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ABSTRACT 

 

 This dissertation presents a novel one-dimensional, dual frequency, active 

retrodirective array for wireless power transfer applications. A retrodirective array 

automatically scans its transmitting antenna beam in the direction of a transmitter 

(interrogating signal) without prior knowledge of its location. The implementation of a 

retrodirective array for wireless power transfer can improve efficiency significantly over 

an antenna array with a fixed beam. The retrodirective array allows the use of a large 

transmitting antenna array to produce a narrow beam that can be scanned to provide 

coverage within a desired sector. The high antenna gain (narrow beam) yields much higher 

power densities at the receivers than an array with a fixed beam that must be wide enough 

to cover same sector. 

The retrodirective array developed in this research uses an array of microstrip 

circular patch antennas modified to avoid excitation of troublesome surface waves. Each 

microstrip antenna uses four shorting pins to suppress surface waves. The improved 

antenna array is used as the transmitting antenna in the retrodirective system in order to 

increase the efficiency and improve the overall performance. The proposed retrodirective 

array operates at 2.4GHz for the interrogating signal and 5.8GHz for the retransmitted 

signal, using up-converting mixers. The beam scanning inherent in retrodirective arrays 

ensures a constant power level available to the charging devices, regardless of their location 

within an angular sector over which retrodirectivity is achieved. 
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 Microstrip antennas have narrow impedance and axial ratio bandwidths. In order to 

widen the bandwidth of the circularly polarized antennas with shorting pins developed in 

this work, sequential rotation techniques were investigated.  Specifically, two designs using 

sequentially rotated microstrip patches with surface wave suppression capability were 

investigated. One design uses one layer directly fed elements, the other design uses aperture 

coupled patches in a two layer configuration. A prototype of the two layer design, which 

has better performance, was fabricated and tested. The simulated and measured axial ratio 

and impedance bandwidths were improved significantly in the sequentially rotated array 

that also includes surface wave suppression throughout the bandwidth.  

 To design a full system for wireless power transfer, a high conversion efficiency 

rectenna (rectifying antenna) using circularly polarized microstrip patch antennas with 

reduced surface waves is proposed. A rectenna converts a microwave signal to a DC 

voltage. A rectenna operating at 5.8 GHz has been designed and tested. A zero bias 

Schottky diode with high detection sensitivity is used as the rectifying device. In order to 

minimize surface waves, two microstrip circular patch antennas with four shorting pins are 

used. The proposed surface wave suppression technique leads to improvements in antenna 

gain and efficiency. Furthermore, the shorting pins inherent in the design act as return path 

for the DC current eliminating the need for an RF chock in the rectifier circuit.  

 Two complete retrodirective systems using the surface wave suppressing arrays 

were built and tested, one system uses the narrowband antenna array and the other uses the 

wideband sequentially rotated array. Measurements confirm the expected improvements in 

power transfer capability of both systems. 
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CHAPTER I 

INTRODUCTION 

1.1 Research background 

1.1.1 Wireless power transfer  

 Wireless power transfer (WPT) is a process to transfer electrical energy from a 

power source to an electrical load without using wires [1], [2]. The idea of wireless power 

transfer came from Nikola Tesla at the turn of the twentieth century when he made a tower 

to transfer power without wires [3]. The most common techniques used in (WPT) utilize 

inductive coupling to transfer power wirelessly as shown in figure 1.1. These techniques 

are based on magnetic field induction between two coils placed in close proximity to each 

other [4], [5]. 

Figure 1.1: a block diagram of inductive coupling to transfer power wirelessly [5] 

 In [6], ceramic dielectric resonators were used instead of conventional resonant 

coils to transfer power wirelessly, as shown in figure 1.2. Ceramic dielectric resonators 

have very high unloaded Q factors; the resonators are typically covered with a metal 

surrounding to reduce the radiation loss [7]. 
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 Figure 1.2: a block diagram of ceramic dielectric resonators [6] 

 

  In [8], another induction coupling method is described where a plastic sheet 

containing an array of coils is used for charging devices placed on it. An array of MEMS 

and an array of FETs are used to detect the location of the device and switch on the coil 

closest to it.  Wireless power transfer methods based on induction techniques, resonant and 

non-resonant, are only useful for transferring power over very short distances (no more 

than a meter or two with the resonant coil methods). A laser technique to transfer power 

wirelessly was introduced in [9], [10]. A major disadvantage of the laser technique is the 

danger of using a high intensity laser beam, need for precision and clear line of sight with 

no obstructions. Also, efficiency suffers due to the low conversion efficiency from optical 

to electrical energies [10]. Wireless power transfer using microwaves overcomes the 

distance limitations encountered in resonant and induction coupling methods, and avoids 

the shortcomings of the laser techniques. A monopole with a corner reflector antenna was 

used for wireless power transfer in [11]. In [12], expected performance of Van Atta 

retrodirective arrays, shown in figure 1.3, was investigated theoretically assuming dipole 

antennas as array elements, however, there was no experimental implementation. 
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 Figure 1.3: Illustration of wireless charging scheme in a room with retrodirective 

 array [12] 

1.1.2 Retrodirective arrays 

 A retrodirective array is a smart antenna that scans its main beam to point to the 

direction of a transmitter without a prior knowledge of the transmitter’s location. Recently, 

retrodirective arrays were investigated for use in several applications, such as radar and 

military communication systems [13]. A basic implementation of a retrodirective array is 

the corner reflector which has orthogonal metal sheets in the x-y plane [14]. The Van Atta 

retrodirective array is another simple configuration of retrodirective arrays which was first 

proposed in [15]. Van Atta passive array in figure 1.4 has a structure based on a pairs of 

antenna elements with equally spaced form the center of the array. The signal received by 

one antenna will reradiate in reverse phase by another antenna in pair and the order of 
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radiation flips with respect of the array center. However, the active Van Atta array can 

improve the signal strength by adding an amplifier in the transmission lines [16].  

0-f-2f-3f-4f-5f 0 -f -2f -3f -4f -5f

 

 Figure 1.4: Van atta retrodirective array 

 Phase conjugation is another technique for implementation of retrodirective arrays 

using heterodyne techniques [17]. In a single frequency retrodirective array as shown in 

figure1.5, the input radio frequency (RF) signal is mixed with local oscillator (LO) 

operating at a frequency equal to two times the RF signal frequency. Therefore, the lower 

side band has the same frequency as the input signal (RF) signal with a conjugated phase. 
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Local Oscilator

fLO = 2frf

Phase Conjugating 

Circuitry 

0-f-2f-3f-4f-5f

0f2f3f4f5f

Frf= Fif

Incoming 

Outgoing

 

 Figure 1.5: Phase conjugate retrodirective array 

 Another configuration of active retrodirective arrays uses a dual frequency 

implementation that employ heterodyne techniques with phase detection and phase 

shifters, as shown in figure 1.6 [18]. Dual frequency retrodirective arrays can be used for 

bidirectional communications transmission and reception. The design presented in [19] 

used a concept of a dual frequency retrodirective array shown in figure 1.7. The incoming 

signal is up-converted and retransmitted again as a higher frequency signal, or the incoming 

is down-converted and retransmitted as a lower frequency signal.  Another dual frequency 

retrodirective array is based on a heterodyne technique using  an intermediate frequency 

(IF) to avoid high local oscillator (LO) frequency while the RF phase conjugate concept 

still valid [20]. 
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 Figure 1.6: Retrodirective array based on phase detector and phase shifter [18] 

 

 Figure 1.7: A dual- frequency of phase conjugate retrodirective array [19] 

1.1.3 Microstrip patch antenna with reduce surface waves 

 In this thesis, we introduce a microwave wireless power transfer method using a 

novel dual frequency retrodirective antenna array to increase efficiency. The proposed 

design used a novel circularly polarized microstrip antenna array where surface waves are 
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suppressed to increase efficiency and gain, and minimize mutual coupling between array 

elements. Conventional microstrip antennas printed on dielectric substrates suffer from 

excitation of undesired surface waves [21]. In addition to lowering the antenna efficiency 

and distorting radiation patterns, surface waves increase mutual coupling between the 

elements of antenna array, which can lead to scan blindness. This can be a serious problem 

in retrodirective arrays since the antenna beam is scanned to point toward the interrogating 

signal. In [22] and [23], a design in figure 1.8 is proposed to reduce surface waves based 

on a principle that a ring of a magnetic current in a substrate will not excite the surface 

wave if the radius of the ring is equal to a particular critical value. In another design [24], 

the portion of the substrate underneath the microstrip patch was replaced with another 

material which has lower dielectric constant. 

 

 Figure 1.8: Shorted annular ring design which has shorting pins placed at radius c. 

 [22] 

In [25] and [26] a circular microstrip patch antenna with shorting pins is shown in 

figure 1.9 to reduce the excitation of surface waves was investigated numerically. 

However, the simulation results presented in [26] focused on an isolated elements and 

lacked experimental verification, and array performance was not considered. In [27], a 
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linearly polarized single patch with a shorting pin, and a portion of the dielectric underneath 

the patch removed, was investigated.   

 

 Figure 1.9: The geometry of the single feed circularly polarized reduced surface 

 wave antenna with four shorting pins and a narrow slot of length l and width w 

 [25] 

1.1.4 Circularly polarized antennas with sequential rotation 

 Circular polarization is used more than linear polarization because the receiving 

and transmitting antennas do not have be aligned physically and, therefore, has allows for 

a high degree of mobility [28]. In addition, it can reduce the loss caused by incorrect 

polarization between the signal and the antenna [29]. For microstrip antennas, narrowband 

circular polarization can be achieved using a dual feed, truncated corners, or inclusion of a 

slot. Sequential rotation techniques can improve the impedance and axial ratio bandwidths 

significantly. The sequential rotation technique uses a group of elements rotated by 90° in 

orientation. Their feeding input ports are excited with 0°, 90°, 180° and 270° in phase 
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difference while their power magnitudes are equal [30]. The details of the technique are 

described in [31], [32]. Several designs of broadband circularly polarized antenna elements 

were proposed in [33], [34]. In [35], the sequential rotation technique increased the 3 dB 

axial ratio bandwidth from 20% to 50%. The design used a broadband cavity-backed 

circularly polarized aperture antenna with a traveling wave excitation. In [36] circular 

polarization was achieved by using a proximity-coupled method. The antenna was fed by 

a microstrip line that was offset from the center of the microstrip patch antenna, as shown 

in figure1.10. Aperture-coupling was used in [37]. The design principle is based on a two-

layer substrate with a cross-slot coupled coplanar waveguide feed line, and it incorporates 

sequential rotation, as shown in figure 1.11.   

                   

 Figure 1.10: Proximity-coupled method [36]   Figure 1.11: Two layer substrate [37] 

 The sequential rotation design was reduced to one substrate instead of two in [38]. 

The design consists of 2 x 2 sequentially rotated circular polarized microstrip patch antenna 

fed by a coplanar waveguide to slot-line network. In [39], a circularly polarized, broadband 

and lightweight array of circularly polarized microstrip array antenna for application in 
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spacecraft. The design used 64 element array of truncated corner microstrip patch antenna 

with sequentially rotated. The same technique was improved in [40] by applying a double 

sequential rotation method to the design, as shown in figure 1.12 and figure 1.13. 

 

 

Figure 1.12: A truncate corner as a single patch element in a 64 array and 

 a sequential rotation [39]  

 

  Figure 1.13: A double sequential rotation [40] 

 A compact sequential rotation for circular polarization was implemented in [41]. In 

the design, shown in figure 1.14, the widths of the transmission lines in the feed network 

all the same widths, increasing the compactness of the layout. 
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 Figure 1.14: A compact design of SQ. [41] 

1.1.5 The Rectenna 

 One of the primary components in microwave wireless power transfer is the 

rectenna, which was reviewed in [42-45]. The rectenna, showed in figure15, is comprised 

of two parts: an antenna that receives a microwave signal and a rectifying circuit that 

converts the microwave signal into a DC voltage at the output. One of the most important 

characteristics of a rectenna is its efficiency, which relates the DC output power to the input 

ac power. Recently, rectenna designs for applications in wireless power transfer and RF 

power harvesting were reported [46], [47]. 

RF 

Antenna
RF

Filter

Rectifier

DC

Filter

R_load

DC

Output

 

Figure 1.15: Rectenna block diagram. 
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 In 1977, Brown, at the Raytheon Company, achieved the highest conversion 

efficiency ever recorded at that time for rectennas [48]. He used a GaAs-Pt Schottky barrier 

diode, aluminum bar dipole, and a transmission line in the design. The conversion 

efficiency reached 90% at an input microwave power of 8 W. A dual frequency rectenna 

was presented in [49]; it used a ring-slot circularly polarized antenna for applications in 

portable wireless devices, as shown in figure 1.16. Another design using circular 

polarization and a high-gain, high efficiency rectenna operating at 5.8G Hz was proposed 

in [50]. A circularly polarized dual-rhombic-loop antenna with gain of 10 dB was used in 

this design, as shown in figure 1.17. The RF-to-DC conversion efficiency of 80% was 

achieved with 100mW of input power level. 

 

 Figure 1.16: A rectenna with a ring-slot antenna [49] 
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 Figure 1.17: Rectenna block diagram for a dual-rhombic-loop antenna. [50] 

 In [51], a simple rectenna design with a harmonic rejection circular sector antenna 

was implemented to avoid using a low pass filter between the antenna and the rectifying 

circuit, as shown in figure 1.18. A compact rectenna shown in figure1.19 was accomplished 

in [52] by using a coplanar patch antenna with a gain of 9 dBi; the RF-DC conversion 

efficiency obtained was 68.5% with input power of 18 dBm. 

 

 Figure 1.18: A rectenna with circular sector antenna. [51] 
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 Figure 1.19: A rectenna design with a coplanar patch. [52] 

 In another design [53], a dual frequency rectenna operating at 2.45 GHz and 5.8 

GHz achieved high efficiencies at both frequencies, the efficiencies reported were 84.4% 

and 82.8%, respectively. A uniplanar dual band printed dipole antenna shown in figure 

1.20 was used in the design.  

 

 Figure 1.20: Circuit configuration of the dual-frequency rectenna. [53] 
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 A more advanced design used a circularly polarized high-gain antenna combined 

with a high-gain, high efficiency rectifying circuit [54]. A 2.45GHz rectenna using 2x2 

microstrip patch array with a zero-boas diode was presented in [55]; the reported RF-dc 

conversion efficiency was56%..  

1.2  Research Objectives and Dissertation Organization 

 The goal of this research is to develop a microwave wireless power transfer system 

based on retrodirective transmitting antenna arrays. The retrodirective array has the ability 

to scan its beam automatically in the direction of the devices to be charged, without prior 

knowledge of their location, within an angular, in order to maximize the power received 

by the devices within that sector. 

The proposed design introduces a one dimensional dual-frequency, active Van Atta 

retrodirective transmitting array. Microstrip circular patch antennas with four shorting pins 

are used as the array elements in order to reduce the excitation of surface waves in the 

array. This will minimize the mutual coupling between the array elements, thereby 

improving the overall performance of the array by achieving higher gain, a better radiation 

pattern, and better beam scanning (i.e., avoiding scan blindness). A narrow slot with a 

single feed is used to obtain circular polarization. Circular polarization was chosen for the 

wireless power transfer application to ensure that the devices receive the transmitted signal 

(i.e., the charging signal) regardless of their antenna orientation. In order to improve 

circular polarization bandwidth, sequential rotation techniques are implemented for the 

proposed antenna.  The data signal of devices (e.g., WIFI signal) can be used as the 
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interrogating signal. In this work, we chose 2.4 GHz as the frequency of the interrogating 

signal and 5.8 GHz as the transmitted signal used for power transfer. 

 In chapter I, a brief introduction, research background, some literature review, and 

proposed research are presented. 

 In chapter II, narrowband circularly polarized antenna array is developed. The array 

uses microstrip circular patch antennas with four shorting pins in order to reduce the 

excitation of the surface waves in the proposed dual frequency retrodirective array. Design 

procedure and simulation and experimental results are provided. 

 In chapter III, broadband circularly polarized antenna array with surface wave 

suppression is described. Sequential rotation techniques are used to improve the impedance 

and axial ratio bandwidths while maintaining surface wave reduction. One and two layer 

configurations are investigated. Four designs were investigated through simulations; the 

design with best performance (widest bandwidth) was fabricated and tested. Simulation 

and experimental results are presented in the chapter. 

 The rectenna design details are presented in chapter IV. A high RF-DC conversion 

rectenna with reduced surface waves operating at 5.8 GHz is presented.  The high-

efficiency rectifying circuit was implemented using a zero-bias Schottky diode with high 

detection sensitivity. Ansys Designer was used to simulate the design and optimize the RF-

DC conversion efficiency. The proposed antenna design and the rectifying circuit were 

fabricated on different substrates. Simulated and measured results are presented in the 

chapter. 
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 In chapter VI, the novel one-dimensional dual frequency retrodirective arrays are 

described.  The proposed designs use active arrays as source to transfer power wirelessly 

to rechargeable devices such as laptops and smartphones. For wireless devices, the device’s 

own data signal (e.g. WIFI signal) can be used as the interrogating signal which the 

retrodirective array can use to direct its transmitted beam towards the wireless device for 

charging. A narrowband and a wideband retrodirective arrays with surface wave reduction 

are presented in the chapter. Description of the design approaches and measurement results 

of the system performance are presented. 

 In last chapter, a brief summary of the research in this dissertation and some 

conclusions are presented. 
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CHAPTER II 

MICROSTRIP ANTENNA ARRAY WITH SURFACE WAVE 

SUPPRESSION  

2.1 Overview  

Microstrip patch antennas are popular in many research areas and have found many 

applications such as wireless commination systems. These antennas offer many advantages 

such as low profile, low fabrication cost, and ease of manufacturing. However, they suffer 

from drawbacks such as narrow bandwidth and low gain. Therefore, this chapter focuses 

on improving the gain and efficiency, and minimize the mutual coupling between array 

elements.  

In this chapter, a microstrip circular patch antennas with four shorting pins are used 

as the array elements in order to reduce the excitation of the surface waves in the proposed 

dual frequency retrodirective array. This will minimize the mutual coupling between the 

array elements, improving the overall array performance by having higher gain, better 

radiation pattern, and better beam scanning (avoiding scan blindness). To obtain circular 

polarization, a narrow slot with a single feed is used. To obtain circular polarization with 

the narrow slot, it must be oriented at 450 to the feed axis and its length must be optimized 

in order to excite two orthogonal modes that have equal amplitudes and are 900 out of 

phase. Circular polarization is chosen for the wireless power transfer application to ensure 

devices receive the transmitted signal (the charging signal) regardless of their own antenna 

orientation 
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This chapter introduces also an antenna design featuring surface wave suppression 

loaded with two shorting pins. The antenna design has a linearly polarized and operating 

frequency at 5.8GHz. The design is used in Chapter Three for sequential rotation design 

implemented in two substrate.   

The receiving array operating at 2.4 GHz uses a conventional microstrip circular 

patch antenna, as shown in figure 2.1. The antenna design, simulation, and fabrication are 

presented in this chapter. 

 

Figure 2.1: Geometry of conventional circular patch antenna with narrow slot.  

 

2.2 Microstrip patch antenna loaded with four shorting pins at 5.8 GHz. 

    2.2.1 Antenna analysis  

 The transmitting array of the retrodirective system uses a circularly polarized 

microstrip patch, shown in figure 2.2, as the array element. The patch is designed to 

suppress surface waves by incorporating four shorting pins. A conventional circular patch 
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antenna resonates in the dominant TM110 mode at a frequency that satisfies the following 

equation: 

𝑘𝑎 = 𝑥′11 = 1.8412             (2.1) 

 

Substrate εr

ro

45

Feed Point

L

W

Pin

Patch

Ground

X

Y

 

Figure 2.2: Circular patch antenna of radius a with four shorting pins of radii b  

 

 where “𝑎” is the radius of the circular patch, 𝑥11
′ is the first root of the derivative of 

the first order Bessel function of the first kind, and 𝑘 =
2𝜋

𝜆
  is the wave number in the 

substrate medium. In order to eliminate surface waves due to the lowest mode, the 

following condition must be satisfied [25]: 

𝑘0𝑎 = 1.8412             (2.2) 
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Where 𝑘0 =
2𝜋

𝜆0
  is the wave number in air. The conditions given in equations (2.1) and 

(2.2) cannot be satisfied simultaneously in a conventional microstrip patch with a non-air 

substrate. A method to satisfy both conditions was investigated numerically by adding 

shorting pins to the circular patch antenna. The following equation, for the normalized 

resonant frequency 𝑘𝑎 of a circular patch with four pins loaded patch was derived in [26]: 

𝑌0(𝑘𝑏) + 𝑌0(𝑘𝑑1) ± 𝑌0(𝑘𝑑2) ± 𝑌0(𝑘𝑑3)

− 8 ∑ 𝑥𝑛𝑐𝑜𝑠2(𝛼𝐽𝑛 (
𝑘(𝑟0 − 𝑏)𝐽𝑛(𝑘𝑟0)𝑌𝑛

′(𝑘𝑎)

𝐽𝑛
′ (𝑘𝑎)

)) = 0     (2.3)

∞

𝑛=𝑒𝑣𝑒𝑛/𝑜𝑑𝑑

 

 

Where 𝑟0 is the pins’ radial position, b is the radius of the pins, 𝐽𝑛 and 𝑌𝑛 are the Bessel 

functions of the first and the second kinds, respectively, 𝛼 is the angle between the x-axis 

and the pins (the feeding probe is located on the x-axis), 𝑥𝑛 = 1(𝑛 ≥ 1) for even mode 

and 𝑥𝑛 = 1/2 for odd mode, 𝑑1 , 𝑑2 and 𝑑3  are the distances to the pin at 𝜙 = +𝛼 from 

the other three pins, given by 𝑑1 = 2𝑟0𝑠𝑖𝑛𝛼, 𝑑2 = 2𝑟0 and 𝑑3 = 2𝑟0𝑐𝑜𝑠𝛼 . The angle 𝛼 

is chosen equal to 45𝑜 to maintain symmetry. 

 Given a desired shorting pin radius b and position r0, equation (2.3) can be solved 

numerically for the required value of ka to suppress the surface waves for the first order 

mode TM1. A graph for ka versus pin position r0/a can then plotted, as shown in figure 

2.3 for pin radius b/a=0.03, 0.04, and 0.055. Then, the curves can be used to determine the 

pins’ location for a desired substrate’s dielectric constant.  
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Figure 2.3: Normalized frequency TM1 of the even/odd type of 4-pin loaded circular 

patch 

 

2.2.2 Simulation and measurement results 

 In our design, we used a RT/Duroid 5870 substrate with a dielectric constant 𝜀𝑟 =

2.33 and thickness of 1.575mm. For the transmitting array, the desired frequency is 5.8 

GHz; the patch radius a is then calculated from equation (2.3). It is important to note here 

that the patch radius in our design is electrically larger than in conventional designs 

(without the shorting pins) since the free space wavenumber k0 (not k) is used to determine 

the patch radius. This fact results in higher antenna gain for our design when compared to 

conventional microstrip patches. The required value of ka for our substrate is given by: 

𝑘𝑎 =  𝑘0 √𝜀𝑟  𝑎 = 2.81                          (2.4) 

 

 Using this value of ka in Fig. 2.3, the required shorting pin position for a pin radius 

b/a=0.055 is 𝑟0/a = 0.72. To obtain circular polarization, a diagonal narrow slot at the 
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center of the patch was used. The design for a single patch was optimized in ANSYS HFSS 

resulting in the following dimensions: slot length L=10mm, slot width W=1mm, 

a=15.15mm,𝑟0 = 10.9𝑚𝑚 and b=0.83mm. The antenna was fabricated using a milling 

machine as shown in figure 2.4.  

 

Figure 2.4: Fabricated transmitting array of proposed design loaded with four shorting 

pins. 

 The simulation and measurement results for the reflection coefficient (|S11|dB) are 

shown in figure 2.5. The measured return loss at the resonant frequency (5.76 GHz) is more 

than 20 dB (it is 18dB at 5.8 GHz) and the measured 10-dB bandwidth is 240MHz 

(5.65GHz-5.89GHz). The bandwidth is more than 4%, which is better than a conventional 

patch (less than 2%).  
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Figure 2.5:  Reflection loss (S11) in dB versus frequency in GHz for proposed design of 

circular patch antenna with four shorting pins at 5.8 GHz (experiment and simulation 

results indicated by sold and dotted line, respectively). 

 

 

(a) 
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(b) 

Figure 2.6: (a) Simulation radiation pattern for proposed design of circular patch antenna 

at 5.8 GHz, RHCP and LHCP for phi = 0°.  (b) Simulation radiation pattern for proposed 

design of circular patch antenna at 5.8 GHz, RHCP and LHCP for phi = 90°. 

 

 The simulated radiation patterns of the patch with shorting pins at 5.8 GHz for E 

and H plane (𝝓 = 0° and 𝝓 = 90°) are shown in figure 2.6 (a) and (b) respectively. A 

conventional microstrip patch antenna at 5.8 GHz is used to compare with our design. The 

simulation results of radiation pattern for a conventional patch at 5.8GHz for E and H plane 

(𝝓 = 0° and 𝝓 = 90°) are shown in figure 2.7 (a) and (b) respectively .The radiation pattern 

for the patch with shorting pins has a narrower main beam, and shows significantly reduced 

radiation in the plane of the substrate (about 23 dB below broadside) compared to the 

conventional patch (about 11.7 dB below broadside). The computed gain and front to back 

ratio for the patch with shorting pins are also significantly better. Its gain is 7.6dB and the 

front to back ratio is 39dB, versus 5.4 dB gain and 31 dB front to back ratio for the 
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conventional patch. These features make this antenna an excellent element in antenna 

arrays to reduce mutual coupling and improve overall gain and efficiency.  

 

(a) 

 

(b) 

Figure 2.7: (a) Simulation radiation pattern for conventional circular patch antenna at 5.8 

GHz, RHCP, and LHCP for phi = 0 ,(b) Simulation radiation pattern for conventional 

circular patch antenna at 5.8 GHz, RHCP, and LHCP for phi =90° 
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2.3 A conventional microstrip patch antenna at 2.4 GHz 

The single patch was used to design the two-element, circularly polarized receiving 

array for retrodirective array system. A circularly polarized probe-fed conventional 

microstrip circular patch operating at 2.4 GHz was used as the array element for the 

receiving array, as shown in figure 2.8. The purpose of this array is to receive a weak WIFI 

signal from devices at 2.4 GHz as a part of a retrodirective system. 

 

Figure 2.8: Fabricated antenna array of conventional patch. 

The design of the array elements required RT/Duroid 5870 substrate with a 

dielectric constant 𝜀𝑟 = 2.33 and thickness of 1.575 mm, where ANSYS HFSS is used to 

simulate the single patch. The results for the simulation and measurement of reflection 

coefficient (|S11|dB) are shown in figure 2.9. The simulation results of radiation pattern for 

a conventional patch at 2.8GHz for E and H plane (𝝓 = 0° and 𝝓 = 90°) are shown in figure 

2.10 (a) and (b) respectively. 
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Figure 2.9: Reflection loss (S11) in dB versus frequency in GHz for proposed design of 

circular patch antenna at 2.4 GHz (experiment in sold line and simulation in dotted line). 
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(b) 

Figure 2.10: (a) Simulation of radiation pattern for conventional circular patch antenna at 

2.4 GHz, RHCP and LHCP for phi = 0°, (b) Simulation of radiation pattern for 

conventional circular patch antenna at 2.4 GHz, RHCP and LHCP for phi = 90°. 

 

2.4 A microstrip patch antenna loaded with two shorting pins at 5.8 GHz. 

 A geometry of microstrip patch antenna loaded with two shorting pins at 5.8 GHz 

is shown in figure 2.11. The design is used a linearly polarized which will be implemented 

in two substrates of sequential rotation proposed design in Chapter Three. The antenna 

design and analysis used the same technique of patch antenna loaded with four shorting 

pins. The following equation, for the normalized resonant frequency 𝑘𝑎 of a circular patch 

with two pins loaded patch was derived in [26]: 

𝑌0(𝑘𝑏) ± 𝑌0(𝑘d) − 4 ∑ 𝑥𝑛𝑐𝑜𝑠2(𝛼𝐽𝑛 (
𝑘(𝑟0 − 𝑏)𝐽𝑛(𝑘𝑟0)𝑌𝑛

′(𝑘𝑎)

𝐽𝑛
′ (𝑘𝑎)

)) = 0     (2.5)

∞

𝑛=0

 

  Where 𝑟0 is the pins’ radial position, b is the radius of the pins, 𝐽𝑛 and 𝑌𝑛 are the 

Bessel functions of the first and the second kinds, respectively, 𝛼 is the angle between the 
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x-axis and the pins (the feeding probe is located on the x-axis) and equal to 45𝑜 ,𝑑 is the 

distances between two pins.  

 

 

Figure 2.11: Circular patch antenna of radius a with four shorting pins of radii b  

 

 Given a desired shorting pin radius b and position r0, equation (2.5) can be solved 

numerically for the required value of ka to suppress the surface waves for the first order 

mode TM1. A graph for ka versus pin position r0/a can then plotted, as shown in figure 

2.12 for pin radius b/a=0.044, 0.055, and 0.066. Then, the curves can be used to determine 

the pin’s location for a desired substrate’s dielectric constant.  
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Figure 2.12: Normalized frequency TM1 of the even/odd type of 2-pin loaded circular 

patch 

 In this design, we used a RT/Duroid 5870 substrate with a dielectric constant 𝜀𝑟 =

2.33 and thickness of 1.575mm. The desired frequency is 5.8 GHz; the patch radius a is 

then calculated from equation (2.3). The required value of ka for our substrate can be 

calculated from equation (2.4). 

 Using this value of ka in Fig. 2.13, the required shorting pin position for a pin radius 

b/a=0.066 is 𝑟0/a = 0.6. The design for a single patch was optimized in ANSYS HFSS 

and the results will be presented in Chapter three. 
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CHAPTER III 

WIDEBAND MICROSTRIP ANTENNA ARRAY WITH 

REDUCED SURFACE WAVES USING SEQUENTIAL 

ROTATION 

3.1 Overview   

 Microstrip patch antennas are very attractive for many applications due to the ease 

of fabrication, low cost, low weight, and ease of integration with other electronics. 

However, microstrip antennas built on dielectric substrates suffer from excitation of 

surface waves, increasing mutual coupling in microstrip arrays. In chapter two, we 

introduce a method to reduce the surface waves by loading a shorting pins in a microstrip 

patch antenna.  

 Circular polarization transmits in two planes (horizontal and vertical) at once, with 

a 90° phase shift between the two planes. Circular polarization can be right-hand 

polarization or left-hand polarization and can be achieved by various techniques, such as a 

dual feed, truncated corner, slot, and sequential rotation. Circular polarization was chosen 

for wireless power transfer application to ensure that the devices receive the transmitted 

signal regardless of their antenna orientation. 

 In chapter investigates a circularly polarized modified circular microstrip patch 

antenna. The modifications include the improving of a circular polarization and impedance 

matching bandwidth by using sequential rotation techniques. The modifications include the 

addition of shorting pins in addition to inclusion of a slot and edge truncations to produce 
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a circularly polarized array element that does not excite surface waves. Most importantly, 

the proposed design achieves surface wave reduction on the entire bandwidth of circular 

polarization. 

 This chapter introduces circularly polarized sequential rotated arrays using a 

microstrip patch incorporating surface wave suppression mechanism. A one-layer 2x2 

array using directly fed elements and a two-layer design using aperture-coupled elements 

are investigated.  The microstrip antenna used as the array element is a circular patch loaded 

with four shorting pins to minimize surface waves. To obtain circular polarization in the 

one-layer design, a narrow slot with four indentations are used. The narrow slot must be 

oriented at 450 to the feed axis. Furthermore, the four indentations must be symmetrically 

located around the patch. In the two layer configuration, circular polarization for each 

element was obtained using a narrow slot without edge indentations.  Both designs were 

optimized in Ansys HFSS. Simulation results showed that the two substrate configuration 

has much better impedance matching and axial ratio bandwidths than the one substrate 

design. In addition, improvements in the radiation patterns in the proposed design were 

maintained throughout the entire bandwidth. The two substrate design was fabricated and 

tested, and the results are in very good agreements with simulations.   

3.2 Sequential rotation technique 

 The sequential-rotation technique uses a group of elements rotated 90° in 

orientation. Their feeding-input ports are excited with phase differences of 0°, 90°, 180°, 

and 270°, while their power magnitudes are equal. Figure 3.1 shows an example of the 

sequential-rotation technique. 
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Figure 3.1: a block diagram of sequential rotation technique. 

 

3.3 linearly polarized element with four shorting pins implemented in one 

substrate 

A. Single element antenna design 

  A design of linearly polarized antenna element loaded with four shorting pins 

implemented on one substrate as shown in figure 3.2 is presented. The design was used a 

microstrip-line feed with 100Ω input impedance. The antenna design analysis of linearly 

polarized loaded with four shorting pins used the same technique discussed in chapter two. 

Therefore, the patch radius, pin locations, and pin radii all were similar to those in the 

antenna in Chapter two, except with a small modification because of use of an inset feed 

instead of a probe feed. In order to compact the sequential-rotation design, a narrow slot 

with 45° rotation from the feed is used at the center of the patch. This reduces the radius of 

each antenna element, compacting the design closer to the feeding network. 
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Figure 3.2: a geometry of a single element linearly polarized loaded with four shorting 

pins. 

 

 The design for a single patch was optimized and simulated in ANSYS HFSS 

resulting in the following dimensions: slot length L = 10 mm, slot width W = 2 mm, a = 

14.4 mm, r0 = 10.5mm, b = 0.8 mm and indentation width =4 mm, indentation length=7 

mm. The substrate used in this design is RT/Duroid 5870 with a dielectric constant 𝜀𝑟 =

2.33 and thickness of 1.575mm.  

 The simulation results for the reflection coefficient (|S11|dB) are shown in figure 3.3. 

The return loss of the single patch at the resonant frequency (5.8GHz) is more than 40 dB 

and the 10-dB bandwidth is 100 MHz (1.7 %). The simulated radiation patterns of proposed 

design at 5.8GHz are shown in figure 3.4 for the E and H planes (𝝓 = 0° and 𝝓 = 90°), 

respectively. The radiation pattern for the single patch linearly polarized with shorting pins 

shows significantly reduced radiation in the plane of the substrate (about 20 dB below 

broadside). 
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Figure 3.3: Reflection coefficient in dB versus frequency in GHz for a single element 

linearly polarized loaded with four shorting pins. 

 

 

Figure 3.4: Radiation pattern in both E and H plane for a single patch element loaded 

with four shorting pins. 
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B. Feeding network 

 Figure 3.5 shows the feeding network for the linearly polarized elements with four 

shorting pins implemented in the same substrate of the antenna array. The feed network 

has four-way power splitter with 𝜆 4⁄  difference between each port. Each of the four ports 

is connected to a patch antenna. The input impedance of each antenna is 100-Ω. Two 

quarter wavelength transformers (with characteristic impedance 70.7 Ω) are used in the 

design to match the 50Ω lines to the 100Ω transmission line between the four ports. The 

final port was assigned to 50 Ω and is located around the center of the whole area. 

 

Figure 3.5: Geometry of the feeding network. 

 

 The feeding-network design was optimized and simulated in ANSYS HFSS. The 

substrate used in this design is RT/Duroid 5870 with a dielectric constant 𝜀𝑟 = 2.33 and 

thickness of 1.575mm. Figure 3.6 shows simulation results for the reflection coefficient 

(|S11|dB). The return loss of the feeding network at the resonant frequency (5.8 GHz) is 
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more than 22 dB. Figure 3.7 shows the simulation results of magnitude the transmission 

coefficient at each port, in order to verify that the power splits equally among ports. The 

S-parameters of (S12), (S13), (S14) and (S15) are about 0.45 which means that the power is 

transferred equally from port 1 to ports 2, 3, 4 and 5. In order to achieve circular 

polarization using a sequential rotation technique, each port should be excited 90° out of 

phase relative to the port next to it. Figure 3.8 shows simulation results for the phase 

parameters in degrees at each port in the feeding-network design. The phase differences 

between Ports 2, 3, 4, and 5 are about -90°. 

 

 

Figure 3.6: Reflection coefficient in dB versus frequency in GHz for a feeding network 

design. 
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Figure 3.7: The magnitude of the S-parameters (S12), (S13), (S14) and (S15) for the feed 

network design of figure 3.5. 

 

Figure 3.8: The simulated phase of the S parameters in degree for the feed network of 

figure 3.5 
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C. Proposed sequential-rotation design  

 The proposed 2 x 2 microstrip array using - sequential rotation in one substrate is 

shown in figure 3.9 The design consists of four microstrip elements loaded with shorting 

pins and the corporate feed network. The antenna elements are rotated 90° from each other. 

The complete array was simulated and optimized in ANSYS HFSS.  

 The simulation results for the reflection coefficient (|S11|dB) are shown in figure 

3.10 The return loss of the complete array at the resonant frequency (5.8GHz) is more than 

37 dB, and the 10-dB bandwidth is 260 MHz (5.72GHz–5.98 GHz). The bandwidth is more 

than 4.5%, which is better than a single element (less 1.7 %).  

 

 

Figure 3.9: proposed design of sequential rotation with linearly polarized element loaded 

with four shorting pins in one substrate. 
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Figure 3.10: Reflection coefficient in dB versus frequency in GHz for proposed sequential-

rotation design. 
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Figure 3.11: the radiator pattern of the RHCP and LHCP for the proposed design for E 

plane (𝝓 = 0°). 

 

Figure 3.12: the radiator pattern of the RHCP and LHCP for the proposed design for H 

plane (𝝓 = 90°). 
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Figure 3.13: Simulation axial ration in dB vs frequency in GHz for proposed design. 
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Therefore, the patch radius, pin locations, and pin radii are similar to those in the antenna 
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Furthermore, the four indentations must be symmetrically located around the patch, as 

shown in figure 3.14. 

 

Figure 3.14: a geometry of a single element circularly polarized loaded with four shorting 

pins in one substrate. 

 The design of a signal patch was optimized and simulated in ANSYS HFSS 

resulting in the following dimensions: slot length L = 8.6 mm, slot width W = 1.3 mm, 

indentation_1 width =4 mm, indentation_1 length=5.8 mm, indentation_2 width =4mm, 

indentation_2 length= 7 mm, a = 14.25 mm, r0 = 10.2mm and b = 0.8 mm. The substrate 

used in this design is RT/Duroid 5870 with a dielectric constant 𝜀𝑟 = 2.33 and thickness 

of 1.575mm.  

 The simulation results for the reflection coefficient (|S11|dB) are shown in figure 

3.15. The return loss of the single patch at the resonant frequency (5.8GHz) is more than 

22 dB and the 10-dB bandwidth is 90 MHz (1.5 %). 
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Figure 3.15: Reflection coefficient in dB versus frequency in GHz of a single element 

circular polarization loaded with four shorting pins. 

 The simulated radiation patterns of proposed design at 5.8GHz are shown in Figure 

3.16 and 3.17 for the E and H planes (𝝓 = 0° and 𝝓 = 90°), respectively.  The radiation 

pattern shows good circular polarization with less than 16 dB cross polarization level. It 

also shows significantly reduced radiation in the plane of the substrate and a more directive 

beam than an equivalent conventional circular patch. The simulated axial ratio of the single 

element is shown in figure 3.18. The result clearly shows that the 3 dB bandwidth of the 

circular polarization is very narrow at 5.8GHz. 
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Figure 3.16: the radiator pattern of the RHCP and LHCP of a single element circular 

polarization loaded with four shorting pins for E plane (𝝓 = 0°). 

 

 

Figure 3.17: the radiator pattern of the RHCP and LHCP of a single element circular 

polarization loaded with four shorting pins for H plane (𝝓 = 90°). 



Texas Tech University, Mohammad Fairouz, August 2015 
 

 

47 
 

 

 

Figure 3.18: Simulation axial ration in dB vs frequency in GHz for single element design. 

 

B. Feeding network 

 Figure 3.19 shows the feeding network for the circularly polarized elements with 

four shorting pins implemented in the same substrate of the antenna array. The feed 

network has four-way power splitter with 𝜆 4⁄  difference between each port. Each of the 

four ports is connected to a patch antenna. The input impedance of each antenna is 100-Ω. 

Two quarter wavelength transformers (with characteristic impedance 70.7 Ω) are used in 

the design to match the 50Ω lines to the 100Ω transmission line between the four ports. 

The final port was assigned to 50 Ω and is located around the center of the whole area. 
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Figure 3.19: Geometry of the feeding network. 

 The feeding-network design was optimized and simulated in ANSYS HFSS. The 

substrate used in this design is RT/Duroid 5870 with a dielectric constant 𝜀𝑟 = 2.33 and 

thickness of 1.575mm. Figure 3.20 shows simulation results for the reflection coefficient 

(|S11|dB). The return loss of the feeding network at the resonant frequency (5.8 GHz) is 

more than 21 dB. Figure 3.21 shows the simulation results of magnitude the transmission 

coefficient at each port, in order to verify that the power splits equally among ports. The 

S-parameters of (S12), (S13), (S14) and (S15) are about 0.45 which means that the power is 

transferred equally from port 1 to ports 2, 3, 4 and 5. In order to achieve circular 

polarization using a sequential rotation technique, each port should be excited 90° out of 

phase relative to the port next to it. Figure 3.22 shows simulation results for the phase 

parameters in degrees at each port in the feeding-network design. The phase differences 

between Ports 2, 3, 4, and 5 are about -90°. 
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Figure 3.20: Reflection coefficient in dB versus frequency in GHz for a feeding network 

design. 

 

Figure 3.21: The magnitude of the S-parameters (S12), (S13), (S14) and (S15) for the feed 

network design of figure 3.19. 
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Figure 3.22: The simulated phase of the S parameters in degree for the feed network of 

figure 3.19. 

C. Proposed sequential-rotation design  

 

Figure 3.23: Proposed single substrate sequential rotation design using microstrip patch 

loaded with four shorting pins. 
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pins and the corporate feed network. The antenna elements are rotated 90° from each other. 

The complete array was simulated and optimized in ANSYS HFSS. 

 The simulation results for the reflection coefficient (|S11|dB) are shown in figure 

3.24. The return loss of the complete array at the resonant frequency (5.8GHz) is more than 

-18 dB, and the 10-dB bandwidth is 200 MHz (5.77GHz–5.97 GHz). The bandwidth is 

more than 3.4%, which is better than a single element (less 1.5 %).  

 

 

Figure 3.24: Reflection coefficient in dB versus frequency of the single substrate 2x2 

array. 
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(a)                                                                     (b) 

Figure 3.25: Simulated radiation pattern for the single-substrate sequential rotation array 

(RHCP and LHCP) (a) phi=0° plane, (b) phi=90° plane. 

 

 

Figure 3.26: Simulated axial ratio in dB vs frequency for the single substrate sequential 

rotation array 

 

 The simulated radiation patterns of proposed design at 5.8GHz are shown in figure 

3.25 (a) and (b) for the E plane and H plane (𝝓 = 0° and 𝝓 = 90°), respectively. The 

radiation pattern in both planes has good circularly polarization, with low cross polarization 

level (less than 17 dB). The patterns also show significantly reduced radiation in the plane 
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of the substrate. In the E plane (𝝓 = 0°) the reduction is about 20 dB below broadside while 

in the H plane (𝝓 = 90°) the reduction is about 19 dB below broadside. The axial ratio 3 

dB bandwidth of the proposed design is improved, as shown in figure 26. The 3dB 

bandwidth of the sequentially rotated single substrate array is 2.6% compared to a single 

element (0.3 %). 

 

3.5 linearly polarized element with two shorting pins implemented in two 

substrate 

A. Single element antenna design 

 The microstrip patch used in the proposed two-layer sequentially rotated array is 

shown in figure 3.27. The substrate used for the antenna is RT/Duroid 5870 with a 

dielectric constant 𝜀𝑟 = 2.33 and thickness of 1.575mm. The antenna patch is loaded with 

two shorting pins. The antenna used an aperture coupled feed network which was 

implement on another lower substrate with a high dielectric constant. The coupling aperture 

in the ground plane is perpendicular to the feed line. The substrate used for the feeding 

network is RT/Duroid 6010 with a dielectric constant 𝜀𝑟 = 10.2 and thickness of 1.27mm.  

The design was optimized and simulated in ANSYS HFSS resulting in the following 

dimensions: patch radius  a = 13.25 mm, probe location r0 = 9 mm and probe radius b = 1 

mm, the aperture (bottom slot) length L = 10 mm, aperture  width W = 2 mm and microstrip 

feed line width t= 1 mm. 
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Figure 3.27: a geometry of a single element circularly polarized loaded with four shorting 

pins. 

 

  

 

Figure 3.28: Reflection coefficient in dB versus frequency in GHz for a single element 

linearly polarized loaded with four shorting pins. 
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Figure 3.29: Radiation pattern in both E and H plane for a single patch element loaded 

with two shorting pins.  

 The simulation result for the reflection coefficient (|S11|dB) is shown in figure 3.28. 

The return loss of the single patch at the resonant frequency (5.8GHz) is more than -20 dB 

and the 10-dB bandwidth is 220 MHz (5.68GHz–5.9 GHz). The simulations radiation 

pattern of the single patch at 5.8GHz were shown in figure 3.29 for both E and H planes 

(𝝓 = 0° and 𝝓 = 90°) respectively. The radiation pattern for the single patch with shorting 

pins has a linearly polarized and shows significantly reduced radiation in the plane of the 

substrate (about 20 dB below broadside). 

B. Feeding network 

 Figure 3.30 shows the feeding network of proposed design implemented in the 

lower substrate of antenna arrays. The feed network has a four-way power splitter with 𝜆 4⁄  

difference between each port. The four ports are connected to the four antenna elements 

with 50-Ω input impedance. Two quarter-wavelength transformers (35.35 Ω) are applied 
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to the design to match the 25-Ω to 50-Ω transmission lines between the four ports. The 

final port was assigned to 50 Ω and is located around the center of the whole area. 

 

Figure 3.30: Geometry of the feeding network. 

 

 

Figure 3.31 Reflection coefficient in dB versus frequency in GHz for a feeding network 

design. 
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The feeding-network design was optimized and simulated in ANSYS HFSS. The 

substrate used in this design is RT/Duroid 6010 with a dielectric constant 𝜀𝑟 = 10.2 and 

thickness of 1.27 mm. Figure 3.31 shows simulation results for the reflection coefficient 

(|S11|dB). The return loss of the feeding network at the resonant frequency (5.8 GHz) is 

more than 13 dB. Figure 3.32 shows the simulation results of magnitude the transmission 

coefficient at each port, in order to verify that the power splits equally among ports. The 

S-parameters of (S12), (S13), (S14) and (S15) are about 0.47 which means that the power is 

transferred equally from port 1 to ports 2, 3, 4 and 5. In order to achieve circular 

polarization using a sequential rotation technique, each port should be excited 90° out of 

phase relative to the port next to it. Figure 3.33 shows simulation results for the phase 

parameters in degrees at each port in the feeding-network design. The phase differences 

between Ports 2, 3, 4, and 5 are about -90°. 

 

Figure 3.32: the S-parameters of (S12), (S13), (S14) and (S15) in magnitude for a feeding 

network design. 
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Figure 3.33: the simulation results of phase parameters in degree at each ports for the 

feeding network design. 

C. Sequential rotation proposed design  

 

Figure 3.34: proposed design of sequential rotation with linearly polarized element 

loaded with two shorting pins in two substrate. 
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on the lower substrate. The antenna elements are rotated 90° from each other. The complete 

array was simulated and optimized in ANSYS HFSS. It was also fabricated and tested.  

 The simulation and measurement results for the reflection coefficient (|S11|dB) are 

shown in figure 3.35. The simulated return loss at the 5.8 GHz is more than 12 dB and the 

measured 10-dB bandwidth is 400MHz (5.6GHz-6.GHz). The bandwidth of the proposed 

design is 6.8%, which is better than that of a single patch (less than 3.7%).  

 

 

Figure 3.35: Reflection coefficient in dB versus frequency in GHz for a proposed design 

of sequential rotation. 

 The simulated radiation patterns of proposed design at 5.8GHz are shown in figure 
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bandwidth of circular polarization for the proposed design is shown in figure 3.38. The 

result shows that the bandwidth of the circular polarization is narrow (1.3 %) at 5.8GHz.  

 

Figure 3.36 the radiator pattern of the RHCP and LHCP for the proposed design for E 

plane (𝝓 = 0°). 

 

 

Figure 3.37 the radiator pattern of the RHCP and LHCP for the proposed design for E 

plane (𝝓 = 0°). 
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Figure 3.38.  Simulated axial ration in dB vs frequency in GHz for a sequential rotation 

proposed design in one substrate. 

 

3.6 circularly polarized element with four shorting pins implemented in 

two substrate 

A. Single element antenna design 

 

Figure 3.39: A geometry of a single element sequential rotation proposed design in two 

substrate. 
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 The microstrip patch used in the proposed two-layer sequentially rotated array is 

shown in figure 3.39. The substrate used for the antenna is RT/Duroid 5870 with a 

dielectric constant 𝜀𝑟 = 2.33 and thickness of 1.575mm. The patch is loaded with four 

shorting pins and includes a narrow slot oriented at 450 to the feed axis in order to obtain 

circular polarization. The antenna used an aperture coupled feed network which was 

implement on another lower substrate with a high dielectric constant. The coupling aperture 

in the ground plane is perpendicular to the feed line. The substrate used for the feeding 

network is RT/Duroid 3010 with a dielectric constant 𝜀𝑟 = 10.2 and thickness of 1.27mm.  

The design was optimized and simulated in ANSYS HFSS resulting in the following 

dimensions: top slot length L = 10 mm, top slot width W = 1 mm, patch radius  a = 13.6 

mm, probe location r0 = 10.5mm and probe radius b = 0.8 mm, the aperture (bottom slot) 

length L = 9mm mm, aperture  width W = 1.5 mm and microstrip feed line width t= 2.3mm 

for 50-ohm characteristic impedance.  

  

 

Figure 3.40: the reflection coefficient in dB versus frequency in GHz of a single element 

circular polarization loaded with four shorting pins in two substrate. 
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(a)                                                                          (b) 

Figure 3.41: (a) Simulation result of radiation patter for a single element design in two 

substrate (RHCP and LHCP for phi=0°), (b) Simulation result of radiation patter for a 

single element design in two substrate (RHCP and LHCP for phi=90°). 

 

Figure 3.42:  Simulation axial ration in dB vs frequency in GHz for single element design 

in two substrate. 

 The simulation results for the reflection coefficient (|S11|dB) are shown in figure 

3.40. The return loss for the single patch at the resonance frequency (5.8GHz) is more than 

17 dB and the 10-dB bandwidth is 250 MHz (5.67GHz–5.92 GHz). The simulated radiation 

patterns at 5.8GHz are shown in figure 3.41a and 3.41b for the E plane and H planes (𝝓 = 
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0° and 𝝓 = 90°), respectively.  The radiation pattern shows the patch antenna is circularly 

polarized with cross polarization level less than 14 dB, it also shows significantly reduced 

radiation in the plane of the substrate (about 20 dB below broadside). The simulated axial 

ratio of the single element is shown in figure 3.42. The 3 dB axial ratio bandwidth is very 

narrow (.8 %). 

B. Feeding network 

 

Figure 3.43: Geometry of the feeding network. 

 Figure 3.43 shows the feeding network of proposed design implemented in the 

lower substrate of antenna arrays. The feed network has a four-way power splitter with 𝜆 4⁄  

difference between each port. The four ports are connected to the four antenna elements 

with 50-Ω input impedance. Two quarter-wavelength transformers (35.35 Ω) are applied 

to the design to match the 25-Ω to 50-Ω transmission lines between the four ports. The 

final port was assigned to 50 Ω and is located around the center of the whole area. 
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Figure 3.44: Reflection coefficient in dB versus frequency in GHz for a feeding network 

design. 

 The feeding-network design was optimized and simulated in ANSYS HFSS. The 

substrate used in this design is RT/Duroid 5870 with a dielectric constant 𝜀𝑟 = 2.33 and 

thickness of 1.575mm. Figure 3.6 shows simulation results for the reflection coefficient 

(|S11|dB). The return loss of the feeding network at the resonant frequency (5.8 GHz) is 

more than 22 dB. Figure 3.7 shows the simulation results of magnitude the transmission 

coefficient at each port, in order to verify that the power splits equally among ports. The 

S-parameters of (S12), (S13), (S14) and (S15) are about 0.45 which means that the power is 

transferred equally from port 1 to ports 2, 3, 4 and 5. In order to achieve circular 

polarization using a sequential rotation technique, each port should be excited 90° out of 

phase relative to the port next to it. Figure 3.8 shows simulation results for the phase 

parameters in degrees at each port in the feeding-network design. The phase differences 

between Ports 2, 3, 4, and 5 are about -90°. 
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Figure 3.45: The magnitude of the S-parameters (S12), (S13), (S14) and (S15) for the feed 

network design of figure 3.43.

 

Figure 3.46: The simulated phase of the S parameters in degree for the feed network of 

figure 3.43 

C. Sequential rotation proposed design  

 The proposed two-layer 2x2 microstrip array using sequential rotation is shown in 

figure 3.47. The four patch antennas are on the top substrate while the feeding network is 

on the lower substrate. The antenna elements are rotated 90° from each other. The proposed 

design was fabricated for antenna arrays and the feeding network. Figure 3.48 (a) and (b) 
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show the top and bottom substrate of the antenna arrays design respectively. Figure 3.49 

(a) and (b) show the top and bottom substrate of the feeding network design respectively. 

 

Figure 3.47: A geometry of proposed design sequential rotation with circularly polarized 

element loaded with four shorting pins in two substrate. 

 

(a) (b)          

 Figure 3.48: fabricated antenna arrays with sequential rotation design       
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(a) (b)          

 Figure 3.49: fabricated feeding network with sequential rotation design       

 

 The simulation and measurement results for the reflection coefficient (|S11|dB) are 

shown in figure 3.50. The simulated return loss at the 5.8 GHz is more than 20 dB and the 

measured 10-dB bandwidth is 400MHz (5.63GHz-6.04GHz). The bandwidth in the 

simulations is 7%, which is better than that of a single patch (less than 4.3%). The measured 

return loss is slightly shifted from the simulation results; the return loss at 5.8 GHz is 13 

dB. The measured 10-dB bandwidth is 350 MHz (5.75 GHz-6.1GHz) which is equal to 

6%.     
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Figure 3.50:  Measured and simulated reflection coefficient (S11) in dB versus frequency for 

the 2x2 two-layer array in two substrate at 5.8GHz (experiment: solid line, simulation: 

dotted line) 

 The measured and simulated radiation patterns in the E plane (𝝓 = 0°) for the 2x2 

two layer array at 5.8GHz are shown in figure 3.51 (a) and (b), respectively. There is very 

good agreement between simulated and measured results. They both show circular 

polarization with cross polarization level better than 22 dB. The figures also show 

significantly reduced radiation in the plane of the substrate. Furthermore, the radiation 

pattern of the proposed design was tested at different frequencies within its bandwidth. . 

The simulated and measured radiation patterns at 5.9 and 6 GHz are shown in figure 3.52 

(a), (b), (c) and (d). The circular polarization and reduced lateral radiation are evident in 

the figures, ensuring that the improved characteristics extend throughout the entire 

bandwidth.  The axial ratio 3 dB bandwidth for the two layer design is shown in figure 

3.53. This bandwidth is significantly wider than that of the single element (4.6% versus 

.9%).  
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(a)                                                                          (b) 

Figure 3.51: Measured and simulated radiation patterns for the 2x2 two-layer array at 

5.8GHz (RHCP and LHCP in the phi=0° plane, (a) measurement (b) simulation.

 

(a)                                                                         (b) 

 

(c)                                                                         (d) 
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Figure 3.52: Measured and simulated radiation patterns for the two-layer design in the 

phi=0° plane  (a)  measurement at 5.9GHz, (b) simulation at 5.9GHz,  (c) measurement at 

6GHz , (d) simulation at 6GHz. 

 

 

Figure 3.53:  Simulated axial ratio in dB vs frequency for the proposed two-layer 2x2 

array. 
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CHAPTER IV 

HIGH-EFFICIENCY RECTENNA 

4.1 Overview 

 The rectenna is based on two parts: an antenna that receives a microwave signal 

and a rectifying circuit that converts the microwave signal into a DC voltage at the output. 

One of the most important characteristics of a rectenna is its efficiency, which relates the 

DC output power to the input ac power.  

 In this chapter we introduce a high RF-DC conversion rectenna using an array of 

modified microstrip patches to realize surface wave reduction. The rectenna is designed to 

operate at 5.8GHz. The patches are modified by inserting four shorting pins to suppress 

surface waves, and therefore, minimize the mutual coupling between the array elements. 

This modification will result in improved overall array performance by having higher gain, 

better radiation pattern, and better beam scanning capability (avoiding scan blindness). The 

shorting pins will also negate the need for an RF chock present in traditional rectenna 

designs. To obtain circular polarization, a narrow slot with a single feed is used. To obtain 

circular polarization with the narrow slot, it must be oriented at 450 to the feed axis and its 

length must be optimized in order to excite two orthogonal modes that have equal 

amplitudes and are 900 out of phase. Circular polarization is chosen to ensure the rectenna 

receives a signal regardless of its orientation. A high efficiency rectifying circuit is 

implemented by using a zero bias Schottky diode with high detection sensitivity, proper 

impedance matching, and optimized load. Ansys HFSS and Ansys Designer were used to 
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design and optimize the rectenna. The simulated RF-DC conversion efficiency of the 

optimized rectenna is 97.67%, with an output DC voltage of 487mV across a 5KΩ load 

resistor. A prototype was built and tested; the measured conversion efficiency is 92.14% 

with measured output voltage of 473mV. 

The proposed antenna design and the rectifying circuit were fabricated on different 

substrates. A block diagram of the proposed rectifier circuit is illustrated in figure 4.1. The 

proposed design consisted of a Wilkinson power divider, bandstop filter, zero-bias 

Schottky diode, DC filter, and load resistor. The proposed rectenna was used as a receiver 

in the whole system for wireless power transfer. It can convert the RF signal coming from 

the transmitter retrodirective array system to a DC voltage.   

 

Antenna 

transmission 

line

Power 

divider

Bandstop 

filter
Matching 

circuit

Diode

Load resistor

DC filter

 

Figure 4.1: Block diagram of the proposed rectifier. 

 

4.2 Antenna Design 

 In order to improve the overall efficiency of the rectenna, the high-gain antenna 

designed in chapter two was used. A microstrip circular patch antenna loaded with shorting 

pins was employed to achieve better gain and efficiency than the conventional patch when 

reduced surface waves. In addition, the array performance was improved through 
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minimizing of the mutual coupling between the antenna elements. The shorting pins 

inherent in the design act as return path for the DC current eliminating the need for an RF 

chock in the rectifier circuit. Circular polarization was selected to ensure that devices 

would receive the signal regardless of their own antenna orientation. The antenna designs 

analysis, simulation, and experimental results are discussed in chapter two.    

4.3 The Wilkinson Power Divider 

 A Wilkinson power divider was used in the proposed rectenna design to combine 

the two RF signals coming from the antennas. The T-junction divider suffers from the 

problem of not being matched at all ports, and it does not generate any isolation between 

the output ports. Therefore, a Wilkinson power divider was used to split the power equally 

between two output ports; it also has the characteristic of significant isolation between the 

output ports. The Wilkinson power divider was designed in Ansoft Designer, as shown in 

figure 4.2, and its operating frequency was 5.8 GHz [52]. Moreover, was fabricated on an 

RT/duriod 6010 substrate with a dielectric constant of ɛ𝑟 = 10.2 and a thickness of 1.27 

mm. 

 

Figure 4.2: Circuit diagram of the Wilkinson power divider. 

Port1 Port2

Port1

Port2

Port3
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 Simulation results of S-parameters (S11), (S22), and (S33) of the Wilkinson power 

divider are shown in figure 4.3. The return loss at 5.8 GHz of the Wilkinson power divider 

for port 1 (S11) was 18 dB, while that for ports 2 (S22) and 3 (S33) was 16 dB. Simulation 

results of the S-parameters (S21, S12, S31, and S13) of the Wilkinson power divider are shown 

in figure 4.4. The insertion loss at 5.8 GHz was about -3 dB for all S-parameters. Simulation 

results of S-parameters (S32) and (S23) for the Wilkinson power divider are shown in figure 

4.5. The isolation between ports 2 and 3 at 5.8 GHz is 14.2 dB. 

  

Figure 4.3: Return loss of the Wilkinson power divider for (S11), (S22), and (S33). 

 

5.00 5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00
F [GHz]

-18.50

-18.00

-17.50

-17.00

-16.50

-16.00

-15.50

-15.00

-14.50

-14.00

Y
1

EMDesign1XY Plot 6

m2

m1

Name X Y

m1 5.7500 -18.0781
m2 5.7500 -16.0379

Curve Info

dB(S(Port1,Port1))
PlanarEM Setup 1 : Sweep 1

dB(S(Port2,Port2))
PlanarEM Setup 1 : Sweep 1

dB(S(Port3,Port3))
PlanarEM Setup 1 : Sweep 1



Texas Tech University, Mohammad Fairouz, August 2015 
 

 

76 
 

 

Figure 4.4: Insertion loss of the Wilkinson power divider for (S21), (S21), (S13), and (S31). 

 

Figure 4.5: Isolation of S-parameters (S23) and (S32) of the Wilkinson power divider.  
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4.4 The Bandstop Filter 

 A bandstop or band reject filter was used to pass the desired frequency and block 

unwanted frequencies. A bandstop filter can be designed using the electric or magnetic 

coupling method. The transmission line of the filter is electrically or magnetically coupled 

to a half-wavelength resonator with a distance of a quarter wavelength between the 

resonators. Another design for a bandstop filter involves open-circuit stubs where the shunt 

is a quarter wavelength. The open-circuit stubs are placed at the mid-stopband frequency 

and separated by a quarter wavelength [53]. 

 A microstrip bandstop filter in figure 4.6 is designed to pass 5.8GHz from the 

antenna to the diode and block the second harmonic 11.6GHz. The filter uses λ/4 (at 11.6 

GHz) open-circuited shunt stubs to block the second harmonic. The filter was designed and 

simulated in Ansys designer and fabricated on the same substrate of rectifier circuit. The 

bandstop filter was fabricated on a substrate RT/duriod 6010 with a dielectric constant ɛ𝑟 =

10.2 and a thickness of 1.27 mm. 

Simulation results of S-parameters (S11) and (S22) of the bandstop filter are shown 

in figure 4.7. The return loss at the desired frequency of 5.8 GHz for port 1 (S11) and port 

2 (S22) was about 25 dB. However, the return loss at the second harmonic frequency of 

11.6 GHz was about 0 dB for both ports. This means that the signal could pass at 5.8 GHz 

and was blocked at 11.6 GHz. The simulation results for S-parameters (S21) and (S12) of 

the bandstop filter are shown in figure 4.8. The insertion loss at the desired frequency of 

5.8 GHz was about 0 dB for (S21) and (S12), whereas the insertion loss at the second 
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harmonic, 11.6 GHz, was about -18 dB. This means that the signal could be transmitted at 

5.8 GHz and reflected at 11.6 GHz  

 

Figure 4.6: Block diagram of the bandstop filter. 

 

Figure 4.7: Return loss of the bandstop filter for (S11) and (S22). 
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Figure 4.8: Insertion loss of the bandstop filter for (S21) and (S21). 

4.5 The Rectifier Circuit Design 

 The diode used in the proposed rectenna design is a zero bias Schottly detector 

diode (HSMS-2852). It has high sensitivity, up to 25mV/uW at 5.8GHz. The diode model 

parameters are: series resistance Rs = 25Ω, zero-bias junction capacitance Cj0 = 0.18pF, 

breakdown voltage VB = 3.8V, and maximum forward voltage VF= 150mV. 

 The equivalent small-signal model of the diode, including the parasitic package, 

DC filter capacitor, and load resistor, is shown in figure 4.9. Rj (given in ohms) depends 

on the applied bias current IB. However, when IB = 0, then Rj has a high value ≈ 9000 Ω. 

The diode input impedance at 5.8 GHz obtained through simulations is 𝑍𝑑 = 13 − 𝑗33 Ω. 

A matching circuit using single, open-circuited shunt stub was used to match 𝑍𝑑 to =50Ω. 
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Figure 4.9: The equivalent small-signal model of the zero-bias Schottky diode (HSMS-

2852).  

 A single-series open-circuit stub technique was used for the matching network in 

the proposed rectenna design at 5.8 GHz. The Smith chart was used to analyze the solution 

of the length of the stubs (L) and its distance (d). Ansoft Designer was used to simulate the 

matching network, as shown in figure 4.10, where the first port was equal to 50 Ω and the 

second port was equal to the input impedance of the diode (13-j33 Ω). The simulation result 

for S-parameter (S11) of the matching network circuit design is shown in figure 4.11. The 

return loss at the desired frequency of 5.8 GHz for port 1 (S11) was about 32 dB.  

 

Figure 4.10: Circuit diagram of the matching network. 

Port1 Port2



Texas Tech University, Mohammad Fairouz, August 2015 
 

 

81 
 

 

Figure 4.11: Return loss of the matching network. 

 After the diode had been chosen, the value of the DC filter capacitor and the load 

resistor needed to be chosen to satisfy RLC >> T, where is the T is the full period of 

sinusoidal input. A low pass filter capacitor (2.2nF) and the load resistance (5KΩ) were 

optimized in Ansys designer in order to reach the highest RF-DC conversion efficiency. 

The conversion efficiency of the rectifier circuit can be calculated by:  

ɳ(%) =  
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2

𝑅𝐿 × 𝑃𝑖𝑛
 × 100,                           (4.1) 

Where VL is the output DC voltage across the load resistor, RL is the load resistance value, 

and Pin is the input AC power. The matching network converted to a lump element, inductor 

L=1.5 nH, and capacitor C=.9 pF are shown in figure 4.12. The input power was varied 

from -30 dBm to 0 dBm and the DC output voltage was measured at different values of 

load resistance. A maximum RF-DC conversion efficiency of 97.67% was achieved at an 

input power of -4 dBm. The simulation result of the DC output voltage for the proposed 
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rectenna design is shown in figure 4.13. The DC output voltage reached 487.5 mV at an 

input power of -4 dBm. 

 

Figure 4.12: Circuit diagram of the proposed rectenna design. 

 

Figure 4.13: Simulation result of the DC output voltage at -4 dBm. 
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 The rectenna proposed design is including of Wilkinson power divider, bandstop 

filter, matching network circuit, and rectifier circuit were simulated in Ansoft Designer to 

measure the return loss. The entire block diagram for the proposed rectenna design from 

Ansoft Designer is shown in figure 4.14. Ports 1 and 2 are input ports that are connected to 

the antennas, while port 3 represents the input impedance of the rectifier circuit.  

 

 

Figure 4.14: Block diagram of the proposed rectenna design. 

 The simulation results of S-parameters (S11) and (S22) of the proposed rectenna 

design are shown in figure 4.15. The return loss at 5.8 GHz of the proposed design for ports 

1 and 2 was 17 dB. The simulation results for the S-parameters (S13, S31, S23, and S32) of 

the proposed rectenna design are shown in figure 4.16. The insertion loss at 5.8 GHz was 

about 0.8 dB for all of the S-parameters. The simulation results for S-parameters (S12) and 

(S21) of the proposed rectenna design are shown in figure 4.17. The isolation between ports 

1 and 2 at 5.8 GHz was 13.8 dB. 
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Figure 4.15: Return loss of the proposed rectenna design for (S11) and (S22). 

 

 

Figure 4.16: Insertion loss of the proposed rectenna design for (S31, S13, S23, and S32). 
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Figure 4.17: The isolation between port 1 and 2 in the proposed rectenna design. 

 The proposed rectenna design was fabricated on substrate RT/duriod 6010 with a 

dielectric constant of 10.2 and a thickness of 1.27 mm, as shown in Figure 4.18. 

 

Figure 4.18: The rectenna fabricated using the proposed design. 
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 Figure 4.19 shows the setup test for the proposed rectenna design. The rectenna was 

connected to the signal generator as an input power to measure the DC output voltage at 

the load resistor. The measured output voltage is 473mV, and the measured efficiency is 

92.17% using -4dBm input power at 5.8 GHz, which are very close to simulation results 

(487mV output voltage and 97.6% efficiency). The measured conversion efficiency versus 

power, along with the simulation result, are shown in figure 4.20. The input power was 

varied from -30dBm to 0dBm. Clearly, measured and simulated results are in excellent 

agreement. Both simulation and measurement indicate an optimum input power around -

4dBm is needed in our design.  

Rectifying circuit Signal 

generaror

Digital 

Voltimeter

 

Figure 4.19: A setup test for the proposed rectenna design. 
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Figure 4.20: Measured (sold line) and simulated (dashed line) conversion efficiencies of 

the rectifier. 

 The complete rectenna was also tested using a transmitting antenna placed 60 cm 

away from the rectenna as shown in figure 4.21.  The DC output voltage along with the 

power received by the antenna to compare to simulation results in the rectifier circuit.  The 

results are summarized in Table 1 where the measured received power, the measured DC 

output voltage, and the simulated DC output voltage are listed. As the table clearly 

indicates, measured and simulated results are in good agreement.  

 

Figure 4.21: the complete rectenna test set up. 
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Table 4.1: Measured and simulated output DC voltage of the proposed rectenna 

Received power Measured DC output 

voltage 

Simulated DC output 

voltage 

-8.5 275 291 

-9.5 230 251 

-10.5 197 222 

-11.5 168 189 

  

 The DC output voltage for the proposed rectenna design was low for wireless power 

transfer. Therefore, a new design was generated to boost the DC output voltage and 

simultaneously maintain high efficiency, as shown in Figure 4.22. The design consisted of 

four rectenna circuits connected in series. Each rectifying circuit provided a DC output 

voltage of 0.5 V at the load resistors. Therefore, the four rectifying circuits connected in 

series provided a total DC output voltage of 2 V. In order to keep the efficiency high, each 

rectifying circuit needed to receive -4 dBm of input power.  

R
e

c
ti
fy

in
g

 c
ir
c
u

it

R
e

c
ti
fy

in
g

 c
ir
c
u

it

R
e

c
ti
fy

in
g

 c
ir
c
u

it

R
e

c
ti
fy

in
g

 c
ir
c
u

it

+ -
V1 V2 V3 V4

+++ - - -

VT =2V

- 4 dBm - 4 dBm - 4 dBm - 4 dBm

 

Figure 4.22 Four rectifying circuits connected in series. 
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CHAPTER V 

RETRODIRECTIVE ARRAYS FOR WIRLESS POWER 

TRANSFER  

5.1 Overview  

 A retrodirective array is a smart antenna that scans its main beam to point to the 

direction of a transmitter without prior knowledge of the transmitter’s location. This 

chapter provides a novel design of a one-dimensional dual frequency retrodirective array 

system using a microstrip patch antenna loaded with four shorting pins. This design uses 

an active Van Atta technique as a source to transfer power wirelessly to chargeable devices 

such as a laptop and smartphone. For wireless devices, the device’s own data signal (e.g. 

WIFI signal) can be used as the interrogating signal which the retrodirective array can use 

to direct its transmitted beam towards the wireless device for charging. In this work, we 

chose 2.4GHz as the frequency of the interrogating signal and 5.8GHz as the frequency of 

the transmitted signal used for power transfer.  The goal is to have a system with the ability 

to scan the beam within a 60-degree sector, in order to maximize the power received by 

the devices within that sector. The system consists of a transmitting array, receiving array, 

voltage control oscillator (VCO), mixer, and amplifier. A description of the design 

approaches and test measurement of the system performance is presented. 

 A wideband wireless power transfer using a retrodirective array technique is 

presented in this chapter. The design used a circularly polarized sequential rotation as 

transmitting antenna which was discussed in chapter three. The sequential rotation 



Texas Tech University, Mohammad Fairouz, August 2015 
 

 

90 
 

technique will improve the impedance matching and circularly polarized bandwidth. 

Therefore, the range of the wireless power transfer will improve in this design. A 

description of the design approaches and test measurement of the system performance is 

presented. 

5.2 One-dimensional dual frequency retrodirective array with reduced 

surface waves 

 The Block diagram of a one-dimensional dual frequency retrodirective array system 

is shown in figure 5.1. The transmitting antenna array uses surface-wave-suppressing 

circularly polarized microstrip patches as the array elements. The receiving antenna array 

operates at 2.4 GHz to receive the interrogating signal. The received signal is mixed with 

a local oscillator (LO) signal in an up-converting mixer to produce a 5.8 GHz transmitted 

signal. It is important to note that the design proposed in this paper differs from 

conventional phase conjugating retrodirective arrays, even though both use mixers. In 

conventional designs, the mixers are used as down-converters requiring a high LO 

frequency (equal to the sum of the RF and IF frequencies), and therefore, the down-

conversion results in phase conjugation of the signal needed for retrodirectivity. In our 

design, the mixers are used as up-converters, and therefore do not produce phase 

conjugation. The advantage is that a lower LO frequency is needed, equal to the difference 

between the RF and IF frequencies. 
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Figure 5.1. Block diagram of a one-dimensional dual frequency retrodirective array. 

 To explain the lack of phase conjugation in up-converting mixers, the expression 

for the output signal of a mixer can be written as: 

𝑉𝐼𝐹 = 𝑉𝑅𝐹𝑐𝑜𝑠(𝜔𝑅𝐹𝑡 + 𝜃𝑛)𝑉𝐿𝑂𝑐𝑜𝑠(𝜔𝐿𝑂𝑡)  

       =  
1

2
 𝑉𝑅𝐹𝑉𝐿𝑂[cos((𝜔𝐿𝑂 − 𝜔𝑅𝐹)𝑡 − 𝜃𝑛) + cos((𝜔𝐿𝑂 + 𝜔𝑅𝐹)𝑡 + 𝜃𝑛)]    (5.1) 

Where IF is outgoing signal, RF is incoming radiofrequency signal, LO is local oscillator 

and 𝜃𝑛 is the phase angle of the nth element. The phase of the down-converted term (the 

(𝜔𝐿𝑂 − 𝜔𝑅𝐹) term) is −𝜃𝑛 (the phase is conjugated) while the phase of the up-converted 

term (the (𝜔𝐿𝑂 + 𝜔𝑅𝐹) term) is +𝜃𝑛 (the phase is not conjugated). ). Retrodirectivity in 

our design is achieved by properly connecting the receiving and transmitting arrays to scan 

the transmitter beam in the direction of the interrogating signal, as in a Van-Atta array. 

Since the transmit and receive frequencies are different, it is very important to properly 

choose the transmission line lengths in the feed network, and transmit and receive array 

element spacing to avoid beam pointing errors. The transmission lines between the 

receiving array elements and the mixers must be equal, and the transmission line 
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connecting the mixers to the transmitting array elements must also be equal. This ensures 

that the phase shifts due to the connecting lines are equal for each transmit-receive antenna 

pair. Also, the electrical distance between the receiving array elements must be equal to 

the electrical distance between the transmitting array elements. In other words, if the 

receiving array elements are separated by a half wavelength (at the receiving frequency), 

the transmitting array elements must also be separated by a half wavelength (at the 

transmitting frequency). Ensuring proper line lengths and array element spacing as 

described guarantees the correct phasing of the transmitting array elements in order to 

properly redirect the beam towards the interrogating signal. 

   An amplifier is used to amplify the transmitted signal to the desired power level. 

To demonstrate the design concept, we used two-element arrays for the transmitting and 

receiving antennas. We used the mixer ZX05-U63+, the voltage control oscillator (VCO) 

ZX95-3760+, and the amplifier ZX60-V63+, all from Mini-circuits, Inc. A Wilkinson 

power divider is needed in this design to split the VCO signal and to provide isolation 

between the two output ports [56].  

 The transmitting array (5.8GHz) of the retrodirective system uses a circularly 

polarized microstrip patch, as explained in chapter two, as the array element. The patch is 

designed to suppress surface waves by incorporating four shorting pins. The receiving array 

of retrodirective system uses a conventional patch antenna operation at 2.4GHz. 

 The Wilkinson power divider was fabricated on RT/Duroid 6010 dielectric 

substrate in figure 5.2 (a) and (b) with dielectric constant of 10.2 and thickness of 1.27 mm. 
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Simulation results of the scattering parameters (S11), (S21), and (S31) of the Wilkinson 

power divider are shown in figure 5.3 

 

  

(a)                                                                              (b) 

Figure 5.2: (a) Layout of power divider, (b) fabrication of power divider. 

 

Figure 5.3: Simulation results of scattering parameters (S11), (S21), and (S31) of Wilkinson 

power divider. 
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(a) 

 

(b) 

Figure 5.4: Photographs of design concept. 

  

 The complete retrodirective array was constructed using the transmitting array, 

receiving array, and the feed network, consisting of the VCO, mixers, Wilkinson’s power 

divider, and amplifiers,  as shown in Figure 5.4. A monostatic setup was used to test the 

performance of the retrodirective system in figure 5.5. A fixed 2.4 GHz transmitter and a 

5.8 GHz receiving antenna were collocated, and the retrodirective system was mounted on 

a rotational stage. The radiation pattern (recorded by the fixed 5.8 GHz receiver) was 
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measured to test the system’s capability in steering its beam toward the transmitter.  The 

measurement was repeated using a normal non-retrodirective array.  

 The measured radiation patterns for both cases are shown in figure 5.6 (the 

retrodirective array pattern is the solid curve and the normal antenna arrays is the dotted 

curve. The figure clearly shows that the received power for the retrodirective array is 

relatively flat between -30o to 30o (60o sector) while the received power starts to drop 

beyond 5ofor the normal non-retrodirective antenna array 

Spectrum 
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Interrogating 

signal

Retransmitted 

signal

Signal generator  

2.4GHz

Transmitting 

Antenna

Receiving 
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LO 3.4GHz
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Figure 5.5: Monostatic setup test for retrodirective array. 
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 .  

Figure 5.6: Monostatic radiation patterns for retrodirective array and normal array. 

 

5.3 Wideband circularly polarized retrodirective array with reduced 

surface waves 

 In this design, a wideband circularly polarized array using sequential rotation was 

implemented for use as a transmitting array. The array element is the micorsrip patch 

modified by adding four shorting pins, as described in Chapter Two and Three. The 

transmitting antenna array used in retrodirective system is the two-layer antenna array 

design described in Chapter Three. The block diagram for the wideband retrodirective array 

system is shown in figure 5.7. The receiving array in the proposed system consists of two 

conventional microstrip patch antennas. The same components, including the amplifier, 

mixer, VCO and Wilkinson power divider, were used in the proposed design in figure 5.1. 

The goal is to have a system with the ability to scan the beam within a certain sector, in 

order to maximize the power received by the devices within that sector. Furthermore, the 
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system has the ability to transfer the power wirelessly over a band of frequencies ranging 

from 5.8 GHz to 6 GHz. 

 

 

Figure 5.7: a block diagram for the wideband retrodirective array system. 

 A monostatic setup was used to test the performance of the retrodirective system as 

shown Figure 5.5. A fixed 2.4 GHz transmitter and wideband frequency ranging (5.8 GHz 

– 6GHz) receiving antenna were collocated, and the retrodirective system was mounted on 

a rotational stage. The radiation pattern (recorded by a fixed 5.8 GHz to 6GHz receiver) 

was measured to test the system’s capability in steering its beam toward the transmitter.  

The measurement was repeated using a normal non-retrodirective array. 

 The measured radiation patterns for both cases are shown in figure 5.8. The 

retrodirective array pattern is the solid curve and the normal antenna arrays is the dotted 

curve. The figure clearly shows that the received power for the retrodirective array is 

relatively flat between -20o to 20o (40o sector) while the received power starts to drop 

beyond 3o for the normal non-retrodirective antenna array. The proposed design has 
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narrower scanning beam (40o sector) than the previous design (60o sector). As previously 

explained, the patch loaded with shorting pins is larger than the conventional patch. 

Therefore, the distance between the array elements cannot be λ/2 because they would 

overlap. This causes side lobes in the radiation pattern, as discussed in Chapter Three.  

   

Figure 5.8: Monostatic radiation patterns for retrodirective array and normal array at 

5.8GHz. 

 

 To ensure the wideband retrodirectivity of the proposed design, a monostatic test 

was applied to two additional frequencies 5.9 GHz and 6 GHz. The measured radiation 

patterns for both frequencies (5.9 GHz and 6 GHz) are shown in figure 5.9 (a) and (b) 

respectively. The results clearly show that the proposed design is able to scan the beam 

with a 40° sector on both frequencies. 

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80

R
e

le
ti

ve
 a

m
p

lit
u

d
e

 (
d

B
)

Angle (deg)

5.8GHz



Texas Tech University, Mohammad Fairouz, August 2015 
 

 

99 
 

 

(a) 

 

(b) 

Figure 5.9: (a) Monostatic radiation patterns for retrodirective array at 5.9GHz. (b) 

Monostatic radiation patterns for retrodirective array at 6GHz.  
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CHAPTER VI 

CONCULSION 

 In this research, a novel dual frequency retrodirective array for wireless power 

transfer applications was developed. The retrodirective array uses circularly microstrip 

patch antennas that include surface wave suppression mechanism. Circular microstrip 

patch antennas with four and two shorting pins were used as array elements. In addition to 

surface suppression, the array element implemented in the design also had higher gain, 

better bandwidth, better front to back ratio, and narrower beam than conventional 

microstrip patch antenna operating at the same frequency. Simulation and experimental 

results were presented for proposed antennas. 

 Sequential rotation techniques were employed to design a wideband circularly 

polarized antenna arrays with reduced surface waves. A circular microstrip patch antenna 

with four shorting pins was used as the array element. Two designs of sequentially rotated 

arrays were investigated. One design uses directly fed elements on one substrate, and the 

other design uses aperture coupled elements in a two layer configuration. The second 

design had wider impedance and axial ratio bandwidths, and it was fabricated and tested. 

Simulation and experimental results were presented. A new rectenna using a two-element 

microstrip antenna array was designed and tested at 5.8 GHz. The antenna array elements 

were designed to suppress surface waves in order to achieve surface wave reduction by 

incorporating four shorting pins. The shorting pins in the proposed design also serve to 

provide a DC path in the rectifier circuit, avoiding the need for an RF choke used in typical 

rectenna circuits. Simulation and experimental results for the antenna and rectifier circuit 
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were in excellent agreement. The rectifier circuit was optimized to achieve high RF-DC 

conversion efficiency at 5.8GHz. The highest simulated and measured conversion 

efficiency obtained for the proposed design was 97.67% and 92.14%, respectively, for an 

input power of -4dBm. The corresponding simulated and measured output DC voltage was 

487mV and 473mV, respectively. 

 The complete dual frequency retrodirective system for wireless power transfer 

applications was implemented and tested Up-converting mixers and amplifiers were used 

in the design. The beam scanning capability of the retrodirective array was demonstrated 

through monostatic radiation pattern measurements. The measured results indicate that the 

implemented design is capable of providing uniform power level available to the charging 

devices, regardless of their location within a 60o angular sector over which retrodirectivity 

is achieved. This beam scanning capability ensures a far more efficient power delivery than 

antennas with a fixed beam to devices without prior knowledge of their location. In 

addition, a wideband circularly polarized sequential rotation antenna was used as a 

transmitting array. The system has the ability to transfer the power wirelessly over a 

wideband frequency ranging from 5.8 GHz to 6 GHz. 
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