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SYNOPSIS 

In this Thesis work, a beam steering technique based smart tracking system is 

investigated to maximize the utilization of the radiated power from a base station towards a 

mobile user. The tracking operation is performed in the receiving chain that uses a received 

magnitude-based analysis to determine the user location accurately. The working principle of 

this technique is investigated numerically by moving a dipole (user) in front of a     patch 

antenna array in the longitudinal and lateral directions, and the relation between the received 

magnitude levels with relative user location is established. The magnitude comparison is 

performed in the DC domain instead of RF to simplify this operation by avoiding the RF 

processing circuits. The RF outputs of each antenna are converted into DC using a rectenna 

circuit which consists of a single diode having a conversion efficiency of    . Since the DC 

voltages can have an analog variation in their amplitude, an op-amp based comparator 

circuits is designed to convert these voltages into digital levels. They are further processed 

using a Boolean Logic Circuit to index the antenna element receiving the maximum RF from 

the user. As the antenna closest to the user has the minimum Euclidean distance between 

them, it will receive the maximum RF power from the moving user. Hence, the user location 

relative to the antenna array can be accurately determined with the above-mentioned antenna 

index. Once, the user location is determined, the antenna beam is steered at that direction. 

The steering is performed in the transmitting chain that uses the conventional phased array 

technique. It simplifies the steering circuit over other reported techniques in the literature, 

and can provide a good angular accuracy. The antenna index in the receiving chain is used to 

generate the required phase value to tilt the overall radiation towards user. A simple passive 

and lossless power divider and phase shifter circuit are designed and investigated with the 

proposed antenna array. Both the receiving and transmitting chains use a single antenna array 

for tracking and steering operations, respectively. The array is designed using an 

asymmetrically placed slot loaded miniaturized patch antenna to operate at        . The 

beam steering operation is also carried out with the proposed antenna array in conjunction 

with the phase shifter circuit where the beam is steered over an angle of      in the 

azimuthal direction. The transmit and receive chains are connected to the antenna using a 

circulator that works as a decoupling network and isolates the two sections by maintaining a 

unidirectional flow of EM power in the transceiver chain. A conventional ferrite loaded 

circulator as well as ferrite less circulator are designed and investigated here. The ferrite 

circulator has good impedance matching, with insertion loss of        and more than -



vii 
 

    . isolation.  Since, the presence of ferrite makes the circuit non-planar, a ferrite less 

approach is also investigated to design a planar circulator. Two Branch line couplers and one 

asymmetric Wilkinson power divider is used to design ferrite less circulator. Though the 

design is having a reduced isolation, it exhibits higher insertion loss, and provided here as a 

new design concept. 
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CHAPTER 1 

Introduction 

 

1.1. Preamble 

Antenna beam scanning and Beam steering techniques have been widely used over 

decades to communicate with a user by utilizing the maximum radiation of the antenna. The 

user location is identified using different detection techniques which are followed by the 

movement of the antenna main beam at that direction. These techniques were developed 

especially for radar applications for electronic warfare to detect the presence of a target far 

away. It is an effective approach to communicate with a user with the full capacity of an 

antenna radiation by guiding the antenna main beam at that direction after detecting the 

location of user which using the scanning technique. Followed by its success in radar 

applications, the scanning and beam steering techniques are adopted simultaneously for 

different domestic applications including the modern day high-speed, multiuser cellular 

technology. In these applications, the user locations under certain base stations are identified 

by scanning and then   antenna main beam is steered towards the user using different beam 

steering techniques. 
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Different types of scanning techniques were investigated to detect a user location 

correctly. In radar tracking system using single track scattering, a single user is tracked with a 

high data rate for an accurate tracking of its location. Monopulse radar [1] is a typical single 

tracking system which is used widely to track a moving target effectively [2,3]. This 

technique is also   useful to launch counter attack during the war especially with those using 

missiles. This approach is accurate but requires a wide bandwidth with multiple receiving 

channels at   high data rate with multiple antennas being used. A single receiving channel or a 

single antenna is used in a typical conical scan approach [4], where the conical movement of 

the antenna main beam is combined with the received signals to detect the user location. This 

approach is less accurate than the previous one but can work with a simple and cost effective 

system chain. A mechanical scanning system [5] utilizes a single antenna with a narrow beam 

to detect several users over the wide area by rotating the antenna main beam mechanically. 

This process is cheap and cost effective and may be suitable for commercial air-surveillance 

systems. An automatic track and detection system [6] uses a similar scanning technique to 

detect and track the users using software based detection systems. This process is slow but 

simple and can track a large number of users simultaneously with good accuracy. A track 

while scan system [7, 8] is another sub class of an automatic tracking system, where the beam 

is moved over a limited angular location to detect a modest number of users simultaneously 

with a better accuracy. This can be implemented by two scanning fanbeams in perpendicular 

arrangement or by four monopulse beam scanning antennas for scanning in azimuth as well 

as in elevation. A phased array tracking system [9,10] is a smart scanning technique to detect 

multiple objects at a faster rate by switching antenna main beam electronically. The 

electronic switching of antenna main beam is implemented by changing the phase of antenna 

inputs of an antenna array. The scanning or tracking systems [11] can also be classified based 

on the movement of the antenna main beam in the spatial domain. Circular scan, helical scan, 

raster scan, sector scan, conical scan etc., are employed for different applications based on the 

design requirements such as accuracy, speed, power, bandwidth, fabrication cost etc. 

The scanning system is followed by the beam-steering or beam-forming [13,14] stage 

where the antenna main beam is guided at the user location. Mechanical steering [15] is one 

of the oldest techniques used for this purpose which is slow and inaccurate and generally 

bulky in size. On the contrary, a beam forming network using phased array approach [16,17] 

is fast and accurate but requires additional circuit complexity and extensive background 

computation. A reflect-array or transmit-array configuration [18] uses a single aperture 

antenna whose radiated field are guided at different directions by reflecting the transmitted   
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radiated waves using engineered surface. The surfaces have phase gradient along the 

structure [19] which can be suitably tailored to guide the antenna main beam at different 

directions. These approaches are having severe challenges during their design phase, but 

simple and cost effective. Similar functionality can also be achieved by placing a parasitic 

layer consisting of a set of metallic patches of different shape and size near the antenna. It is 

simple in design but can affect the input impedance of the antenna significantly. Moreover, 

the steering of main beam may not be accurate, and the beam width may change for different 

configurations of the parasitic surface. Integrated lens antenna [20,21] works on the similar 

working principle as the previous approaches but having the similar limitations. Multiple 

antennas can be placed towards different angular location forming a non-planer array of the 

radiators. This approach does not possess the smooth and linear change in the steering angle 

having fixed apertures at fixed directions. A leaky wave antenna is a non-resonant traveling 

wave antenna having a steered beam over a wide angle [22]. But the steering angle varies 

with frequency facilitating the same in only one dimension. Metamaterial based beam 

steering approaches [23] are also reported in literature where the control on the main beam is 

difficult and the antenna performances can be severely affected. 

1.2. Motivation 

In this Thesis work, design of a base station transceiver system is carried out by 

designing the scanning/tracking [7-11] system followed by the beam steering [24-27] of an 

antenna array. Movement of the antenna main beam is restricted over azimuthal direction 

hence a one dimensional beam scanning and steering approach is investigated. From the 

available literature, it is understood that a phased array system can have a better control on 

the direction of antenna main beam which can even match with the analytical predictions. For 

scanning, both amplitude and phase information are used in most cases that delays the 

background process with a complex system. Moreover, most of the processing happens in the 

RF domain i.e., the RF signals are directly processed to make a decision about the user 

location. The RF signal processing circuits are complicated and require additional expertise 

to design the corresponding RF circuit. It increases the cost and complexity of the detection 

network. Also, a compact circuit including the antenna is to be designed to make the overall 

transceiver design compact. Hence, a compact scanning-beam steering technique is to be 

implemented using a simple and cheap architecture with an accurate control for a reliable 

design of transceiver. 
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1.3. Literature Survey 

The idea behind the beam scanning [7-11] and beam steering [24-30] was discussed in 

the previous section. Antenna being an indispensable component of this circuit provides a 

wide range of flexibility in its design [31].  Miniaturization of antennas is one of the most 

important topics for modern day antenna designers. Different techniques have been reported 

to make the antenna small [32] such as with dielectrics [33], with slots [34] or even with 

metamaterials [35]. The slot based technique is one of the compact and easiest approaches in 

which no additional elements are appended to the primary radiator. It offers capacitive effect 

and elongates the current path to miniaturize the antenna element effectively. A power 

divider circuit is one that divides the incoming power among multiple paths. Different types 

of standard power division circuits are available in the literature such as  

 Wilkinson Power Divider [36,37] 

 Branch-line coupler [38-41] 

 Rat-race coupler [42-45] etc.  

To investigate the beam steering operation, a phase shifter circuit is needed to design 

with the power divider circuit. Depending upon the geometry, there are different types of RF 

phase shifters as follows: 

 Switched line phase shifter [46-49],  

 Hybrid coupled line phase shifter [50-53] and  

 Periodically loaded line phase shifter [54,55]. 

 In this Thesis work, a corporate fed combined power divider phase shifter [57-59] 

circuit is designed as it offers less design complexity. To provide isolation between 

transmitting and receiving chain of the any tracking or scanning system in wireless 

communication, a coupling-decoupling circuit is needed. Circulator [60-67] is a typical three 

or four port network used in RF system that offers a perfect isolation between transmitting 

and receiving section. Circulators are basically two types: 

 Ferrite circulator and  

 Non-ferrite circulator.  

A ferrite circulator is the most common commercially available geometry that uses a 

ferrite material for non-reciprocity. Its design is simple and compact except the ferrite has to 
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be suitably placed in the three-port network. Non-ferrite based circulators have shown 

significant promise that can avoid the ferrite easily. It generally consists of multiple coupler 

and power dividers to achieve the isolation between the desired ports. The geometries are 

generally bulky and the isolation is not as good as a ferrite one. 

Rectenna [68-72] is a circuit that is used to convert RF power to usable DC electrical 

energy. Several research papers introduced the single band simple structured rectenna as well 

as multiband complex structure rectennas. These are widely used for applications like energy 

harvesting and wireless power transfer.  

1.4. Research objective 

In this Thesis, a new scanning and beam steering technique is designed to implement a 

transceiver system in a mobile base station. 

 To scan/track the user location, 

 A rectenna circuit is designed to convert the RF signals into equivalent 

DC levels. 

 A DC level comparator circuit is proposed to determine the user 

location correctly. The decision making circuit consists of simple DC 

magnitude comparators unlike the complex RF comparators in the 

available literature / existing design. 

 To steer the antenna main beam towards the user 

 A power divider and phase shifter circuit is designed to observe the 

steering capability of the proposed antenna array. 

 To transmit and receive the Electron Magnetic (EM) signal,  

 A slot loaded miniaturized patch antenna is designed along with its 

array. 

 A coupling-decoupling system is developed to maintain the 

unidirectional flow of EM signals between the transmit-receive system 

and antenna. 

All the design / investigations are carried out numerically using CST Studio Suite and 

Keysight ADS EM simulators. 
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1.5. Thesis Organization 

The Chapters of the Thesis are organized as follows: 

In Chapter 1, the literature review is presented citing appropriate published articles. 

The review is done in diverse direction as different circuit components and systems are 

addressed in this thesis. Literatures on conventional antennas, array of antennas, antenna 

beam scanning, power divider, phase shifter and circulator circuits and rectenna have been 

reviewed in this chapter. 

In Chapter 2, the design of the proposed patch antenna with 1x8 array of the antenna 

patch numerical outputs is presented. The design of a power divider and phase shifter circuit 

is also presented. Both items are designed individually and are assembled for the desired 

outcome. This circuit is used to validate the beam forming and beam steering by the patch 

array by varying the phases of individual antenna elements. 

In Chapter 3, design of a conventional diode based rectenna circuit and a digital 

logic circuit is presented. The rectenna will be used to convert the received RF signals into 

DC which will be used to determine the relative position of the user about the antenna array. 

The outputs are analysed both in frequency domain, and time domain to determine the 

effectiveness of the circuit. The digital logic circuit is designed using op-amp and basic gates 

to determine the maximum power received by rectenna. The objective of the DC circuit is to 

produce an output to determine the antenna location receiving the maximum RF. 

In Chapter 4, the working of the overall transmitting and receiving RF chain of the 

proposed smart tracking system is discussed with block diagrams. Design of a circulator 

circuit is also presented here that can work as the decoupling network between the 

transmitting and receiving RF chain at the antenna. The variation of received power with the 

relative location of the user about the antenna array is investigated numerically. A dipole 

antenna is designed and is moved near an array to observe the difference in power at each 

antenna output. At the end of this chapter, a schematic of the proposed system in total is 

described. 

In Chapter 5, the conclusion and future works are presented. 
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CHAPTER 2 

 

Proposed Beam Steering Technique using Slot Loaded 

Miniaturized Microstrip Patch Antenna 

2.1. Introduction 

Microstrip patch antenna is an essential radiator widely used for commercial 

communication systems. To design a compact system, the antenna geometry is to be 

miniaturized preserving its primary radiation properties. In this chapter, a miniaturized slot 

loaded patch antenna is designed and an antenna array is investigated to facilitate a beam 

steering mechanism. A simple phased array antenna can serve the purpose of beam steering 

accurately by controlling the phase of the input antenna signals. A similar phase shifter 

circuit is also investigated to understand the steering mechanism of the proposed antenna. A 

corporate feed power division circuit is also designed to feed the antennas using a single RF 

source as is done in most microwave systems. 
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2.2. Design of Proposed Antenna and Antenna Array 

2.2.1. Proposed Slot Loaded Miniaturized Microstrip Patch Antenna 

Schematic  

The reference antenna is a rectangular patch antenna designed to work at a higher 

frequency. Schematic of the antenna is similar to that in Fig.2.1 without the slot. The patch 

has a length of             and a width of           . It is printed on a FR-4    

    , (          ) substrate of thickness        of length           and      

    . The patch is exited with a coaxial line placed      below the antenna centre.   

 

Fig. 2.1: Schematic of the proposed antenna 

The dimensions of the rectangular microstrip patch are calculated by using the 

following equations. Equations given below are used for the calculation of the perimeter of 

the rectangular patch in terms of length ( ) and width ( ), 

   
 

  
 √

      
 

                                                         (2.1)                                                                                                     

     
    

 
 

    

 
*    

 

 
+

 

 
                                           (2.2) 



9 
 

     
 

  
 √    

                                                        (2.3) 

         
(       )(

 

 
      )

(         )(
 

 
    )

                                          (2.4) 

                                                               (2.5) 

Where,       Effective dielectric constant of the patch 

     = Effective length of the patch 

The simulated     of the reference antenna is shown in Fig.2.2. The antenna resonates 

around      (    ~GHz) as the            at this frequency. The antenna dimensions 

are determined using [4], for a frequency approximately double of our frequency of interest 

(       , centre of the ISM band). To reduce the operating frequency of this antenna, a 

horizontal slot is placed asymmetrically as shown in Fig.2.1. The slot has a length of    and 

width of    maintains a gap of    from the top edge. This slot significantly miniaturizes the 

antenna and the overall performance can suitably be tuned by varying its dimensions as is 

discussed in the following sections. 

Effects of Slot Length (  ) 

Simulated responses by varying the slot length (  ) are summarized in Fig.2.2. Both 

slot width (  ) and slot gap (  ) are fixed at 1 mm in this investigation. It can be observed 

that by increasing   , the resonant frequency can be significantly being shifted down to lower 

frequencies. For example, by varying the length from      to      , the resonance is 

shifted from          to         which is approximately half of that of the reference 

antenna. The antenna is resonated at         with    =        . The slot elongates the 

current path on antenna and reduces the resonant frequency with an increased slot length. 
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Fig. 2.2: Simulated     of the reference antenna with varying slot length    

Effects of Slot Width (  ) 

In this investigation, the slot width is varied by keeping    =         and    = 

    . The simulated responses are summarized in Fig.2.3. It is observed that, the resonant 

frequency shifts down by increasing the slot width. A higher    increases the slot perimeter, 

thereby reduces the operating frequency of it. But, a degraded impedance matching is 

observed with the increment in slot width. With a wider slot, the current distribution on 

antenna is disturbed and the impedance at the feed point is deviated from     . Hence, a poor 

matching is observed with a wider slot. The              is observed at         with    

        

 

Fig. 2.3: Simulated     with varying slot width    

 

Effects of slot gap (  ) 

The simulated     by varying slot gap (  ) are summarized in Fig.2.4. The slot length 

    and width    are fixed at         and     , respectively. The resonant frequency shifts 

down with an increase in    alike the previous investigation. The impedance matching at the 

resonance frequencies are also affected with this variation. By increasing   , the slot is placed 
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closer to the feed, affecting the current distribution of it. Hence, a slot close to the feed 

degrades the antenna matching more than that at far.  

 

 

Fig. 2.4: Simulated     with varying slot width   . 

 

Surface Current Distribution 

To understand the working of the slot, surface current distribution of the proposed 

antenna at         is shown in Fig.2.5. It can be observed that the current distribution is 

maximum around the slot near its perimeter. This explains the lower shift of resonant 

frequency with an increase in length or width of it. A longer or wider slot offers an elongated 

current path reducing the operating frequency of it. As, much of the surface current surrounds 

the slot, its placement near the antenna feed significantly disturbs the overall impedance 

matching as indicated in previous subsections. 

Considering these parametric studies,              ,           and           are 

considered for the proposed patch with a resonant frequency of        . The proposed 

antenna is a miniaturized version of a conventional patch antenna working at the same 

frequency. The dimension of a conventional rectangular patch antenna considering the same 

dielectric property is approximately                 for         [4]. The same resonant 

frequency is observed with the proposed patch of dimension                 (      

        is the free space wavelength at        ) having     area of the conventional 

patch. The maximum directivity is slightly sacrificed as a directivity of         is observed 

with the proposed patch instead of the           with the conventional patch. The reduction 

in directivity is due to the increased beam width for the miniaturized aperture of proposed 

antenna.  
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Fig. 2.5: Simulated surface current distribution of the proposed patch at         

 

2.3. Design of Beam Steering Circuit using Power Divider and Phase Shifter 

2.3.1. Power Divider 

In this work, a     power divider circuit is to be designed to power all antennas 

with equal power levels. This is to excite all antennas simultaneously with a single power 

source. Different types of standard power division circuits are there such as –  

 Wilkinson Power Divider,  

 Branch-line coupler,  

 Rat-race coupler etc.  

These techniques require additional lumped circuit elements to be mounted either for 

power division operation or to terminate the unused ports with matched impedance. Instead, a 

simple power division circuit is designed using microstrip lines to serve our requirements. In 

this section, a simple power division circuit is designed for an equal power division. The 

    Power Divider circuit is implemented using multiple     power division units 

forming a corporate feed network for the antenna arrays.  

Schematic of a     power divider circuit 

 

Fig.2.6: Schematic of a     Power Divider Circuit 
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A schematic of a     power divider circuit is shown in Fig.2.6. It is designed using 

microstrip configuration using CST Studio Suite. The input power from port1 is divided into 

two equal parts between port 2 and port 3. A line impedance of     is maintained at all ports 

for matching with the additional circuits. The input power is fed through port 1 which is 

divided into two equal branches of impedance     . As the input impedance of two      

lines in parallel matches the impedance of port1, all power from the input line is transferred 

equally among these lines without reflection. But, to match these impedances with those of 

port 2 and port 3, a quarter-wave transformer is placed in between. A quarter-wave 

impedance transformer is a piece of transmission line of an impedance    and length   ⁄  (  

is the free-space impedance at the operating frequency) to match two different impedanes    

and   , where    √    . Since a      impedance is to be matched with the port 

impedances of    , a matching section of       (√       ) is placed in between.  

The width of the line can be calculated by the equation given below 
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The effective dielectric constant of any microstrip line is given by the equation below, 

   
    

 
 

    

 

 

√       
                                           (2.7) 

Where,    Width of the microstrip line 

    Thickness of the substrate 

     Relative Permittivity of the dielectric 

     Characteristic impedance of the transmission line 

The circuit is designed using microstrip lines on an FR-4 (                 ) 

substrate of thickness       . Considering the operating frequency of        , widths of 

the    ,       and      lines are      ,       and       , respectively. Length of 

the quarter length section is approximately     . Length of the     lines does not affect 

the performance of the power division circuit and can be suitably considered to fit it with the 

additional circuitry. 
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Simulated Results 

 

Fig.2.7: Simulated results of a     Power Divider (a) S-parameters (a) E-field distribution 

at         

The simulated responses of the     power division circuit are shown in Fig.2.7. The 

circuit is simulated using the frequency-domain solver in CST where waveguide ports are 

connected at the ports exciting the circuit at port1. The simulated    ,    and     are shown 

in Fig.2.7.(a). Good impedance matching is observed at port1 as           throughout 

the considered frequency band. The power is equally divided between port2 and port3 as 

   =           . Ideally      of power should be delivered at both ports which is 

reduced due to the loss in the dielectric substrate. 

The electric field (E-field) distribution at         is shown in Fig.2.7.(b). It can be 

observed that, the power is divided equally between the ports as the field distributions 

between the input-output ports are uniform. Hence, the proposed circuit can divide the RF 

power equally between two ports with good impedance matching at the operating frequency 

of        . 

Schematic of     and     power divider 

It is mentioned earlier that, a     power division circuit is to be designed to feed an 

array of 8 antenna elements. The     power divider circuits are cascaded to design     

Power Divider circuits as shown in Fig.2.8.(a). The circuit is designed using three     
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Power Dividers to form a corporate feed with four outputs. It has port1 as input and port2 to 

port5 as outputs. Similarly, a     Power Divider circuit is designed with seven     or 

two     and one     power division units as shown in Fig.2.8.(b). It also has port 1 as the 

input and port 2 to port 9 as output ports. The circuits are designed using and FR-4 substrate 

of        hence; different lines of different impedances have the line widths alike the     

Power Dividers in the previous section. 

 

Fig.2.8: (a)     and (b)     Power Divider Circuits 

Simulated results 

 

Fig.2.9: Simulated S-parameters for different Power Divider Circuits 
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The Power Divider Circuits are simulated using CST Studio Suite in frequency 

domain solver as shown in Fig.2.9. The S-parameters for    ,     and    . It is already 

mentioned that approximately      power should be transferred between the output ports of 

a     power divider but the output power is reduced due to the dielectric loss in the 

substrate. Similarly, in a     power divider,       of power should be delivered at each 

output port. But, due to dielectric loss approximately        of power was delivered at the 

output ports. Similarly,       of power is observed instead of      at the output ports 

using a     Power Division Circuit. 

2.3.2. Phase Shifter Circuits 

The phase shifter circuits are required to excite an 8-element antenna array with equal 

power and progressive phase shifts. The Phase Shifter Circuit is designed to investigate the 

beam steering operation of an antenna array. A simple Power Division and Phase Shifter 

Network is investigated in this section. 

Schematic of     phase shifter 

 

Fig.2.10: Schematic of a     Phase Shifter Circuit 

A schematic of a     Power Divider Phase Shifter Circuit is shown in Fig.2.10. The 

circuit consists of a power division section as discussed in an earlier section which is 

followed by a phase shift section. The power from port1 is equally divided between port 2 

and port 3 and the phase shift is realized by varying the lengths between the input and output 

ports. According to the figure, the path length between port1 and port 3 is more than that 

between port1 and port 2 by a length of 2  . By varying  , the phase difference between the 

two output ports can be controlled.  
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Simulates Results 

 

Fig.2.11: Simulated S-parameter magnitudes of the     Power Divider Phase Shifter 

Circuit 

The simulated S-parameters magnitudes of the     Power Divider Phase Shifter 

Circuit are shown in Fig.2.11. Good impedance matching is observed at the operating 

frequency of         as           is observed at this frequency point. The power from 

port1 is also equally divided between the two output ports as                 is 

observed in the figure. The reduction in power below      is due to the loss in the dielectric 

substrate.  

 

Fig.2.12: Simulated Phase Difference between the output ports of a     Power Divider 

Phase Shifter Circuit for different    

It is earlier mentioned that the phase difference between the two output ports of a 

    power divider phase shifter circuit can be controlled by varying  . The phase difference 
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between the two output ports is denoted by           and are plotted in Fig.2.12 for 

different values of    . The phase difference can be significantly increased by increasing    as 

can be seen in the figure. The phase difference is consistent over the considered frequency 

range. The phase difference at         for different    are summarized in Table.2.1, 

observing a similar trend in the output phase difference. 

Table 2.1: Phase Difference for different    

   (mm) 2 6 10 14 18 22 

          (degree) 2.8 39.7 85.6 125.9 167.5 222.7 

 

Since the path length between port 1 and port 3 is more than that with port 2, the 

waves in the latter encounter a higher propagation delay, resulting in positive phase 

difference between the output ports. 

Schematic of a     phase shifter 

 

Fig.2.13: Schematic of a     Power Divider Phase Shifter Circuit 

A schematic of a     Power Divider Phase Shifter Circuit is shown in Fig.2.13. It 

consists of a     Power Divider section followed by a Phase Shift Circuits. The Power 

Division Circuit is same as that in earlier progressive phase shift is implemented from port2 

to port9 by adding different lengths of   to    so that, 

       ,  =1 to 6.                                                   (2.8)                                                                                            

A length vector is made as, 

                                                                     (2.9) 

is considered for a preliminary investigation. These values are selected in a way so that, 
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                                                  .               (2.10)                             

Now, the average phase shift is defined as 

                                                  
 

 
∑              

 
                                                  (2.11) 

The vector is multiplied by the factor   to scale the progressive phase shift and hence 

   accordingly. The    for different scaling factor are plotted in Fig.2.14. It can be observed 

that, the average phase shift can be increased by increasing the scaling factor. In other words, 

by increasing the path lengths in a linear manner, the phase shifts among the ports can also be 

varied linearly. 

 

Fig.2.14: Average Phase Shift for different values of   

2.3.3. Proposed Power Divider and Phase Shifter Circuit with Antenna 

Array 

The Power Divider Phase Shifter Circuit is shown in Fig.2.15(a) (inset). The     line 

(width     =      ) is divided into two      (width               ) lines at each power 

division point. To match with antenna impedance of    , a quarter wave transmission line of 

impedance       (length            and width            ) is placed in between. 

Length of the     lines does not play any role in the design and hence are adjusted according 

to the placement of the antenna and the underlying circuit. A progressive phase shift from Ant. 

1 to Ant. 8 is implemented by varying the length of the phase shifter section as indicated in 

Fig.2.15(a) (inset). The first two feed lines to Ant. 1 and Ant. 2 are highlighted here. The feed 

line to Ant. 2 has an additional length of         that produces an additional phase shift over 

the feed of Ant. 1. Therefore, both antennas are fed with signals of identical magnitude of    

(half of input power  ) but with phases    and   , respectively. The phase difference of 
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        can be controlled by       . Similar phase shift circuits are used for Ant. 3 to Ant. 

8 with different additional lengths. A phase shift (  ) vector can be constructed indicating 

these added lengths from Ant. 1 to Ant. 8 as  

   = [0,       ,        ,.....,       ].                                                                      (2.12) 

 

 

Fig. 2.15:     array of the proposed antenna showing (a) top view with a section of power 

divider-phase shifter circuit (inset), (b) side view showing different layers. 

 

2.3.4. Beam Steering with Proposed Antenna 

 To investigate the beam steering with the proposed antenna, an     array is 

constructed as shown in Fig.2.15 (a). The array is constructed to facilitate the beam steering 

with the idea of phased array. It also reduces the beam width making usable for steering. The 

antennas are placed with a periodicity of      which is close to     at the operating 

frequency of        . A corporate feed configuration is used to feed all antennas with a 

single excitation. Phase shifter circuits are implemented by individually increasing the 

lengths of each feed line. The antenna and the circuit are printed on the top and bottom sides 

of a substrate separated by a common ground as shown in Fig.2.15 (b). An FR −4 substrate of 
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thickness 1.6 mm is placed above and below the ground plane. The feed ends are connected 

to the antenna using vias through holes in the ground plane. 

As the phase shifts are implemented with additional lengths to the feed paths, the 

antenna beam can only be steered at a certain direction for a fixed   . To vary the steering 

angle,    is varied by multiplying it with a constant     that would change the relative phase 

differences among the antennas thereby steering the beam at different angles. The normalized 

radiation patterns on        plane (   plane) are plotted by varying     in Fig.2.16. It can be 

observed that the main beam is guided in boresight (        without any phase shifter when 

all antennas are excited with same phase. Initially the following     is considered to be     

         =                                       (in mm,     = 1), for a squint angle of 

approximately    . For       , the steer angle of     is observed due to the reduced phase 

shifts among the antennas. To squint the beam at a higher angle,           and     are 

investigated and the patterns are plotted in the same figure. The beam is guided at 

approximately     and     away from boresight in these cases. Therefore, the     can be 

suitably varied to steer the antenna main beam at different angular locations. Further increase 

in     can result in an overlapping between the adjacent circuits, hence are avoided in this 

investigation. 

 

Fig. 2.16: Beam steering with varying     

 

2.4. Summary 

A slot loaded miniaturized microstrip patch antenna is designed to work at         

with an overall dimension of (           ,   is the free space wavelength at        ). An 

    antenna array is designed to demonstrate the beam steering using the antenna. A power 

divider circuit is designed to feed an 8-element antenna array with a single excitation using a 

corporate feed network. Equal amount of power is delivered at all ports with finite losses due 
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to the substrate dielectric. Moreover, no lumped circuit elements are required to design the 

power division network. A phase shifter network is also designed to provide a progressive 

phase shift in each path of the power divider. The antenna main beam is steered between 

      by suitably varying the input phase as demonstrated using simulated results. 
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CHAPTER 3 

Design of Smart Tracking System based on proposed 

Patch Antenna 

 

3.1. Introduction 

To determine the exact location of the user, a decision making circuit has to be designed 

to take the decision of the closest antenna patch of the user. In this Chapter, a digital logic 

circuit is presented which is able to detect the closest antenna patch of the user. For this 

purpose, the received RF power from the circulator has to be converted to equivalent DC 

voltage level which can be fed as the input to the digital logic circuit. To convert the received 

RF power in to equivalent Dc voltage level, a conventional diode based rectenna circuit is 

designed. The digital logic circuit is designed using op-amp and logic gates to detect the 

maximum power received to the input of the rectenna or to produce an output to indicate the 

antenna location receiving the maximum RF. 
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3.2. Design of Rectenna 

Rectenna or rectifying antenna is connected at the antenna output to convert the RF 

power into DC. It is a conventional diode-based rectifier circuit with a load resistor with 

capacitors in parallel to smoothen the pulsating output. The DC power across the load resistor 

is generally used for applications like energy harvesting, wireless power transfer etc. In our 

work, the DC levels from different antennas are extracted to determine the antenna location 

receiving the maximum RF power. DC voltages are used instead of RF to use simple, cheap, 

and commercially available circuits for magnitude comparison. A general block diagram of 

conventional rectenna circuit is given in Fig.3.1. 

 

Fig.3.1: General rectenna structure 

3.2.1. Schematic of Rectenna 

A schematic of the proposed rectenna circuit is shown in Fig.3.2. It is designed using 

Keysight ADS which is a well-known EM simulator for RF systems. The circuit consists of 

an SMS7630 Schottky diode suitable for ISM band applications with a series load resistor   . 

A capacitor of       is connected in parallel to the load for filtering. The circuit is excited 

with a tone of         of magnitude     in    . Two power probes are connected at the 

input and output of the rectifier to observe the power levels at those points. An impedance 

matching circuit is employed at the input of the rectenna to match the line impedance of     

with that of the diode. 



25 
 

 

Fig. 3.2: Schematic of Rectenna Circuit 

3.2.2. Simulated Investigation 

The simulations are carried out using the harmonic balance simulator which is a 

frequency domain numerical technique used to analyze nonlinear circuits. It can be used to 

determine the power levels at the tone as well as at its harmonics often found in practical 

sources and circuits. Hence to analyze any active circuit like an amplifier, mixer, modulator 

etc., consisting of diodes and transistors, harmonic balance can be used. 

Initial investigations are carried out by setting           without the impedance 

matching circuit. The efficiency (η) for different     are shown in Fig.3.3. 

                                           
   
 

      
     

   

    
                                                (3.1)         

 where,           is the DC power present across the load.     is the received RF input 

power and    is the resistive load. 
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Fig.3.3: η for different     without matching circuit 

A maximum of     efficiency is observed with an input power of approximately   

   . For lower input powers, the diode may not be turned ON resulting in less output power 

and low efficiency. Once the diode is turned ON, its impedance changes with input power 

due to its non-linear behaviour, resulting in an impedance mismatch and reduction in output 

power, thereby reduce the overall efficiency. An input impedance of approximately 

   –        is observed at the input of the circuit. The load resistor can also be varied to 

maximize the efficiency of the rectifier. 

A single stub matching circuit is placed in series at the input side of the rectifier as 

shown in Fig.3.4. The Impedance Matching tool in the simulator is used to design the 

matching section. This matching ensures the maximum power transfer from source to diode 

for rectification. After input matching, the load resistor    is varied to maximize the 

efficiency as shown in Fig.3.4. 

 

Fig.3.4: (a) η for different   , (b) variation in    with     with input matching and optimized 
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The efficiency increases sharply with the load resistor and gradually decreases after 

the maximum value. Maximum efficiency of approximately     is observed with   = 

      as shown in Fig.3.4.(a). With this load resistor, the maximum power is converted into 

DC improving the efficiency, significantly.  

In another simulation, the input power is varied considering the matching circuit and 

         . The maximum efficiency of     is observed with             . The 

efficiency peak is obtained with much lower input power than that without the matching 

network. This also proves the usefulness of the matching network that ensures more power to 

be transferred to the diode, by turning it ON a much lower input power. Further increase in 

power results in a change in diode impedance and a reduction in the efficiency as shown in 

Fig.3.4.(b). Hence, the matching circuit can be optimized for other input power levels which 

is currently beyond the scope of this work. 

 

 

Fig.3.5: (a) Output DC Power for different input power levels. The spectrum of (b) Input 

Voltage and (c) Output Voltage 
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The output DC power for different input powers is shown in Fig.3.4. The output 

power increases linearly with input reaching the saturation at a higher level. Saturation of 

output power level resulted in the reduction in efficiency with higher values of    . The linear 

relation between the input and output can be useful to simplify the comparison operation in 

the following section of rectenna. 

The tone and harmonics of the input (   ) and output (    ) voltages are plotted in 

Fig.3.4.(b) and (c), respectively. The 0
th

 harmonic represents the DC component where the 

index 1 indicates the tone at        . Other harmonic indexes represent the higher-order 

harmonics of the tone. The input voltage is high at         and those at other indexes are 

significantly low as shown in Fig.3.4.(b). On the contrary, the DC voltage level is highest at 

the output and those at other harmonic indexes are significantly low. It also shows the 

effectiveness of the proposed rectenna circuit which can convert the RF into DC with good 

overall efficiency. 

3.3. Design of Maximum Power Detection logic  

3.3.1.  Detection Logic 

At the rectenna output, different DC voltage levels are received as it converts the RF 

energy to equivalent DC. Now, these DC voltages are compared to detect or identify the 

maximum DC level from the rectenna output and the corresponding antenna. As the antenna 

closest to the user receives the maximum RF due to the shortest distance, the corresponding 

DC level at the rectenna output will be the maximum. Therefore, by identifying the 

corresponding channel with maximum DC output, the antenna closest to the user can be 

determined. The magnitude or phase comparison at the RF domain requires additional 

expertise that can be simplified by using the DC domain. Objective of the DC circuit is to 

produce an output to indicate the antenna location receiving the maximum RF. 

3.3.2.  DC Level Comparison 

Block diagram of the maximum power detection circuit is shown in Fig.3.5. In consists of 

two different sections. In the first section, all RF levels are compared to each other using op-

amp based comparator circuit producing digital signals at its output. From the working of a 

comparator circuit it is known that, the op-amp output will be set to      or –     based on 

the input magnitudes at its inverting and non-inverting terminals. The rectenna outputs can 

range between any random magnitudes due to the random reception of RF power through the 
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antennas. Therefore, the random DC levels must be mapped into digital levels before feeding 

them into the digital logic. The comparator arrangement compares all rectenna outputs with 

each other mapping them between +     or –   . The one-to-one comparison requires an 

         number of comparators resulting 28 op-amps for 8     input levels.  
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Fig.3.6: Block diagram of Maximum Power Detection Circuit 
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Fig.3.7: Different levels for the comparator arrangement for DC level comparison 

 Input of the DC level comparator is marked as A to H indicating the outputs from 

rectenna 1 to rectenna 8, respectively. These are used to generate a set of    digital signals 

indicated by      in Fig.3.5. Schematic of the comparator arrangement with different levels 

using the op-amps indicating the corresponding inputs and outputs are shown in Fig.3.6. The 

entire set is divided into seven levels in represent the comparison levels sequentially. In Level 

1, A is compared with B to H and the outputs are marked as    to   . In level 2, B is 
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compared with C to H and the outputs are marked as    to    . This is continued till level 8 

indicating the last output by    . Height of the levels reduces to avoid the comparison 

between the same pair at different levels. All {  } are mapped between the +      and –     

values which are fed to the digital logic as shown in Fig.3.7.  

   

   

   

   

   

   

    

    

   

   

   
   

   
   
   

   

    

   
    
    

   
   

   

    
   

    

    
    

    

   
   

    
    
    

    

    

   
    
    

    
    
    

    
    
    

    

   
    

    

   
    
    

    
    
    

    

   

    
    

    

   

    
    

    

Fig.3.8: Implementation of the digital logic using 3-input AND gate 

3.3.3.  Digital Logic 

The      is used to indicate the antenna receiving the maximum RF. The system 

combines the 28 inputs and generates a 8-bit output to index the antenna as shown in Fig.3.8. 

Following is the truth table of the proposed digital circuit. 

Truth Table 

Inputs Outputs 

                        

                     1 0 0 0 0 0 0 0 

  ̅̅̅̅                        0 1 0 0 0 0 0 0 

  ̅̅̅̅    ̅̅ ̅                     0 0 1 0 0 0 0 0 

  ̅̅̅̅    ̅̅ ̅    ̅̅ ̅̅ ̅                 0 0 0 1 0 0 0 0 

  ̅̅̅̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅̅     ̅̅ ̅̅ ̅             0 0 0 0 1 0 0 0 

   ̅̅ ̅̅     ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅         0 0 0 0 0 1 0 0 

  ̅̅̅̅     ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅     0 0 0 0 0 0 1 0 

  ̅̅̅̅     ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅    ̅̅ ̅̅ ̅ 0 0 0 0 0 0 0 1 
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Boolean expression 

According to the truth table, the required Boolean expressions are -  

                        

     ̅̅ ̅                        

     ̅̅ ̅    ̅̅ ̅                       

     ̅̅ ̅    ̅̅ ̅     ̅̅ ̅̅ ̅                     

     ̅̅ ̅     ̅̅ ̅̅ ̅       ̅̅ ̅̅ ̅̅     ̅̅ ̅̅ ̅                

      ̅̅ ̅̅      ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅           

     ̅̅ ̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅     ̅̅ ̅̅ ̅      ̅̅ ̅̅ ̅̅      

      ̅̅ ̅̅      ̅̅ ̅̅ ̅̅      ̅̅ ̅̅ ̅̅      ̅̅ ̅̅ ̅̅     ̅̅ ̅̅ ̅      ̅̅ ̅̅ ̅̅     ̅̅ ̅̅ ̅ 
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Fig.3.9: Simulated Digital Logic Circuit in Proteus 
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Fig.3.10: Simulated outputs for different inputs 

 

The proposed digital circuit is simulated in Proteus 8.1 which is a hybrid simulator for 

analog and digital circuit simulation. The DC level comparison circuit is encircled with dark 

dotted lines, highlighting the levels with a different colour. The op-amp IC741 model is used 

in the comparator circuit as shown in Fig.3.9. This section is followed by the digital control 

section consisting of the digital gates. Three input AND gate IC 7411 and NOT gate IC 7404 

are used in the circuit. The inputs are marked with A to H are set to different DC voltage 

levels replicate the rectenna outputs. The circuit generates an eight bit input indexing the 

antenna receiving the maximum RF power. To indicate the output, blue LEDs are connected 
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at the outputs as shown in Fig.3.10. The ON and OFF states are indicated by the black and 

blue colours of the LED. Hence, an LED turns blue when the corresponding input is the 

maximum. From the index of the glowing LED the antenna index is determined between A1 

and A8 as shown in Fig.3.10. 

3.4.  Summary 

A single diode based rectenna geometry is designed to convert the input RF into DC 

output voltages. The load resistor is optimized to maximize the rectenna output. For an input 

voltage of approximately      , a maximum of     efficiency is observed. Using 

numerical study, it is shown that the RF power centred on the fundamental harmonics is 

successfully transferred into the 0
th

 harmonic or DC component. The rectenna circuit is 

followed by a maximum power detection network that indicates the antenna receiving the 

maximum RF power. An op-amp based comparator circuit is designed to compare the input 

analog voltages to generate the digital outputs. These digital levels are used to calculate the 

antenna index using a digital logic. The working of the proposed circuit is validated by the 

relevant simulation studies as discussed in Section 3.2.2 and 3.3.3. 
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CHAPTER 4 

Proposed Smart Tracking System using Beam Steering 

Technique 

 

4.1. Introduction 

This chapter deals with the transmitting and receiving section of the proposed smart 

tracking system. The idea of determining the user location based on the received RF signal by 

the patch array is discussed. Circulators are investigated as the decoupling circuit between the 

transmitting and receiving RF chains. 

4.2. Detection of Receiver Location 

The received signal magnitudes at the output of each antenna element of the 1x8 array 

are analyzed to detect the location of the user location relative to the array. The user location 

is used to steer the main beam towards the user for an effective utilization of the radiated 

power. Variation in the received power is investigated in the following section using a     

array to understand the effectiveness of the proposed approach. 
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Receiver Power for Different User Locations 

As mentioned earlier, an     antenna array is designed to detect the user location at 

the far field. A simple half wavelength dipole antenna is placed in front of the patch array to 

represent the user location. The dipole is used as a transmitter and its location is varied at 

along the z-axis (d) and x-axis (      ) as shown in Fig.4.1. The patch array kept at a fixed 

spatial location receives the EM power transmitted by the dipole. The dipole is excited with a 

lumped port denoted by Port 1 and the radiated power is detected using waveguide ports at 

Port 2 and Port 3, respectively. 

 

Fig.4.1: Schematic of dipole and     array of patch antenna to simulate different user 

location. 

Variation in d 

In the first investigation, the distance between dipole and array „d‟ is varied by setting 

          mm. Since the dipole is moved along the z-axis, its Euclidean distance from 

individual patch antenna remains the same. The simulated s-parameters for different values of 

d are summarized in Fig.4.2 over the considered frequency range and,     and     are used to 

determine the received power through port 2 and port 3 considering Port 1 as the transmitter. 

Since the antennas are designed to work at        , the received power is maximum at this 

frequency for any configurations. The S-parameter values reduce linearly with an increase in 

d due to the increase in the free space path loss. The     and     at each distance overlaps as 

the dipole maintains the same Euclidean distances from each patch in the array. The 

simulated responses at         are also plotted for different d as shown in Fig.4.2 (b). It can 
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be observed that, the received power reduces linearly as the distance between the dipole and 

patch array increases. Therefore, it is understood that, if the received power are equal in 

magnitude and scales linearly with time, the user is moving along the array axis without any 

lateral movement. Selection of d is critical since it should be sufficiently large enough to 

ensure the farfield of individual radiator. Considering the antenna dimensions, the farfield 

distances are approximately      (2D
2
/lambda) for all antennas.  

 

Fig.4.2: (a) The simulated responses for different values of d. (b)     and     for different 

values of d at         

Variation in        

Variation in        is used to determine the lateral movement of the user relative to the 

axis of the array. The     and     for different        at         are plotted in Fig.4.3 with 

         . The positive and negative values of        are used to indicate the user 

movement towards the positive and negative direction of x-axis, respectively. The received 

power at power 2 is maximum for                mm, when the distance between the dipole 

and left patch (Port 2) is minimum. A significantly low and     is observed at this point 

since, the distance between the transmitter and right patch (port 3) is significantly high. On 

the contrary, the maximum and     is observed for               mm where     is 

significantly low. Both responses overlap for        = 0 when the dipole is exactly on the axis 

of the array as shown in Fig.4.3. Therefore, from this investigation, it can be understood that, 
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the difference in received power indicates a lateral movement of the user about the antenna 

array and the location can be correctly determined from the magnitudes of the s-parameters. 

 

Fig.4.3:     &     for different values of        at         

4.3. Design of Circulator 

A circulator or decoupling circuit maintains a unidirectional flow of EM power in a 

circuit. Conventionally, it is a three-port network used at the junction of a transceiver unit. It 

connects the transmitter side with the antenna to transmit power from circuit to antenna. On 

the contrary, it connects the antenna to the receiving side during reception. It also prevents 

the flow of direct power between the transmitting and receiving sections.  

A matched three-port reciprocal network can be used as a circulator as discussed in 

[74]. Ferrite materials are conventionally used to introduce non-reciprocity in such networks. 

The s-parameter of a circulator is 

    [

       
       
       

]  or     [

       
       
       

] 

4.3.1.   Design of a ferrite circulator 

A ferrite-based circulator is one of the conventional circulator circuits with a ferrite bead 

that makes the overall geometry non-planer. It is typical 3-port network having input, output 

and decoupled port. The ferrite introduces non reciprocity in the network facilitating an 

unidirectional flow of EM waves without any loss with all ports matched. For example, the 

incident wave at Port 1 is coupled to port 2, whereas port 3 remains isolated.  Similarly, a 

wave incident in port 2 is coupled to port 3 and port 1 is isolated, and so on. In Y-Junction 
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ferrite circulators, rectangular waveguide or stripline are commonly used. Here, the design Y-

Junction ferrite stripline circulator for         operation is investigated. 

Schematic 

 

Fig.4.4: Schematic of the proposed circulator 

The geometry of the stripline circulator is shown in Fig.4.4. It consists of two ferrite 

planar disk resonators separated by a metal disk conductor symmetrically coupled by three 

conductor lines placed at      
to each other. An Air (epsilon = 1) medium is considered as 

the dielectric substrate. For this design, the ferrite material was chosen first, and then the 

other parameters were calculated based on chosen parameters of the ferrite. Ni-Zn ferrite 

material was used for the performance simulation. The design parameters of the ferrite are 

shown in Table 4.1. 

Table 4.1: Design parameters of the ferrite 

Property Values 

Dielectric Constant(  )      

Saturation Magnetization(4   )            

Resonance Linewidth(ΔH)        

Dielectric Loss (tanδ)        

Lande G     

 

The radius of ferrite disk was calculated using Eq.4.1 for the center frequency of        . 

                                                             (4.1) 
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Where, 

     = 
    √                         

 
 ⁄

 
                                           (4.2) 

   is the radius of the ferrite disk,   is the wave number, and   x is the first 

circulation conditions for using a disk resonator. To find  , with the ferrite dielectric constant 

(  ) of 12.4, the ferrite effective permeability (    ) must be calculated first, 

 Where, 

    =       ⁄                                                      (4.3) 

For the width of conductor lines (  ) should not be very small, as it will lead increased 

losses. The width  of conductor line is calculated using the following equation (4.4): 

                                                           (4.4) 

 The length of conductor transmission line is calculated using the quarter wavelength formula 

as given below: 

   
 

 
 

 

 √  
                                                            (4.5) 

Using (4.4), the width of strip conductor is calculated, resulting           . The 

calculated length of conductor transmission line section using (4.5) is         . Another 

parameter that is important to find is the thickness of the ferrite. The ferrite thickness is 

calculated using analytical line impedance for stripline structure to meet the matching 

impedance of    . The thickness was found to be  close to         . The calculated 

parameter of   ,   , and    ,    for ferrite circulator, are the initial design parameter with the  

possible need for optimizations after the structure of the circulator was modeled in order to 

get the best results at the center frequency of       . Table 4.2 shows the design parameter 

of the ferrite circulator. 
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Table 4.2: Design parameter of the ferrite circulator 

Property Values 

Radius of Ferrite(  )       

Ferrite Disk Thickness(  )     

Width of the Stripline(  )     

Length of the Stripline(  )     

Thickness of the Stripline          

 

Effect of radius of the ferrite (  ) 

Simulated responses by varying the radius of the ferrite (  ) are summarized in 

Fig.4.5. Saturation magnetization (  ) and Magnetization (   ) are kept constant at      

      and        , respectively. The impedance matching for different    are shown in 

Fig.4.5.(a), where the             for all considered values, but the lowest     is observed 

with          mm.              is observed with this ferrite radius as shown in Fig.4.5.(b). 

The loss is dominantly due to the loss in the ferrite material and imperfect isolation. Significantly, low 

    is observed in Fig.4.5.(c) indicates a good isolation from Port 1 to Port 3. From these 

investigations, it can be concluded that, the circulator offers good impedance matching, low insertion 

loss and isolation at         with           . 

 

Fig.4.5: S-parameters of the Simulation for different values of ferrite radius (a)    , (b)     

and (c)     
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Effect of Saturation Magnetization (  ) 

Simulated responses by varying the Saturation Magnetization (  ) are summarized in 

Fig.4.6. Radius of the ferrite disc (  ) and Magnetization (   ) are kept constant at 5.7 mm 

and         respectively. The input impedance matching at Port 1 improves with an 

increase in    as shown in Fig.4.6.(a). Marginal variations are observed in the     as 

approximately        of insertion loss is offered by the circulator at         as shown in 

Fig.4.6.(b). Significantly low     are observed indicating good isolation from Port 1 to port 3 

as shown in Fig.4.6.(c).  

 

Fig.4.6: S-parameters of the Simulation for different Saturation Magnetization (a)    , (b)     

and (c)     

Effect of Magnetization (   ) 

Simulated responses by varying the Magnetization (   ) are summarized in Fig.4.7. 

Radius of the ferrite disc (  ) and Saturation Magnetization (  ) are kept constant at       

and           respectively. The impedance matching at         improves by 

increasing    , and the  lowest     is observed for               as shown in Fig.4.7.(a). 

Similarly, the insertions loss response shifts to a higher frequency with    , and the     is 

maximum at         with the same     as shown in Fig.4.7.(b). The isolation at         is 

also significantly low with                as shown in Fig.4.7.(c). 
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Fig.4.7: S-parameters of the simulation for different magnetization (a)    , (b)     and (c)     

Proposed geometry 

Considering the above investigation,    =       ,           Gauss and      

       Oe are selected for the proposed design. The simulated S-parameters are summarized 

in Fig.4.8 by exciting at all ports sequentially. Good impedance matching is observed at all 

the ports, and the matching (   ,     and    ) is below       at         . The    ,     and 

    are approximately        indicating the flow of EM wave from Port 1 to port 3 through 

Port 2. But there is no power flow in the opposite direction as    ,     and     are 

significantly low at the operating frequency as shown in Fig.4.8. The impedance matching, 

insertion loss and isolation responses from all ports overlap with each other which indicate an 

uniform flow of power in a single direction with an uniform circuit response between the 

ports. 

 

Fig.4.8: S-parameters of the optimized ferrite circulator 
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To visualize the unidirectional flow of fields in the designed circulator, the electric 

fields at         are plotted among the ports as shown in Fig.4.9. It can be observed that the 

field is concentrated between the desired ports without any coupling of power in the isolated 

ports. 

 

Fig.4.9: Direction of power flow considering port 1, 2 and 3 as input port respectively 

4.3.2. Design of a ferrite less planar circulator 

Planer circulators are investigated using couplers and different other designs are 

discussed in the literature. In [73], a simple ferrite less circulator design is proposed using an 

asymmetric power divider, and a couple of branch line coupler that can drive the power in a 

unidirectional way around the circuit as shown in Fig.4.10. 

 

Fig.4.10: Schematic of a ferrite-less planar circulator showing the transmitting and receiving 

sides. 
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A part of the transmitting signal is coupled to the isolation ports of the branch-line 

couplers. The coupled signals at the isolation ports of coupler A and coupler B,          and 

        are      out-of-phase with an amplitude difference of    . Therefore, to cancel out 

the leakage signals, an asymmetric power combiner are used whose output is denoted by port 

3. These cancellations are as follows:  

                                                                    (4.6) 

                                                         (4.7) 

                                                                       (4.8) 

 

Where      is the transmitting signal amplitude,          is the ratio of the 

transmitting signal to the isolation port, and          is the phase deviation. It demonstrated 

the isolation between port 1 and port 3, i.e. no power from port 1 is flowing to port 3. 

The received signal from the antenna is split into two quadrature signals in the coupler 

where, one of the signal experiences an additional     phase delay and     attenuation 

through coupler A. Since the two received signals of     and      have the same phase and 

power difference of    , the output signal of the power divider/combiner (         ) has a 

combined loss of    . The receiving process is as follows- 

         =                                                                                        (4.9) 

                                                    =                                         (4.10) 

                                                                 (4.11) 

 

This approach is adopted in this thesis work to design a planar ferriteless circulator at 2.45 

GHz. 

Branch line coupler 

A branch line coupler or     
hybrid is a four-port network dividing the power 

between two ports equally with a     
 phase shift, isolating the other port from the input. The 

corresponding s-parameter is given as  

     
 

√ 
[

    
    
    
    

] 

A branch line coupler is designed in this section for      GHz. 
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Schematic 

 

Fig.4.11: Simulated schematic of the branch line coupler 

A branch line coupler is designed in ADS and the schematic is shown in Fig.4.11. 

Among the four ports, port 1 is the input port, port 2 is the direct port, port 3 is the coupled 

port and port 4 is the isolated port. Each arm of the coupler has a length of  
 

 
 (  is the guided 

wavelength at the operating frequency). The impedances of the two horizontal branches are 

          √ ⁄          and those for the vertical branches, it is             = 50   

where,    is the characteristics impedance of the lines. All ports are terminated with 50   

impedances. 

An FR-4 substrate of thickness        is considered to design the coupler using a 

microstrip configuration. Therefore, each line has a length of        considering the 

dielectric properties. Width of the     and     lines are       and       respectively. 

Additional lines of     are attached to connect the ports with the coupler. The lengths of the 

arms are slightly modified to optimize the performance of the coupler at the desired 

frequency. 

Simulated results 

The simulated results of the designed branch line coupler are shown in Fig.4.12.  It  is 

already mentioned that, port 1 is considered as the input terminal and hence, the |S11|, |S21|, 

|S31| and |S41| are plotted in the figure. The |S11|          at the operating frequency 
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of          indicates a good impedance matching at this port, i.e., all power fed to this 

terminal enters the coupler without any reflection. The power is equally divided between port 

2 and port 3 as |S21| = |S31|          at         are observed. Ideally,     power should 

be delivered to the ports, but the dielectric loss resulted a reduction in the output powers. The 

|S41| is at the operating frequency is significantly low (approximately      ) that indicates a 

good isolation between port 1 and port 4. Hence, the designed branch line coupler is able to 

achieve the theoretically the predicted performance of dividing the input power equally 

between two powers by keeping the other port isolated. 

 

Fig.4.12: Simulated results of the branch line coupler 

Asymmetric power divider 

A power divider circuit is one that divides the input power among the desired number 

of ports. A simple three port network can be used as a power divider by modifying their arm 

impedances suitably. A Wilkinson power divider is a similar power divider circuit which is a 

three-port matched network with lossy element. But, a typical Wilkinson power divider 

divides the power equally between two arms which is not needed in our requirement. In our 

work, the input power is divided at a     ratio between the output ports using an asymmetric 

power division (ASPD) circuit. The theory of unequal power division is well established and 

discussed in [74]. 

Schematic of the ASPD Circuit 

Schematic of the ASPD circuit in ADS is shown in Fig.4.13. It is a three-port network 

where the input power at port 1 is divided among port 2 and port 3 by a factor of    . The 
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power divider network has two arms of length 
 

 
 of impedances of     and     with a lumped 

resistor of   between the arms near the terminals. The impedance values are determined 

based on the power division ratio       using the following formula: 

         = 2 

      √
    

  
 = 103   

            √        = 51   

        
 

 
  = 106   

But the impedances at port 2 and port 3 are not matched to 50   and they are determined by:  

             = 35   

        
   
 

      

To match the impedances at port 2 and port 3 with    , 
 

 
 lines of impedances     and    , 

are used respectively. 

 

Fig.4.13: Simulated schematic of the asymmetric power divider 
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Considering the FR-4 dielectric of thickness     mm, the 
 

 
 lines have lengths of 

approximately    mm. The lengths are marginally varied to optimize the results.  Widths of 

the     ,    ,     and     lines are     mm,     mm,    mm and      mm, 

respectively. The schematic shown in Fig. is simulated to validate its responses. 

Simulated Results 

 

Fig.4.14: Simulated results of the ASPD 

The simulated S11 is significantly below       indicating a good impedance 

matching at the input. Also,  |S21| =        and |S31| =        are observed, i.e., the power 

delivered to port   is half of that of port 3 meeting the required power ratio at the ports. The 

reduction in the power levels are due to the dielectric loss of the substrate. The power fed to 

port   and port   enters the network without reflection at the ports as significantly low S22 

and S33 are observed. But these two ports are isolated as S32 is approximately       at the 

operating frequency. Hence, an asymmetric power divider is designed meeting the desires 

criteria required to design the ferrite less circulator. 

Schematic of the ferrite less planar circulator 

Schematic of the ferrite less planar circulator consisting of two branch line couplers 

and one ASDP are shown in Fig.4.15. The input of the circulator is fed at the port 1 of BLC 

1. The port 2 of BLC 1 is terminated with a matched load and port 3 to the input of BLC 2. 

Port 3 of BLC 3 is terminated with a matched load and the port 2 is used as the second port of 

the circulator. Port 4 of BLC 1 and BLC 2 are connected to the port 2 and port 3 of the 

ASPD, respectively. The port 2 of ASPD is considered as the port 3 of the circulator. 



49 
 

 

Fig.4.15: Schematic of the proposed ferrite less planar circulator 

 

Fig.4.16: Simulated results of the circulator 

Simulated Results 

The circulator geometry is simulated in ADS using the s-parameter simulation 

machine between      to  GHz. The power fed to port 1 enters the circuit without 

reflections as |S11|         at     GHz. The power is transferred to port   as |S21| is 

approximately    . But no power from port 1 is guided towards port   as S31 is 

significantly low. The S22 is below       indicating a good impedance matching at this 
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port. The power fed to port   is guided to port 3 as S32 =      is observed at the frequency 

of operation. Hence, the power at port   travels to port   and that at port   travels to port   

without any reflection. The losses are due to the circulator configuration and due to the 

dielectric losses of the substrate. Therefore, a ferrite less planer circulator is designed to work 

at the junction of a transceiver circuit. The transmitter is connected to the port   and the 

receiver is at port  . The antenna is connected at port   that communicates with both sections 

without any coupling between them. The power losses in the circuit can be avoided by 

modifying the circulator design which is a left as a future work. 

4.4. Proposed Smart Tracking and Beam Steering technique 

4.4.1. Receiving Chain  

Block diagram of the receiving chain is shown in Fig.4.17. The     antenna array in 

the base station receives the RF power from the user. The received RF power is isolated from 

the transmit chain using a circulator which is connected to the antenna output. The received 

RF is converted to equivalent DC voltage by using a rectenna circuit which is fed to the 

„maximum power detection logic‟ block. This block consisting of a magnitude comparator 

circuit followed by a decision-making boolean logic circuit. It compares the DC levels from 

the seven other RF chains and generates the index of the antenna receiving the maximum RF 

power. This index is fed to the phase generator circuit that generates the desired phase to 

steer the antenna main beam towards the user.  

 

Rectenna 

  

 

 

Maximum 

power 

detection 

logic 

 

 

Circulator 

Antenna  

Receiving RF 

Transmitter 

DC 

output 

Antenna 

index  DC outputs from 

other receiving RF 

chains 

Phase 

generator 

To phase 

shifter circuit 

Fig.4.17: Block Diagram of Receiving chain 

4.4.2. Transmitting Chain  

After the user location is determined, the antenna main beam is steered towards the 

desired direction and the RF is power is radiated. Block diagram of the designed transmit 

chain is shown in Fig.4.18. The continuous RF signal is fed to the power divider circuit that 
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divides the power among eight equal channels. The RF power is fed to the phase shifter 

circuit where the shifting is determined by the output of decision making circuit in the 

receiving chains. The phase shifted RF signal is fed to the antenna through the circulator that 

isolates the receiving section of the receiver. 

Phase shifter 

circuit 
 

 

1   8 

power 

divider 

 

 

 

Circulator 

Antenna  

Transmitting RF 

Receiver  

RF 

power 

To other phase 

shifter circuits 
From phase 

generator 

RF source 

Fig.4.18: Block Diagram of Transmitting Chain 

4.4.3. Transceiver chain 
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Fig.4.19: Block Diagram of the Smart Tracking System 
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The Block diagram of the proposed smart tracking and beam steering system by 

concatenating the transmitting and receiving system together is shown in Fig. 4.19. The     

antenna array receives the RF from the user location which are fed to the receiving chain 

through the bank of eight circulators. The eight DC outputs generated by the set of rectenna 

circuit are processed in the comparator circuit to generate the index of the antenna receiving 

the maximum RF power. The index is fed to a phase generator that generates the desired 

phase for beam steering. At the transmitter section, the input RF is divided into eight equal 

parts whose phase is tuned by the phase shift circuit. The phase shifted RF signal is fed to the 

antenna array through the circulator. Based on the relative phase of the antenna inputs, the 

overall antenna beam is steered toward the user location to utilize the antenna radiation 

effectively. 

4.5. Summary 

In 4.2.1, the concept of user location detection using the received signal amplitude is 

presented. The relative locations in the lateral as well as longitudinal directions are 

determined by the received RF of the antenna array. In 4.3 designs of circulators as a 

decoupling circuit between the transmitting and receiving RF chains are presented. Design of 

a conventional ferrite based circulator is investigated which is followed by the design of a 

ferrite less planer circulator geometry consisting of a pair of branch line coupler and an 

asymmetric Wilkinson power divider. The former has a better isolation whereas the later has 

a compact and planar geometry.  In 4.4 the transmit, receive and complete RF chain of the 

proposed smart tracking and beam steering technique were presented using the respective 

Block Diagrams,  and their operations are briefly explained. 
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CHAPTER 5 

Conclusion and Future work 

 

5.1. Conclusion 

In this Thesis work, a smart tracking based beam steering technique is investigated to 

utilize the maximum radiation of a base station to track a moving target / user.  An extensive 

literature review is carried out to build the theoretical background and for proper comparative 

study in order to improve the performance of the proposed system. The proposed system 

consists of a receiving chain for tracking and a transmit chain for steering operation. The user 

location is accurately determined in the tracking system using DC level magnitude 

comparison instead of RF signals that simplifies the overall circuit. To understand the 

working of this approach, the location of a dipole antenna (user) about a patch antenna array 

is varied, and the variation in the received magnitudes is analyzed numerically. 

A miniaturized microstrip patch antenna is designed to transmit and receive the RF 

signals in the transceiver chain. An asymmetric slot is used to miniaturize the patch antenna 

for          with     area of a reference radiator. Parametric investigations are carried out 

to optimize the antenna geometry and to understand the miniaturization procedure. An     
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array of the proposed antenna is designed to obtain a narrow beam and a high gain radiating 

aperture to facilitate the beam steering operation. A corporate feed network is designed to 

energize the antenna array using a single RF source. The feed network includes a simple and 

lossless power division network that equally divides the input power among the antennas. A 

phase shifter circuit is also embedded in the feeding network to inspect the steering operation 

by varying the input phases. Using a dual-layer board consisting of the antenna array and a 

feed network on opposite sides of the substrate separated by the ground plane is designed, 

and approximately      of phase shift is observed over the azimuthal plane.  

In the receiving chain, a magnitude based smart tracking system is investigated that 

consists of a rectenna, a magnitude comparator and a digital logic system. Since the user‟s 

location closest to an antenna element of the array will receive the maximum RF signal 

power, the antenna outputs are processed to determine the user location accurately. A diode-

based rectenna is designed to convert the received RF by the antennas into equivalent DC 

outputs. It is optimized for the load resistor as well as for input power observing a maximum 

of approximately     conversion efficiency. Using numerical analysis, it is also shown that 

the designed circuit can convert the RF power from the fundamental harmonic (        ) 

into the DC or 0
th

 harmonic, effectively. But these DC voltages have an analogue variation in 

their amplitudes which makes the decision-making circuitry (tracking angle) complex. 

Therefore, these amplitudes are mapped into digital signals using an op-amp based magnitude 

comparator circuit. This circuit referred to as DC level comparison compares all the DC 

outputs, and generated a set of digital signals. These digital outputs are fed into a Boolean 

logic circuit that generates the antenna index receiving the maximum RF power. The 

comparator, as well as the digital circuit, is numerically investigated to demonstrate the 

working of the proposed tracking system. The index is used to drive a phase shifter circuit to 

steer the antenna main beam in the desired direction. 

The transmit and receive chains are connected to the antenna network through a 

decoupling circuit that maintains the unidirectional flow of EM power in the transceiver 

isolating the chains from each other. A ferrite based simple circulator circuit is designed to 

work at         and has good impedance matching with an insertion loss of       . 

Moreover, it provides excellent isolation between the desired ports allowing a unidirectional 

power flow as required. But the presence of ferrite makes the geometry non-planar and bulky. 

Therefore, a planar circulator consisting of a pair of branch-line couplers and an asymmetric 

Wilkinson power divider is designed for this purpose. Using analytical and numerical 
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investigations, it is shown that the circuit can facilitate a unidirectional flow of EM power 

with good impedance matching. But, degraded isolation is observed between the desired ports 

with a high insertion loss in this circuit. Further, the transmitter and receiver chains are 

described by stitching the individual working blocks together. Finally, the working of the 

proposed beam steering technique based smart tracking system is explained with the 

complete block diagram. 

5.2. Broad Application Areas of the Proposed Scheme: 

The proposed system can be potentially used for 

 Cellular networks to provide an uninterrupted communication by tracking the user in 

the 2D plane along the elevation in a cell-based mobile system. 

 Driverless car or for unmanned aerial vehicle (UAV) to track the relative location of 

neighbouring objects. 

 Different radar applications to detect the movement of aircrafts from an air traffic 

control system. 

 Doppler imaging for weather radar applications. 

 High frequency in    (around       ) and high frequency WiFi (      ) for indoor 

applications. 

5.3. Future work 

Despite the effectiveness of the proposed approach, the following aspects can be improved 

and may be considered as a part of the future work: 

 The antenna uses an asymmetric patch to increase the current path along a U-shaped 

path. This may reduce the radiation efficiency of the antenna leading to a degraded 

antenna gain. Hence, the proposed miniaturization technique may be modified to 

overcome this issue. 

 The antenna array can provide a maximum of     degree of steering over the 

azimuthal direction. The antenna geometry and the feeding network can be modified 

to tilt the antenna radiation at a higher angle. 

 The phase shift operation is implemented by varying the path length at the antenna 

inputs. Digital phase shifter ICs can be used on the RF traces to facilitate continuous 

steering of the main beam. 
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 The efficiency of the rectenna circuit can be improved by using another diode or a 

different matching network. 

 Since the outputs of rectenna are practically very small, an amplifier or level shifter 

circuit may be employed before the magnitude comparator stage. 

 The insertion loss and isolation in the circulators can be improved by modifying the 

ferrite or the passive circuit elements properly. 

 An FR-4 dielectric is considered for all investigations which resulted in higher 

insertion loss due to a higher loss tangent. 

 The fabrication and experimental validation are required to demonstrate the 

usefulness of the proposed tracking system. 

 

5.4. Publication 

The findings  of this Thesis work has been presented at the 2022 IEEE International 

Conference on Signal Processing and Communication (IEEE SPCOM 2022) held at IISc 

Bangalore as per the details given below: 

 

Paramita Saha, Jagabandhu Das, P. Venkateswaran, “Smart Beam Steering with a Slot-

Loaded Miniaturized Patch Antenna,” 2022 IEEE International Conference on Signal 

Processing and Communications (SPCOM), Indian Institute of Science, Bangalore,  July 11-

15, 2022. 

The author has presented the paper on July 15, 2022 on virtual platform. 
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Appendix I:  Pin Diagram of IC7411, IC7404, IC 741 

 

Fig: IC 7411(3 input AND gate) 

 

Fig: IC 7404(Hex inverter) 

 

Fig: IC 741(Op-amp) 
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Abstract—In this paper, a smart beam steering technique is
investigated with a miniaturized patch antenna at 2.45 GHz.
The antenna is miniaturized with an asymmetrically placed slot
on the patch that reduces the frequency of operation significantly.
It radiates with 23% area (0.15λX0.11λ, λ is the freespace
wavelength at 2.45 GHz) of a conventional patch at the operating
frequency with the same dielectric properties. A 1 × 8 antenna
array is also designed with a power divider and phase shifter
circuit to demonstrate a beam steering operation. With numerical
investigation, a maximum of 220 steering angle is observed in the
azimuthal plane.

Index Terms—smart beam steering, miniaturization with slot,
patch antenna

I. INTRODUCTION

Smart beam steering technique is one of the most commonly
used approaches adopted to improve the performance of a
mobile and radar communication system. In the era of high-
end technologies for commercial applications as well as for
modern day electronic warfare, each mobile base station has
to serve a large number of users simultaneously, without sac-
rificing the quality of communication. Moreover, the antenna
mainbeam is to be steered towards a moving user for an
uninterrupted communication with the base station.

Different beam steering techniques have been investigated
over decades to steer the antenna main beam according to
the requirement of the designer. A review of these techniques
with corresponding pros and cons are discussed in [1]–[3].
In the phased array technique, the antenna main beam can
be steered in the desired direction by controlling the input
phase of individual antenna element of an array. Despite the
requirement of additional phase shifter circuit, this approach
provides an easy and accurate control over the steering angle.
But it is preferable to miniature the circuit elements to design a
compact system without sacrificing the system performances.
Antenna being an indispensable component of any wireless
transceiver system, provides a wide range of flexibility in its
design [4]. Miniaturization of antennas is one of the most
important topic for modern day antenna designers. Different
techniques have been reported to make the antenna small
[5] such as loading with dielectrics [6], slots [7] or even
with metamaterials [8]. The slot based technique is one of
the compact and easiest approaches in which no additional
geometries are appended to the primary radiator. It introduces

Fig. 1: Schematic of the proposed patch antenna (top view)

capacitive effect and elongates the current path to miniaturize
the antenna element effectively.

In this work, a smart beam steering technique is investigated
with a slot based miniaturized patch antenna. The antenna
design is optimized and an array is designed with a power
divider phase shifter circuit to investigate the beam steering. A
scheme of controlling the steering angle is also presented. The
manuscript is arranged in the following sections: in Sec. II,
miniaturization of patch antenna with a slot is investigated. In
Sec. III, the antenna array and the power divider phase shifter
circuit is presented with numerical results which is followed
by the conclusion in Sec. IV.

II. DESIGN OF PROPOSED ANTENNA

The reference antenna is a rectangular patch antenna de-
signed to work at a higher frequency. Schematic of the antenna
is similar to that in Fig. 1, but without the slot. The patch has
a length of lp = 13.9 mm and a width of wp = 18.4 mm and
is printed on a FR− 4 (ϵr = 4.3, tanδ = 0.025) substrate of
thickness 1.6 mm, with lsub = 50 mm and wsub = 50 mm.
The patch is excited with a coaxial line placed 3 mm below
the antenna centre.

The simulated S11 of the reference antenna is shown in
Fig. 2. The antenna resonates at around 5 GHz (4.84 GHz)



Fig. 2: Simulated S11 of the reference antenna and the
proposed antenna with varying slot length ls

which is approximately double of the frequency interest of
2.45 GHz (centre of the ISM band). The antenna dimensions
are determined using [4]. To reduce the frequency of operation
of this antenna, a horizontal slot is placed asymmetrically as
shown in Fig. 1. The slot has a length of ls and width of
ws maintains a gap of gs from the top edge. This slot sig-
nificantly miniaturizes the antenna geometry as the radiation
performances can be tuned by varying its dimensions, as is
discussed in the following paragraphs.

A. Effects of Slot Length (ls)

Simulated responses by varying the slot length (ls) are
summarized in Fig. 2. Width of the slot (ws) and its distance
from the antenna top edge (gs) are kept fixed at 1 mm. It
can be observed that by increasing ls, the resonant frequency
can significantly be shifted at the low frequency band. For
example, by varying the slot length from 5 mm to 15 mm, the
resonant frequency is shifted from 4.66 GHz to 2.56 GHz,
which is approximately half of that of the reference antenna.
The antenna is resonated at 2.45 GHz with ls = 15.9 mm.
Since, a longer slot elongates the current path on antenna it
reduces the resonant frequency significantly.

B. Effects of Slot Width (ws)

In this investigation, the slot width is varied by keeping
ls = 15.9 mm and gs = 1 mm. The simulated responses
are summarized in Fig. 3. It is observed that, the resonant
frequency shifts down by increasing the slot width. A higher
ws increases the slot perimeter and hence the current path
on antenna, thereby reducing the operating frequency of it.
But, a wide slot affects the current distribution of the patch
and affects the impedance at the feed point. This, degrades
impedance matching of the antenna with an increase in ws.
The S11 < −10 dB is observed at 2.45 GHz with ws =
1 mm.

C. Effects of Slot Gap (gs)

The simulated S11 by varying slot gap (gs) are summarized
in Fig. 4. The slot length ls and width ws are fixed at 15.9mm
and 1 mm, respectively. The resonant frequencies as well
as impedance matching at those frequencies are affected by

Fig. 3: Simulated S11 with varying slot width ws

Fig. 4: Simulated S11 with varying slot gap gs

changing gs, as in the previous investigation. By increasing gs,
the slot is placed closer to the feed that affects the impedance
at this point and degrades the impedance matching at the
operating frequency.

D. Surface Current Distribution

To understand the miniaturization by the slot, the surface
current distribution of the proposed structure at 2.45 GHz
is shown in Fig. 5. It can be observed that the current is
maximum along the perimeter of the slot that explains the
lower shift of the resonant frequency with an increase in the
slot dimensions. As, much of the surface current surrounds the
slot, its placement near the antenna feed significantly affects
the impedance matching as is also observed in the previous
investigations.

Considering these parametric studies, ls = 15.9 mm,
ws = 1 mm and gs = 1 mm are dimension of the slot where
the proposed patch antenna is resonated at 2.45 GHz. The
proposed antenna is a miniaturized version of a conventional
patch antenna working at the same frequency. The dimension
of a conventional rectangular patch antenna considering the
same dielectric property is approximately 29.2 × 37.6 mm2

for 2.45 GHz [4]. The same resonant frequency is observed
with the proposed patch of dimension 13.9 × 18.4 mm2

(0.15λ× 0.11λ, λ is the free space wavelength at 2.45 GHz)
having 23% area of the conventional patch. The maximum
directivity is slightly sacrificed as the 5.53 dBi of directivity
is observed with the proposed patch instead of 6.32 dBi with
the conventional one. The reduction in directivity is due to



Fig. 5: Simulated surface current distribution of the proposed
patch at 2.45 GHz

the increased beam width by the miniaturized aperture of the
proposed antenna.

III. BEAM STEERING WITH PROPOSED ANTENNA

The normalized array (AF ) factor of an N -element linear
array with uniform magnitude and distance is [4] -

AF =
sinN

2 ψ
N
2 ψ

(1)

where, ψ = kd cosθ + β, (k : 2π/λ, d : distance between
antennas, θ : angle of observation, β : progressive phase
between antennas).

The direction of maximum radiation (θm) can be calculated
with a θ value where the AF is in the sin(0)/0 form -

θm = cos−1(
λβ

2πd
) (2)

Therefore, by varying the input phases of the antennas
progressively, the overall beam can be diverted at different
angles (θ) with the main lobe at θm direction.

In this section, the beam steering with the proposed antenna
is investigated with an 1× 8 array and the progressive phase
shifts are implemented by an additional phase shift circuit.
Schematic of the antenna array is shown in Fig. 6(a). The
antennas are placed with a periodicity of 50 mm, which
slightly less than λ/2 at the operating frequency of 2.45 GHz.
A corporate feed configuration is used to feed all antennas
with a single excitation. Phase shifter circuits are implemented
by individually increasing the lengths of each feed line. The
antenna and the circuit are printed on the top and bottom
sides of a substrate separated by a common ground as shown
in Fig. 6(b). An FR − 4 substrate of thickness 1.6 mm is
placed above and below the ground plane. The feed ends
are connected to the antenna using vias through holes in the
ground plane.

A. Power Divider and Phase Shifter Circuit

The power divider phase shifter circuit is shown in Fig. 6(a)
(inset). The 50 Ω line (width w50 = 3.1 mm) is divided into
two 100 Ω (width w100 = 0.72 mm) lines at each power
division point. To match the input impedance of 50 Ω, a
quarter wave transmission line of impedance 70.7 Ω (length

Fig. 6: 1 × 8 array of the proposed antenna showing (a)
top view of antenna and power divider phase shifter circuit,
highlighting the feed of port1 and port2 (inset), (b) side view
showing different layers

l70 = 17mm and width w70 = 1.6mm) is placed in between.
Length of the 50Ω lines does not play any role in the design
and hence are adjusted according to the placement of the
antenna and the underlying circuits. A progressive phase shift
from Ant. 1 to Ant. 8 is implemented by varying the length of
the phase shifter section as indicated in Fig. 6(a) (inset). The
first two feed lines to Ant. 1 and Ant. 2 are highlighted here.
The feed line to Ant. 2 has an additional length of 2 lext−1

that produces an additional phase shift over the feed of Ant. 1.
Therefore, both antennas are fed with signals of identical
magnitude of A0 (half of input power Ai) but with phases
ϕ1 and ϕ2, respectively. The phase difference of ̸ ϕ2 − ̸ ϕ1
can be controlled by lext 1. Similar phase shift circuits are
used for Ant. 3 to Ant. 8 with different additional lengths. A
phase shift (ϕv) vector is constructed with the added lengths
from Ant. 1 to Ant. 8 as ϕv = [0, lext−1, , lext−2, ....., lext−7].

B. Demonstration of Beam Steering

As the phase shifts are implemented with additional lengths
to the feed paths, the antenna beam can only be steered at a
certain direction for a fixed ϕv . To vary the steering angle, ϕv
is varied by multiplying it with a constant mul that would
change the relative phase differences among the antennas,
thereby steering the beam at different angles. The average
phase shift in the antenna excitation (ϕexiavg) for different values
of mul are summarized in the Table I. It can be observed that
the input phases can be suitably varied by changing the mul.

The normalized radiation patterns on ϕ = 00 plane (zx
plane) are plotted for different mul in Fig. 7. The direction of
maximum radiation (θm) is also summarized in Table I. It can



TABLE I: Variation in ϕexiavg and θm with mul

mul 0.6 1 1.8 2.2
ϕext
avg 13.960 24.90 49.640 60.8
θm 40 120 190 220

be observed that the main beam is guided in boresight (θ = 00)
without any phase shifter when all antennas are excited with
same phase. The overall array has a 3 dB beamwidth of
approximately 160. Initially the following ϕv is considered
to be ϕv = [0, 4.75, 7.25, 9.5, 11.9, 14.4, 16.8, 19.2] (in mm,
mul = 1), for a squint angle of approximately 120. For
mul = 0.6, the steer angle of 40 is observed due to the
reduced phase shifts among the antennas. To squint the beam
at a higher angle, mul = 1.8 and 2.2 are investigated and the
patterns are plotted in the same figure. The beam is guided at
approximately 190 and 220 away from boresight in these cases.
Therefore, the mul can be suitably varied to steer the antenna
main beam at different angular locations. Further increase
in mul can result in an overlapping between the adjacent
circuits, hence are avoided in this investigation. Intuitively it is
understood that, the beam can be steered at the −θm direction
by connecting the phase shifter circuit in the opposite order,
i.e., by putting a regressive shift from Ant. 1 to Ant. 8. An
electronic phase shift can be used by replacing the current
phase shifter section to facilitate a seamless steering of the
antenna mainbeam over a wide angular region.

Fig. 7: Steering of antenna main beam on ϕ = 00 plane by
varying mul

IV. CONCLUSION

A smart beam steering technique is investigated for the
ISM band (2.45 GHz) using a slot based miniaturized patch
antenna. The slot is asymmetrically placed on a rectangular
patch to resonate it at a lower frequency. The dimensions and
placement of it is varied to observe the effects on the overall
antenna performance with numerical outputs. The surface
current is also plotted to explain the working of the slot with
more physical insight. The proposed antenna (0.15λ× 0.11λ)
is radiated at the operating frequency with 23% area of that
of a conventional rectangular patch antenna at this frequency.
Hence, the proposed design is compact and cost effective
compared to a conventional patch antenna. To investigate the

beam steering, an 1×8 array is designed and the input phases
of individual antennas are controlled. The power divider phase
shifter circuit is also designed to excite the antennas with a
progressive phase shift. A two layered substrate is used to
place the antenna and the circuit on the opposite sides of it.
A maximum of 220 tilt is observed with the array by varying
the input phases suitably. A possibility of using an electronic
phase shift circuit for a seamless steering is also discussed. The
proposed circuit can be used in conjunction with a tracking
system to design a complete transceiver chain for a track
based smart beam steering network. Further investigations
can be carried out for higher steering angles along with its
experimental validation with a fabricated prototype which is
left as a future work.
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