refer to Fig. 5.13 and 

Table 5.9). Once again, it should be noted that the deviation in loss tangent        at 2450.00 

MHz can further be minimized by employing DI water with resistivity more than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.8 Final compositions of apple tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 42 g sucrose & 50 mg NaCl 

1842.50 100 ml DI water & 26.32 ml DGME 

2450.00 100 ml DI water & 26.32 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.9 Difference between the measured dielectric properties      of apple tissue specimen and 

equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

65.03  

 

4.26% 

63.72  

 

1.95% 

62.23  

 

1.45% Phantom Liquid 

Permittivity    
   

67.80 62.48 61.33 

Reference Loss 

Tangent        

0.135  

 

8.15% 

0.156  

 

0.00% 

0.194  

 

5.15% Phantom Liquid 

Loss Tangent        

0.124 0.156 0.204 
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(a) 

 

(b) 

Fig. 5.14: Guava tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.3 Phantom Liquids Preparation for Guava Specimen 

This time, phantom liquid formulations have been prepared for guava fruit tissue at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. Guava tissue equivalent phantom liquid recipes have been 

prepared based on different compositions of DI water (resistivity = 13 M cm), sucrose and 

sodium chloride (NaCl). At initial phase, certain amount of sucrose has been added to DI water 

for bringing down the permittivity    
   of phantom liquid composition; in this manner, phantom 

liquid permittivity    
   is tuned closer to the measured permittivity    

   of guava tissue (original 

reference data). Thereafter, based on frequency of interest, different amounts of sodium chloride 

(NaCl) have been added to the above mentioned liquid composition for fine tuning electrical 

conductivity     / loss tangent        of the final equivalent phantom liquids. 
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(a) 

 

(b) 

Fig. 5.15: Guava tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) loss 

tangent 

As stated above, initially, complex dielectric properties      i.e. permittivity    
   and loss 

tangent        data have been measured for pure DI water (13 M cm resistivity) at 25 ˚C – 

prior to guava tissue equivalent phantom liquid recipes preparation. The measured permittivity 

   
   and loss tangent        data for the above mentioned DI water have already been 

discussed earlier at 947.50 MHz, 1842.50 MHz and 2450.00 MHz. 

At initial stage, to prepare guava fruit tissue equivalent phantom liquid recipe at 947.50 MHz, 20 

g sucrose and 250 mg sodium chloride (NaCl) have been added with 100 ml DI water (13 M cm 

resistivity) to attain permittivity    
   and loss tangent        values close to the original 

measured data for guava specimen (please refer to Table 5.10). The final phantom liquid 
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(a) 

 

(b) 

Fig. 5.16: Guava tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) loss 

tangent 

permittivity    
   and loss tangent        data have been achieved within 0.57% and 3.25% 

limits of the reference data at 947.50 MHz (please refer to Fig. 5.14 and Table 5.11). 

At subsequent phase, to formulate guava tissue equivalent phantom liquid preparation at 1842.50 

MHz, 20 g sucrose and 100 mg sodium chloride (NaCl) have been added with 100 ml DI water 

(13 M cm resistivity) to tune permittivity    
   and loss tangent        parameters of 

equivalent liquid close to the original guava specimen (please refer to Table 5.10). The final 

equivalent phantom liquid permittivity    
   and loss tangent        values have been achieved 

within 1.15% and 1.89% limits of the reference values for guava specimen at 1842.50 MHz 

(please refer to Fig. 5.15 and Table 5.11). 
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At last, 20 g sucrose and 50 mg sodium chloride (NaCl) have been added to 100 ml DI water (13 

M cm resistivity) for fine tuning equivalent phantom liquid permittivity    
   and loss tangent 

       values close to the original guava specimen at 2450.00 MHz (please refer to Table 5.10 

for detailed composition at 25 ˚C). Final permittivity    
   and loss tangent        values of the 

equivalent phantom liquid have been tuned within 0.49% and 5.03% limits of the reference 

dielectric properties      of original guava specimen at 2450.00 MHz (please refer to Fig. 5.16 

and Table 5.11). Here also, it is to be noted that the deviation in loss tangent        data can be 

further minimized if DI water with resistivity higher than 13 M cm is utilized in the equivalent 

phantom liquid composition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.10 Final compositions of guava tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 20 g sucrose & 250 mg NaCl 

1842.50 100 ml DI water, 20 g sucrose & 100 mg NaCl 

2450.00 100 ml DI water, 20 g sucrose & 50 mg NaCl 

 

Table 5.11 Difference between the measured dielectric properties      of guava tissue specimen and 

equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

72.08  

 

0.57% 

71.05  

 

1.15% 

69.73  

 

0.49% Phantom Liquid 

Permittivity    
   

72.49 70.23 69.39 

Reference Loss 

Tangent        

0.154  

 

3.25% 

0.159  

 

1.89% 

0.179  

 

5.03% Phantom Liquid 

Loss Tangent        

0.159 0.162 0.188 
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(a) 

 

(b) 

Fig. 5.17: Grape tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.4 Phantom Liquids Preparation for Grape Specimen 

Phantom liquid compositions have been prepared for grape tissue at 947.50 MHz, 1842.50 MHz 

and 2450.00 MHz respectively. Grape tissue equivalent liquid recipes have been prepared based 

on different compositions of DI water (13 M cm resistivity), sucrose / diethylene glycol 

monobutyl ether and sodium chloride (NaCl). Based upon the frequency of interest, sucrose / 

diethylene glycol monobutyl ether has been added with DI water (13 M cm resistivity) to 

reduce permittivity    
   of the liquid composition; in this fashion, phantom liquid permittivity 

   
   is tuned close to the measured permittivity    

   of grape tissue specimen (reference data). 

Next, sodium chloride (NaCl) has further been added to those liquid preparations for fine tuning 

electrical conductivity     / loss tangent        of the equivalent phantom liquids. 
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(a) 

 

(b) 

Fig. 5.18: Grape tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) loss 

tangent 

As noted earlier, complex dielectric properties      i.e. permittivity    
   and loss tangent        

data for pure DI water (13 M cm resistivity) have been measured at initial stage – before grape 

tissue equivalent phantom liquids formulation. The complex dielectric properties      i.e. 

permittivity    
   and loss tangent        data for DI water at 25 ˚C have been mentioned earlier 

at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – hence, those data haven’t been repeated here. 

At initial phase, in order to prepare grape tissue equivalent phantom liquid formulation at 947.50 

MHz, 27 g sucrose and 300 mg sodium chloride (NaCl) have been added to 100 ml DI water (13 

M cm resistivity) for attaining equivalent phantom liquid permittivity    
   and loss tangent 

       data close to the original reference values for measured grape specimen – please refer to 
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(a) 

 

(b) 

Fig. 5.19: Grape tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) loss 

tangent 

Table 5.12. The final phantom liquid permittivity    
   and loss tangent        values have been 

achieved within 1.35% and 5.39% limits of the reference data at 947.50 MHz (please refer to 

Fig. 5.17 and Table 5.13). It must be noted that the deviation in loss tangent        value can be 

minimized further by utilizing DI water with resistivity more than 13 M cm. 

Subsequently, to prepare grape tissue equivalent phantom liquid recipe at 1842.50 MHz, 19.23 

ml diethylene glycol monobutyl ether and 230.77 mg sodium chloride (NaCl) have been added 

with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   and loss tangent        

parameters of equivalent phantom liquid close to the original grape tissue specimen (please refer 

to Table 5.12). Final permittivity    
   and loss tangent        values of the equivalent phantom 
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liquid have been achieved within 2.18% and 0.54% limits of the measured reference values at 

1842.50 MHz (please refer to Fig. 5.18 and Table 5.13). 

At final phase, 19.23 ml diethylene glycol monobutyl ether and 153.85 mg sodium chloride 

(NaCl) have been mixed with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   

and loss tangent        values of equivalent phantom liquid close to the original grape tissue 

specimen at 2450.00 MHz (please refer to Table 5.12 for detailed recipe formulation at 25 ˚C). 

Finalized phantom liquid permittivity    
   and loss tangent        values have been tuned 

within 1.15% and 0.95% limits of the reference dielectric properties      of grape tissue 

specimen at 2450.00 MHz (please refer to Fig. 5.19 and Table 5.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.12 Final compositions of grape tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 27 g sucrose & 300 mg NaCl 

1842.50 100 ml DI water, 19.23 ml DGME & 230.77 mg NaCl 

2450.00 100 ml DI water, 19.23 ml DGME & 153.85 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.13 Difference between the measured dielectric properties      of grape tissue specimen and 

equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

69.11  

 

1.35% 

66.81  

 

2.18% 

65.27  

 

1.15% Phantom Liquid 

Permittivity    
   

70.04 65.35 64.52 

Reference Loss 

Tangent        

0.167  

 

5.39% 

0.185  

 

0.54% 

0.210  

 

0.95% Phantom Liquid 

Loss Tangent        

0.176 0.186 0.212 
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(a) 

 

(b) 

Fig. 5.20: Tomato tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.5 Phantom Liquids Preparation for Tomato Specimen 

Tomato tissue equivalent phantom liquid recipes have been prepared at 947.50 MHz, 1842.50 

MHz and 2450.00 MHz respectively. These liquid recipes, equivalent to the measured tomato 

tissue specimen, have been prepared based on different compositions of DI water (13 M cm 

resistivity), diethylene glycol monobutyl ether and sodium chloride (NaCl). In fact, diethylene 

glycol monobutyl ether has been added with DI water (13 M cm resistivity) to bring down 

permittivity    
   of the phantom liquid compositions – thus, equivalent phantom liquid 

permittivity    
   is tuned close to the measured permittivity    

   of tomato tissue specimen. 

Thereafter, sodium chloride (NaCl) has been added to those liquid recipes for tuning electrical 

conductivity     / loss tangent        of the equivalent phantom liquids. 
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(a) 

 

(b) 

Fig. 5.21: Tomato tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) 

loss tangent 

As stated before, permittivity    
   and loss tangent        parameters for pure DI water (13 

M cm resistivity) have been measured at the beginning i.e. even before starting to prepare 

tomato tissue equivalent phantom liquids at 25 ˚C. The measured dielectric properties      i.e. 

permittivity    
   and loss tangent        data for pure DI water at 25 ˚C have already been 

discussed at 947.50 MHz, 1842.50 MHz and 2450.00 MHz. 

At first, to prepare tomato tissue equivalent phantom liquid preparation at 947.50 MHz, 71.43 ml 

diethylene glycol monobutyl ether along with 500 mg sodium chloride (NaCl) has been added 

with 100 ml DI water (13 M cm resistivity) for achieving equivalent phantom liquid 

permittivity    
   and loss tangent        data close to the original measured values for tomato 

specimen (please refer to Table 5.14). The ultimate equivalent phantom liquid permittivity    
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(a) 

 

(b) 

Fig. 5.22: Tomato tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) 

loss tangent 

value has been achieved within 0.19% limit of the reference value and loss tangent        value 

exactly matches at 947.50 MHz (please refer to Fig. 5.20 and Table 5.15).  

At subsequent stage, to formulate tomato tissue equivalent phantom liquid at 1842.50 MHz, 

71.43 ml diethylene glycol monobutyl ether has simply been added with 100 ml DI water 

(resistivity = 13 M cm) to tune permittivity    
   and loss tangent        values of equivalent 

phantom liquid close to the original tomato specimen (please refer to Table 5.14). Final 

permittivity    
   and loss tangent        values of the equivalent phantom liquid have been 

achieved within 0.17% and 9.47% limits of the measured reference values at 1842.50 MHz 

(please refer to Fig. 5.21 and Table 5.15). It should be noted that the deviation in loss tangent 
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       value can be minimized further if DI water with resistivity more than 13 M cm is 

utilized. 

At final stage, the immediate past liquid composition i.e. 71.43 ml diethylene glycol monobutyl 

ether with 100 ml DI water (resistivity = 13 M cm) has been utilized to tune permittivity    
   

and loss tangent        data of equivalent phantom liquid close to the reference tomato 

specimen (please refer to Table 5.14 for the recipe at 25 ˚C). The final phantom liquid 

permittivity    
   value has been tuned within 1.13% limit of the reference tomato tissue 

specimen at 2450.00 MHz (please refer to Fig. 5.22(a) and Table 5.15). However, the reference 

loss tangent        value for tomato specimen couldn’t be achieved with 13 M cm resistivity 

DI water at 2450.00 MHz (please refer to Fig. 5.22(b) and Table 5.15). It should be noted that 

phantom liquid loss tangent        at 2450.00 MHz can be matched with DI water possessing 

resistivity much greater than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.14 Final compositions of tomato tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 71.43 ml DGME & 500 mg NaCl 

1842.50 100 ml DI water & 71.43 ml DGME 

2450.00 100 ml DI water & 71.43 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.15 Difference between the measured dielectric properties      of tomato tissue specimen 

and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

47.00  

 

0.19% 

46.00  

 

0.17% 

45.00  

 

1.13% Phantom Liquid 

Permittivity    
   

46.91 45.92 44.49 

Reference Loss 

Tangent        

0.225  

 

0.00% 

0.190  

 

9.47% 

0.200  

 

32.50% Phantom Liquid 

Loss Tangent        

0.225 0.208 0.265 
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(a) 

 

(b) 

Fig. 5.23: Brinjal tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) loss 

tangent 

5.4.6 Phantom Liquids Preparation for Brinjal Specimen 

Attempts have been made to prepare brinjal tissue equivalent phantom liquid recipes at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz respectively. Phantom liquid recipes, close to the 

measured brinjal specimen, have been attempted to be prepared based on different compositions 

of DI water (13 M cm resistivity), diethylene glycol monobutyl ether and sodium chloride 

(NaCl). In fact, diethylene glycol monobutyl ether has been added with DI water (resistivity = 13 

M cm) to reduce permittivity    
   of the phantom liquid recipes – in this manner, permittivity 

   
   of the equivalent phantom liquids is tuned close to the original permittivity    

   of brinjal 

tissue specimen. Furthermore, sodium chloride (NaCl) has been added to the liquid recipe for 
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(a) 

 

(b) 

Fig. 5.24: Brinjal tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) loss 

tangent 

tuning electrical conductivity     / loss tangent        of the equivalent phantom liquid in 

particular at 947.50 MHz. 

As discussed earlier, complex dielectric properties      i.e. permittivity    
   and loss tangent 

       values for pure DI water (resistivity = 13 M cm) have been measured at the initial stage 

– prior to preparing brinjal tissue equivalent phantom liquids. Measured permittivity    
   and 

loss tangent        values for pure DI water have been discussed earlier at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. 

In order to prepare brinjal tissue equivalent phantom liquid at 947.50 MHz, 142.86 ml diethylene 

glycol monobutyl ether and 214.28 mg sodium chloride (NaCl) have been added with 100 ml DI 
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(a) 

 

(b) 

Fig. 5.25: Brinjal tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) loss 

tangent 

water (resistivity = 13 M cm) for attaining equivalent phantom liquid permittivity    
   and loss 

tangent        values close to the original brinjal specimen (please refer to Table 5.16). The 

equivalent phantom liquid permittivity    
   and loss tangent        values have been achieved 

within 4.06% and 2.50% limits of the original reference data at 947.50 MHz (please refer to Fig. 

5.23 and Table 5.17).  

Next, to prepare brinjal tissue equivalent phantom liquid recipe at 1842.50 MHz, 142.86 ml 

diethylene glycol monobutyl ether has been mixed with 100 ml DI water (resistivity = 13 

M cm) to tune permittivity    
   value of the equivalent phantom liquid close to original brinjal 

specimen (please refer to Table 5.16). The final permittivity    
   value of the equivalent 

phantom liquid has been attained within 1.82% limit of the measured brinjal specimen at 1842.50 
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MHz (please refer to Fig. 5.24(a) and Table 5.17). However, it must be noted that the deviation 

in loss tangent        value is significantly large at 1842.50 MHz (please refer to Fig. 5.24(b) 

and Table 5.17) – noted deviation can only be minimized by using DI water with resistivity 

much greater than 13 M cm. 

At final stage, the above mentioned liquid composition i.e. 142.86 ml diethylene glycol 

monobutyl ether mixed with 100 ml DI water (resistivity = 13 M cm) has been employed to 

tune permittivity    
   of equivalent phantom liquid close to the reference brinjal specimen 

(please refer to Table 5.16). The final phantom liquid permittivity    
   value has been tuned 

within 6.12% limit of the reference brinjal specimen at 2450.00 MHz (please refer to Fig. 5.25(a) 

and Table 5.17). However, once again, it is to be noted that the deviation in loss tangent        

value is significantly large even at 2450.00 MHz (please refer to Fig. 5.25(b) and Table 5.17). 

The deviation in loss tangent        can only be attempted to minimize by utilizing DI water 

with resistivity much greater than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.16 Final compositions of brinjal tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 142.86 ml DGME & 214.28 mg NaCl 

1842.50 100 ml DI water & 142.86 ml DGME 

2450.00 100 ml DI water & 142.86 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.17 Difference between the measured dielectric properties      of brinjal tissue specimen 

and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

34.00  

 

4.06% 

33.00  

 

1.82% 

32.50  

 

6.12% Phantom Liquid 

Permittivity    
   

35.38 32.40 30.51 

Reference Loss 

Tangent        

0.200  

 

2.50% 

0.185  

 

58.92% 

0.200  

 

82.50% Phantom Liquid 

Loss Tangent        

0.195 0.294 0.365 
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(a) 

 

(b) 

Fig. 5.26: Sapodilla fruit tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and 

(b) loss tangent 

5.4.7 Phantom Liquids Preparation for Sapodilla Specimens 

5.4.7.1 Phantom Liquids Preparation for Sapodilla Fruit Specimen 

Phantom liquid compositions have been prepared for sapodilla fruit tissue specimen at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz. Sapodilla fruit tissue equivalent liquid preparations have 

been formulated based on different compositions of DI water (resistivity = 13 M cm), sucrose / 

diethylene glycol monobutyl ether and sodium chloride (NaCl). Based on frequency of interest, 

either sucrose or diethylene glycol monobutyl ether has been added with DI water (resistivity = 

13 M cm) to bring down permittivity    
   of the phantom liquid composition – thus, phantom 

liquid permittivity    
   value is tuned close to the measured permittivity    

   of sapodilla fruit 
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(a) 

 

(b) 

Fig. 5.27: Sapodilla fruit tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

tissue specimen. Thereafter, sodium chloride (NaCl) has further been added to those 

compositions for fine tuning electrical conductivity     / loss tangent        of the final 

equivalent phantom liquids. 

As already noted, dielectric properties      i.e. permittivity    
   and loss tangent        data for 

pure DI water (resistivity = 13 M cm) have been measured prior to sapodilla fruit tissue 

equivalent phantom liquids preparation. The complex dielectric properties      i.e. permittivity 

   
   and loss tangent        data for DI water at 25 ˚C have earlier been mentioned at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz – thus, those values aren’t repeated here. 
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(a) 

 

(b) 

Fig. 5.28: Sapodilla fruit tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

At first, to formulate sapodilla fruit tissue equivalent phantom liquid at 947.50 MHz, 42 g 

sucrose and 350 mg sodium chloride (NaCl) have been added with 100 ml DI water (resistivity = 

13 M cm) to achieve equivalent phantom liquid permittivity    
   and loss tangent        

values close to the measured data for sapodilla fruit specimen (please refer to Table 5.18). The 

final phantom liquid permittivity    
   and loss tangent        values have been achieved within 

0.20% and 4.02% limits of the reference data at 947.50 MHz (please refer to Fig. 5.26 and Table 

5.19).  

At subsequent stage, to prepare sapodilla fruit tissue equivalent phantom liquid recipe at 1842.50 

MHz, 23.81 ml diethylene glycol monobutyl ether and 380.95 mg sodium chloride (NaCl) have 

been mixed with 100 ml DI water (resistivity = 13 M cm) for tuning permittivity    
   and loss 
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tangent        values of equivalent phantom liquid close to the original sapodilla fruit tissue 

specimen (please refer to Table 5.18). Final permittivity    
   and loss tangent        values of 

the equivalent phantom liquid have been achieved within 1.85% and 0.93% limits of the original 

reference values at 1842.50 MHz (please refer to Fig. 5.27 and Table 5.19). 

At last, 23.81 ml diethylene glycol monobutyl ether and 333.33 mg sodium chloride (NaCl) have 

been mixed with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   and loss 

tangent        parameters of equivalent phantom liquid close to the original sapodilla fruit 

specimen at 2450.00 MHz (please refer to Table 5.18 for detailed recipe at 25 ˚C). The finalized 

phantom liquid permittivity    
   and loss tangent        values have been tuned within 0.37% 

and 0.82% limits of the measured dielectric properties      of sapodilla fruit specimen at 2450.00 

MHz (please refer to Fig. 5.28 and Table 5.19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.18 Final compositions of sapodilla fruit tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 42 g sucrose & 350 mg NaCl 

1842.50 100 ml DI water, 23.81 ml DGME & 380.95 mg NaCl 

2450.00 100 ml DI water, 23.81 ml DGME & 333.33 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.19 Difference between the measured dielectric properties      of sapodilla fruit tissue 

specimen and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

66.02  

 

0.20% 

63.65  

 

1.85% 

62.50  

 

0.37% Phantom Liquid 

Permittivity    
   

66.15 62.47 62.27 

Reference Loss 

Tangent        

0.199  

 

4.02% 

0.214  

 

0.93% 

0.245  

 

0.82% Phantom Liquid 

Loss Tangent        

0.191 0.216 0.243 
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(a) 

 

(b) 

Fig. 5.29: Sapodilla leaf tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and 

(b) loss tangent 

5.4.7.2 Phantom Liquids Preparation for Sapodilla Leaf Specimen 

This time, phantom liquid compositions have been prepared for sapodilla leaf tissue specimen at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. Sapodilla leaf tissue equivalent liquid recipes 

have been prepared based on different compositions of DI water (resistivity = 13 M cm), 

diethylene glycol monobutyl ether and sodium chloride (NaCl). Depending on frequency range, 

different amount of diethylene glycol monobutyl ether has been added with DI water (resistivity 

= 13 M cm) to considerably reduce permittivity    
   of the phantom liquid – in this manner, 

phantom liquid permittivity    
   is tuned closer to the measured permittivity    

   of sapodilla 

leaf tissue specimen. Furthermore, sodium chloride (NaCl) has been added to the liquid recipe to 

fine tune electrical conductivity     / loss tangent        of the final equivalent phantom liquid. 
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(a) 

 

(b) 

Fig. 5.30: Sapodilla leaf tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

As discussed before, complex dielectric properties      i.e. permittivity    
   and loss tangent 

       data for DI water (resistivity = 13 M cm) have been measured prior to sapodilla leaf 

tissue equivalent phantom liquids preparation at different frequencies. Measured permittivity 

   
   and loss tangent        data for DI water at 25 ˚C have earlier been discussed at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz – thus, those data haven’t been repeated here. 

At initial stage, to prepare sapodilla leaf tissue equivalent phantom liquid recipe at 947.50 MHz, 

143.75 ml diethylene glycol monobutyl ether and 2.56 g sodium chloride (NaCl) have been 

mixed with 100 ml DI water (resistivity = 13 M cm) to attain phantom liquid permittivity    
   

and loss tangent        data close to the original values of sapodilla leaf specimen – please 
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(a) 

 

(b) 

Fig. 5.31: Sapodilla leaf tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

refer to Table 5.20. The ultimate phantom liquid permittivity    
   and loss tangent        

values have been achieved within 2.14% and 1.14% limits of the reference data at 947.50 MHz 

(please refer to Fig. 5.29 and Table 5.21).  

Next, to achieve sapodilla leaf tissue equivalent phantom liquid recipe at 1842.50 MHz, 133.33 

ml diethylene glycol monobutyl ether and 888.89 mg sodium chloride (NaCl) have been mixed 

with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   and loss tangent        

values of equivalent phantom liquid close to the original sapodilla leaf tissue specimen (please 

refer to Table 5.20). Final permittivity    
   and loss tangent        values of the equivalent 
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phantom liquid have been attained within 1.55% and 0.28% limits of the reference values at 

1842.50 MHz (please refer to Fig. 5.30 and Table 5.21). 

At final stage, 133.33 ml diethylene glycol monobutyl ether has been mixed with 100 ml DI 

water (resistivity = 13 M cm) to tune permittivity    
   and loss tangent        values of 

equivalent phantom liquid close to the original sapodilla leaf specimen at 2450.00 MHz (please 

refer to Table 5.20 for the composition at 25 ˚C). The final phantom liquid permittivity    
   and 

loss tangent        values have been tuned within 4.11% and 3.33% limits of the measured 

dielectric properties      of sapodilla leaf specimen at 2450.00 MHz (please refer to Fig. 5.31 

and Table 5.21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.20 Final compositions of sapodilla leaf tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 143.75 ml DGME & 2.56 g NaCl 

1842.50 100 ml DI water, 133.33 ml DGME & 888.89 mg NaCl 

2450.00 100 ml DI water & 133.33 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.21 Difference between the measured dielectric properties      of sapodilla leaf tissue 

specimen and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

33.12  

 

2.14% 

30.28  

 

1.55% 

28.94  

 

4.11% Phantom Liquid 

Permittivity    
   

33.83 30.75 30.13 

Reference Loss 

Tangent        

0.440  

 

1.14% 

0.360  

 

0.28% 

0.360  

 

3.33% Phantom Liquid 

Loss Tangent        

0.445 0.361 0.372 
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(a) 

 

(b) 

Fig. 5.32: Catharanthus roseus leaf tissue equivalent phantom liquid at 947.50 MHz (a) 

permittivity and (b) loss tangent 

5.4.8 Phantom Liquids Preparation for Catharanthus roseus 

Specimens 

5.4.8.1 Phantom Liquids Preparation for Catharanthus roseus Leaf 

Specimen 

Phantom liquid recipes have been prepared for Catharanthus roseus leaf tissue specimen at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. Catharanthus roseus leaf tissue equivalent 

phantom liquid recipes have been prepared based on different compositions of DI water 

(resistivity = 13 M cm), diethylene glycol monobutyl ether and sodium chloride (NaCl). 

Depending on frequency of interest, different concentrations of diethylene glycol monobutyl 

ether have been added with DI water (resistivity = 13 M cm) to bring down permittivity    
   of 
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(a) 

 

(b) 

Fig. 5.33: Catharanthus roseus leaf tissue equivalent phantom liquid at 1842.50 MHz (a) 

permittivity and (b) loss tangent 

the phantom liquids – thus, permittivity    
   of phantom liquids are tuned closer to Catharanthus 

roseus leaf tissue specimen. In addition, sodium chloride (NaCl) has further been added to the 

liquid preparation for fine tuning electrical conductivity     / loss tangent        of the final 

equivalent phantom liquid. 

As mentioned before, permittivity    
   and loss tangent        values for DI water (resistivity = 

13 M cm) have been measured prior to Catharanthus roseus leaf tissue equivalent phantom 

liquids preparation. Measured permittivity    
   and loss tangent        parameters for pure DI 

water at 25 ˚C have already been discussed at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – 

thus, those data haven’t been mentioned here again. 
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(a) 

 

(b) 

Fig. 5.34: Catharanthus roseus leaf tissue equivalent phantom liquid at 2450.00 MHz (a) 

permittivity and (b) loss tangent 

At first, to prepare Catharanthus roseus leaf tissue equivalent phantom liquid formulation at 

947.50 MHz, 42.86 ml diethylene glycol monobutyl ether and 1.71 g sodium chloride (NaCl) 

have been added with 100 ml DI water (resistivity = 13 M cm) to achieve equivalent liquid 

permittivity    
   and loss tangent        values close to the original Catharanthus roseus leaf 

specimen (please refer to Table 5.22). The final phantom liquid permittivity    
   and loss tangent 

       values have been achieved within 3.25% and 2.79% limits of the reference data at 

947.50 MHz (please refer to Fig. 5.32 and Table 5.23).  

At subsequent stage, to achieve Catharanthus roseus leaf tissue equivalent phantom liquid 

preparation at 1842.50 MHz, 42.86 ml diethylene glycol monobutyl ether and 1.14 g sodium 

chloride (NaCl) have been added with 100 ml DI water (resistivity = 13 M cm) to attain 
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permittivity    
   and loss tangent        parameters of equivalent phantom liquid close to the 

original Catharanthus roseus leaf tissue specimen (please refer to Table 5.22). Resultant 

permittivity    
   and loss tangent        values of the equivalent phantom liquid have been 

achieved within 1.28% and 3.02% limits of the reference values at 1842.50 MHz (please refer to 

Fig. 5.33 and Table 5.23). 

At last, 42.86 ml diethylene glycol monobutyl ether and 571.43 mg sodium chloride (NaCl) have 

been added with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   and loss 

tangent        data of equivalent phantom liquid close to the original Catharanthus roseus leaf 

specimen at 2450.00 MHz (please refer to Table 5.22 for the liquid composition at 25 ˚C). The 

phantom liquid permittivity    
   and loss tangent        parameters have been tuned within 

0.75% and 1.69% limits of the measured dielectric properties      of Catharanthus roseus leaf 

specimen at 2450.00 MHz (please refer to Fig. 5.34 and Table 5.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.22 Final compositions of Catharanthus roseus leaf tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 42.86 ml DGME & 1.71 g NaCl 

1842.50 100 ml DI water, 42.86 ml DGME & 1.14 g NaCl 

2450.00 100 ml DI water, 42.86 ml DGME & 571.43 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.23 Difference between the measured dielectric properties      of Catharanthus roseus leaf 

tissue specimen and equivalent phantom liquids  

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

57.85  

 

3.25% 

54.05  

 

1.28% 

53.21  

 

0.75% Phantom Liquid 

Permittivity    
   

55.97 53.36 52.81 

Reference Loss 

Tangent        

0.501  

 

2.79% 

0.331  

 

3.02% 

0.295  

 

1.69% Phantom Liquid 

Loss Tangent        

0.515 0.341 0.300 
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(a) 

 

(b) 

Fig. 5.35: Catharanthus roseus flower tissue equivalent phantom liquid at 947.50 MHz (a) 

permittivity and (b) loss tangent 

5.4.8.2 Phantom Liquids Preparation for Catharanthus roseus 

Flower Specimen 

This time, phantom liquid formulations have been prepared for Catharanthus roseus flower 

specimen at 947.50 MHz, 1842.50 MHz and 2450.00 MHz. Catharanthus roseus flower tissue 

equivalent phantom liquid preparations have been formulated based on different compositions of 

DI water (resistivity = 13 M cm), diethylene glycol monobutyl ether and sodium chloride 

(NaCl). In fact, based on frequency of interest, different amount of diethylene glycol monobutyl 

ether has been mixed with DI water (resistivity = 13 M cm) to reduce permittivity    
   of the 

equivalent phantom liquids – in this way, permittivity    
   of the phantom liquids have been 

tuned close to Catharanthus roseus flower tissue specimen. Moreover, sodium chloride (NaCl) 
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(a) 

 

(b) 

Fig. 5.36: Catharanthus roseus flower tissue equivalent phantom liquid at 1842.50 MHz (a) 

permittivity and (b) loss tangent 

has been added to the liquid recipe for fine tuning electrical conductivity     / loss tangent 

       of the final equivalent phantom liquid. 

As discussed earlier, broadband permittivity    
   and loss tangent        parameters for DI 

water (resistivity = 13 M cm) have been measured before initiating preparations for 

Catharanthus roseus flower tissue equivalent phantom liquids. Measured permittivity    
   and 

loss tangent        data for pure DI water have been discussed earlier at 947.50 MHz, 1842.50 

MHz and 2450.00 MHz – hence, those data aren’t repeated here. 

At initial stage, to formulate Catharanthus roseus flower tissue equivalent phantom liquid recipe 

at 947.50 MHz, 29.41 ml diethylene glycol monobutyl ether and 470.59 mg sodium chloride 

(NaCl) have been added with 100 ml DI water (resistivity = 13 M cm) to attain phantom liquid 
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(a) 

 

(b) 

Fig. 5.37: Catharanthus roseus flower tissue equivalent phantom liquid at 2450.00 MHz (a) 

permittivity and (b) loss tangent 

permittivity    
   and loss tangent        values close to the reference Catharanthus roseus 

flower specimen (please refer to Table 5.24). The resultant phantom liquid permittivity    
   and 

loss tangent        values have been achieved within 0.18% and 5.19% limits of the reference 

data at 947.50 MHz (please refer to Fig. 5.35 and Table 5.25). It should be noted that the 

deviation in loss tangent        could be minimized further by utilizing DI water with 

resistivity higher than 13 M cm. 

Next, to formulate Catharanthus roseus flower tissue equivalent phantom liquid preparation at 

1842.50 MHz, 29.41 ml diethylene glycol monobutyl ether and 117.65 mg sodium chloride 

(NaCl) have been mixed with 100 ml DI water (resistivity = 13 M cm) to achieve permittivity 
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   and loss tangent        values of equivalent phantom liquid close to the reference 

Catharanthus roseus flower tissue specimen (please refer to Table 5.24). Final permittivity    
   

and loss tangent        values of the equivalent liquid have been attained within 0.68% and 

5.14% limits of the reference data at 1842.50 MHz (please refer to Fig. 5.36 and Table 5.25). 

At final phase, a mixture of 29.41 ml Diethylene glycol monobutyl ether and 100 ml DI water 

has been prepared to tune permittivity    
   and loss tangent        data of equivalent phantom 

liquid close to the original Catharanthus roseus flower specimen at 2450.00 MHz (please refer 

to Table 5.24 for the liquid composition at 25 ˚C). Final permittivity    
   and loss tangent 

       values of the prepared phantom liquid have been tuned within 1.55% and 13.44% limits 

of the measured reference data for Catharanthus roseus flower specimen at 2450.00 MHz 

(please refer to Fig. 5.37 and Table 5.25). It is to be noted that the deviation in loss tangent 

       data can be minimized further by employing DI water with resistivity much greater than 

13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.24 Final compositions of Catharanthus roseus flower tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 29.41 ml DGME & 470.59 mg NaCl 

1842.50 100 ml DI water, 29.41 ml DGME & 117.65 mg NaCl 

2450.00 100 ml DI water & 29.41 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.25 Difference between the measured dielectric properties      of Catharanthus roseus 

flower tissue specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

62.47  

 

0.18% 

60.53  

 

0.68% 

60.04  

 

1.55% Phantom Liquid 

Permittivity    
   

62.36 60.12 59.11 

Reference Loss 

Tangent        

0.212  

 

5.19% 

0.175  

 

5.14% 

0.186  

 

13.44% Phantom Liquid 

Loss Tangent        

0.223 0.184 0.211 
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(a) 

 

(b) 

Fig. 5.38: Catharanthus roseus stem tissue equivalent phantom liquid at 947.50 MHz (a) 

permittivity and (b) loss tangent 

5.4.8.3 Phantom Liquids Preparation for Catharanthus roseus Stem 

Specimen 

Phantom liquid recipes have been prepared for Catharanthus roseus stem specimen at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz. Catharanthus roseus stem tissue equivalent phantom 

liquid recipes have been prepared based on different compositions of DI water (resistivity = 13 

M cm), diethylene glycol monobutyl ether and sodium chloride (NaCl). In fact, different 

amount of diethylene glycol monobutyl ether is mixed with DI water (resistivity = 13 M cm) to 

bring down permittivity    
   of the phantom liquids (depending on frequency of interest). In this 

manner, permittivity    
   values of the phantom liquids have been tuned close to Catharanthus 

roseus stem tissue specimen. Furthermore, sodium chloride (NaCl) has been added to the liquid 
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(a) 

 

(b) 

Fig. 5.39: Catharanthus roseus stem tissue equivalent phantom liquid at 1842.50 MHz (a) 

permittivity and (b) loss tangent 

recipes to fine tune electrical conductivity     / loss tangent        of the final equivalent 

phantom liquids. 

As discussed before, broadband complex dielectric properties      i.e. permittivity    
   and loss 

tangent        values for pure DI water (resistivity = 13 M cm) at 25 ˚C have been measured – 

prior to preparing Catharanthus roseus stem tissue equivalent phantom liquids. Measured 

permittivity    
   and loss tangent        data for the DI water have already been discussed at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. 

At first, to prepare Catharanthus roseus stem tissue equivalent liquid recipe at 947.50 MHz, 90 

ml diethylene glycol monobutyl ether and 2.20 g sodium chloride (NaCl) have been added with 
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(a) 

 

(b) 

Fig. 5.40: Catharanthus roseus stem tissue equivalent phantom liquid at 2450.00 MHz (a) 

permittivity and (b) loss tangent 

100 ml DI water (resistivity = 13 M cm) for achieving phantom liquid permittivity    
   and loss 

tangent        data close to the reference Catharanthus roseus stem tissue specimen (please 

refer to Table 5.26). The final phantom liquid permittivity    
   and loss tangent        data 

have been attained within 0.60% and 1.26% limits of the reference values at 947.50 MHz (please 

refer to Fig. 5.38 and Table 5.27). 

At subsequent stage, to prepare Catharanthus roseus stem tissue equivalent phantom liquid 

formulation at 1842.50 MHz, 90 ml diethylene glycol monobutyl ether and 0.80 g sodium 

chloride (NaCl) have been added with 100 ml DI water (resistivity = 13 M cm) to realize 

permittivity    
   and loss tangent        values of equivalent phantom liquid close to the 
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reference Catharanthus roseus stem tissue specimen (please refer to Table 5.26). Resultant 

permittivity    
   and loss tangent        parameters of the equivalent phantom liquid have been 

realized within 0.47% and 0.92% limits of the original measured data at 1842.50 MHz (please 

refer to Fig. 5.39 and Table 5.27). 

At last, a recipe of 90 ml diethylene glycol monobutyl ether and 100 ml DI water has been 

prepared to tune permittivity    
   and loss tangent        data of equivalent phantom liquid 

close to the original Catharanthus roseus stem tissue specimen at 2450.00 MHz (please refer to 

Table 5.26 for detailed composition at 25 ˚C). Permittivity    
   and loss tangent        

parameters of the final phantom liquid have been tuned within 0.30% and 3.58% limits of the 

reference data for Catharanthus roseus stem specimen at 2450.00 MHz – please refer to Fig. 

5.40 and Table 5.27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.26 Final compositions of Catharanthus roseus stem tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 90 ml DGME & 2.20 g NaCl 

1842.50 100 ml DI water, 90 ml DGME & 0.80 g NaCl 

2450.00 100 ml DI water & 90 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.27 Difference between the measured dielectric properties      of Catharanthus roseus stem 

tissue specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

43.26  

 

0.60% 

40.16  

 

0.47% 

39.29  

 

0.30% Phantom Liquid 

Permittivity    
   

43.52 40.35 39.17 

Reference Loss 

Tangent        

0.475  

 

1.26% 

0.326  

 

0.92% 

0.307  

 

3.58% Phantom Liquid 

Loss Tangent        

0.481 0.329 0.318 
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(a) 

 

(b) 

Fig. 5.41: Green mango pulp tissue equivalent phantom liquid at 947.50 MHz (a) permittivity 

and (b) loss tangent 

5.4.9 Phantom Liquids Preparation for Green Mango Specimens 

5.4.9.1 Phantom Liquids Preparation for Green Mango Pulp 

Specimen 

Phantom liquid compositions have been prepared for green mango pulp tissue specimen at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. Green mango pulp tissue equivalent phantom 

liquids have been prepared based on different compositions of DI water (resistivity = 13 M cm), 

sucrose and sodium chloride (NaCl). In fact, different amount of sucrose has been added with DI 

water (resistivity = 13 M cm) in order to reduce permittivity    
   of the phantom liquids (based 

on frequency of interest) – thus, permittivity    
   values of the phantom liquid recipes have been 



Phantom Liquid Preparation for Different Fruit and Plant Samples 
 

278 
 

 

(a) 

 

(b) 

Fig. 5.42: Green mango pulp tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity 

and (b) loss tangent 

tuned close to green mango pulp tissue specimen. In addition, sodium chloride (NaCl) has further 

been added to the liquid recipes for fine tuning electrical conductivity     / loss tangent        

of the final equivalent phantom liquids. 

As mentioned earlier, broadband dielectric properties      i.e. permittivity    
   and loss tangent 

       data for DI water (resistivity = 13 M cm) at 25 ˚C have been measured at initial stage – 

permittivity    
   and loss tangent        data for the DI water have been discussed earlier at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. Therefore, the obtained dielectric values      

haven’t been repeated here. 
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(a) 

 

(b) 

Fig. 5.43: Green mango pulp tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity 

and (b) loss tangent 

At first stage, to formulate green mango pulp tissue equivalent phantom liquid recipe at 947.50 

MHz, 22 g sucrose and 300 mg sodium chloride (NaCl) have been mixed with 100 ml DI water 

(resistivity = 13 M cm) to realize phantom liquid permittivity    
   and loss tangent        data 

close to the reference green mango pulp tissue specimen (please refer to Table 5.28). The final 

phantom liquid permittivity    
   and loss tangent        data have been achieved within 0.21% 

and 1.68% limits of the reference values at 947.50 MHz (please refer to Fig. 5.41 and Table 

5.29). 

At subsequent stage, 10 g sucrose and 300 mg sodium chloride (NaCl) have been mixed with 

100 ml DI water (resistivity = 13 M cm) to realize permittivity    
   and loss tangent        
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values of equivalent phantom liquid close to the reference green mango pulp tissue specimen at 

1842.50 MHz (please refer to Table 5.28). Final permittivity    
   and loss tangent        

values of the equivalent phantom liquid have been achieved within 3.30% and 1.73% limits of 

the original data for green mango pulp tissue specimen at 1842.50 MHz (please refer to Fig. 5.42 

and Table 5.29). 

At final stage, the last recipe i.e. 10 g sucrose and 300 mg sodium chloride (NaCl) mixed with 

100 ml DI water (resistivity = 13 M cm), has been prepared to tune permittivity    
   and loss 

tangent        data of equivalent phantom liquid close to the original green mango pulp tissue 

specimen at 2450.00 MHz (please refer to Table 5.28 for the composition at 25 ˚C). Permittivity 

   
   and loss tangent        values of the final phantom liquid have been tuned within 2.54% 

and 1.52% limits of the original data for green mango pulp tissue specimen at 2450.00 MHz 

(please refer to Fig. 5.43 and Table 5.29). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.28 Final compositions of green mango pulp tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 22 g sucrose & 300 mg NaCl 

1842.50 100 ml DI water, 10 g sucrose & 300 mg NaCl 

2450.00 100 ml DI water, 10 g sucrose & 300 mg NaCl 

 

Table 5.29 Difference between the measured dielectric properties      of green mango pulp tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

71.68  

 

0.21% 

70.54  

 

3.30% 

70.17  

 

2.54% Phantom Liquid 

Permittivity    
   

71.83 72.87 71.95 

Reference Loss 

Tangent        

0.178  

 

1.68% 

0.173  

 

1.73% 

0.197  

 

1.52% Phantom Liquid 

Loss Tangent        

0.175 0.176 0.194 
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(a) 

 

(b) 

Fig. 5.44: Green mango seed tissue equivalent phantom liquid at 947.50 MHz (a) permittivity 

and (b) loss tangent 

5.4.9.2 Phantom Liquids Preparation for Green Mango Seed 

Specimen 

This time, phantom liquid preparations have been realized for green mango seed specimen at 

947.50 MHz, 1842.50 MHz and 2450.00 MHz. Green mango seed tissue equivalent phantom 

liquids have been prepared based on different compositions of DI water (resistivity = 13 M cm), 

sucrose / diethylene glycol monobutyl ether and sodium chloride (NaCl). In fact, different 

amount of sucrose / diethylene glycol monobutyl ether has been added with DI water (resistivity 

= 13 M cm) to reduce permittivity    
   of the phantom liquids (based on the frequency of 

interest). In this way, permittivity    
   values of the phantom liquids have been tuned close to 

original green mango seed tissue specimen. In addition, sodium chloride (NaCl) has further been 
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(a) 

 

(b) 

Fig. 5.45: Green mango seed tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity 

and (b) loss tangent 

added to the liquid recipes to fine tune electrical conductivity     / loss tangent        of the 

final tissue equivalent phantom liquids. 

As mentioned earlier, complex dielectric properties      i.e. permittivity    
   and loss tangent 

       data for pure DI water (resistivity = 13 M cm) at 25 ˚C have been measured at first 

(prior to preparing green mango seed tissue equivalent phantom recipes). Measured permittivity 

   
   and loss tangent        data for the DI water have been discussed earlier at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz – thus, those data haven’t been discussed anymore. 

At the initial phase, in order to realize green mango seed tissue equivalent liquid recipe at 947.50 

MHz, 35 g sucrose and 200 mg sodium chloride (NaCl) have been added with 100 ml DI water 
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(a) 

 

(b) 

Fig. 5.46: Green mango seed tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity 

and (b) loss tangent 

(resistivity = 13 M cm) to realize equivalent phantom liquid permittivity    
   and loss tangent 

       data close to the original green mango seed specimen – please refer to Table 5.30. The 

final phantom liquid permittivity    
   and loss tangent        data have been achieved within 

1.44% and 0.00% limits of the reference values at 947.50 MHz (please refer to Fig. 5.44 and 

Table 5.31). 

At a subsequent stage, to prepare green mango seed tissue equivalent phantom liquid recipe at 

1842.50 MHz, 20.83 ml diethylene glycol monobutyl ether and 125 mg sodium chloride (NaCl) 

have been added with 100 ml DI water (resistivity = 13 M cm) for achieving permittivity    
   

and loss tangent        data of phantom liquid close to the original green mango seed tissue 
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specimen (please refer to Table 5.30). Final permittivity    
   and loss tangent        data of the 

equivalent phantom liquid have been realized within 0.90% and 0.60% limits of the original 

measured values at 1842.50 MHz (please refer to Fig. 5.45 and Table 5.31). 

At the final phase, a liquid preparation of 20.83 ml diethylene glycol monobutyl ether, 83.33 mg 

sodium chloride (NaCl) and 100 ml DI water has been realized to tune permittivity    
   and loss 

tangent        data of equivalent phantom liquid close to the original green mango seed tissue 

specimen at 2450.00 MHz (please refer to Table 5.30 for the composition at 25 ˚C). Permittivity 

   
   and loss tangent        values of the final phantom liquid have been tuned within 1.43% 

and 0.51% limits of the reference data for green mango seed tissue specimen at 2450.00 MHz 

(please refer to Fig. 5.46 and Table 5.31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.30 Final compositions of green mango seed tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 35 g sucrose & 200 mg NaCl 

1842.50 100 ml DI water, 20.83 ml DGME & 125 mg NaCl 

2450.00 100 ml DI water, 20.83 ml DGME & 83.33 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.31 Difference between the measured dielectric properties      of green mango seed tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

67.59  

 

1.44% 

65.69  

 

0.90% 

65.12  

 

1.43% Phantom Liquid 

Permittivity    
   

68.56 65.10 64.19 

Reference Loss 

Tangent        

0.156  

 

0.00% 

0.168  

 

0.60% 

0.197  

 

0.51% Phantom Liquid 

Loss Tangent        

0.156 0.167 0.198 

 



Phantom Liquid Preparation for Different Fruit and Plant Samples 

285 
 

 

(a) 

 

(b) 

Fig. 5.47: Green mango leaf tissue equivalent phantom liquid at 947.50 MHz (a) permittivity 

and (b) loss tangent 

5.4.9.3 Phantom Liquids Preparation for Green Mango Leaf 

Specimen 

Phantom liquid recipes have been prepared for green mango leaf specimen at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. Green mango leaf tissue equivalent phantom liquid 

formulations have been prepared based on different compositions of DI water (resistivity = 13 

M cm), diethylene glycol monobutyl ether and sodium chloride (NaCl). Different amounts of 

diethylene glycol monobutyl ether have been added with DI water (resistivity = 13 M cm) to 

bring down permittivity    
   of the phantom liquids (depending upon frequency of interest). As a 

consequence, permittivity    
   values of the prepared phantom liquids have been tuned close to 

original green mango leaf tissue specimen. Furthermore, sodium chloride (NaCl) has been added 
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(a) 

 

(b) 

Fig. 5.48: Green mango leaf tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity 

and (b) loss tangent 

to selected liquid recipe (as and where required) to fine tune electrical conductivity     / loss 

tangent        of the final tissue equivalent phantom liquid (primarily at 947.50 MHz). 

As discussed before, both permittivity    
   and loss tangent        values for DI water 

(resistivity = 13 M cm) have been measured at 25 ˚C (prior to preparing green mango leaf tissue 

equivalent phantom liquids). Measured permittivity    
   and loss tangent        data for DI 

water have already been discussed before at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – 

hence, those values haven’t been mentioned here. 

At first, to prepare green mango leaf tissue equivalent liquid recipe at 947.50 MHz, 137.50 ml 

diethylene glycol monobutyl ether and 1125 mg sodium chloride (NaCl) have been mixed with 
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(a) 

 

(b) 

Fig. 5.49: Green mango leaf tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity 

and (b) loss tangent 

100 ml DI water (resistivity = 13 M cm) to realize phantom liquid permittivity    
   and loss 

tangent        data close to the original green mango leaf specimen (please refer to Table 5.32). 

Final phantom liquid permittivity    
   and loss tangent        data have been achieved within 

4.62% and 0.33% limits of the respective original values at 947.50 MHz (please refer to Fig. 

5.47 and Table 5.33). 

Next, at 1842.50 MHz, 131.25 ml diethylene glycol monobutyl ether has been mixed with 100 

ml DI water (resistivity = 13 M cm) to attain permittivity    
   and loss tangent        values 

of equivalent phantom liquid close to the original green mango leaf tissue specimen (please refer 

to Table 5.32). Final permittivity    
   and loss tangent        data of equivalent phantom liquid 
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have been achieved within 4.46% and 6.72% limits of the reference values at 1842.50 MHz 

(please refer to Fig. 5.48 and Table 5.33). It should be noted that the deviation in loss tangent 

       can be minimized further by using DI water with resistivity higher than 13 M cm. 

At last, the above mentioned liquid composition i.e. mixture of 131.25 ml diethylene glycol 

monobutyl ether and 100 ml DI water (resistivity = 13 M cm) has been utilized to tune 

permittivity    
   and loss tangent        data of equivalent phantom liquid close to original 

green mango leaf tissue specimen at 2450.00 MHz (please refer to Table 5.32). Permittivity    
   

and loss tangent        data of the final phantom liquid have been tuned within 1.55% and 

35.66% limits of the respective original measured values for green mango leaf specimen at 

2450.00 MHz (please refer to Fig. 5.49 and Table 5.33). Here, it must be noted that the deviation 

in loss tangent        is significantly large at 2450.00 MHz – the same can be minimized by 

utilizing DI water with resistivity much higher than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.32 Final compositions of green mango leaf tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 137.50 ml DGME & 1125 mg NaCl 

1842.50 100 ml DI water & 131.25 ml DGME 

2450.00 100 ml DI water & 131.25 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.33 Difference between the measured dielectric properties      of green mango leaf tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

34.03  

 

4.62% 

31.80  

 

4.46% 

31.04  

 

1.55% Phantom Liquid 

Permittivity    
   

35.48 33.22 31.52 

Reference Loss 

Tangent        

0.302  

 

0.33% 

0.268  

 

6.72% 

0.272  

 

35.66% Phantom Liquid 

Loss Tangent        

0.303 0.286 0.369 
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(a) 

 

(b) 

Fig. 5.50: Water apple tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) 

loss tangent 

5.4.10 Phantom Liquids Preparation for Water Apple Specimen 

Phantom liquid preparations have been formulated for water apple tissue specimen at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz. Water apple tissue equivalent phantom liquid recipes 

have been formulated based on different compositions of DI water (resistivity = 13 M cm) and 

sucrose / diethylene glycol monobutyl ether. Different amounts of sucrose / diethylene glycol 

monobutyl ether have been added with DI water (resistivity = 13 M cm) primarily to reduce 

permittivity    
   of the equivalent phantom liquids (based on frequency of interest) – thus, 

permittivity    
   values of the prepared phantom liquids have been tuned close to the original 

water apple tissue specimen. However, it should be noted that the electrical conductivity     / 

loss tangent        values of the phantom liquids have already been tuned close to original 
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(a) 

 

(b) 

Fig. 5.51: Water apple tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

water apple tissue specimen without adding sodium chloride (NaCl). 

As mentioned earlier, complex dielectric properties      i.e. both permittivity    
   and loss 

tangent        values for DI water (resistivity = 13 M cm) have been measured at first stage. 

Those measured permittivity    
   and loss tangent        values for DI water at 25 ˚C have 

been discussed earlier at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – thus, those values 

aren’t repeated here again. 

At initial stage, to formulate water apple tissue equivalent phantom liquid preparation at 947.50 

MHz, 32 g sucrose has been mixed with 100 ml DI water (resistivity = 13 M cm) to realize 

equivalent liquid permittivity    
   and loss tangent        values near the original water apple 
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(a) 

 

(b) 

Fig. 5.52: Water apple tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

tissue specimen (please refer to Table 5.34). The resultant phantom liquid permittivity    
   and 

loss tangent        values have been realized within 1.73% and 0.00% limits of the respective 

reference dielectric data      at 947.50 MHz (please refer to Fig. 5.50 and Table 5.35). 

Next, at the subsequent stage, 15 ml Diethylene glycol monobutyl ether has been mixed with 100 

ml DI water (resistivity = 13 M cm) to achieve permittivity    
   and loss tangent        values 

of the resultant phantom liquid close to the original water apple tissue specimen (please refer to 

Table 5.34). Final permittivity    
   and loss tangent        values of the equivalent phantom 

liquid have been achieved within 1.35% and 0.81% limits of the reference dielectric data      at 

1842.50 MHz (please refer to Fig. 5.51 and Table 5.35). 



Phantom Liquid Preparation for Different Fruit and Plant Samples 
 

292 
 

At the last stage, the above mentioned liquid composition i.e. a mixture of 13.04 ml diethylene 

glycol monobutyl ether and 100 ml DI water (resistivity = 13 M cm) has been realized to tune 

permittivity    
   and loss tangent        data of equivalent phantom liquid close to original 

water apple tissue specimen at 2450.00 MHz (please refer to Table 5.34). Final permittivity    
   

and loss tangent        data of the equivalent phantom liquid have been tuned within 3.01% 

and 12.08% limits of the respective reference measured values for water apple specimen at 

2450.00 MHz (please refer to Fig. 5.52 and Table 5.35). It is to be taken into note that the 

deviation in loss tangent        is significant at 2450.00 MHz and the same can be minimized 

using DI water with resistivity greater than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.34 Final compositions of water apple tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water & 32 g sucrose 

1842.50 100 ml DI water & 15 ml DGME 

2450.00 100 ml DI water & 13.04 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.35 Difference between the measured dielectric properties      of water apple tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

68.75  

 

1.73% 

67.57  

 

1.35% 

67.53  

 

3.01% Phantom Liquid 

Permittivity    
   

69.94 66.66 69.56 

Reference Loss 

Tangent        

0.102  

 

0.00% 

0.124  

 

0.81% 

0.149  

 

12.08% Phantom Liquid 

Loss Tangent        

0.102 0.123 0.167 
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(a) 

 

(b) 

Fig. 5.53: Orange pulp tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) 

loss tangent 

5.4.11 Phantom Liquids Preparation for Orange Specimens 

5.4.11.1 Phantom Liquids Preparation for Orange Pulp Specimen 

Phantom liquid preparations have been formulated for orange pulp tissue specimen at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz. Orange pulp tissue equivalent phantom liquid recipes 

have been prepared based on different compositions of DI water (resistivity = 13 M cm), 

sucrose / diethylene glycol monobutyl ether and sodium chloride (NaCl). Different amounts of 

sucrose / diethylene glycol monobutyl ether have been mixed with DI water (resistivity = 13 

M cm) to reduce permittivity    
   of the phantom liquids based on frequency of interest. In this 

manner, permittivity    
   values of the phantom liquids have been tuned close to original orange 

pulp tissue specimen. Furthermore, sodium chloride (NaCl) has been added to the liquid recipes 
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(a) 

 

(b) 

Fig. 5.54: Orange pulp tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

for fine tuning electrical conductivity     / loss tangent        values of the final tissue 

equivalent phantom liquids. 

As discussed before, prior to realizing orange pulp tissue equivalent phantom liquid recipes, both 

permittivity    
   and loss tangent        data for DI water (resistivity = 13 M cm) have been 

measured at 25 ˚C. Obtained permittivity    
   and loss tangent        data for the DI water 

have earlier been discussed at 947.50 MHz, 1842.50 MHz and 2450.00 MHz – thus, not repeated 

here again. 

At first, in order to prepare orange pulp tissue equivalent phantom liquid at 947.50 MHz, 42 g 

sucrose and 500 mg sodium chloride (NaCl) have been mixed with 100 ml DI water (resistivity = 
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(a) 

 

(b) 

Fig. 5.55: Orange pulp tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

13 M cm) to achieve phantom liquid permittivity    
   and loss tangent        data close to 

original orange pulp specimen (please refer to Table 5.36). Final phantom liquid permittivity 

   
   and loss tangent        data have been realized within 0.58% and 1.82% limits of the 

respective original values at 947.50 MHz (please refer to Fig. 5.53 and Table 5.37). 

Next, at 1842.50 MHz, 23.81 ml diethylene glycol monobutyl ether and 333.33 mg sodium 

chloride (NaCl) have been mixed with 100 ml DI water (resistivity = 13 M cm) to achieve 

equivalent phantom liquid permittivity    
   and loss tangent        values close to the original 

orange pulp tissue specimen (please refer to Table 5.36). Final permittivity    
   and loss tangent 
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       data of the equivalent phantom liquid recipe have been achieved within 1.09% and 

1.90% limits of the reference values at 1842.50 MHz (please refer to Fig. 5.54 and Table 5.37). 

At last, 23.81 ml diethylene glycol monobutyl ether and 238.10 mg sodium chloride (NaCl) have 

been added with 100 ml DI water (resistivity = 13 M cm) to tune permittivity    
   and loss 

tangent        data of equivalent phantom liquid close to the original orange pulp tissue 

specimen at 2450.00 MHz (please refer to Table 5.36). Permittivity    
   and loss tangent        

values of final phantom liquid have been tuned within 0.18% and 0.43% limits of the respective 

measured values for orange pulp tissue specimen at 2450.00 MHz (please refer to Fig. 5.55 and 

Table 5.37). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.36 Final compositions of orange pulp tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 42 g sucrose & 500 mg NaCl 

1842.50 100 ml DI water, 23.81 ml DGME & 333.33 mg NaCl 

2450.00 100 ml DI water, 23.81 ml DGME & 238.10 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.37 Difference between the measured dielectric properties      of orange pulp tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

65.78  

 

0.58% 

63.35  

 

1.09% 

62.70  

 

0.18% Phantom Liquid 

Permittivity    
   

66.16 62.66 62.59 

Reference Loss 

Tangent        

0.220  

 

1.82% 

0.210  

 

1.90% 

0.230  

 

0.43% Phantom Liquid 

Loss Tangent        

0.224 0.206 0.231 
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(a) 

 

(b) 

Fig. 5.56: Orange peel tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) 

loss tangent 

5.4.11.2 Phantom Liquids Preparation for Orange Peel Specimen 

Phantom liquid recipes have been prepared for orange peel tissue specimen at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz. Orange peel tissue equivalent phantom liquid formulations 

have been prepared based on different compositions of DI water (resistivity = 13 M cm), 

diethylene glycol monobutyl ether and sodium chloride (NaCl). Depending on frequency range, 

different amount of diethylene glycol monobutyl ether has been added with DI water (resistivity 

= 13 M cm) to decrease permittivity    
   of the phantom liquids. Thus, permittivity    

   values 

of the prepared phantom liquids have been tuned close to original orange peel tissue specimen. In 

addition, sodium chloride (NaCl) has further been added to selected liquid recipe for fine tuning 

electrical conductivity     / loss tangent        value of the final tissue equivalent phantom 

liquid (in particular, at 947.50 MHz). 
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(a) 

 

(b) 

Fig. 5.57: Orange peel tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and 

(b) loss tangent 

Prior to start preparing orange peel tissue equivalent phantom liquid recipes, complex dielectric 

properties      i.e. both permittivity    
   and loss tangent        values of pure DI water 

(resistivity = 13 M cm) have been measured at 25 ˚C for reference check. Measured permittivity 

   
   and loss tangent        values of DI water have already been mentioned earlier at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz – thus, those data aren’t repeated here. 

At the first stage, in order to prepare orange peel tissue equivalent phantom liquid recipe at 

947.50 MHz, 90 ml diethylene glycol monobutyl ether and 600 mg sodium chloride (NaCl) have 

been added with 100 ml DI water (resistivity = 13 M cm) for attaining phantom liquid 

permittivity    
   and loss tangent        data close to original orange peel tissue specimen 
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(a) 

 

(b) 

Fig. 5.58: Orange peel tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and 

(b) loss tangent 

(please, refer to Table 5.38). Ultimate phantom liquid permittivity    
   and loss tangent        

values have been achieved within 0.21% and 1.25% limits of the respective reference data at 

947.50 MHz (please refer to Fig. 5.56 and Table 5.39). 

Thereafter, at 1842.50 MHz, 90 ml diethylene glycol monobutyl ether has been mixed with 100 

ml DI water (resistivity = 13 M cm) in order to attain equivalent phantom liquid permittivity 

   
   and loss tangent        values close to the original orange peel tissue specimen (please 

refer to Table 5.38). Final permittivity    
   and loss tangent        values of the equivalent 

phantom liquid preparation have been realized within 0.55% and 1.74% limits of the reference 

values at 1842.50 MHz (please refer to Fig. 5.57 and Table 5.39). 
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At the last stage, 78.57 ml diethylene glycol monobutyl ether has been mixed with 100 ml DI 

water (resistivity = 13 M cm) for tuning permittivity    
   and loss tangent        parameters 

of equivalent phantom liquid close to the original orange peel specimen at 2450.00 MHz (please, 

refer to Table 5.38). Final permittivity    
   and loss tangent        values of phantom liquid 

have been tuned within 0.75% and 10.78% limits of the respective values of original orange peel 

specimen at 2450.00 MHz (please refer to Fig. 5.58 and Table 5.39). It should be noted that the 

deviation in loss tangent        is considerable at 2450.00 MHz – however, the same can be 

minimized employing DI water with resistivity greater than 13 M cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.38 Final compositions of orange peel tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 90 ml DGME & 600 mg NaCl 

1842.50 100 ml DI water & 90 ml DGME 

2450.00 100 ml DI water & 78.57 ml DGME 

DGME = diethylene glycol monobutyl ether 

Table 5.39 Difference between the measured dielectric properties      of orange peel tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

43.48  

 

0.21% 

41.59  

 

0.55% 

41.26  

 

0.75% Phantom Liquid 

Permittivity    
   

43.57 41.36 41.57 

Reference Loss 

Tangent        

0.240  

 

1.25% 

0.230  

 

1.74% 

0.269  

 

10.78% Phantom Liquid 

Loss Tangent        

0.237 0.234 0.298 
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(a) 

 

(b) 

Fig. 5.59: Black grape tissue equivalent phantom liquid at 947.50 MHz (a) permittivity and (b) 

loss tangent 

5.4.12 Phantom Liquids Preparation for Black Grape Specimen 

This time, phantom liquid recipes have been prepared for black grape tissue specimen at 947.50 

MHz, 1842.50 MHz and 2450.00 MHz. Black grape tissue equivalent phantom liquid 

preparations have been realized based on different compositions of DI water (resistivity = 13 

M cm), sucrose / diethylene glycol monobutyl ether and sodium chloride (NaCl). In fact, based 

on the frequency range, different amounts of sucrose / diethylene glycol monobutyl ether have 

been added with DI water (resistivity = 13 M cm) to bring down permittivity    
   of the 

prepared phantom liquids. In this manner, permittivity    
   values of the resultant phantom 

liquids have been tuned close to original black grape tissue specimen. Moreover, sodium 

chloride (NaCl) has been added further to fine tune electrical conductivity     / loss tangent 

       values of the final tissue equivalent phantom liquids. 
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(a) 

 

(b) 

Fig. 5.60: Black grape tissue equivalent phantom liquid at 1842.50 MHz (a) permittivity and (b) 

loss tangent 

As discussed before, prior to preparing black grape tissue equivalent phantom liquids, broadband 

dielectric properties      i.e. both permittivity    
   and loss tangent        values of DI water 

(resistivity = 13 M cm) have been measured at 25 ˚C for reference check. Obtained permittivity 

   
   and loss tangent        data for DI water have been mentioned earlier at 947.50 MHz, 

1842.50 MHz and 2450.00 MHz – thus, those are not repeated here again. 

Next, for preparing black grape tissue equivalent phantom liquid at 947.50 MHz, 22 g sucrose 

and 300 mg sodium chloride (NaCl) have been mixed with 100 ml DI water (resistivity = 13 

M cm) to attain phantom liquid permittivity    
   and loss tangent        values close to 

original black grape tissue specimen (please, refer to Table 5.40). Final phantom liquid 
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(a) 

 

(b) 

Fig. 5.61: Black grape tissue equivalent phantom liquid at 2450.00 MHz (a) permittivity and (b) 

loss tangent 

permittivity    
   and loss tangent        values have been realized within 0.81% and 0.57% 

limits of the respective reference data at 947.50 MHz (please refer to Fig. 5.59 and Table 5.41). 

Subsequently, at 1842.50 MHz, 13.04 ml diethylene glycol monobutyl ether and 391.30 mg 

sodium chloride (NaCl) have been added with 100 ml DI water (resistivity = 13 M cm) in order 

to realize equivalent phantom liquid permittivity    
   and loss tangent        values close to 

the original black grape tissue specimen (please refer to Table 5.40). Final permittivity    
   and 

loss tangent        values of the equivalent phantom liquid have been achieved within 0.28% 

and 1.98% limits of the respective reference data at 1842.50 MHz (please refer to Fig. 5.60 and 

Table 5.41). 
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At last, 13.04 ml diethylene glycol monobutyl ether and 347.83 mg sodium chloride (NaCl) have 

been mixed with 100 ml DI water (resistivity = 13 M cm) in order to tune permittivity    
   and 

loss tangent        of equivalent phantom liquid close to the original black grape specimen at 

2450.00 MHz (please refer to Table 5.40). Final permittivity    
   and loss tangent        

values of prepared phantom liquid have been tuned within 2.68% and 0.89% limits of the 

respective reference data for black grape specimen at 2450.00 MHz (please refer to Fig. 5.61 and 

Table 5.41). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.40 Final compositions of black grape tissue equivalent phantom liquids  

Frequency (MHz) Final composition of phantom liquid 

947.50 100 ml DI water, 22 g sucrose & 300 mg NaCl 

1842.50 100 ml DI water, 13.04 ml DGME & 391.30 mg NaCl 

2450.00 100 ml DI water, 13.04 ml DGME & 347.83 mg NaCl 

DGME = diethylene glycol monobutyl ether 

Table 5.41 Difference between the measured dielectric properties      of black grape tissue 

specimen and equivalent phantom liquids 

Frequency (MHz) 947.50 Deviation 1842.50 Deviation 2450.00 Deviation 

Reference 

Permittivity    
   

71.25  

 

0.81% 

68.94  

 

0.28% 

67.47  

 

2.68% Phantom Liquid 

Permittivity    
   

71.83 69.13 69.28 

Reference Loss 

Tangent        

0.176  

 

0.57% 

0.202  

 

1.98% 

0.224  

 

0.89% Phantom Liquid 

Loss Tangent        

0.175 0.206 0.226 
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5.5 Discussions 

In total, phantom liquids have been prepared for twenty fruit / plant tissue layers chosen out of 

twelve fruit / plant specimens – some fruit / plant specimens are multilayer in nature and rest 

possess homogeneous tissue layers. It should be noted, tissue equivalent liquids have been 

prepared at three frequencies of interest i.e. 947.50 MHz, 1842.50 MHz and 2450.00 MHz – 

thus, altogether, sixty liquid recipes have been prescribed.  

In general, DI water (resistivity = 13 M cm), sucrose and sodium chloride (NaCl) based liquid 

compositions have been prepared primarily at 947.50 MHz; however, these sucrose based 

preparations possess high electrical conductivity     / loss tangent        values at 1842.50 

MHz and 2450.00 MHz – thus, aren’t suitable at those higher frequencies (except few scenarios). 

Therefore, at higher frequencies, DI water (resistivity = 13 M cm), diethylene glycol monobutyl 

ether and sodium chloride (NaCl) based liquid preparations have been formulated to realize 

tissue equivalent phantom liquids in order to precisely tune electrical conductivity     / loss 

tangent        values. In fact, at any particular frequency, diethylene glycol monobutyl ether 

possesses lower electrical conductivity     / loss tangent        compared to DI water and 

sucrose solution. However, in few cases, even plain mixtures of DI water (resistivity = 13 

M cm) and diethylene glycol monobutyl ether go beyond the electrical conductivity     / loss 

tangent        values of targeted fruit / plant tissue layers. In those scenarios, difference in loss 

tangent        values (at 1842.50 MHz and 2450.00 MHz) can considerably be minimized with 

high resistivity DI water (resistivity > 13 M cm). 

5.6 Conclusions 

Prepared phantom liquid recipes are indeed useful for practical SAR measurement in different 

fruit / plant prototypes at 947.50 MHz, 1842.50 MHz and 2450.00 MHz. These fruit / plant tissue 

equivalent liquids can be poured inside customized fruit / plant phantom models for accurate 

SAR measurements. Described phantom liquid recipes can instantly be prepared just before 

practical SAR measurements and the complex dielectric properties      can be verified using 

open ended coaxial probe technique [1-11, 18]. In addition, preparing different compositions of 

DI water (resistivity = 13 M cm), sucrose / diethylene glycol monobutyl ether and sodium 

chloride (NaCl) for attaining a wide range of permittivity    
   and loss tangent        values 
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have facilitated to identify the contributions of individual elements in tuning complex dielectric 

properties      of phantom liquids. Thus, in future, customized tissue equivalent phantom liquid 

recipe can be prepared for any other fruit / plant or even human tissue specimen. These fruit / 

plant tissue equivalent phantom liquid preparations can be considered as an advancement in the 

direction of practical SAR measurement in prototyped fruit / plant models and furthermore, in 

quantifying electromagnetic energy absorption rates in fruit / plant models to limit 

electromagnetic exposure for ensuring safety of fruits, crops and plants. 
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Chapter 6 
Electromagnetic Propagation Loss due to 
Plants and Initial Responses under Long 
Duration Cell Phone Irradiation  

 

Part I: Electromagnetic Propagation Loss due to 

Plants – A Preliminary Investigation 

6.1 Introduction 

Plants are often considered to be one of the natural shielding materials for electromagnetic wave 

propagation and a concern for wireless communication coverage failure [1-5]. It is so because 

most plants, fruits and flower tissues possess considerably high dielectric properties      i.e. 

permittivity (  
 ) and electrical conductivity (σ) / loss tangent      ) [6-16] – thus, they are 

capable of absorbing a reasonable amount of incident electromagnetic energy that impinges on 

them (as discussed in Chapter 4). In addition, depending on frequency of operation and length of 

individual plant leaf, a considerable part of the incident electromagnetic energy can also be 

scattered in random directions. Consequently, the likelihood of plants being affected due to 

electromagnetic energy absorption also needs to be investigated. Hence, it is important from both 

perspectives to investigate electromagnetic propagation loss / attenuation due to presence of 

single / multiple plants – while, electromagnetic wave propagates through them. As discussed 

earlier, this propagation loss / attenuation is in principal composed of two parts – 

electromagnetic energy absorption in plants (discussed in Chapter 4) and electromagnetic energy 

scattering due to leaves and other parts of plants. Thus, cumulative electromagnetic propagation 

loss / attenuation due to presence of plants should be investigated for analyzing overall 

absorption and scattering contribution. Later on, measured propagation loss / attenuation data 

may be correlated with potential physiological and molecular effects on plants. 
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6.2 Research Statement 

In this preliminary investigation, three Chinese Tabernaemontana divaricata plants have been 

chosen (one such plant is illustrated in Fig. 6.1) to examine electromagnetic propagation loss / 

attenuation at 1.73 GHz, 1.75 GHz and 1.77 GHz. Two half-wave dipole antennas have been 

placed 1.50 m apart at transmitting and receiving sides to ensure far-field scenario – next, 

Tabernaemontana divaricata plants have been placed in between the half-wave dipole antennas 

one by one to measure propagation loss / attenuation due to a single plant as well as all three 

plants. Microwave power at the receiving antenna side has been measured with a Handheld 

Spectrum Analyzer (HSA) (make: Agilent Technologies, up to 13.6 GHz) – both, in absence and 

presence of the Chinese Tabernaemontana divaricata plants. Considerable and consistent drop in 

received power has been noted due to presence of Chinese Tabernaemontana divaricata plants in 

Line-of-Sight (LOS) propagation channel between the transmitting and receiving antennas. 

6.3 Materials and Equipment  

The following plant specimens, microwave instruments and measuring accessories have been 

utilized to investigate electromagnetic propagation loss / attenuation due to presence of single / 

multiple plants. 

Three Chinese Tabernaemontana divaricata plants have been utilized in this investigation – 

please refer to Fig. 6.1 and Table 6.1 for dimensions of individual plant specimens. In addition, 

two half-wave dipole antennas with center frequencies around 1.75 GHz have been used as the 

transmitting and receiving antennas during measurement. Measured reflection coefficient       

data for these two antennas have been illustrated in Fig. 6.2. The reflection coefficient 

characteristics for the half-wave dipole antennas have been measured with Agilent Technologies 

E5071B ENA series Vector Network Analyzer (VNA). Microwave power at 1.73 GHz, 1.75 

GHz and 1.77 GHz has been fed to the transmitting half-wave dipole antenna from a benchtop 

signal generator with variable power output (make: Rohde & Schwarz). One HSA (make: 

Agilent Technologies, up to 13.6 GHz) has been connected to the other half-wave dipole antenna 

via coaxial cable for measuring received power at the above mentioned frequencies. High 

frequency low loss coaxial cables and connectors have been used at transmitting and receiving 

antenna terminals. The entire investigation has been conducted inside a semi-anechoic chamber. 
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Table 6.1 Dimensions of three Tabernaemontana divaricata plants (refer to Fig. 6.1) 

Serial Number L1 (cm) L2 (cm) S
#
 (cm) T (cm) 

First Plant 21 32 10 15 

Second Plant 19 28 10 13 

Third Plant 19 30 7 14 

                                                                                    #
All stem (S) diameters are less than 1 cm                 

 

Fig. 6.1: A typical Chinese Tabernaemontana divaricata plant (        and   represent height of 

foliage, width of foliage, height of stem and height of earthen pot respectively) 

 

Fig. 6.2: Reflection coefficients (   ) for transmitting and receiving half-wave dipole antennas 
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(a) 

  
(b)                                                      (c) 

Fig. 6.3: (a) Experimental setup inside semi-anechoic chamber for measuring propagation loss due 

to presence of the plants, (b) Microwave signal generator with the transmitting half-wave dipole 

antenna at 1.75 GHz and (c) HSA connected with the receiving half-wave dipole antenna 

 

6.4 Investigation Technique 

At initial stage, two half-wave dipole antennas have been fabricated at center frequency 1.75 

GHz i.e. at the middle of 1800 MHz uplink band (1710 MHz – 1785 MHz). This frequency band 

is dedicated for uplink communication from several low power devices (such as cell phones or 

tablets) to base station antennas. The microwave source available at Electronics and 

Telecommunication Engineering department, Jadavpur University can deliver 0 dBm to 25 dBm 

output power (make: Rohde & Schwarz) – this range matches well with power emitted from a 

cell phone / tablet. Next, the reflection coefficients (   ) have been measured with a VNA for 

both half-wave dipole antennas. At subsequent stage, one of the half-wave dipole antennas has 
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been connected with a microwave power source at the transmitting side – whereas, the receiving 

half-wave dipole antenna has been positioned 1.50 m apart from the transmitting antenna inside a 

semi-anechoic chamber. One HSA (noise floor below –120 dBm) has been connected with the 

receiving half-wave dipole antenna via low loss coaxial cable. 

Next, antenna received power data have been measured with the HSA for specific combinations 

of operating frequency and input power level at the transmitting dipole antenna side in absence 

of Tabernaemontana divaricata plants. Next, Chinese Tabernaemontana divaricata plants have 

been placed one by one in between the transmitting and receiving half-wave dipole antennas – 

consequently, second dipole antenna received power levels have been recorded using the HSA. 

This process has been repeated at three different frequencies (1.73 GHz, 1.75 GHz and 1.77 

GHz) and for six different input power levels (0 dBm to 25 dBm at intervals of 5 dBm) at the 

transmitting dipole antenna side. Figs. 6.3(a), (b) and (c) illustrate the practical measurement 

setup inside semi-anechoic chamber. 

6.5 Results and Analyses 

Fig. 6.4(a) illustrates decline in 2
nd

 half-wave dipole antenna received power at 1.73 GHz due to 

propagation loss / attenuation in Chinese Tabernaemontana divaricata plants placed in between 

the transmitting and receiving antennas. 

Analyses reveal that approximately 0.66 dB (averaged over six different power levels) 

propagation loss / attenuation has been noted at 1.73 GHz due to presence of a single 

Tabernaemontana divaricata plant in between the two half-wave dipole antennas. It is also to be 

noted that on an average 2.91 dB and 5.50 dB (averaged over six different power levels) 

cumulative propagation losses / attenuations have been observed due to respective presence of 

two and three Tabernaemontana divaricata plants in between the antennas at 1.73 GHz. 

Next, operating frequency of the microwave source has been set to 1.75 GHz and above 

mentioned measurement technique has been repeated. This time, measured propagation loss / 

attenuation data have been illustrated in Fig. 6.4(b) – it illustrates relative drop in 2
nd

 half-wave 

dipole antenna received power at 1.75 GHz due to presence of the Chinese Tabernaemontana 

divaricata plant specimens. The entire measurement process has been repeated for six different 

input power levels (0 dBm to 25 dBm at intervals of 5 dBm) at 1.75 GHz. 
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    (a)                                                                (b) 

  
(c) 

Fig. 6.4: Decline in half-wave dipole antenna received power due to propagation loss / attenuation 

in Chinese Tabernaemontana divaricata plants present in between the transmitting and receiving 

antennas (a) at 1.73 GHz, (b) at 1.75 GHz and (c) at 1.77 GHz 

 

Based on measured data analyses, about 1.24 dB (averaged over six different input power levels) 

propagation loss / attenuation has been observed due to presence of a single Tabernaemontana 

divaricata plant in between the transmitting and receiving half-wave dipole antennas at 1.75 

GHz; whereas, on an average 2.87 dB and 5.90 dB cumulative propagation losses have been 

noted due to respective presence of two and three plants at 1.75 GHz. 

At the final stage, frequency of operation has been tuned to 1.77 GHz and the entire 

measurement procedure has been repeated again. Fig. 6.4(c) demonstrates relative drop in 

antenna received power and cumulative propagation loss / attenuation due to presence of chinese 

Tabernaemontana divaricata plants for six different input power levels at 1.77 GHz. 
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Based on result analyses, an average of 0.62 dB propagation loss has been noted due to presence 

of a single Tabernaemontana divaricata plant whereas 1.76 dB and 2.89 dB cumulative 

attenuation losses have been observed respectively for two and three Tabernaemontana 

divaricata plants at 1.77 GHz. Above data have been reported after analyzing results over six 

different input power levels at the transmitting half-wave dipole antenna.  

6.6 Discussions 

Detailed analyses of measured data demonstrate significant propagation loss / attenuation due to 

presence of single as well as multiple Chinese Tabernaemontana divaricata plant specimens. A 

significant part of the propagation loss is expected due to absorption in the plants because of high 

tissue dielectric properties (  ) [6-16] – whereas, scattering of electromagnetic energy should 

also be taken into consideration. In general, propagation loss / attenuation is high enough at 1.73 

GHz (5.50 dB) and at 1.75 GHz (5.90 dB) when three chinese Tabernaemontana divaricata 

plants have been placed on LOS – however, the measured propagation loss has been noted to be 

reduced at 1.77 GHz possibly due to change in orientation of plants while repeating the 

experiment. It should be noted that the transmitting and receiving antennas have been positioned 

30 cm above the ground – thus, the foliage of three plants have fallen on LOS in between the 

antennas. In addition, it is also to be noted that a part of the reported propagation loss / 

attenuation has been contributed by soil in earthen pots in addition to plant foliage – as half-wave 

dipole antennas posses flat beam width.  

Obtained results demonstrate that three Chinese Tabernaemontana divaricata plants with 30 cm 

foliage diameter and 20 cm foliage height are capable of introducing significant propagation loss 

around 1.75 GHz. The cumulative foliage depth is less than a meter (3 × 30 cm) and the same 

has introduced almost 5 dB attenuation (on average) near 1800 MHz band. Therefore, attention 

should be paid to investigate physiological and molecular effects of electromagnetic irradiation 

on plants and crops. 

6.7 Conclusions 

Fairly significant propagation loss / attenuation has been observed in Chinese Tabernaemontana 

divaricata plant specimens. Measured propagation loss / attenuation data and dielectric 

properties (  ) of different plant tissues indicate that a significant part of the loss is possibly due 
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to considerable water and ion contents in leaves, flowers and stems [6-16]; an accurate dielectric 

properties (  ) measurement of Tabernaemontana divaricata plant leaf, flower and stem 

specimens  along with subsequent Specific Absorption Rate (SAR) evaluation can help to 

quantify accurate electromagnetic energy absorption in the above mentioned plants. Thereafter, 

simulated SAR data can be correlated further with measured propagation loss / attenuation data 

in above mentioned plant structures. Furthermore, physiological and molecular effects on plants 

can be investigated due to short duration as well as long duration electromagnetic irradiation. 

Part II: Initial Plant Responses under Long Duration 

Cell Phone Irradiation 

6.8 Introduction 

Electromagnetic radiations over a wide spectrum of frequencies are present in the environment – 

some of these radiations are natural while others are manmade / technology based [17]. In 

general, natural electromagnetic radiations are low enough with respect to Radio Frequency (RF) 

radiations utilized for technological development. All living objects including humans, animals 

and plants are exposed to prolonged electromagnetic radiation in open environment. Such 

prolonged electromagnetic irradiation might have some measurable impact on humans as well as 

plants – because dielectric tissue heating in living objects is an important phenomenon [18-25]. 

Modern wireless communication systems utilize electromagnetic radiation in multiple frequency 

bands. Extensive use of electromagnetic energy over wireless communication bands has reported 

human health implications [18-22] – thus, similar investigations i.e. electromagnetic irradiation 

induced responses should also be studied in plants and crops [23-30]. In this connection, it 

should be noted that several international and national electromagnetic exposure regulatory 

guidelines and Specific Absorption Rate (SAR) limits have been prescribed worldwide to 

minimize associated human health risks [17, 31-34] – however, no such precautionary guidelines 

have been prescribed yet to protect plants and crops. 

Plants are continuously exposed to electromagnetic radiation at multiple frequencies from mobile 

tower antennas – 24 hours a day and 365 days a year. In current situation, there is no guideline to 

limit electromagnetic exposure on plants from shared telecom tower antennas and other radiating 
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elements. As a consequence, plants are often exposed to intense electromagnetic radiations 

throughout their lifespan. As reported in literature, electromagnetic radiation does affect plant 

seed germination rate, subsequent sapling growth and plant health [23-30]. 

This particular investigation deals with Capsicum annuum (commonly known as Chilli) which is 

cultivated all over in India. Capsicum annuum (Chilli pepper) seeds have been chosen because of 

its wide availability, low cost, faster germination and subsequent sapling growth rate in all 

seasons. Hundred such healthy and viable Capsicum annuum seeds (collected from Chillies 

grown in same plant) have been equally divided into two six inch diameter earthen pots with 

fertilized soil as illustrated in Figs. 6.5(a) and (b) respectively – i.e. fifty Capsicum annuum 

seeds have been sown in each earthen pot for germination and subsequent growth. The first 

earthen pot has been kept in natural low electromagnetic environment while the 2
nd

 one has been 

placed next to a GSM cell phone with 10g averaged SAR value of 1.48 W/kg (measured in 

human head phantom model) [35-36]. Initial plant responses such as seed germination rate and 

subsequent sapling growth rate have been studied for both sets of Capsicum annuum (Chilli 

pepper) specimens over a span of 50 days duration. A significant reduction has been noted in 

number of germinated Capsicum annuum saplings in the earthen pot placed next to GSM cell 

phone compared to sham-exposed earthen pot kept in natural low electromagnetic environment.  

    

 (a)                                          (b) 

Fig. 6.5: (a) Fifty Capsicum annuum seeds have been spread in the 1
st
 earthen pot (kept in 

natural environment) and (b) Fifty Capsicum annuum seeds have been spread in the 2
nd

 

earthen pot (exposed to GSM cell phone radiation) 
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6.9 Materials, Equipment and Experimental Method 

6.9.1 Materials and Equipment 

In order to perform this investigation, hundred healthy viable Capsicum annuum seeds, two six 

inch diameter earthen pots and fertilized soil have been utilized – the earthen pots have been 

filled with fertilized soil. All hundred Capsicum annuum seeds have been collected from dried 

Chilli peppers that were grown in a single plant. Two identical GSM cell phones with 10g 

averaged SAR value 1.48 W/kg (in human head model) have been used to irradiate target 

Capsicum annuum seeds and subsequent saplings in the 2
nd

 earthen pot [35-36]. A wooden stand 

has been utilized to hold one cell phone next to the 2
nd 

earthen pot containing Capsicum annuum 

seeds / saplings. Electric power line and power adapters have been used to keep the cell phones 

switched on over 50 days duration. Furthermore, RF power measuring device i.e. handheld 

electromagnetic power meter (up to 6 GHz) and a half-wave dipole antenna designed at 1.75 

GHz (center frequency) have been employed to characterize cell phone emitted frequency and 

exposure levels. One measuring tape and a couple of fiber scales have also been used to measure 

the growth of Capsicum annuum sapling specimens over the stipulated investigation duration. 

6.9.2 Experimental Method 

This experiment has been performed to investigate effects of electromagnetic irradiation on 

Capsicum annuum seed germination and subsequent sapling growth – as, electromagnetic 

radiation has been reported to be a stress factor for plants [24, 26, 28-30]. Detailed experimental 

protocol to investigate electromagnetic irradiation induced responses at initial stages of 

Capsicum annuum plant growth has been discussed in the following section.  

At first, two six inch diameter earthen pots have been filled with fertilized soil and placed in 

similar natural electromagnetic environment. Next, a few dried red Chilli peppers have been 

chosen out of several similar specimens that were collected from a single Capsicum annuum 

plant. All seeds have been collected from those few selected Chilli peppers and compiled 

together. At subsequent stage, hundred healthy and viable Capsicum annuum seeds have equally 

been distributed in two earthen pots in a systematic approach as illustrated in Figs. 6.5(a) and (b). 

One GSM cell phone has been fixed on a thin wooden stand and placed in close vicinity of the 

2
nd

 earthen pot as depicted in Fig. 6.5(b). This particular GSM cell phone has been equipped with 
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a GSM Subscriber Identity Module (SIM) having unlimited on-network call subscription – the 

same equipment has been used as the non-ionizing electromagnetic radiation source at GSM 1.8 

GHz uplink band [37-38]. The other cell phone (kept at a far distance inside room) also 

contained a GSM SIM card from same service provider and has been used to receive calls 

initiated from the 1
st
 cell phone. All calls have been initiated from the cell phone placed in close 

vicinity of 2
nd

 earthen pot with an average collective call duration of 5 h and 41 min per day. 

During rest of the time, the transmitting cell phone has been kept in standby mode (switched on) 

close to the 2
nd

 earthen pot. A half-wave dipole antenna has been fabricated in GSM 1.8 GHz 

uplink band with center frequency at 1.75 GHz – the same antenna has been employed along 

with a handheld power meter to compare electromagnetic power densities near the 1
st
 (placed in 

natural environment) and 2
nd

 (next to the GSM cell phone) earthen pots. Two earthen pots each 

containing fifty Capsicum annuum seeds have been kept under observation – relavant data have 

been noted at regular intervals. Significant physiological responses such as seed germination, 

subsequent sapling growth, largest and average sapling lengths, largest leaf length and wrinkled 

leaves etc. have been noted down over 50 days duration. 

6.10 Antenna Received Power Measurement 

As discussed above, the 1
st
 earthen pot has been placed in natural environment with low 

electromagnetic field strength – whereas, the 2
nd

 earthen pot has been kept in close vicinity of a 

GSM cell phone with 10g averaged SAR value of 1.48 W/kg (in human head equivalent model) 

[35-36]. It is important to note that GSM mobile phones transmit electromagnetic energy both in 

900 MHz uplink band (890 MHz – 915 MHz) and 1800 MHz uplink band (1710 MHz – 1785 

MHz). Therefore, it is obvious that Capsicum annuum seeds and subsequent germinated saplings 

in the 2
nd

 earthen pot have been exposed to higher electromagnetic field strength compared to the 

sham-exposed (control) 1
st
 earthen pot. A half-wave dipole antenna has been fabricated at 1750 

MHz i.e. at the centre frequency of GSM 1800 MHz uplink band (1710 MHz – 1785 MHz) and 

connected with a handheld power meter for measuring antenna received power in surrounding 

areas of 1
st
 and 2

nd
 earthen pots. Fabricated half-wave dipole and its reflection coefficient       

characteristics have been illustrated in Figs. 6.6(a) and (b) respectively. The handheld RF power 

meter has been shown in Figs. 6.7(a) and (b) along with the half wave dipole antenna.   
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 (a)                                                            (b) 

Fig. 6.7: (a) Handheld power meter along with fabricated half-wave dipole antenna at 1750 

MHz and (b) Half-wave dipole antenna received power measurement in close vicinity of the 2
nd

 

earthen pot placed next to GSM cell phone 

 

 

(a)                                                               (b) 

 

Fig. 6.6: (a) Half-wave dipole antenna at 1750 MHz with SMA to coaxial N-type adapter and (b) 

Measured reflection coefficient       characteristics of the fabricated half-wave dipole antenna 
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The half-wave dipole antenna received power data have been measured over entire 1800 MHz 

uplink band both in natural low electromagnetic environment next to the 1
st
 earthen pot and in 

close vicinity of GSM cell phone next to the 2
nd

 earthen pot. Measured power data for different 

Table 6.2 Comparison of half-wave dipole antenna received power data next to 1
st
 earthen pot 

(natural low electromagnetic environment) and the 2
nd

 earthen pot (beside GSM mobile phone) 

Half-wave dipole antenna 

received power 

measurement using 

handheld RF power meter at 
around 1750 MHz 

Peak Instantaneous Received 

RF power at around 1750 MHz 
(dBm) 

Average saturated Received RF 

power at around 1750 MHz 
(dBm) 

Half-wave 

dipole placed 

in vertical 
plane 

Half-wave 

dipole placed 

in horizontal 
plane 

Half-wave 

dipole placed 

in vertical 
plane 

Half-wave 

dipole placed 

in horizontal 
plane 

     

Near 1
st
 earthen pot in 

natural environment 

-39.0 -41.0 -39.0 -41.0 

Near 2
nd

 earthen pot during 

call setup mode 

+1.06 -3.00 -3.00 -7.00 

Near 2
nd

 earthen pot during 

ringing mode 

-8.00 -19.0 -13.0 -22.0 

Near 2
nd

 earthen pot during 

call ongoing mode 

-16.0 -26.0 -19.0 -30.0 

Near 2
nd

 earthen pot during 

standby mode 

-39.0 -41.0 -39.0 -41.0 

 

Table 6.3 Radiation exposure duration of Capsicum annuum seeds and subsequent saplings in the 

2
nd

 earthen pot over 50 days duration 

Mobile operating modes next to 2
nd

 earthen pot Time duration (min) 

Cell phone in standby mode (switched on) 54818 

Cell phone in call ongoing mode 17046 

Cell phone in ringing mode 126 

Cell phone in call setup mode 10 (304 calls) 

Total 72000 (50 days) 
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modes of GSM cell phone operation have been tabulated in Table 6.2. Antenna received power 

data have been measured with handheld power meter in natural environment, as well as in 

vicinity of GSM cell phone during call set up, ringing, call ongoing mode and standby mode. 

On an average, approximately 35 dB higher electromagnetic power has been received by the 

half-wave dipole antenna around the 2
nd

 earthen pot adjacent to GSM phone in call set up mode 

– while, compared to natural environment near the 1
st
 earthen pot. It has been further observed 

that GSM mobile phone transmits less power once the call has been established – please, refer to 

Table 6.2. During call ongoing mode, the half-wave dipole antenna received power near the 

GSM cell phone (i.e. adjacent to 2
nd

 earthen pot) has been noted to be about 20 dB higher in 

comparison to natural electromagnetic environment (1
st
 earthen pot). In standby mode, GSM cell 

phones emit high amplitude short duration pulses; but, the power meter couldn’t record those – 

instead, a spectrum analyzer could have been employed. As a consequence, very low power level 

has been detected around the cell phone (near 2
nd

 earthen pot) in standby mode.       

As reported in Table 6.2, half-wave dipole antenna received electromagnetic power adjacent to 

the 2
nd

 earthen pot is quite significant in call ongoing mode while compared to natural 

electromagnetic scenario next to the 1
st
 earthen pot. It should also be noted that the GSM phone 

was in call ongoing mode around 5 h and 41 min per day – please refer to Table 6.3. For rest of 

the day i.e. around 18 hours and 16 minutes, the cell phone has been kept in standby mode while 

radiated power level was much less – please refer to Table 6.2 and Table 6.3. For remaining 3 

minutes, the phone was either in call setup mode or in ringing mode. Hence, it is obvious that 

resultant electromagnetic field strength near the 2
nd

 earthen pot was much less than the maximum 

permissible limits prescribed in existing Indian exposure guidelines [32]. The GSM cell phones 

operate at around 1750 MHz i.e. in 1800 MHz uplink band next to the 1800 MHz downlink band 

(1805 MHz to 1880 MHz) – thus, the physiological plant responses in this investigation can be 

corroborated to the potential plant responses under 1800 MHz cell tower radiation.   

6.11 Radiation Effects on Seed Germination and Sapling Growth 

Capsicum annuum seed germination rate and subsequent sapling growth have been observed 

over duration of 50 days – both, in 1
st
 sham-exposed earthen pot (kept in natural environment) 

and also in 2
nd

 earthen pot next to the GSM mobile phone. At initial stage, reduced number of 

germinated Capsicum annuum seeds has been observed in GSM phone radiation treated 2
nd
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earthen pot compared to the 1
st
 earthen pot (sham-exposed). The difference in number of 

germinated seeds between the two earthen pots increased to a significant level with time. 

However, during the last three weeks of this investigation, higher sapling growth rate and 

wrinkled leaves have been observed among saplings in the 2
nd

 earthen pot next to the GSM 

mobile phone. 

6.11.1 Reduced Seed Germination 

At initial stage, hundred healthy viable Capsicum annuum seeds have equally been distributed 

between the 1
st
 (kept in natural environment) and 2

nd
 (treated under cell phone radiation) earthen 

pots – as illustrated in Figs. 6.5(a) and (b). Thereafter, Capsicum annuum seed germination rate 

and subsequent sapling growth have been observed at regular intervals to note possible variations 

due to electromagnetic irradiation.  

A difference has been noted in germinated Capsicum annuum seed count on the 6
th
 day of 

observation. Six Capsicum annuum seeds have germinated in the 1
st
 sham-exposed earthen pot 

whereas four Capsicum annuum seeds have germinated in the 2
nd

 earthen pot next to GSM cell 

phone. Detailed data have been tabulated in Table 6.4. The reduction in number of germinated 

Capsicum annuum saplings under cell phone irradiation has become significant with time – as 

visible in Table 6.4, Figs. 6.8(a) and (b) respectively.  

On 22
nd

 day of observation, forty five Capsicum annuum saplings have been visible in the 1
st
 

earthen pot (sham exposed / control) – while, only twenty seven saplings have been observed in 

the 2
nd

 earthen pot in close vicinity of the GSM mobile phone. Pictorial descriptions have been 

illustrated in Figs. 6.9(a) and (b) along with data in Table 6.4.  At final stage, thirty eight 

Capsicum annuum saplings have been visible in 1
st
 sham-exposed earthen pot – in contrast, only 

twenty five Capsicum annuum saplings have been observed in the 2
nd

 earthen pot (next to the 

GSM mobile phone). Pictures taken on 50
th

 day have been depicted in Figs. 6.10(a) and (b) 

respectively. Data demonstrate that 76% Capsicum annuum seeds survived to produce 

subsequent saplings in sham-exposed 1
st
 earthen pot – whereas, only 50% seeds survived to 

produce saplings in radiation treated 2
nd

 earthen pot next to the GSM mobile phone. 
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Table 6.4 Germinated sapling count and mean sapling height over 50 days 

Day Number of germinated seedlings Mean sapling height (cm) 

In 1
st
 earthen 

pot (sham-

exposed) 

In 2
nd

 earthen 

pot (next to the 

mobile phone) 

In 1
st
 earthen 

pot (sham-

exposed) 

In 2
nd

 earthen 

pot (next to the 

mobile phone) 

     

1 0 0 0.00 0.00 

6 6 4 0.10 0.40 

10 19 6 - - 

15 36 22 4.00 3.50 

22 45 27 5.25 5.50 

36 39 27 7.50 9.00 

42 38 27 8.50 9.50 

50 38 25 11.7 14.0 

 

    

  (a)                                              (b) 

Fig. 6.8: Observation on 15
th

 day (a) thirty six saplings in the 1
st
 earthen pot kept in natural 

environment and (b) twenty two saplings in the 2
nd

 earthen pot next to GSM mobile phone 
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   (a)                                                 (b) 

Fig. 6.9: Observation on 22
nd

 day (a) forty five saplings in the 1
st
 earthen pot kept in natural 

environment and (b) twenty seven saplings in the 2
nd

 earthen pot next to GSM mobile phone 

    

    (a)                                                 (b) 

Fig. 6.10: Observation on 50
th

 day (a) thirty eight saplings in the 1
st
 earthen pot kept in 

natural environment and (b) twenty five saplings in the 2
nd

 earthen pot next to GSM mobile 

phone 
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Table 6.5 Comparison of largest sapling height and largest leaf length between the 1
st
 and 2

nd
 

earthen pots 

Day Largest sapling height (cm) Largest leaf length (cm) 

Among saplings 

in untreated 

reference 1
st
 

earthen pot 

Among saplings in 

GSM mobile phone 

radiation treated 
2

nd
 earthen pot 

Among saplings 

in untreated 

reference 1
st
 

earthen pot 

Among saplings in 

GSM mobile phone 

radiation treated 
2

nd
 earthen pot 

     

42 13.00 14.00 5.00 6.50 

50 14.50 20.00 5.80 8.20 

 

6.11.2 Increased Sapling Height and Leaf Length 

Reduction in seed germination and subsequent sapling counts is not the only observation while 

Capsicum annuum specimens have been exposed under mobile phone radiation. In addition, 

increased Capsicum annuum sapling height and larger leaves have also been seen among 

saplings in the 2
nd

 earthen pot following GSM mobile phone irradiation (while compared to the 

1
st
 earthen pot) – exception on 15

th
 day of observation. Supportive statistical data have been 

presented in Table 6.4. Data presented in Table 6.5 illustrate that the largest sapling length is 

much higher in the 2
nd

 earthen pot (treated with GSM mobile phone radiation) while compared to 

the sham-exposed pot. In addition, the largest leaf length among electromagnetic irradiation 

treated saplings in the 2
nd

 earthen pot is consistently high compared to the 1
st
 earthen – please 

refer to Table 6.5.     

6.11.3 Wrinkled Top Leaves 

Few wrinkled top leaves have been observed among saplings in the 2
nd

 earthen pot treated under 

GSM mobile phone radiation (after 35 days of observation). In contrary, no such wrinkled leaves 

have been seen among the sham-exposed saplings in the 1
st
 earthen pot – rather, glowing healthy 

leaves have been observed. Please, refer to Figs. 6.11(a) and (b) for pictorial illustrations. This 

particular observations raise legitimate question regarding potential effects of electromagnetic 

radiation on plants.    
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    (a)                                                 (b) 

Fig. 6.11: Observation on 50
th

 day (a) healthy glowing leaves in the 1
st
 earthen pot kept in 

natural environment and (b) wrinkled leaves in the 2
nd

 earthen pot next to GSM mobile phone 

6.12 Discussions and Conclusions 

The outcome of this investigation clearly indicates that GSM mobile phone radiation causes 

significant reduction in Capsicum annuum seed germination. It is also important to note that 

number of Capsicum annuum saplings is consistently less in the 2
nd

 earthen pot (mobile phone 

radiation treated) while compared to the other sham-exposed earthen pot – please refer to Figs. 

6.8 to 6.10. GSM mobile phones transmit in uplink bands that are adjacent to corresponding 

downlink bands – as a consequence, effects would be quite similar even under cell tower 

radiation. It is also evident that GSM mobile phone radiation stimulates growth of Capsicum 

annuum saplings. Thus, further investigations should be carried out at physiological and 

molecular levels to explore potential correlation related to electromagnetic irradiation evoked 

growth stimulation in plants. Wrinkled top leaves among mobile phone radiation treated saplings 

(in 2
nd

 earthen pot) indicate possibly towards dielectric tissue heating – else, electromagnetic 

radiation is perceived by plants as a stress factor [24, 26, 28]. SAR simulation can be performed 

for the Capsicum annuum saplings to investigate dielectric tissue heating (as reported earlier in 

Chapter 4). The stress conditions can further be investigated at physiological and molecular 
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levels [24, 26, 28]. Please note that no pest infection has been observed among saplings in the 2
nd

 

earthen pot that can cause wrinkled leaves. 

It is important to note that minimum electromagnetic power density required for establishing 

mobile communication is much less than the respective prescribed limits in international and 

national electromagnetic exposure regulatory guidelines [17, 31-34]. Until electromagnetic 

irradiation induced plant responses at physiological and molecular levels are completely known, 

more number of mobile towers should be installed with each antenna emitting minimal power. In 

addition, sharing of mobile towers among several service providers should be restricted to further 

bring down the cumulative electromagnetic field strength. These initiatives can make significant 

contributions to protect plants and humans from potential effects of electromagnetic radiation 

hazards. 
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Chapter 7 
Periodic and Controlled Electromagnetic 
Irradiation Evoked Physiological and 
Molecular Responses in Plants  

 

7.1 Introduction 

The expanding use of non-ionizing electromagnetic radiation over a large number of frequency 

bands revolutionized the modern wireless telecommunication systems. Be it high speed data 

transmission or clear voice transmission over wireless media, broadcast of microwave energy 

over multiple frequency bands is the only mode available. However, the increased use of 

wireless technology devices is reported to have slow but measurable impact on wide range of 

biological systems [1-15]. Different biological tissues in humans and plants possess reasonably 

high dielectric properties      as reported in several studies [16-24]. In this context, measured 

broadband dielectric properties      of several plant tissues have also been reported in Chapter 3. 

Humans, plants and common crops absorb quite high amount of electromagnetic energy at 

multiple radio frequency bands simultaneously [25-39] – electromagnetic energy absorption rates 

have been assessed for a number of realistic fruit and plant models in Chapter 4. Electromagnetic 

energy absorption rate in biological tissue is defined in terms of ‘Specific Absorption Rate 

(SAR)’ which is the rate of electromagnetic energy absorption per unit mass of biological tissue 

while microwave radiation impinges on it. Although SAR analyses in different human phantom 

models have been performed over last three decades, available SAR data for realistic plant and 

fruit models are very limited [25-39] – hence, SAR estimations for a number of practical fruit 

and plant models have been discussed in Chapter 4. In fact, in the BioInitiative report 2012, most 

of it was focused on investigating biological effects of electromagnetic radiation on mammals 

(humans and animals) compared to plants [40]. However, several reports suggested that living 

organisms do not respond biologically in a different way with respect to the sham-exposed 

(control) samples, while exposed to non-ionizing microwave radiation [41-48]. This could be 

primarily due to lack of controlled and consistent electromagnetic stimulating environment. Use 
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of mobile phone devices or transverse electromagnetic cells couldn’t simulate a controlled 

electromagnetic stimulation in laboratory conditions and therefore it remained impossible to 

address the effects on target host response. Moreover, these devices emitted microwave energy 

with fixed direction of propagation and polarization; consequently living objects were irradiated 

from one direction with fixed polarization. In contrast, electromagnetic exposure inside a 

reverberation chamber is known to recreate absolutely controlled stimulation with 

electromagnetic irradiation on living objects from several directions with different polarization. 

Roux et al. and Vian et al. pioneered the use of Mode Stirred Reverberation Chamber (MSRC) to 

comprehensively study the effects of electromagnetic irradiation on whole plant and also 

demonstrated detailed utilities of MSRC functionalities in bio-electromagnetic experiments [7, 

13-15, 49-51]. 

Being immobile with high dielectric properties     , plants are more susceptible to 

electromagnetic irradiation compared to humans or animals. Therefore, an effect of minor 

environmental variations (including electromagnetic irradiation) should fairly be measurable in 

case of plants over animals or humans. Humans and animals absorb and release substances 

through interior tubes with minimal surface to volume ratio; whereas plants maximize the 

surface to volume ratio for absorbing more water, minerals through roots, gases and light through 

leaves – allowing them to have more interactions with electromagnetic energy over broader 

frequency spectrum [14]. In spite of such advantages, use of plant as a model to study the 

interaction with non-ionizing electromagnetic energy along with consequent effects remained 

quite limited [2, 7-8, 13-15, 52-53].  

Previous studies indicated significant physiological or morphological changes in plants due to 

electromagnetic irradiation of duration up to 13 weeks [54]. Some studies endorsed effects of 

long duration but uncontrolled electromagnetic exposure on seed germination rate and 

chlorophyll contents [2, 8, 11, 52-53, 55]. Significant reduction in seed germination rate was 

reported following four hours exposure to radiation from mobile phone at 900 MHz, 8.55 

       [56]; more such observations were reported for various plant seeds at different 

exposure setup [57-58]. Reduction in photosynthetic pigment concentrations due to 

electromagnetic irradiation at 1 GHz in 12-days-old maize was reported [59];  Chlorophyll A 

concentration dropped by 80% after 7 h of electromagnetic exposure. A significant reduction in 

Chlorophyll content was also observed followed by 4 h exposure in maize due to 1800 MHz, 
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332±10.36       power density and SAR of 1.69±0.0×10
−1

 W/kg [60]. Furthermore, short 

duration controlled electromagnetic stimulation has been previously categorized as a factor that 

can elicit stress – as seen in case of leaf flaming, insect bite or electrical stimulation [7, 13, 51]. 

Three weeks old whole tomato plants have been reported to be irradiated with 2-10 min short 

duration isotropic homogeneous electric field of 5 V/m at 900 MHz inside MSRC. Choice of 

whole tomato plant was preferred to maintain full potential for signal perception, transduction 

and response [7]. Relative expressions of stress-related transcripts like calmodulin-N6, calcium-

dependent protein kinase (CDPK), chloroplast mRNA-binding protein (CMBP), proteinase 

inhibitor (PIN2) and basic leucine-zipper transcription factor (lebZIP1) were found to be 

upregulated due to above mentioned stimulation [7, 13, 15, 51, 61]. Similar stimulation has also 

triggered reduced Adenosine Triphosphate (ATP) and Adenylate Energy Charge (AEC) levels 

that are good markers of cell energy status [50-51]. Rammal et al. independently replicated 

similar experiment to investigate the effects of 10 days long continuous electromagnetic 

exposure at 1250 MHz, 6 V/m on proteinase inhibitor 2 (PIN2) and lebZIP1 expressions and also 

found to be upregulated; however, this experiment couldn’t ensure strictly controlled 

electromagnetic environment [62]. Moreover, short duration high power (800 W/cm
2
) 

electromagnetic irradiation at 2450 MHz was able to modify the gene expression in seven-eight 

days old Vigna aconitifolia seedlings; however, due to high power density inside microwave 

oven, reported changes couldn’t exclude the possibility of causing thermal effects of 

electromagnetic irradiation [63]. However, many of the above investigations were conducted at 

different growth stages following one time electromagnetic irradiations for few minutes to few 

hours. In fact, majority of such studies couldn’t even ensure a controlled and reproducible 

electromagnetic stimulation. In contrast, the role of periodic as well as controlled 

electromagnetic irradiation on plants particularly with respect to possible changes in 

physiological and molecular responses remained undetermined. Rice, being the staple food crop 

in Asia, is widely cultivated in rural open fields and gets exposed to uninterrupted mobile tower 

radiations throughout the lifespan. Therefore, it was hypothesized that controlled and periodic 

electromagnetic irradiation could alter seed germination rate, photosynthetic pigment 

concentrations and selected stress-sensor gene expressions in rice (Oryza sativa). 

Rice is a model crop with smallest genome size (389 Mb) and detailed genomic information is 

available [64-65]. Rice is also a synteny crop with other major cereals like wheat and maize; thus 
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any information generated in this study can be easily corroborated with those crops. To this end, 

the present study aimed at investigating long term periodic and controlled 1837.50 MHz, 2.75 

mW/m
2
 electromagnetic irradiation mediated physiological and molecular responses in two 

photoperiod insensitive rice variants Satabdi and Swarnaprabha at different stages starting from 

germination to middle of vegetative growth, inside a simple reverberation chamber.  

It should be noted that present investigation has been performed at 1837.50 MHz, 2.75 mW/m
2 

treatment
 

level and this exposure level is far below the standards as prescribed by the 

international electromagnetic regulations [66-67]. Moreover, the same is somewhat different 

from most of the previously reported electromagnetic stimulation levels [7, 13, 50-51, 55, 68-

75]. All together, this investigation has a direct link with the human food habits, farmers and 

agricultural economy of several countries. 

7.2 Electromagnetic Reverberation Chamber 

7.2.1 A Brief Theoretical Description 

Reverberation chamber is an electrically large cavity made of conducting walls through which 

electromagnetic waves cannot penetrate resulting in high quality factor and effective shielding 

[76]. Unlike anechoic chamber, electromagnetic signal generated inside reverberation chamber 

reflects back and forth multiple times and simulates multipath effect similar to real time scenario; 

as a consequence, an object inside reverberation chamber is expected to be irradiated with 

electromagnetic waves from different directions along with dissimilar polarizations. This 

measurement facility was first conceptualized by H.A. Mendes way back in 1968 [76]. At initial 

stage i.e. during installation, a mode stirred reverberation chamber must be analyzed, tested and 

calibrated before actual deployment. A rectangular reverberation chamber can be analyzed using 

fundamentals of rectangular cavity model – a well researched classical area of electromagnetic 

theory. It is well established that a hollow metallic rectangular cavity is resonant when its 

dimensions (a, b and c) satisfy the following relations prescribed in Eqs. (7.1) to (7.3) [77-79]: 

                                                  
                                                                            

                                  where,        
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In this connection, the lowest usable frequency is an important parameter for a reverberation 

chamber. The lowest usable frequency is considered to be the frequency from and above which a 

reverberation chamber can be operated in an appropriate manner. In literature, different 

estimations are available for deciding the lowest usable frequency of a reverberation chamber 

[80-81]. In practical scenario, the lowest usable frequency is much higher than the cutoff 

frequency of fundamental mode inside rectangular reverberation chamber – at this particular 

frequency 60 to 100 modes are present above cutoff inside reverberation chamber as well as at 

least 1.5 modes / MHz [80-81].  

Next, the number of modes present inside the rectangular cavity is estimated using the following 

methods [78-79]. First one is mode counting i.e. counting repeated solutions of Eq. (7.1) for both 

TE and TM modes; results in total number of modes present with eigenvalues less than or equal 

to   (a practical limit for the propagation of modes). Second method is by estimation using 

Weyl’s formula valid for cavities of general shape – as illustrated in Eq. (7.4) [78-79]. 

                                             
  

 
       

  

  
                                                                                      

                                  where,                   

                                                 

                                                            

The final estimation is an extension to Weyl’s formula with specific reference to rectangular 

cavities as prescribed in Eq. (7.5) [78-79]. 
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Once total number of modes calculation is completed – next, the Quality Factor (Q factor) of the 

reverberation chamber needs to be evaluated at the frequency of interest. Q factor is defined as 

the ability of a reverberation chamber to store electromagnetic energy. In general, unloaded 

reverberation chamber possesses very high Q factor due to low losses through metallic walls (i.e. 

very high conductivity of the walls). High unloaded Q factor of reverberation chamber results in 

strong shielding effectiveness and consequent high electric field strength inside for a specified 

input power fed to radiating antenna. It is known that the walls of reverberation chamber are not 

made of Perfect Electric Conductor (PEC) but with metallic sheet (for example, Aluminum) with 

finite high conductivity – as a consequence, ohmic loss takes place. Thus, the unloaded Q factor 

accounts for the ohmic losses in the actual metallic walls; however, in reverberation chambers, 

the medium is air in general and thus, dielectric losses need not to be considered in unloaded Q 

factor. To calculate unloaded quality factor of any rectangular parallelepiped reverberation 

chamber, different TE and TM modes near to the desired frequency of operation are identified – 

next, the individual unloaded quality factors for all those TE and TM modes are calculated using 

the standard formulae given by R.F. Harrington [77]. Finally, the composite unloaded Q factor of 

the reverberation chamber is calculated by taking average of individual Q factors for all possible 

TE and TM modes. This composite Q factor of the unloaded rectangular parallelepiped 

reverberation chamber can also be well estimated with a simplified formula – as given in Eq. 

(7.6) [82]. 

                                           
  

      

 

   
  
   

 
  

 
  

 
   

                                                                   

                                      where,                     

                                                              

                                                   
 

     
  

However, the loaded Q factor significantly reduces due to additional loss factors; Hill et al. 

defined some different loss factors that crucially affect the overall loaded Q factor of the 
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reverberation chamber – those take into account losses due to aperture leakage, losses due to 

absorption in any loading object, antenna loss factor and losses due to absorption in water vapor 

(> 18 GHz) in addition to the losses through walls (considered in unloaded Q factor) [83]. 

Different mode stirring techniques are employed to establish statistically uniform and isotropic 

field distribution over a period of time at each and every point in the working volume of the 

reverberation chamber. However, Statistical uniformity of field can’t be maintained near metallic 

walls, where boundary conditions must be satisfied – thus, those regions fall outside the working 

volume of the mode stirred reverberation chamber. Associated advantage is that there is no 

requirement of positioning the subject under test (in the working volume of reverberation 

chamber) whose characteristics is to be determined. The following techniques are employed to 

stir the modes inside the reverberation chamber – mechanical stirring, polarization stirring, 

platform / position stirring and frequency stirring [79]. 

In spite of possessing advantages like lower realization cost (compared to anechoic chamber), 

statistical control over direction as well as polarization of incident wave, measurement 

reproducibility and high quality factor, this measurement facility is yet to receive its due 

recognition in wide areas of electromagnetic research. Reverberation chamber has wide 

applications like figuring out radiated emission and electromagnetic immunity of electronic 

devices as well as shielding effectiveness of absorbers, calibrating radio frequency probes, 

characterizing antenna efficiency, dielectric heating and investigating biological effects of 

electromagnetic radiation. Roux et al. and Vian et al. first utilized the MSRC to investigate 

electromagnetic stimulation induced gene expression alterations and other molecular responses 

in plants [7, 13-15]. 

7.2.2 A Simple Custom-Made Reverberation Chamber 

A simple customized electromagnetic reverberation chamber (3.60 m   1.95 m   3.00 m) with 

thick Aluminum walls was built in containing two sections – rectangular parallelepiped 

electromagnetic irradiation zone (2.25 m × 1.95 m × 3.00 m) and electromagnetic quiet zone 

(1.35 m   1.95 m   3.00 m) for sham-exposure (control). The resonant frequency of 

fundamental mode inside the rectangular parallelepiped electromagnetic irradiation zone was far 

below 1837.50 MHz (around 20 times). In the experimental setup, the simple electromagnetic 

reverberation chamber (without any mechanical stirrers) could ensure a controlled and 
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reproducible electromagnetic field distribution inside – but was unable to produce statistically 

homogeneous electromagnetic environment all over the space unlike in MSRC (as demonstrated 

by Roux et al. and Vian et al.) [7, 13-15]. Controlled and reproducible electromagnetic power 

density particularly on the target rice seeds / subsequent saplings / plants was ensured by keeping 

position, type and input power of the transmitting antenna fixed along with preset position of the 

target rice seeds / subsequent saplings / plants. Metallic walls almost entirely reflect 

electromagnetic waves – consequently, unwanted electromagnetic signals from open space can’t 

enter inside this simple reverberation chamber. Moreover, antenna transmitted desired 

electromagnetic wave reflects back and forth multiple times inside the rectangular parallelepiped 

irradiation zone of the reverberation chamber due to presence of metallic walls; hence, target 

seeds / saplings / plants (positioned at certain preselected location) were irradiated with 

electromagnetic waves from multiple directions – thus, this simple reverberation chamber could 

somewhat replicate the practical electromagnetic scenario with numerous reflecting walls. 

Aluminum walls of the rectangular parallelepiped electromagnetic irradiation zone possess large 

but finite conductivity (3.7×10
7
 S/m). Thus, the unloaded Q factors for different TE or TM 

modes around 1837.50 MHz account for ohmic loss in walls inside the rectangular parallelepiped 

electromagnetic irradiation zone [77]. The calculated average unloaded Q factor at 1837.50 MHz 

(averaged over different combinations of directions of propagation, TE and TM modes) was 

found to be around 3,00,000 – calculated unloaded Q factor matches well with the simplified Q 

factor estimation for electromagnetic reverberation chamber [82]. However, the loaded Q factor 

reduced significantly due to additional dielectric losses in rice seeds / saplings / plants and wet 

soil inside the earthen pot while conducting the electromagnetic irradiation experiment. The 

electromagnetic stimulation setup inside this simple reverberation chamber consisted of a 

portable microwave signal generator BPSG4 (Aaronia, Strickscheid, Germany), one customized 

rectangular patch antenna at 1837.50 MHz (bandwidth: 1826 MHz – 1842 MHz), one Radio 

Frequency (RF) cable ULC-6FT-SMSM+ (Mini-Circuits, Brooklyn, NY) having 1.47 dB loss 

and one laptop computer. The output power of BPSG4 was set at 15 dBm (31.6 mW) and fed to 

the input of ULC-6FT-SMSM+ RF cable – the same cable was connected with the patch antenna 

at the other end. Schematic diagram of the simple reverberation chamber and the actual 

electromagnetic transmitting system are illustrated in Figs. 7.1(a) and (b) respectively. 
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                                    (a)                                                                             (b) 

Fig. 7.1: Simple electromagnetic reverberation chamber and transmitting system (a) schematic 

representation of the simple reverberation chamber, (b) transmitting system inside the simple 

reverberation chamber 

 

 

 

Few selected positions had been pre-identified inside the electromagnetic irradiation zone to treat 

the target rice seeds / saplings / plants (as per the experimental plan) with desired 

electromagnetic radiation at 1837.50 MHz. Calibrated rectangular patch antenna (linearly 

polarized with 2.41 dBi measured gain) received RF power data were measured with a handheld 

spectrum analyzer N9343C (Keysight Technologies, Santa Rosa, CA) at those pre-identified 

positions in three orthogonal axes. Subsequently, three respective orthogonal components of 

electric field (at a particular position) were computed from the antenna received power data in 

three orthogonal axes. The resultant total electric field value at a particular pre-identified position 

was computed using the norm of orthogonal electric field components at that point. Afterwards, 

typical equivalent radiated power density data was calculated using a standard technique – the 

resultant value was observed to be 2.75 mW/m
2
. No electromagnetic signal strength was detected 

using the spectrum analyzer (up to 3 GHz) inside both the sections of this simple reverberation 

chamber while the 1837.50 MHz electromagnetic transmitting system was kept in switched off 

mode – thus, perfect electromagnetic shielding effectiveness was ensured inside the custom-

made simple reverberation chamber. Once the RF transmitting system was switched on, 

measured electromagnetic power density at a pre-selected position inside the irradiation zone 

was noted to be 2.75 mW/m
2
 at 1837.50 MHz – but, 0.07 mW/m

2
 (40 times less) power density 

was observed in electromagnetic quiet zone (isolated with dense metallic mesh). Potential factors 

like Photosynthetically Active Radiation (PAR) and air temperature in both sections were kept 
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under control to avoid non-uniform secondary stress on the seeds, saplings and plants. Moreover, 

cool daylighting arrangements (6500 K) with 400 μmol m
-2

 s
-1

 PAR were set up inside both 

sections of the simple reverberation chamber. 

7.3 Periodic EM Irradiation Evoked Responses in Satabdi Rice Plant 

In this investigation, controlled and periodic (6 h per day) electromagnetic irradiation (1837.50 

MHz, 2.75 mW/m
2
) evoked physiological and molecular responses have been investigated on a 

popular rice variety (var. Satabdi). At first, the effects of long term periodic (6 h per day) 

electromagnetic irradiation on initial seed germination rate and photosynthetic pigment profiles 

(chlorophyll A, chlorophyll B and carotenoids) in 32 days old Satabdi rice variant have been 

investigated. Satabdi is a widely cultivated early maturing (<115 days) semi-dwarf (<110 cm) 

high yielding variety developed from a cross between two parents and one of the 

parents, CR10 14, was originated from a crossing between tropical japonica and indica. Thus 

this long slender grain variety carries allelic set from both the japonica and indica rice. 

Photoperiod insensitive Satabdi rice was chosen as this study involved indoor environment 

inside simple electromagnetic reverberation chamber with additional supplementary lighting 

arrangement. Following it, gene expression profiles of periodically irradiated plants have been 

studied in 12 days as well as 32 days old Satabdi rice plants. Selected stress-sensitive genes with 

known functions had been pre-identified as established molecular markers to assess the effects of 

controlled electromagnetic radiation on rice with respect to sham-exposed samples. Figures 

7.2(a), (b) and (c) schematically illustrate the seed germination, photosynthetic pigments 

profiling and gene expression studies at different growth stages under periodic electromagnetic 

irradiation.  

7.3.1 Plant culture and growth conditions  

Viable seeds of Satabdi rice (Oryza sativa) have been chosen as prototype to investigate the 

effect of electromagnetic irradiation on seed germination rates. Rice seedlings grown from the 

irradiated seeds (after germination) have been cultivated to study the effects of this prolonged 

periodic irradiation on photosynthetic pigment concentrations and expression profiles of selected 

known stress-responsive genes. The entire investigation has been conducted during the wet 

season at the main campus of Indian Institute of Science Education and Research Kolkata 
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(a)                                                                    (b) 

 

(c) 

Fig. 7.2: Graphical schemes of seed germination, photosynthetic pigment profiling and gene 

expression profiling experiments in Satabdi rice under periodic electromagnetic irradiation (a) 

seed germination experiment, (b) gene expression profiling experiment in 12 days old Satabdi 

rice seedlings and (c) photosynthetic pigment profiling and gene expression profiling 

experiment in 32 days old Satabdi rice plants  

 

 

(22.9638˚ N, 88.5245˚ E), West Bengal, India where air temperature typically varied around 32 

˚C during day time and 27 ˚C at night. To assess the effects of long term periodic 

electromagnetic irradiation, 30 seeds of Satabdi variety have been soaked in water for 

germination under periodic electromagnetic irradiation for 6 h per day at 1837.50 MHz, 2.75 

mW/m
2
 in the electromagnetic irradiation zone. At the same time, equal rice seeds have been 

germinated under identical conditions except electromagnetic irradiation in the electromagnetic 
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quiet zone for sham-exposure (control samples). Water has been changed on a regular basis and 

all seeds have been kept in dark until germination i.e. for the initial four days. Thereafter, seed 

germination rates have been calculated for both electromagnetic radiation treated batch along 

with the sham-exposed batch – this experiment is illustrated in Figure 7.2(a). 

Once the germination rates have been calculated, four germinated seeds exposed to periodic 

electromagnetic irradiation have directly been seeded into each 25.4 cm diameter earthen pot 

with parallel sham-exposed samples. Calendar age of rice seedlings has been counted from the 

day of direct seeding in earthen pots. Thereafter, the earthen pots containing germinated seeds 

and subsequent seedlings have been kept inside Faraday cages made of metallic mesh in daylight 

with 800 μmol m
-2 

s
-1 

to 900 μmol m
-2 

s
-1 

PAR during Monsoon for the entire day (12 h 30 min) 

to retain sufficient sunlight required for uninterrupted photosynthesis process. The Faraday cages 

have been made of metallic mesh to isolate the electromagnetic quiet zone inside. This concept 

has been followed to ascertain that the target rice seedlings get exposed only to desired 1837.50 

MHz electromagnetic irradiation for 6 h a day and sham-exposed seedlings grow in an absolute 

electromagnetic radiation free zone. During night, earthen pots containing seedlings have been 

transferred to respective sections of the simple electromagnetic reverberation chamber. The 

photoperiod of 14 h (light): 10 h (dark) has been managed with additional supplementary cool 

day lighting arrangement (colour temperature 6500 K with 400 μmol m
-2

 s
-1 

PAR) during 

evening inside the simple electromagnetic reverberation chamber. Rice seedlings have not been 

transplanted to avoid unnecessary stress.  

7.3.2 Intermediate Protocols to Inspect Plant Responses 

7.3.2.1 Seed Germination Rate Inspection 

The number of germinated seeds has been counted in periodic electromagnetic irradiation treated 

batch (out of 30 seeds) along with the sham-exposed batch after four days from initial soaking 

into water – respective seed germination rates have been calculated and recorded. 

7.3.2.2 Photosynthetic Pigment Concentrations Estimation 

Youngest leaf samples have been collected from 32 days old rice plants to investigate the effects 

of periodic electromagnetic irradiation on chlorophyll A, chlorophyll B and carotenoids (please 
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refer to Fig. 7.2(c)). All leaf samples have been stored in black polythene bags immediately after 

collection for preventing further exposure to natural light. Fresh leaf subsample of 100 mg has 

been separated out from each sample and sliced into small pieces within 20 min after collection. 

Immediately, sliced pieces have been poured in a test tube containing 25 ml acetone (80%) and 

wrapped with silver paper to prevent evaporation of acetone solution and exposure to light. All 

test tubes have been stored at 4 ˚C for 48 h before further measurements.  

7.3.2.3 Spectrophotometric Analysis of Photosynthetic Pigments 

To quantify the concentrations of chlorophyll A, chlorophyll B and carotenoids, solution 

containing leaves in acetone has been poured in an optically transparent cuvette to measure 

absorbance at 663 nm, 645 nm and 470 nm using spectrophotometer – as standardized by 

Lichtenthaler [84]. All absorbance data have been normalized against blank measurement using 

80% acetone solution. Finally, absorbance data for each sample have been further processed to 

calculate chlorophyll A, chlorophyll B and carotenoids profiles (mg/g FW of leaf) [84]. 

7.3.2.4 Periodic EM Irradiation Induced Gene Expressions  

A. Plant Sample Preparation for RNA Extraction  

To investigate the effect of periodic electromagnetic irradiation on gene expression profiles, 

samples have been collected at two growth stages i.e. 12 days and 32 days after germination. 

Plant samples have been collected following 10 h from the last electromagnetic irradiation so 

that the transient effect of electromagnetic irradiation weakens enough. Respective top-most first 

leaves of target and sham-exposed rice plants have been sampled and chopped into smallest 

possible slices at both stages; sliced leaf samples have been kept in RNAlater solution at –20 ˚C 

till further use. Tissue samples have also been collected from the basal region of leaf sheaths 

from 32 days old rice plants. Schematic representations of these experiments have been 

illustrated in Figs. 7.2(b) and (c) respectively. 

B. RNA Extraction and cDNA Synthesis 

Total RNA has been isolated from the plant leaf and basal region of stem samples kept in 

RNAlater solution using ‘HiPurA Plant and Fungal RNA Miniprep Purification Kit’ (Himedia, 

Mumbai, India) and further treated with RNase free DNase I. Next, ‘Super Reverse Transcriptase 

https://www.sigmaaldrich.com/catalog/product/sigma/r0901?lang=en&region=US
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(MuLV) Kit’ (BioBharati, Kolkata, India) has been used for immediate cDNA synthesis 

according to manufacturer’s instructions. Finally, obtained cDNA has been stored at –20 ˚C till 

further use.  

C. Quantitative Real Time PCR (qRT-PCR) Analysis 

At the outset, few rice genes have been selected based on their functions under different stress 

conditions which include calmodulin, proteinase inhibitor (PIN), basic leucine zipper (bZIP1), 

calcium-dependent protein kinase 1 (CDPK1), phytochrome B, phytochrome C and teosinte 

branched 1 (TB1). Forward and reverse primers have been designed and commercially 

synthesized (IDT, Coralville, IA). Relative expressions of the genes have been quantified using 

48-well plate. Relative quantification of the gene expression has been performed in 20 μl 

reaction volume containing 2 μl single stranded-cDNA, 0.75 μl of 10 μM gene specific forward 

and reverse primer each, 10 μl 2x SYBR Green master mix (Applied Biosystems, Foster City, 

CA) along with 6.5 μl RNase-free water using Step One qRT-PCR thermo-cycler instrument 

(Applied Biosystems, Foster City, CA). Conditions for the PCR have been set as follows: 

preheating at 95 ˚C (5 min), followed by 40 cycles each composed of denaturation at 95 ˚C (30 

s), annealing at 56 ˚C (45 s) and extension at 72 ˚C (1 min) along with one melting cycle of 95 

˚C (30 s) and 56 ˚C (45 s). All relative gene expression levels have been normalized against the 

housekeeping gene (actin) in order to counter variation among different samples during RNA 

isolation. In addition, target gene expression levels among 1837.50 MHz EM irradiation treated 

rice plant samples have been set relative to respective sham-exposed plant samples. Accession 

numbers for the housekeeping and target genes are as follows – actin: OsAB047313 (NCBI), 

calmodulin: OsX65016 (NCBI), proteinase inhibitor PIN: OsU76004.1 (NCBI), basic leucine 

zipper bZIP1: Os01t0174000-01 (RAP-DB), calcium-dependent protein kinase 1 CDPK1: 

Os01t0622600 (RAP-DB), phytochrome B: Os03t0309200 (RAP-DB), phytochrome C: 

Os03t0752100 (RAP-DB) and teosinte branched 1 TB1: Os03g0706500 (RAP-DB). Primer 

sequences have been illustrated in Table 7.1. 

D. Statistical Analysis 

The seed germination experiment has been independently repeated six times – each experiment 

consisted of 30 seeds treated under periodic electromagnetic irradiation along with 30 sham-



Periodic EM Irradiation Evoked Physiological and Molecular Responses in Plants 

345 
 

Table 7.1 Primer information for rice (Oryza sativa) housekeeping and target genes 

Rice Genes Primer Sequences  

 Forward (5'-3')  Reverse (5'-3')  

actin TACCTCTTCTAGACCGTAGTG  GTCTCAAACATGATCTGGGTC  

calmodulin GTCTAGCGGCTCAAGTTCCT  ACCTCGTTGATCATGTCCTG  

PIN TGTTCTACTTGGGCGGCT  TAGTTCTCCGCTCGGGGTTT  

bZIP1 GGCGGTAGCTCCTCATGAAA  AGCGACGATAGCAAGCTGTT  

CDPK1 TGTGACCGAACTTCCCAAGG  CGTTCACAGGGGTTGTGGAT  

phytochrome B GGTCGGTGAGGTCTTTGGTA  TCCATTCTGCTCCTCGTGTT  

phytochrome C TGGTGAGGTGATTGCTGAGT  GGTGCCCTGAGAGAGTAGATCC  

TB1 CAAGAAATCTCGGCGGCTAG  CGAATTGGCGTAGACGAC  

 

exposed seeds. In case of photosynthetic pigments profiling and gene expressions investigations, 

samples from one random electromagnetic irradiation treated rice seedling / plant in pair with 

one random sham-exposed seedling / plant have been used at each time point of a particular 

experiment. All photosynthetic pigment estimations and gene expression experiments have been 

independently replicated three times. All plants used in these experiments have been discarded 

immediately after tissue collection. Statistical significance has been analyzed using two-tailed 

paired t-test and respective p-values have been indicated wherever applicable. All data have been 

plotted using the statistical analyzer and graphing software package GraphPad Prism 5 

(GraphPad Software, San Diego, CA). Data have been represented herein as mean value ± SEM 

from at least three independent experiments. 

7.3.3 Physiological Responses in Satabdi Rice Plant 

7.3.3.1 Effect on Seed Germination Rate 

Mean germination percentage was 76.67% for the irradiated rice seeds and 83.90% for the sham-

exposed seeds. Periodic electromagnetic irradiation evoked significant reduction in germination 

rate of rice variety Satabdi (p-value = 0.03). The data mentioned above have been illustrated in 

Fig. 7.3(a).  
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                                    (a)                                                                             (b) 

Fig. 7.3: Effect of periodic electromagnetic irradiation on seed germination rate and 

photosynthetic pigment concentrations (data represent mean value ± SEM from at least three 

independent experiments) (a) significant reduction in Satabdi seed germination rate due to 

1837.50 MHz periodic electromagnetic irradiation, (b) marginal reduction in photosynthetic 

pigment concentration levels among 32 days old Satabdi rice plants due to periodic 

electromagnetic exposure at 1837.50 MHz 

 

 

7.3.3.2 Effect on Photosynthetic Pigment Profile 

In line with significantly reduced seed germination rate, periodic electromagnetic irradiation also 

evoked reduction in photosynthetic pigment concentrations among 32 days old Satabdi plants. 

Though not statistically significant, mean concentration levels of chlorophyll A and carotenoids 

were reduced to some extent as illustrated in Fig. 7.3(b) – chlorophyll A/B ratio also decreased. 

7.3.4 Molecular Responses in Satabdi Rice Plant 

Relative gene expressions fold change data shown in Figs. 7.4(a) and (b) describe controlled and 

periodic electromagnetic irradiation (6 h a day) induced responses respectively among 12 days 

old and 32 days old Satabdi rice plants. It should be noted that TB1 gene expression has been 

investigated only among the 32 days old Satabdi rice plants under periodic electromagnetic 

irradiation. 
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                                      (a)                                                                                (b) 

Fig. 7.4: Effect of periodic electromagnetic irradiation on relative gene expression levels (data 

represent mean value ± SEM from three independent experiments) (a) comparison of relative gene 

expression levels among 12 days old Satabdi rice variant due to periodic electromagnetic exposure at 

1837.50 MHz, (b) comparison of relative gene expression levels among 32 days old Satabdi rice 

variant due to periodic electromagnetic exposure at 1837.50 MHz 

 

 

Among 12 days old Satabdi rice seedlings, the periodic electromagnetic irradiation has evoked 

upregulation of PIN (1.53 fold) and CDPK1 (1.60 fold) gene expressions. However, statistically 

significant upregulation of phytochrome B and phytochrome C gene expressions have been noted 

at respective p-value = 0.045 (10.60 fold) and p-value = 0.039 (6.09 fold) under exactly the 

same dose of treatment i.e. at 1837.50 MHz, 2.75 mW/m
2
 for 6 h a day (please refer to Fig. 

7.4(a)). 

Among 32 days old Satabdi rice plants, relative gene expression for PIN has been observed to be 

unaltered due to periodic electromagnetic irradiation. But, expressions for calmodulin (2.35 

fold), CDPK1 (7.34 fold), phytochrome B (1.17 fold) and phytochrome C (2.59 fold) have 

clearly been upregulated and expressions for bZIP1 (2 fold) and TB1 (4.63 fold) genes have been 

downregulated under periodic electromagnetic irradiation. Periodic electromagnetic irradiation 

has resulted in upregulation of calmodulin and phytochrome C gene expressions significant at p-

value = 0.041 and p-value = 0.05 respectively. In addition, periodic electromagnetic irradiation 

induced downregulation of bZIP1 gene has been observed to be significant at p-value = 0.016 

(please refer to Fig. 7.4(b)). 
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7.3.5 Discussions 

The ability of a medium to store electromagnetic energy is characterized by its permittivity    
   

whereas electrical conductivity     of that medium contributes to the conversion of the stored 

energy to other forms (predominantly heat energy). Different parts of plant tissues maintain a 

large amount of water molecules which contribute to a high permittivity    
   while ionized 

particles account for reasonably high electrical conductivity     [19-24]. Moreover, plants 

maximize their surface to volume ratio for absorbing more light, gases through leaves, water and 

minerals through roots [14]. As a result, the exposure to electromagnetic energy over a larger 

surface area is reasonably higher in the case of plants with relatively less tissue mass to dissipate 

the same. Dielectric tissue heating due to electromagnetic energy absorption in different plant 

and fruit models has already been discussed in Chapter 3.  

Herein, it is found that controlled and periodic (6 h a day) electromagnetic exposure at 1837.50 

MHz has resulted significant reduction in Satabdi rice seed germination rate. Seed germination 

starts after a certain period of imbibition and involves a series of metabolic changes which lead 

to the emergence of radicle and plumule. Thus, 1837.50 MHz periodic electromagnetic 

irradiation possibly has some detrimental role in presence of a sufficient amount of moisture 

during the seed imbibition and germination process, which leads to a significant reduction in 

germination rate. This observation is in accordance with a previous publication where 

significantly reduced seed germination rates were reported in radish following electromagnetic 

irradiation [8]. 

In addition to physiological effects, present investigation has demonstrated noticeable changes in 

relative gene expressions for calmodulin, phytochrome B and phytochrome C in Satabdi rice 

plant when exposed to periodic electromagnetic irradiation. The genes considered in this 

investigation are already known for their responsiveness to various environmental stimuli like 

abiotic stresses and electromagnetic radiation [7, 13, 51]. Phytochrome B and phytochrome 

C are chromoprotein producing genes which have shown upregulation under periodic 

electromagnetic irradiation. Depending on wavelength of the irradiance received by plant 

leaves, phytochromes change their conformation by absorbing red or far-red light. Far-red light 

absorbing phytochromes enter inside the nucleus and interact with Phytochrome Interacting 

Factors (PIFs) – thus, they modulate several abiotic or thermo-sensing genes. 
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Rice phytochromes also regulate seed germination, de-etiolation, plant architecture development, 

thermal-sensitivity and flowering initiation [85]. Plants with null phytochrome 

B and phytochrome C alleles induce early flowering [86] – thus, plants with induced 

expression may also delay flowering in Satabdi rice plant under above mentioned periodic 

electromagnetic irradiation. Therefore, it can be presumed that 1837.50 MHz periodic 

electromagnetic irradiation has evoked some signals in rice to upregulate transcriptional profiles 

of phytochrome B and phytochrome C genes. Both phytochrome B and phytochrome C have 

shown high upregulation in 12 days old seedlings compared to 32 days old plants. This 

observation suggests that longer time of periodic electromagnetic irradiation helps plants to adapt 

the stress-like situation mainly by its developmental plasticity. Old tissues with less 

responsiveness to environmental stimuli may be another reason behind reduced upregulated 

expressions in case of 32 days old Satabdi rice plants. With the maturation, plants probably 

somewhat acclimatize to the effect of electromagnetic radiation emitted from different wireless 

communication systems. However, outcomes of this investigation are in line with previous 

investigations – where electromagnetic irradiation was reported to be a stress factor for plants 

that resulted in changes in expression profiles of several stress related genes [7, 13, 51]. 

Moreover, electromagnetic stimulation was reported to trigger reduced ATP and AEC levels that 

are markers of cell energy level [50-51]. Therefore, the observed changes in gene expression 

profiles strongly indicate towards the possible contribution of non-ionizing electromagnetic 

radiation in affecting plants at different growth stages. 

The net surface potential of cell membrane is negative at neutral pH primarily due to presence of 

negatively charged phospholipids. Cell membranes attract cations and repel anions – divalent 

cations such as calcium (    ) are preferred over mono-valent cations like sodium (    ) or 

potassium (   ). The ions or      
stabilize the structure of plasma membrane and serve as 

cofactors for enzymes. Moreover, they also modulate the surface potential of cell membranes 

[87]. In fact,      ions also contribute in balancing inorganic and organic anions present in 

plant vacuoles and facilitate activation of different signalling pathways [88]. Cell membranes act 

like thin capacitive layers and electromagnetic energy induced alternating currents can pass 

through them – allowing effective interaction at the cellular levels. In addition, electromagnetic 

radiation induced alternating electric currents can displace      from cell membranes and 

nearby      or     
ions can replace some of those on cell membrane – leading to membrane 

https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Anions
https://en.wikipedia.org/wiki/Vacuole
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leakage. A slight change in the membrane permeability due to such leakage can allow unwanted 

substances along with large influx of      ions in the cytoplasm. Upregulation of stress-sensor 

genes such as calmodulin under periodic electromagnetic irradiation in 32 days old Satabdi rice 

plant strongly suggests early variations of      concentration in cytoplasm and neighbouring 

locations [7, 13, 89]. Thus, possible disproportion of     ,     
and      concentrations inside 

the plant cell due to electromagnetic irradiation cannot be overruled [90-94]. Moreover, the 

increase in      
ions concentration in the cytoplasm often gets sensed by a series of cytosolic 

enzymes [95]. Therefore, the likelihood of electromagnetic irradiation to trigger alteration in 

stress sensor gene expressions in plants to activate required defense mechanisms is reasonably 

high. 

One major upshot of this investigation lies in the fact that observed molecular responses under 

long term periodic (6 h per day) electromagnetic irradiation are fairly consistent at different 

growth stages of Satabdi rice. Moreover, the observed differences in plant responses such as seed 

germination rate and selected gene expressions at 1837.50 MHz, 2.75 mW/m
2
 electromagnetic 

irradiation level with respect to the sham-exposure power density level of 0.07 mW/m
2
, is in fact 

novel. In most of the earlier cases, electromagnetic stimulation induced plant responses were 

reported at somewhat different power density levels [7, 13, 50-51, 55, 68-75]. Reported 

physiological and molecular changes in Satabdi rice plants have been observed much below the 

international electromagnetic exposure regulatory limits [66-67].  

7.4 Periodic EM Irradiation Evoked Responses in Swarnaprabha 

Rice Plant 

In this part of the investigation, similar controlled and periodic (6 h a day) electromagnetic 

irradiation (1837.50 MHz, 2.75 mW/m
2
) induced physiological and molecular responses in 

Swarnaprabha rice variant have been investigated – Swarnaprabha is another photoperiod 

insensitive rice variant of West Bengal, India. Similar to the Satabdi rice variant – in the 

beginning, periodic (6 h a day) and controlled electromagnetic irradiation (1837.50 MHz, 2.75 

mW/m
2
) induced alterations in seed germination rate and photosynthetic pigment profiles i.e. 

chlorophyll A, chlorophyll B and carotenoids in 32 days old Swarnaprabha rice plants have been 

studied. Photoperiod insensitive Swarnaprabha rice variant has been chosen due to involvement 

of indoor environment inside the simple electromagnetic reverberation chamber with artificial 
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(a)                                                                    (b) 

 

(c) 

Fig. 7.5: Graphical schemes of seed germination, photosynthetic pigment profiling and gene 

expression profiling experiments in Swarnaprabha rice under periodic electromagnetic 

irradiation (a) seed germination experiment, (b) gene expression profiling experiment in 12 

days old Swarnaprabha rice seedlings and (c) photosynthetic pigment profiling and gene 

expression profiling experiment in 32 days old Swarnaprabha rice plants  

 

 

supplementary lighting arrangement – as discussed earlier. At last, alterations in stress-sensitive 

gene expression profiles have been studied in 12 days old as well as 32 days old Swarnaprabha 

rice plants under periodic electromagnetic irradiation with respect to sham-exposed specimens. 

Similar to Satabdi rice, the seed germination, photosynthetic pigments profiling and gene 

expression experiments at different growth stages of Swarnaprabha rice under periodic 

electromagnetic irradiation have been illustrated in Figs. 7.5(a), (b) and (c) respectively.  
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7.4.1 Plant culture and growth conditions  

Swarnaprabha seeds, subsequent saplings and plants have been cultured following the exactly 

similar growth conditions as in case of Satabdi rice variant – thus, the growth conditions are not 

repeated here. 

7.4.2 Intermediate Protocols to Inspect Plant Responses 

The seed germination rate inspection, photosynthetic pigment concentration profiling (32 days 

old plants), spectrophotometric analyses of photosynthetic pigments (32 days old plants), plant 

sample preparation for RNA extraction (12 days old and 32 days old plants), RNA extraction and 

cDNA synthesis (12 days old and 32 days old plants), quantitative Real Time PCR (qRT-PCR) to 

analyze pre-selected stress responsive gene expressions (12 days old and 32 days old plants) and 

statistical data analyses for Swarnaprabha rice variant have been performed following similar 

protocols as in case of Satabdi rice variant. Forward and reverse primer sequences for the pre-

selected housekeeping (actin) and stress-responsive target genes (calmodulin, proteinase 

inhibitor PIN, basic leucine zipper bZIP1, calcium-dependent protein kinase 1 CDPK1, 

phytochrome B, phytochrome C and teosinte branched 1 TB1) have been illustrated earlier in 

Table 7.1. 

7.4.3 Physiological Responses in Swarnaprabha Rice Plant 

7.4.3.1 Effect on Seed Germination Rate 

No significant difference in Swarnaprabha rice seed germination rate has been noted under 

periodic (6 h a day) electromagnetic irradiation (1837.50 MHz, 2.75 mW/m
2
) (please refer to 

Fig. 7.6(a)). Respective germination rates have been observed to be 95.55% and 96.67% among 

the electromagnetic irradiation treated and sham-exposed Swarnaprabha rice seeds. 

7.4.3.2 Effect on Photosynthetic Pigment Profile 

Above mentioned periodic electromagnetic irradiation (1837.50 MHz, 2.75 mW/m
2
) has induced 

fairly significant reduction in photosynthetic pigment concentrations in 32 days old 

Swarnaprabha rice plants compared to sham-exposed counterparts. The mean concentration 

level of chlorophyll A has been noted to be reduced to 2.84 mg/g FW of leaf tissue in periodic 
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                                    (a)                                                                             (b) 

Fig. 7.6: Effect of periodic electromagnetic irradiation on seed germination rate and 

photosynthetic pigment concentrations (data represent mean value ± SEM from at least three 

independent experiments) (a) no such alteration in Swarnaprabha seed germination rate due to 

1837.50 MHz periodic electromagnetic irradiation, (b) significant reduction in photosynthetic 

pigment concentration levels among 32 days old Swarnaprabha rice plants due to periodic 

electromagnetic exposure at 1837.50 MHz 

 
electromagnetic irradiation treated group with respect to 4.11 mg/g FW of leaf tissue in sham-

exposed group – the respective p-value is 0.10. The same periodic irradiation treatment has 

significantly reduced (p-value = 0.04) the chlorophyll B concentration in targeted group at 0.50 

mg/g FW of leaf tissue compared to 0.81 mg/g FW of leaf tissue in sham-exposed group. 

Furthermore, the carotenoids concentration has been significantly reduced (p-value = 0.05) to 

0.94 mg/g FW of radiation treated leaf tissue compared to 1.29 mg/g FW of leaf tissue in sham-

exposed group. The reported photosynthetic pigment concentrations have been illustrated in Fig. 

7.6(b). 

7.4.4 Molecular Responses in Swarnaprabha Rice Plant 

Periodic and controlled electromagnetic irradiation (6 h a day) induced alterations in stress-

responsive gene expressions among 12 days old and 32 days old Swarnaprabha rice plants have 

been illustrated in Figs. 7.7(a) and (b) respectively. As discussed earlier, the relative expression 
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                                        (a)                                                                             (b) 

Fig. 7.7: Effect of periodic electromagnetic irradiation on relative gene expression levels (data 

represent mean value ± SEM from three independent experiments) (a) comparison of relative gene 

expression levels among 12 days old Swarnaprabha rice variant due to periodic electromagnetic 

exposure at 1837.50 MHz, (b) comparison of relative gene expression levels among 32 days old 

Swarnaprabha rice variant due to periodic electromagnetic exposure at 1837.50 MHz 

 

 

for TB1 gene has been investigated only among the 32 days old Swarnaprabha rice plants under 

above mentioned periodic electromagnetic irradiation. 

As illustrated in Fig. 7.7(a), above mentioned periodic electromagnetic irradiation (1837.50 

MHz, 2.75 mW/m
2
 for 6 h per day) has evoked upregulation trend in PIN (1.69 fold), bZIP1 

(4.96 fold), CDPK1 (1.71 fold), phytochrome B (72.50 fold) and phytochrome C (4.03 fold) gene 

expressions among 12 days old Swarnaprabha rice plants. However, statistically significant 

upregulation has only been noted in CDPK1 gene expression (1.71 fold) under the same dose of 

treatment at p-value = 0.016. 

In case of 32 days old Swarnaprabha rice plants, relative gene expressions for most of the 

targeted genes have been noted to be unaltered under above mentioned periodic electromagnetic 

irradiation. However, relative expressions for bZIP1 (52.94 fold) and CDPK1 (16.30 fold) have 

shown upregulation trends – though, not at statistical significant levels. Please, refer to Fig. 

7.7(b). 
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7.4.5 Discussions 

As noted, above mentioned controlled and periodic (6 h a day) electromagnetic irradiation at 

1837.50 MHz, 2.75 mW/m
2 

has induced significant reduction in most photosynthetic pigment 

concentrations among 32 days old Swarnaprabha rice plants compared to sham-exposed 

counterparts. It should be noted that similar trend of electromagnetic irradiation induced 

reduction in chlorophylls and carotenoids has already been reported in maize seedlings [53, 59-

60]. Above mentioned controlled and periodic electromagnetic irradiation induced reduction in 

chlorophylls and carotenoids can have further impacts on photosynthesis, plant nutrition and 

health. However, no such significant difference in Swarnaprabha rice seed germination rate has 

been observed under the periodic electromagnetic irradiation. 

The above mentioned periodic electromagnetic irradiation has induced significant upregulation 

only in CDPK1 gene expression (p-value = 0.016) under the periodic electromagnetic irradiation 

among 12 days old Swarnaprabha rice seedlings. In addition, upregulation trends in bZIP1, 

phytochrome B and phytochrome C gene expressions have also been noted among 12 days old 

Swarnaprabha rice seedlings. In case of 32 days old Swarnaprabha plants, no significant 

alterations in targeted gene expressions have been noted – though, upregulation trends have been 

noted for bZIP1 and CDPK1 gene expressions under the same treatment. As discussed earlier, 

these pre-identified genes are already known for their sensitivity to various abiotic stresses and 

electromagnetic radiation [7, 13, 51].  

CDPK genes encode calcium-binding proteins and are upregulated under wound like stress 

situations at normal calcium level in plants [51]. CDPKs are major molecular decoders of 

calcium ion in plant [96]. In general, CDPKs take part in various physiological processes 

including accumulation of storage starch and protein in immature rice seeds and they help in 

tolerating different stress conditions in rice plant [96-98]. Thus, significant upregulation of 

CDPK1 gene expression in 12 days old Swarnaprabha rice seedlings is expected to facilitate in 

tolerating electromagnetic exposure stress condition. In particular, the importance of calcium in 

establishing plant response under electromagnetic irradiation (a stress like stimulus) is endorsed 

by the significant upregulation in CDPK1 gene expression among 12 days old Swarnaprabha 

rice seedlings [7, 15, 51]. Though upregulation of other genes have not been noted to be 

statistically significant, a brief outline on the possible impacts can add value to this discussion. It 



Periodic EM Irradiation Evoked Physiological and Molecular Responses in Plants 
 

356 
 

should be noted that G-box binding Transcription Factors (TFs) are produced by bZIP1 gene – 

these TFs take control of several stress-responsive gene expressions under adverse abiotic 

conditions such as salinity, drought and electromagnetic irradiation. Over and above, the periodic 

electromagnetic irradiation evoked transcript accumulation of bZIP1 gene can possibly cause 

rice yield reduction [99]. The consequences of upregulation in phytochrome B and phytochrome 

C gene expressions have already been discussed in this chapter – those are not repeated here [85-

86]. 

It is to be noted that for all these stress-sensitive genes, higher upregulation trends have been 

noted in 12 days old Swarnaprabha seedlings compared to 32 days old Swarnaprabha plants. 

This observation once again suggests that rice plants attempt to adapt under the stress like 

electromagnetic stimulation due to their developmental plasticity – as noted earlier in case of 

Satabdi rice variant. In addition, old plant tissues possibly respond less to environmental abiotic 

stimuli – the same can be another reason behind reduced gene expression upregulation trends in 

32 days old Swarnaprava rice plants. Although statistically weak – gene upregulation trends in 

Swarnaprabha rice plant under electromagnetic irradiation are in line with previous 

investigations in Satabdi rice and tomato plants [7, 13, 51]. Thus, there is an indication that 

periodic electromagnetic radiation possibly affects Swarnaprabha rice plants at different stages. 

7.5 Conclusions 

Based on the available knowledge, data presented here seem to be the first report to point out that 

controlled and periodic electromagnetic exposure even at far lower level than the international 

regulatory standards, significantly alters either physiological or molecular responses in rice 

plants – irrespective of variant and growth stage [66-67]. It’s true that upregulated stress-

sensitive gene expressions have prominently been observed in Satabdi rice variant while 

compared to Swarnaprabha variant; however, the upregulation trends in selected stress-sensitive 

gene expressions in Swarnaprabha variant are also aligned with Satabdi variant. In addition, the 

controlled and periodic electromagnetic irradiation induced reduction in photosynthetic pigment 

concentrations have been noted in both the rice variants – however, the reduction has been 

observed to be statistically significant in Swarnaprabha rice plants but marginal in Satabdi 

plants. Thus, in general, rice plants perceive periodic electromagnetic irradiation as an abiotic 

stress irrespective of variant or growth stage. In general, either upregulated stress-sensitive gene 
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expressions or similar upregulation trends have been noted in rice variants – but, these molecular 

responses somewhat acclimatize with time and plant growth. In conclusion, data presented here 

indicate towards the possible need for readdressing global electromagnetic regulatory standards 

to protect plants, crops and fruits in addition to humans.  
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Chapter 8 
One-Time Controlled Electromagnetic 
Irradiation Evoked Molecular Responses 
in Plants 

 

8.1 Introduction 

Electromagnetic energy is utilized over multiple frequency bands to provide seamless wireless 

communication services. Non-motile plants contain tissues with reasonably high permittivity (  
 ) 

and electrical conductivity ( ) primarily due to the presence of sufficient water and ions 

respectively [1-2] – thus, plants can well perceive electromagnetic energy present in open 

environment. Moreover, higher surface-to-volume ratio of plant structure facilitates increased 

interaction with the incident electromagnetic waves [3]. In this connection, electromagnetic 

energy absorption rates along with associated spatial distributions have already been reported for 

a number of fruit and plant prototypes in Chapter 4. Despite such advantages as a prototype, 

molecular responses in plants following deterministic electromagnetic exposure have not been 

studied sufficiently [3-8]. To date, few well-designed studies have been conducted inside 

controlled electromagnetic reverberation chambers to investigate either short duration-low 

amplitude or long duration-periodic electromagnetic irradiation induced molecular responses in 

plants [3-8] – the long duration-periodic electromagnetic irradiation induced molecular responses 

in rice plants have been reported in the last chapter. Vian et al. and Roux et al. first utilized the 

Mode Stirred Reverberation Chamber (MSRC) to investigate plants’ responses in an entirely 

controlled electromagnetic environment [3-9]. This particular controlled electromagnetic 

environment was designed on purpose to produce isotropic as well as homogeneous 

electromagnetic field inside to irradiate target plants from all directions and with random 

polarizations (mimicking the natural electromagnetic environment) [3-9]. The electromagnetic 

reverberation chamber is made of metallic walls that can reflect desired electromagnetic wave 

inside resulting in multiple reflections; it also ensures isolation of target and sham-exposed 

(control) plant samples from unwanted electromagnetic frequencies present in Open Area Test 
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Site (OATS). Vian et al. and Roux et al. reported more than a single investigation demonstrating 

short-duration electromagnetic irradiation induced molecular alterations (upregulated gene 

expressions) in plants [3-8]. Three weeks old tomato plants were irradiated with statistically 

uniform electromagnetic field at 900 MHz, 5 V/m inside the MSRC [5]. Several stress-related 

transcripts i.e. calmodulin-N6, calcium-dependent protein kinase (CDPK), chloroplast mRNA-

binding protein (CMBP), proteinase inhibitor (PIN 2) and basic leucine-zipper transcription 

factor (lebZIP1) were upregulated following exposure to the controlled electromagnetic 

irradiation at 900 MHz [4-5, 7-8, 10]. Furthermore, reduced Adenosine Triphosphate (ATP) and 

Adenylate Energy Charge (AEC) levels were also noted following similar controlled 

electromagnetic stimulation in tomato plants [6-7]. In this connection, short-span 

electromagnetic exposure has been categorized as a stress factor similar to leaf flaming, electrical 

stimulation etc. after analyzing stress-responsive gene expression profiles [4-5, 7]. In the last 

chapter i.e. Chapter 7, periodic electromagnetic irradiation induced physiological and molecular 

responses in rice plants have been reported at different growth stages. The investigations have 

been conducted at certain fixed positions inside a simple electromagnetic reverberation chamber 

without mechanical stirrers. This setup could produce controlled and reproducible 

electromagnetic environment at each position inside provided position, type and input power to 

the transmitting antenna along with positions of the plants were kept fixed – however, 

statistically homogeneous electromagnetic field at all positions inside the chamber couldn’t be 

ensured.  

However, as far as known, studies investigating molecular responses particularly at the mid-

vegetative stage in plants following one-time (hours-long) electromagnetic irradiation have not 

been reported earlier. Hence, the studies reported in this chapter have aimed at investigating 

molecular responses in 40 days old (Swarnaprabha) rice plants in addition to 12 days old 

(Satabdi) rice seedlings following one-time 1837.50 MHz, 2.75 mW/m
2
 electromagnetic 

irradiation of 2 h 30 min duration. Controlled electromagnetic irradiation inside the simple 

reverberation chamber has been ensured to achieve pure electromagnetic environment at 1837.50 

MHz with deterministic electromagnetic power density at selected position. Satabdi and 

Swarnaprabha rice variants have been chosen for this investigation since these rice varieties are 

widely cultivated and consumed in Indian subcontinents. Subsequent alterations in some selected 

stress-sensitive gene expressions have been assayed using real-time quantitative PCR technique. 
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These investigations have been purposefully focused on subsequent molecular responses 

immediately following electromagnetic irradiation so that the possible effects of secondary 

stimulations can be avoided. Employed electromagnetic irradiation level i.e. 1837.50 MHz, 2.75 

mW/m
2
 is far below that specified by the existing international regulations [11-12]. Moreover, 

the same is somewhat different from most of the previously reported electromagnetic stimulation 

levels except in last chapter [4-7, 10, 13-20]. 

8.2 Electromagnetic Reverberation Chamber 

A brief theoretical outline of general electromagnetic reverberation chambers has already been 

discussed in Chapter 7. In addition, a detailed description of the custom-made simple 

electromagnetic reverberation chamber (3.60 m   1.95 m   3.00 m) has been outlined in the 

same chapter – the reverberation chamber contains two sections i.e. rectangular parallelepiped 

electromagnetic irradiation zone (2.25 m × 1.95 m × 3.00 m) and electromagnetic quiet zone 

(1.35 m   1.95 m   3.00 m) for sham-exposure. Inside the electromagnetic irradiation zone, 

mechanical stirrers have not been installed – thus, a controlled and reproducible electromagnetic 

field distribution has been ensured; however, statistically homogeneous electromagnetic field 

distribution all over the space couldn’t be achieved unlike in MSRC [3-8]. As stated earlier in 

Chapter 7, controlled and reproducible electromagnetic power density 2.75 mW/m
2
 (at 1837.50 

MHz) has been ensured to irradiate target rice plants – by fixing position, type and input power 

to the transmitting antenna along with preset position for the target rice plants. The transmitting 

microstrip patch antenna (measured center frequency at 1837.50 MHz, bandwidth = 1826 MHz 

to 1842 MHz) has been designed using CST Microwave Studio 2014 with realized gain of 4.47 

dBi [21]. The antenna illustrated in Fig. 8.1(a) has been fabricated using ultraviolet 

photolithography technique on dielectric substrate (  
 

 = 4.3,       = 0.003). Reflection 

coefficient       of the fabricated patch antenna has been characterized using vector network 

analyzer (E5071B ENA Series, 300 KHz to 8.5 GHz, Agilent Technologies); the same has been 

depicted in Fig. 8.1(b). Observed data confirms that the antenna radiates in 1805 MHz – 1880 

MHz downlink band that is dedicated for mobile tower antennas to ground level communication. 

The entire electromagnetic stimulation setup inside the customized simple reverberation chamber 

has been outlined in Chapter 7 – the same infrastructure has been utilized here to investigate one-

time controlled electromagnetic irradiation induced molecular responses in rice plants. 
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(a)                                                                         (b) 

Fig. 8.1: Fabricated transmitting antenna and its reflection coefficient       measurement (a) 

microstrip patch antenna designed at 1837.50 MHz, (b) reflection coefficient       measurement 

8.3 One-Time Controlled Electromagnetic Irradiation Evoked 

Molecular Responses in Satabdi Rice Plant 

Rice is a model crop with smallest genome size (389 Mb) and detailed genomic information is 

also available [22-23]. Rice is a synteny crop like other cereal crops (wheat, maize etc.) – thus, 

any information generated in this investigation can easily be corroborated with those cereal crops 

as well as other rice variants. Therefore, this study aimed at investigating immediate molecular 

responses in 12 days old Satabdi rice seedlings following short duration one-time 

electromagnetic irradiation (2 h 30 min). Satabdi is a widely cultivated early maturing (<115 

days) semi-dwarf (<110 cm) high yielding variety developed from a cross between two parents 

and one of the parents, CR10 14, was originated from a crossing between tropical japonica 

and indica. Thus, this long slender grain variety carries allelic set from both the japonica 

and indica rice. Photoperiod insensitive Satabdi rice has been chosen because this investigation 

involves indoor environment inside the reverberation chamber. Instantaneous molecular 

responses due to one-time (2 h 30 min) electromagnetic irradiation on relative expressions of 

pre-selected stress-sensitive genes have been investigated in 12 days old Satabdi rice seedlings. 

The transient gene expression profiling experiment due to one-time electromagnetic irradiation 

has been illustrated using a graphical scheme in Fig. 8.2. Stress-responsive genes with known 

functionalities have been pre-identified as molecular markers to investigate one-time 

electromagnetic irradiation induced molecular responses in 12 days old Satabdi rice seedlings. 
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Fig. 8.2: Graphical scheme of gene expression profiling experiment in 12 days old Satabdi rice 

seedlings following one-time electromagnetic irradiation 

8.3.1 Plant culture and growth conditions 

Viable seeds of Satabdi rice (Oryza sativa) variant have been chosen to investigate 2 h 30 min 

long 1837.50 MHz, 2.75 mW/m
2
 electromagnetic irradiation induced molecular responses in 12 

days old seedlings. The investigation has been conducted during the wet season at Indian 

Institute of Science Education and Research Kolkata (22.9638˚ N, 88.5245˚ E), West Bengal, 

India with typical air temperature range: 32 ˚C during daytime and 27 ˚C at night. At first, 30 

healthy and viable Satabdi seeds have been soaked in water for germination inside the 

electromagnetic quiet zone of the simple reverberation chamber i.e. without any electromagnetic 

radiation. Those seeds have been kept in dark and water has been changed on a regular basis for 

four days. Next, after rice seed germination, eight healthy and viable germinated seeds have been 

chosen and immediately seeded in two earthen pots (25.4 cm diameter) – four germinated seeds 

in each earthen pot. Thereafter, these two earthen pots with Satabdi rice seedlings have been 

placed together inside a Faraday cage with metallic mesh walls under natural sunlight (800 μmol 

m
-2

 s
-1

 to 900 μmol m
-2

 s
-1

 photosynthetically active radiation for 12 h 30 min during daytime). 

This setup has been able to provide sufficient sunlight for photosynthesis along with isolation 
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from unintended electromagnetic radiations present in the open environment. Satabdi seedlings 

in both the earthen pots have been grown for 12 days inside the electromagnetic quiet zone 

(Faraday cage) before proceeding with the experimental procedures and subsequent 

investigations. 

8.3.2 Electromagnetic Irradiation on Satabdi Rice Plant 

One earthen pot containing four 12 days old Satabdi rice seedlings have been transferred to 

rectangular parallelepiped electromagnetic irradiation zone of the custom-made simple 

reverberation chamber – the other earthen pot containing four similar Satabdi rice seedlings has 

been transferred to the electromagnetic quiet zone for sham-exposure. All rice seedlings have 

been transferred to the respective sections of the simple reverberation chamber after sunset and 

also 10 h before the electromagnetic irradiation experiment in dark (during predawn hours). 

Thus, any possibility of non-uniform secondary stress generated on the seedlings due to this 

transfer procedure has strictly been avoided. After that, targeted Satabdi rice seedlings have been 

exposed to 1837.50 MHz, 2.75 mW/m
2
 electromagnetic radiation for 2 h 30 min, whereas the 

rice seedlings for sham-exposure have been kept in electromagnetic quiet zone during the same 

time period. The schematic description of this experiment is illustrated in Fig. 8.2. 

Right after the controlled electromagnetic irradiation for 2 h 30 min duration, top-most first leaf 

of the 12 days old target and sham-exposed Satabdi rice seedlings have been collected, sliced 

into smallest possible pieces and stored in RNAlater solution at –20 ˚C till further use.  

8.3.3 Plant RNA Extraction and cDNA Synthesis (Satabdi) 

Total RNA has been extracted from the sliced leaf samples (12 days old Satabdi seedlings) using 

‘HiPurA Plant and Fungal RNA Miniprep Purification Kit’ (Himedia, India) followed by 

treatment with RNase free DNase I. Next, cDNA has been synthesized using ‘Super Reverse 

Transcriptase (MuLV) Kit’ (BioBharati, India) as per the manufacturer’s protocol. cDNA has 

been stored at –20 ˚C for further use. 

8.3.4 Quantitative Real-Time PCR (qRT-PCR) 

Selection of key stress-sensitive plant genes such as calmodulin, proteinase inhibitor (PIN), basic 

leucine zipper (bZIP1), calcium-dependent protein kinase 1 (CDPK1), phytochrome B and 

https://www.sigmaaldrich.com/catalog/product/sigma/r0901?lang=en&region=US
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phytochrome C has been performed based on their established roles under electromagnetic 

irradiation and some other stress inducible conditions [3-5, 7-8, 10]. For each individual gene, 

forward and reverse primers have been commercially sysnthesized based on designed sequences 

(IDT, Coralville, IA) – those primer sequences have been tabulated in Table 8.1. Relative 

expressions of the selected set of stress-responsive genes have been quantified using 48‐well 

plate in qRT-PCR technique following the conditions reported in Chapter 7. Relative 

quantifications of the targeted gene expressions have been performed in 20 μl reaction volume 

using the Step One qRT‐PCR thermo‐cycler instrument (Applied Biosystems) – 2 μl single 

stranded cDNA, 0.75 μl of 10 μM gene‐specific forward primer, 0.75 μl of 10 μM gene‐specific 

reverse primer, 10 μl 2x SYBR Green master mix (Applied Biosystems, Foster City, CA) and 6.5 

μl RNase‐free water. The specific conditions for qRT-PCR technique are as follows: preheating 

at 95 ˚C (5min), followed by 40 cycles each consisting of denaturation at 95 ˚C (30 s), annealing 

at 56 ˚C (45 s) and extension at 72 ˚C (1 min) along with one final melting cycle of 95 ˚C (30 s) 

and 56 ˚C (45 s). 

Relative expressions for all the targeted stress-sensitive genes have been normalized with respect 

to the housekeeping gene (actin) so as to counter variation among the samples during RNA 

isolation. Moreover, relative gene expression levels in 1837.50 MHz, 2.75 mW/m
2
 

electromagnetic irradiation treated 12 days old Satabdi rice seedlings have been set relative to 

the respective gene expressions in the sham-exposed rice seedlings. Public domain genome 

database accession numbers of the target and housekeeping genes are calmodulin: OsX65016 

(NCBI), proteinase inhibitor PIN: OsU76004.1 (NCBI), basic leucine zipper bZIP1: 

Os01t0174000-01 (RAP-DB), calcium-dependent protein kinase 1 CDPK1: Os01t0622600 

(RAP-DB), phytochrome B: Os03t0309200 (RAP-DB), phytochrome C: Os03t0752100 (RAP-

DB) and actin: OsAB047313 (NCBI) [22-23]. 

8.3.5 Statistical Analysis 

At each time instant of a particular experiment, leaf samples have been collected from a 

randomly selected single electromagnetic irradiation treated 12 days old Satabdi rice seedling in 

pair with one random sham-exposed rice seedling. All the experiments have been repeated three 

times under identical conditions (   ). Rice seedlings used in this investigation have been 

discarded immediately after leaf sampling. Statistical significances of observed relative gene 
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Table 8.1 Primer information for rice (Oryza sativa) housekeeping and target genes 

Rice Genes Primer Sequences  

 Forward (5'-3')  Reverse (5'-3')  

actin TACCTCTTCTAGACCGTAGTG  GTCTCAAACATGATCTGGGTC  

calmodulin GTCTAGCGGCTCAAGTTCCT  ACCTCGTTGATCATGTCCTG  

PIN TGTTCTACTTGGGCGGCT  TAGTTCTCCGCTCGGGGTTT  

bZIP1 GGCGGTAGCTCCTCATGAAA  AGCGACGATAGCAAGCTGTT  

CDPK1 TGTGACCGAACTTCCCAAGG  CGTTCACAGGGGTTGTGGAT  

phytochrome B GGTCGGTGAGGTCTTTGGTA  TCCATTCTGCTCCTCGTGTT  

phytochrome C TGGTGAGGTGATTGCTGAGT  GGTGCCCTGAGAGAGTAGATCC  

 

 

Fig. 8.3: Comparison of relative gene expression levels in 12 days old Satabdi rice seedlings 

following one-time electromagnetic irradiation at 1837.50 MHz, 2.75 mW/m
2 

for 2 h 30 min 

(data represent mean value ± SEM from three independent experiments) 

 

expression data have been analyzed using two-tailed paired t-tests and the levels of significance 

(p-values) are indicated with asterisk mark (*) wherever applicable. All relative gene expression 

data have been plotted using GraphPad Prism 5 software (GraphPad Software, San Diego, CA). 

Data represent mean ± standard error of the mean (SEM) from three independent experiments. 
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8.3.6 Molecular Responses in Satabdi Rice Plant 

In 12 days old Satabdi rice seedlings, relative gene expressions for stress-responsive bZIP1 

(262.88 fold), CDPK1 (3.53 fold), Phytochrome B (2.48 fold) and Phytochrome C (2.23 fold) 

genes have clearly been upregulated following the one-time controlled electromagnetic 

irradiation (2 h 30 min – 1837.50 MHz, 2.75 mW/m
2
). After performing two tailed paired t-tests, 

upregulations in bZIP1, Phytochrome B and Phytochrome C gene expressions have been noted to 

be statistically significant at p-value = 0.048, p-value = 0.005 and p-value = 0.049 respectively. 

However, relative expressions for calmodulin and PIN genes have been observed to be unaltered 

following the same dose of treatment. The normalized fold changes in relative expressions of the 

stress-sensitive genes have been illustrated in Fig. 8.3 – respective p-values have also been 

indicated wherever applicable. 

8.3.7 Discussions 

The above mentioned one-time controlled electromagnetic irradiation (2 h 30 min – 1837.50 

MHz, 2.75 mW/m
2
) has evoked significant upregulation in stress-responsive bZIP1, 

phytochrome B and phytochrome C gene expressions in 12 days old Satabdi rice seedlings. 

These genes are already known for their responsiveness to different environmental stimuli / 

abiotic stresses [4-5, 7]. As discussed in the last chapter (Chapter 7), phytochrome 

B and phytochrome C are chromoprotein producing genes – these two genes have 

shown upregulation following the one-time flash electromagnetic irradiation. Based on the 

wavelength of irradiance received by plant leaves, phytochromes alter their conformation by 

either absorbing red or far-red light. Far-red light absorbing phytochromes reach inside the 

nucleus and then, act together with Phytochrome Interacting Factors (PIFs) – as a consequence, 

they modulate a number of abiotic or thermo-sensing genes. In addition, 

rice phytochromes control seed germination, de-etiolation, plant architecture development, 

thermal-sensitivity and flowering initiation [24]. As reported in literature, plants with 

null phytochrome B and phytochrome C alleles induce early flowering initiation [25]; as a 

consequence, it is interpreted that induced upregulation in phytochrome B and phytochrome 

C gene expressions in rice can delay flowering stage. In this connection, it should be recollected 

(based on the findings reported in Chapter 7) that rice plants somewhat adapt under long-term 
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periodic electromagnetic irradiation mainly by their developmental plasticity – matured old 

tissues possess less responsiveness to incident electromagnetic radiation.  

Gene with leucine-rich zipper (bZIP1), in chromosome1, produces G-box binding Transcription 

Factors (TFs) that regulate multiple stress tolerance gene expressions like under salinity, drought 

etc. Here, more than 250 fold upregulation is probably due to immediate extraction of RNA just 

after 2 h 30 min flash irradiation [26]. Actually, very low bZIP1 expression has been observed in 

12 days old sham-exposed Satabdi seedlings as reflected by high Cycle Threshold (CT) value 

(37-39) where the house-keeping actin gene has given CT at 27-28 both in irradiated and sham-

exposed Satabdi seedlings – thus, the possibilities of poor quality of RNA or sampling error has 

been eliminated. Upregulation of stress-induced abscisic acid-responsive bZIP1 expression 

may cut rice-yield [27]. Upregulated expressions of the above mentioned stress-responsive genes 

in 12 days old Satabdi rice seedlings are in line with previously reported investigations – where, 

electromagnetic radiation has been reported to be a stress factor for plants [4-5, 7]. 

8.4 One-Time Controlled Electromagnetic Irradiation Evoked 

Molecular Responses in Swarnaprava Rice Plant 

Swarnaprabha is one of the major photoperiod insensitive variants of rice. It is primarily grown 

in wet season when majority of rice variants is cultivated in India. Swarnaprabha rice plants 

mature by 125 to 130 days with typical yield potentiality around 6.5 to 7.0 ton/ha – these 

resemble well with the mean maturity duration and yield potentiality of popular wet-season rice 

variants. Therefore, it is an ideal prototype for studying the effect of one-time controlled 

electromagnetic irradiation on subsequent molecular responses in plants inside a simple 

reverberation chamber. In this research experiment, one-time (2 h 30 min) controlled EM 

irradiation (1837.50 MHz, 2.75 mW/m
2
) induced molecular responses have been investigated in 

40-day-old Swarnaprabha rice plants and relative expression profiles of pre-selected stress-

responsive genes have been studied following 2 h 30 min electromagnetic irradiation. A 

schematic of the experimental model is presented in Fig. 8.4. 

8.4.1 Plant culture and growth conditions 

Swarnaprabha rice (Oryza sativa) variant has been chosen to investigate 2 h 30 min long 

1837.50 MHz, 2.75 mW/m
2
 electromagnetic irradiation induced molecular responses in 40 days 
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Fig. 8.4: Graphical scheme of gene expression profiling experiment in 40 days old 

Swarnaprabha rice plants following one-time electromagnetic irradiation 

old rice plants. This investigation has been carried out at the main campus of Indian Institute of 

Science Education and Research Kolkata (22.9638˚ N, 88.5245˚ E) during the Monsoon with 

typical air temperature range 27 ˚C to 32 ˚C. At the initial stage, 30 Swarnaprabha seeds have 

been soaked in water for germination inside the electromagnetically quiet zone of the simple 

reverberation chamber – seeds have been kept in the dark and water was changed regularly for 

the first four days. After germination, eight healthy germinated seeds have been selected and 

directly seeded in two earthen pots (25.4 cm), each containing four germinated seeds. Next, those 

two earthen pots containing germinated seeds and saplings at a later stage have been grown 

together inside a Faraday cage made of metallic mesh. Thus, Swarnaprabha rice saplings have 

been allowed to grow under natural photoperiod with 800 μmol m
-2

 s
-1

 to 900 μmol m
-2

 s
-1

 

photosynthetically active radiation for 12 h 30 min during daytime. It has allowed sufficient 

sunlight for photosynthesis and ensured isolation from unintended natural / technological 

electromagnetic frequencies present in surroundings. Swarnaprabha rice seedlings haven’t been 

transplanted at the intermediate stage to avoid the possibility of uneven stress on rice seedlings 

during transplantation – seedlings in both the earthen pots have been allowed to grow for 40 days 

in an isolated electromagnetic quiet zone inside the Faraday cage. At the age of 40 days, typical 
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heights of all the rice plants have been observed to be in the range of 35 cm to 37 cm above soil 

level. All rice plants have been observed to be in active tillering stage with almost similar 

number of leaves in each plant.  

8.4.2 Electromagnetic Irradiation on Swarnaprabha Rice Plant 

The electromagnetic irradiation experiment on 40 days old Swarnaprabha rice plants is exactly 

similar as described earlier in case of 12 days old Satabdi rice seedlings – thus, the same is not 

repeated here. Targeted 40 days old Swarnaprabha rice plants have been exposed to 1837.50 

MHz, 2.75 mW/m
2
 electromagnetic radiation for 2 h 30 min – in contrast, the control rice plants 

for sham-exposure have been kept in electromagnetic quiet zone during the same time period. 

The schematic diagram to describe this experiment is illustrated in Fig. 8.4. 

Right after the controlled electromagnetic irradiation (2 h 30 min), top-most first leaf of the 

targeted and sham-exposed Swarnaprabha rice plants have been collected, sliced into smallest 

possible pieces and stored in RNAlater solution at –20 ˚C till further use.  

8.4.3 Plant RNA Extraction and cDNA Synthesis (Swarnaprabha) 

For 40 days old Swarnaprabha plant samples, RNA extraction and cDNA synthesis techniques 

are exactly similar as in case of 12 days old Satabdi rice seedling samples. 

8.4.4 Quantitative Real-Time PCR (qRT-PCR) 

For Swarnaprabha plant samples, qRT-PCR protocol is also similar as described in case of 

Satabdi rice seedling samples – thus, the protocol is not repeated here again. 

8.4.5 Statistical Analysis 

For relative gene expressions analyses in electromagnetic radiation treated Swarnaprabha plant 

specimens, similar statistical data analyses have been performed as described earlier in case of 

Satabdi rice seedlings. 

8.4.6 Molecular Responses in Swarnaprabha Rice Plant 

In 40 days old Swarnaprabha rice plants, one-time controlled electromagnetic irradiation (2 h 30 

min – 1837.50 MHz, 2.75 mW/m
2
) induced upregulation in relative transcript abundance of 

https://www.sigmaaldrich.com/catalog/product/sigma/r0901?lang=en&region=US
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Fig. 8.5: Comparison of relative gene expression levels in 40 days old Swarnaprabha rice plants 

following one-time electromagnetic irradiation at 1837.50 MHz, 2.75 mW/m
2 

for 2 h 30 min 

(data represent mean value ± SEM from three independent experiments) 

 

stress-responsive calmodulin (2.50 fold) and phytochrome B (3.98 fold) genes have been noted 

to be statistically significant at p-value = 0.03 and p-value = 0.02 respectively. In addition, 

relative expressions for bZIP1 (2.27 fold) and phytochrome C (5.87 fold) genes have also been 

observed to be upregulated following the electromagnetic irradiation – but, missed the statistical 

significance level of p-value = 0.05 by narrow margins. However, alterations in relative 

expressions for PIN and CDPK1 genes have been found to be statistically insignificant following 

the same electromagnetic irradiation. The normalized fold changes in relative expressions of the 

targeted stress-responsive genes are illustrated in Fig. 8.5 and respective p-values are indicated 

wherever applicable. 

8.4.7 Discussions 

One-time controlled electromagnetic irradiation at 1837.50 MHz, 2.75 mW/m
2
 for 2 h 30 min 

has triggered significant transcriptional upregulation of the stress-sensitive transcripts in 40 days 

old Swarnaprabha rice plants. Upregulated expressions for some of these genes have also been 

recorded in 12 days old Satabdi rice seedlings under similar flash electromagnetic irradiation. 

Results indicate a direct relation between electromagnetic irradiation and induced strong 
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alterations in relative gene expressions – moreover, observed accumulation of the stress-sensing 

transcripts are in agreement with earlier reported plant responses following injurious treatments 

such as electromagnetic irradiation, leaf flaming or electrical stimulation [4-5, 7]. 

As discussed in the last chapter, calmodulin is a critical      receptor in cell and also a key 

stress indicator in plants [5, 28]. At neutral pH, the cell membrane possesses negative surface 

potential – consequently,      ions are attracted more over      or    . In general,      
ions 

contribute in stabilizing plasma membrane, modulating membrane surface potential, activating 

several signaling pathways and so on [29-30]. However, incident time-alternating 

electromagnetic radiation can cause dislocation and subsequent replacement of few      ions on 

cell membrane with the nearby      or     ions – leading to membrane leakage and large 

influx of      ions in cell cytoplasm. Electromagnetic irradiation induced imbalance of     , 

    
and      concentrations in the plant cell has substantial after effect [31-35]. Thus, one-time 

electromagnetic irradiation induced upregulation of calmodulin gene (in 40 days old 

Swarnaprabha rice plants) indicates early variations of      concentration in cytoplasm and 

neighbourhood – and subsequently activates the essential defense mechanisms [4-5]. Moreover, 

the same electromagnetic irradiation has upregulated bZIP1, phytochrome B and phytochrome 

C gene expressions in 40 days old Swarnaprabha rice plants – as also reported earlier in case of 

12 days old Satabdi rice seedlings. The consequences have previously been outlined in this 

chapter – thus, not repeated here.  

Herein, transcript accumulation of stress-responsive genes in 40 days old Swarnaprabha rice 

plants is similar to the molecular responses in 12 days old Satabdi rice seedlings. Moreover, 

similar flash electromagnetic irradiation induced stress-responsive transcript accumulations have 

been reported in past [4-5, 7].  

8.5 Conclusions 

One-time hours-long electromagnetic irradiation (1837.50 MHz, 2.75 mW/m
2
) has evoked 

transcript accumulation of stress-responsive genes in both 12 days old Satabdi rice seedlings as 

well as 40 days old Swarnaprabha rice plants. All reported molecular responses, irrespective of 

rice variant and growth stage, have been noted at such an irradiation level (1837.50 MHz, 2.75 

mW/m
2
) that is well below the standard electromagnetic regulatory guidelines [11-12]. Even 
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more, one-time electromagnetic irradiation induced stress-responsive transcript accumulation in 

rice plants is quite similar to the induced molecular responses under long-term periodic 

electromagnetic irradiation. Past reported one-time electromagnetic irradiation induced stress-

responsive transcript accumulation in other plants endorses the outcome of this investigation [4-

5, 7]. Long-term simultaneous electromagnetic irradiation at multiple frequencies can possibly 

induce more robust molecular responses in plants; however this needs to be validated at a large 

scale. Thus, transcript accumulations in plants and their dependence on applied electromagnetic 

radiation dose (i.e. frequency, power density and duration etc.) can be better understood. Taken 

together with the previous observations available in literature, the observed molecular responses 

not only confirm electromagnetic irradiation induced abiotic stress in rice plants but also demand 

for re-evaluating existing electromagnetic regulatory standards to protect the plant kingdom. 
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Chapter 9 
Conclusions and Future Scope  

 

9.1 Introduction 

The aim of this dissertation was to investigate Specific Absorption Rate (SAR) data and 

associated spatial distributions in different fruit, flower and plant models under diverse 

electromagnetic exposure scenarios – in addition, further plans were to investigate long duration 

as well as short duration, controlled and deterministic electromagnetic irradiation induced 

physiological and molecular responses in plants. Theoretical, simulation-based and practical 

investigations have meticulously been described in the previous chapters of this dissertation 

along with quantitative outcome analyses. Here, in this concluding chapter, the qualitative and 

quantitative accomplishments have been summarized along with a brief discussion on the 

potential extensions of the research work reported in this dissertation. 

9.2 A Qualitative Summary of Research Achievements 

At initial phase, this dissertation dealt with broadband complex dielectric properties      

characterization of several fruit and plant specimens – in general, all the measured results can 

contribute to the universal dielectric data base of fruits, crops and plants. The measured dielectric 

properties      of mentioned fruit and plant specimens can be used in several microwave food 

processing applications in addition to SAR data evaluation under electromagnetic irradiation. 

Electromagnetic energy absorption rates estimation (SAR data and spatial distributions) in 

different fruit and plant models under diversified electromagnetic exposure scenarios is a unique 

research contribution in this dissertation. Reported SAR data and spatial distributions in fruit and 

plant models under practical exposure scenarios can facilitate the policy makers to reassess 

existing electromagnetic exposure guidelines for protecting fruits, crops and plants along with 

humans. Furthermore, a novel technique has been proposed in this dissertation to define effective 

dielectric properties      of homogeneous phantom liquid that can represent random multilayer 

biological structure for accurate and realistic SAR measurement. In addition, a number of fruit 

and plant tissue layers equivalent homogeneous phantom liquid recipes have been prepared at 
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three different frequencies i.e. 947.50 MHz, 1842.50 MHz and 2450 MHz for SAR 

measurements in fruit and plant phantom models (in future). In this thesis, wireless channel 

propagation losses have been investigated due to electromagnetic absorption and scattering 

phenomena in plants – this experiment has been carried out at around 1800 MHz.  

In the second phase of this dissertation, investigations on electromagnetic irradiation induced 

physiological and molecular responses have been reported. Based on the investigation’s 

outcome, it has been reported that long duration cell phone irradiation causes reduced seed 

germination rate, enhanced plant growth and wrinkled leaves in Capsicum annuum saplings. 

Furthermore, irrespective of variant and plant growth stage, 1837.50 MHz, 2.75 mW/m
2 

controlled and periodic electromagnetic irradiation induced physiological or molecular responses 

in rice (Oryza sativa) have been reported in this dissertation. The above mentioned periodic, 

controlled and deterministic electromagnetic irradiation has evoked reduction in rice seed 

germination rate and photosynthetic pigment concentration levels. In addition, significant 

upregulation in stress-responsive rice gene expressions has also been reported under the said 

periodic exposure (1837.50 MHz, 2.75 mW/m
2
) inside an electromagnetic reverberation 

chamber. In continuation, further investigations have been carried out. One-time (2 h 30 min) 

controlled electromagnetic irradiation (1837.50 MHz, 2.75 mW/m
2
) induced upregulation in 

stress-responsive rice gene expressions has also been reported in this thesis at different growth 

stages. Therefore, reported transcript accumulation of stress-sensitive rice genes under different 

exposure conditions indicates that plants perceive electromagnetic irradiation as an abiotic stress 

factor. This finding is also a distinct contribution in this dissertation. 

9.3 Future Scope for this Dissertation 

Some potential extensions of the work carried out in this dissertation can be outlined as follows, 

 The dielectric properties      measurement work can be extended further to prepare a 

comprehensive broadband dielectric data base of different plant, fruit and flower tissues 

considering temperature dependent variations. 

 

 SAR evaluation work can be extended to investigate electromagnetic energy absorption 

rates in fruit, flower and plant models due to plane wave incidence with inclined linear 

polarization, circular polarization or elliptical polarization. 
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 The concept of multilayer structure equivalent homogeneous phantom modeling can be 

pursued further to redefine existing phantom liquid dielectric properties      for more 

realistic SAR measurements. Furthermore, applicable SAR measurement guidelines can 

be considered for probable revision. 

  

 It should also be noted that a little amount of preservative can be added to fruit and plant 

tissue equivalent phantom liquid recipes for long-term storage. 

 

 Customized fruit and plant phantom models can be fabricated for practical SAR 

measurements. Prepared homogeneous liquids can then be utilized to fill the phantom 

models for validating SAR data and distributions.    

 

 The work in this dissertation can also be extended to investigate electromagnetic 

irradiation induced physiological and molecular effects on other plants, at different 

frequency bands, and at a larger scale – in this connection, field studies can be performed 

over elongated time duration. 

 

 Appropriate research committees and policy makers can further pursue the investigation 

outcomes reported in this dissertation to protect fruits, crops and plants from potential 

hazardous effects of electromagnetic irradiation. 

 

Research is a continuous journey with infinite number of possibilities to explore. Therefore, 

through this dissertation, a little incremental contribution has been added to the existing human 

knowledge base. It is expected that the content in this dissertation should encourage researchers 

to explore further in the future. The upcoming research direction in this field will be full of 

excitement with newer insights and therefore, will lead to balanced and sustainable development. 
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