
Ninevah University  

College of Electronics Engineering  

 

 
 Analysis and Design of a unit Cell for 

Reflectarrays with Improved 

 Performance 
 

Rosl Amer Abdaljabar 
 

 

M.Sc. Dissertation 

in 

Communication Engineering 

 

Supervised by 

 Prof. Dr. Khalil Hassan Sayidmarie 

2042 A.C                                                                1445.A.H 

 

  



Ninevah University  

College of Electronics Engineering  

 

 

 

Analysis and Design of a unit Cell for 

Reflectarrays with Improved 

Performance 
 

A Dissertation Submitted 

By 

Rosl Amer Abdaljabar 

To 

The Council of College of Electronic Engineering 

University of Mosul In Partial Fulfillment of the 

Requirements For the Degree of Master of Sciences 

In 

Communication Engineering 

Supervised by 

Prof. Dr. Khalil Hassan Sayidmarie 

 

2022 A. C                                                         1445.A.H 



 

Supervisor's Certification 

   I certify that the dissertation entitled (Analysis and Design of a unit Cell 

) was prepared by Rosl Amer for Reflectarrays with Improved Performance 

Abdaljabar under my supervision at the Department of Communication 

Engineering, Ninevah University, as a partial requirement for the Master of 

Science Degree in Communication Engineering. 

 

Signature:  

Name: Prof. Dr. Khalil H. Sayidmarie 

Department of Communication Engineering  

Date:   /    /2023 

Report of Linguistic Reviewer 

    I certify that the linguistic reviewer of this dissertation was carried out by 

me and it is accepted linguistically and in expression.  

 

Signature:  

Name: Prof.Dr.Wafaa  A.Abdulaali 

Date:   /   /2024 

Report of the Head of Postgraduate Studies Committee 

   According to the recommendations presented by the supervisor of this 

dissertation and the linguistic reviewer, nominate this dissertation to be 

forwarded to discussion. 

 

Signature: 

Name: Prof. Dr. Khalil H. Sayidmarie 

Date: /    /2024 

 Report of the Head of Postgraduate Studies Committee 

    I certify that this dissertation was carried out in the Department of 

Communication Engineering. I nominate it to be forwarded to discussion.  

 

Signature:  

Name: Dr: Mahmod A. Mahmod 

Date:   /    /2024 



List of Publication 

Some of the important results obtained in this work have appeared in the following 

publications: 

Conference Paper:  

1. R. A. Abdul Jabbar, and K. H. Sayidmarie," A Unit Cell Element for Reflectarrays 

Based on the Bowtie Shape", Accepted in the 9th International Congress on 

Information and Communication Technology, (ICICT 2024) 19 - 22 February 2024, 

London, United Kingdom.

 

 



I 
 

Abstract 

Highly directive antennas have a vast range of applications at microwave 

frequencies. The favorable features of reflector antennas and microstrip arrays 

were combined in a single design called “reflectarray”. These antennas have a 

planar reflecting surface, consisting of an array of reflecting cells that are called 

unit-cells, which work as receive/reflect/transmit array elements. Each of these 

reflecting elements is designed to have certain amplitudes and phase parameters 

(S11) to fulfill the design requirements.  

As the bowtie antenna is known for its wide band property, this shape is 

proposed here as a unit cell for reflectarray antennas. Various designs for the 

unit cell have been investigated to achieve the desired performance of linear 

phase variation across a range not less than 360
o
, while maintaining a low slope 

as a function of the element size and frequency. The bowtie was developed into 

other derived shapes to attain a phase response of a lower slope. One design 

(Elliptical bowtie) gave favorable features due to the smoother edges compared 

to the conventional shape comprising two triangles. This shape was utilized as a 

single ring and then in a double ring configuration to attain the required phase 

slope and a range exceeding 360
o
. It is shown that the multiple rings can offer 

phase ranges of no less than 360°. By choosing suitable dimensions and scaling 

factors for these elements, the phase characteristics can be made approximately 

a linear function of their size. The CST Microwave Studio was used to model 

and analyze the performance of the proposed unit cells that were simulated 

using waveguide port excitation. The results obtained from the investigated 

various shapes were compared together, as well as with other published works. 
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CHAPTER ONE 

INTRODUCTION AND RELATED WORKS 

1.1 Introduction 

The need to communicate has been inherent in the human race since its 

inception. While short-range communication is relatively easy, long-range 

communication presents challenges, where high-gain antennas are required for 

the majority of systems [1]. With the recent advancements in wireless 

communication technology, there is a growing demand for high-gain antennas 

that offer wide beam scanning capabilities and can be produced at a low cost. 

These antennas are used in different applications like direct communication, 

radio cosmology, and earth remote sensing. Traditionally, the parabolic dish 

reflector antenna has been used for these purposes. However, the curved 

structure of the reflector poses challenges in manufacturing, particularly at 

millimeter wave frequencies. Additionally, their bulky size and weight make 

them less desirable compared to planar antennas. Moreover, parabolic reflectors 

have limitations in achieving wide-angle electronic beam scanning due to their 

restricted scan angle. To overcome these limitations, high-gain phased array 

antennas have been employed as an alternative to parabolic antennas. These 

arrays consist of multiple fixed elements that can achieve wide-angle beam 

scanning electronically by incorporating controllable phase shifters. However, 

the integration of amplifier modules with phased arrays becomes necessary to 

address the efficiency issue. To mitigate these problems, another approach was 

developed by introducing a flat reflector called the reflectarray. Microstrip 

reflectarrays have emerged as a potential solution for high-gain antennas, 

offering increased efficiency at lower costs by combining the advantages of 

planar phased arrays and reflectors [2]-[4]. So the Reflectarray antennas are the 
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most commonly used and most promising technology for point-to-point and 5G 

transmission networks because they produce highly directional pencil beams[5]. 

However, when it comes to applications that require higher frequencies, 

broadband antennas are more desirable [6]. This amalgamation of 2D planar 

arrays and reflector antennas is depicted in Fig.1.1, which illustrates the 

evolution of reflectarray antennas. 

 

 

 

 

 

 

 

 

 

 

1.2 Development History of Reflectarrays  

   After the Second World War antenna array engineering developed quickly, 

especially during the 1960s and the advancement of printed circuit boards had a 

large effect on this development. The antenna community has been more 

interested in a new generation of microstrip antennas due to their low profile, 

low mass, and frequently affordable characteristics [5]
.
. 

Figure 1.1. 2D  planar array (top left) [7], Reflector antenna (down left), 

and a typical reflectarray (right) [8].  

2D array 

Conventional reflector 

Reflectarray 
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The reflectarray antenna as a hybrid antenna combines numerous 

advantageous qualities of both reflectors and printed arrays[2]. Berry, Malech, 

and Kennedy  proposed the idea for a reflectarray antenna in the early 1960s 

[4][9][10]. The ability to achieve reradiated far-field beams was demonstrated 

using short-ended waveguide components with variable lengths as shown in 

Fig.1.2a. Since the majority of wireless activities at that time were conducted at 

low microwave frequencies, this antenna design was seen as bulky. 

    The technologies of combining the reflectarray and microstrip radiators were 

investigated by Malagisi, who made the first reference to employing microstrip 

components for reflectarray in 1978. In the same year, the first attempt to 

investigate the microstrip reflective element was made, and Montgomery used 

the infinite array approach to carry out his studies [1].To minimize antenna size, 

a variety of printed reflectarray antennas were proposed in the late 1980s and 

early 1990s, where a variety of shapes were used as seen in Fig.1.2c [1]. 

    Starting from 2006, the IEEE Antennas and Propagation International 

Symposium (APS) has organized numerous sessions dedicated to reflectarray, 

where several hundred papers were published [5]. 
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1.3 Literature Review 

This section focuses on presenting previous studies to gain insights into 

the potential developments, challenges, and applications of reflectarrays. 

In [2003], M. Bozzi et al. conducted a systematic performance analysis 

comparing reflectarray elements of three commonly used shapes in reflectarray 

design. The researchers  proposed the utilization of a ridge-shaped element that 

achieved a satisfactory trade-off among the parameters under consideration[11].  

In [2008], K. H. Sayidmarie and M. E. Bialkowski presented results on 

polycyclic geometries of unit cells that provided an increased phase range for a 

single-layer printed element. It turned out that a unit cell consisting of 2 

resonant elements can double the range of phases, while using three elements 

increases the phase range by about 3 folds with the phase response slope 

remaining almost unchanged. They also revealed that adjusting the relative 

sizes of the elements inside the cell can scale the phase responses[12]. The same 

Figure1.2. Reflectarrays; (a) The oldest reflectarray, (b) configuration of the 

reflectarray, (c) Various reflectarray elements[1]. 

(b) (c) 

(a) 
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authors then reported that double square and circular ring elements produced a 

double response that led to enhancement in the bandwidth of the reflectarray. 

They concluded that properly designed multi-elements could increase the 

bandwidth [13]. Payam Nayeri et al. focused on examining the reflection 

performance of obliquely incident waves on single-layer double-ring unit cells 

used in reflectarray antennas. The results showed that normal incidence can 

provide satisfactory approximate results for the phasing response up to 30° 

degrees. Additionally, the investigated single-layer double-ring elements 

revealed an increased phasing range exceeding 600° and a notably gradual 

phase slope [14].  

In [2010], a new element for broadband reflectarray antennas was 

introduced by D. Du et al. The proposed element consisted of two bent 

dipoles.The results showed that by using a composite substrate, a smaller slope 

and more linear phase performance can be obtained. Furthermore, a modified 

structure was designed to achieve a wider bandwidth of 6 to 10 GHz. The 

computed results demonstrated the desired main beam steering and a 1-dB gain 

bandwidth near 50%, which is significantly larger than those of conventional 

single-layer reflectarrays [15]. In the same year, Yuezhou Li et al. presented a 

comprehensive design of an X-band single-layer reflectarray consisting of 81 

elements placed on two concentric circular rings. The simulation results showed 

that this design of multiple resonance elements has a favorable radiation pattern 

and an increased gain bandwidth [16].  

In [2011] ,P. Nayeri et al. explored a method for enhancing the bandwidth 

of reflectarray antennas by utilizing closely spaced elements, (unit-cell sizes 

<λ/2) [17].The full-wave electromagnetic simulations showed that closely 

spaced elements exhibit reduced phase error over a wider frequency range. The 



6 
 

two designed and fabricated reflectarrays were evaluated across 30 to 34 GHz 

frequency range. Significant improvement in gain bandwidth performance for 

the reflectarray designed with closely separated elements was obtained[17].  

K.H. Sayidmarie et al. in the same year, investigated the phase properties of a 

unit cell in a single-layer reflectarray using fractal geometry. They proposed 

multi-resonance fractal elements and showed that patches of circular and square 

shape, and multiple rings that are printed on a thick substrate, can offer smaller 

phase slopes while providing phase ranges in excess of 360°[18]
.
. 

In [2014], M. M. Fakharian et al. designed a novel reflectarray utilizing a 

folded stepped impedance resonator (SIR) patch-slot arrangement and using the 

variable size method of phase variation. The proposed structure exhibited  

nearly linear performance in terms of parametrics, while  it offered a phase 

range exceeding 400°[19].  

In [2017], a single-layer circularly polarized reflectarray was presented 

by Long Zhang et al. The antenna achieved a large axial ratio bandwidth, better 

gain, and higher aperture efficiency. The design utilized a proposed wideband 

S-shaped element that was rotated to achieve phase variations. Measurement 

results showed a 68.5% 3 dB axial ratio bandwidth and a 47.8% 3 dB gain 

bandwidth [20]. 

In [2020], T. Velly et al. presented  a  reflectarray comprising a 

rectangular ring and a cross patch unit cell. The reflectarray consisted of 13x13 

elements and was equipped with a feed horn yielding a gain of 22.8 dB[21]. In  

the same year ,Y. N. Phua et al. designed a new element consisting of a circular 

patch that is loaded with two unequal slots, so as to create a large-scale 

reflectarray. The design achieved 23.4 dB gain and a 42% aperture efficiency at 

the central frequency of 9.3 GHz. The proposed reflective element showed a 
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simple structure and a smooth phase curve, a minimum cross-polarized 

radiation field [10]. A compound unit element was proposed for the design of a 

reflectarray antenna operating at 28 GHz by Tahir Bashir and others. The 

element used a single-layer topology and integrated a variable-size phase-

shifting method. The results showed that the compound element exhibited 

excellent characteristics in terms of a wide phase range. The proposed geometry 

has the potential to serve as an effective reflector for both single-beam and 

multi-beam reflectarray antennas in 5G applications [22]. In the same year, M. 

I. Abbasi et al. discussed the analysis and design of active reflectarray antennas 

operating in the X-band frequency range. The focus was on two types of active 

reflectarray designs: one utilizing PIN diodes for digital frequency switching, 

and the other employing liquid crystal-based substrates for analog frequency 

tuning. The PIN diode-based active reflectarray unit cell demonstrated a 

frequency tunability of 0.36 GHz and a phase range of 226°. Conversely, the 

liquid crystal-based design exhibited a slightly smaller frequency tunability of 

0.2 GHz and a phase range of 124°. Additionally, the liquid crystal-based 

designs were found to have higher reflection loss and slower frequency tuning 

compared to the PIN diode-based active reflectarray designs [23]. 

In [2022], a metal-only reflectarray was introduced by Carlos Molero et al. 

The proposed unit cell exhibited a nearly linear phase response with a phase 

variation of ±1° for the orthogonal polarization. The study also investigated the 

reflectarray’s performance under non-normal incidence and explored the 

frequency limitations of the unit cell. The reflectarray was capable of 

converting linear polarization to circular polarization [24]. The reflectarray 

demonstrated a simulated directivity exceeding 27 dBi [24]. In the same year, 

Usman Sarwar et al. presented a wide, circularly polarized reflectarray array 
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using a single-turn helical antenna in which the reflective element.The designed 

element achieved a 360°phase range [25].  

Shimaa A. M. Soliman et al. in 2022 presented a reflectarray design 

employing elements of the shape of the pentagon. This shape was selected to 

convert the linearly polarized incident fields to a circular polarization. The 

feeder was a dipole to supply the linearly polarized wave incident on the 

reflectarray elements. The simulation results at 12 GHz showed an axial ratio of 

2.1 dB, and a peak gain is 18 dBi [26]. In the same year, Weixiong Luo et al 

presented reconfigurable reflectarray, whose elements can be height-adjustable 

mechanically. The simulated results showed that the phase performance of the 

unit cell has a good linearity and exhibits broadband characteristics. The 

maximum phase range was found to be about 200
◦
 at a center frequency of 16 

GHz. With the mechanical changes in the elevation of the elements, phase 

distribution among the elements of the array can be implemented and beam 

scanning ± 50
o
 was achieved [27]. 

L. Veluchamy et al. in 2023 presented simulated and experimental results 

of two broadband reflectarrays. The used elements were concentric square and 

circular rings using the basis of the Fibonacci series. The reflectarray gain 

bandwidth was 46.2% [28]. In the same year, E. Hedian, et al. introduced a 

planar reflector antenna, which consisted of metamaterial cells, different 

flower-like unit cells. The simulation and measurement results demonstrated 

that this antenna achieved a broadband and high radiation efficiency within the 

frequency range of 12-14 GHz [29].In the same year,  Huaiqing Zhang et al. 

proposed a single-layer circularly polarized reflectarray  antenna with linear 

polarization feed  [33] . The unit cell consisted of a rectangular patch and four 

E-shaped structures placed on the four sides. The antenna offered linear range 

in excess of 500°, and showed extremely low level of cross-polarization. 
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Experimental results achieved 3 dB bandwidth of about 38%, gain of 25.8 dB at 

5.8 GHz  [33] .A. Palomares-Caballero et al. in 2023 presented unit cells  based 

on a module cell with a 3-D geometry, which allowed independent phase tuning 

over a wide frequency range. Phase modulation was  achieved in each unit cell 

by adjusting the lengths of specific metal blocks within the wave propagation 

path. The simulation results showed a relatively linear phase response, that was  

maintained at oblique angles up to about 30
o
 [31]. Ali Ali et al. focused on 

achieving low‐divergence 3D‐steered beam. The studied and simulated 

scenarios were normal, 2D and 3D steered beams at a frequency of 30 GHz[32]. 

1.4 Statement of the Research Problem 

The dissertation problem statement revolves around the investigating 

phase characteristics of unit cell elements in a single-layer microstrip 

reflectarray antenna. The main goal is to achieve a phase range larger than 360° 

while minimizing the slope of the reflected wave phase relative to the element 

size. Although these two requirements seem to be in contradiction, there are 

some element shapes that can offer a good compromise. 

1.5 Dissertation Objectives 

This dissertation focuses on investigating the phase characteristics of  the 

unit cell elements that  achieve a phase range larger than 360° while minimizing 

the slope of the reflected wave phase with respect to the size of the elements. 

These characteristics are essential for achieving a wide operational bandwidth 

and reducing the impact of manufacturing errors. The dissertation will 

concentrate on the following key aspects to accomplish its objectives: 
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1. Examinating of the operational principles of reflectarrays and analyzing the 

factors that impact their bandwidth. 

2. Studying the characterization of the phase and amplitude responses of 

conventional element shapes commonly used in reflectarrays. 

3. Evaluation of some proposed elements that offer favorable characteristics for 

reflectarray design. 

4. The research methodology involves a combination of theoretical analysis and 

computer simulations using CST(Computer Simulation Technology) 

Microwave Studio (CST MWS). 

1.6 Dissertation layout 

This dissertation is a compilation of the studies conducted in the context 

of the aforementioned goals. Beyond this introductory chapter, Chapter Two 

examines the reflectarray antenna and the variables influencing its operation. In 

Chapter three, several classical and suggested elements shapes were derived 

through simulation using the CST microwave studio are thoroughly examined. 

The Fourth Chapter is an extension of the third chapter with the greatest 

development in the proposed forms of the unit cells that are formed of two 

rings. Chapter Five presents the conclusions and the future work. 
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CHAPTER TWO 

ANALYSIS OF THE REFLECTARRAY 

2.1 Introduction 

Reflectarray antennas have gained considerable attention in the last 

decade for their properties arising from the integration of the advantages of 

printed arrays and high-gain parabolic reflectors.This fusion of technologies 

holds great promise for advancing the field of antenna systems and of high-gain 

communication and sensing applications. Reflectarray antennas find application 

in a wide range of fields, including satellite communications, contoured beam 

antennas that cover specified regions, and many other applications. In 

comparison to parabolic reflectors, reflectarrays offer a low-profile design, 

lightweight construction, ease of fabrication and transportation, and notably, a 

low cost of production due to the printing process involved [17][33][34]. 

This chapter provides an introduction to the key concepts and designs 

related to reflectarray antennas.  

2.2 Definition of Reflectarray Antennas 

The term "reflectarray antenna" refers to various configurations of 

reflective surfaces that include a set of radiating elements such as dipoles, rings, 

or printed patches, which reflect energy received from one or more emission 

sources (feeds) located in free space. It can have a flat or gently curved outer 

shape. The design and configuration of reflective antennas can vary widely, 

depending on the types of elements used, their arrangement within a mesh 

structure, and the feeding technology used to activate the antenna. These factors 

contribute to the performance of reflectarray antenna for various applications 

and requirements [1][33][35]. Each reflectarray element is carefully designed to 
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re-emit the incoming field with a precise electrical phase, enabling the 

formation of a flat wavefront in the distant region[1] [36]. Figure.2.1 illustrates 

a common configuration of a reflectarray antenna. 

 

 

 

 

 

 

 

 

 

The reflectarray antenna is characterized by its flat structure, which has a 

simpler and more reliable folding mechanism as well as easy installation on an 

existing flat surface without the need to add extra volume and weight. Finally, 

by integrating low-loss variable phase shifters into its elements, a wide-angle 

electron beam scanning can be achieved. This eliminates the need for a 

complex, high-loss beamforming networks and/or expensive transmit/receive 

amplifier modules that are usually required in the typical phased arrays  [1] [33] 

[37] [38].  

 

 

 

Figure 2.1 Geometry of a planar reflectarray antenna[1]. 
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 2.3 Principle of Operation 

Figure 2.2 demonstrates the operational principle of a reflectarray 

composed of a flat panel metasurface. 

 

 

 

 

 

 

 

 

 

The electromagnetic waves emitted by the source are focused towards the 

planar metasurface, which acts as a reflector. The metasurface consists of an 

array of elements, which are designed to modify the phase of the incident 

waves. By introducing specific phase shifts, the unit cells enable the waves to 

propagate in the desired direction. When the reflector is situated at the XY-

plane, the array factor   (   ) of an M × N unit-cell flat-panel metasurface 

reflector array can be expressed by the following equations [1]: 

  (   )  ∑ ∑     
   (         )   

   
   
    …………….. (2.1) 

{
             

             
 ……………..(2.2) 

 

Figure 2.2. The working  principle of reflectarray antenna with a planar 

metasurface [39]. 
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In the equations,     represents the complex excitations for elements at the (m, 

n) position  (   ) and k0 denote the wavenumber in free space.   and    

represent the progressive phase shifts between neighboring elements along the 

two  directions x and y. To achieve the desired focusing of reflected waves in 

the direction(     ), the progressive phase shifts can be determined using 

Eq.(2.3). The parameters dx and dy represent the periodicity of element  in  the 

directions x and y, respectively[39]. 

{
              

               
 ……………. (2.3) 

The phase shift on the unit cell (    ) at position (m,n), denoted as C(m,n), is 

determined based on the period of the unit cell (bx and by). By adjusting the 

phase of the incident waves using the element, the angle of reflection can be 

controlled effectively. The phase of the reflected wave at the element C(m,n) 

can be determined by adding the phase of the incident wave to the relative 

phase shift imposed by the unit cell. Equation (2.4) can be used to calculate the 

desired phase shift distribution, ∆  that is necessary to achieve a specific 

reflection angle. 

           (| ⃗   |       ̂ ) (          ) ……………. (2.4) 

In Eq.(2.4),  ⃗    represents the location  vector from the feed antenna to 

the element  (   ),      represents the location vector from the center of the 

surface reflector to  (   ), and  ̂  is the unit vector pointing towards the 

reflected wave propagation direction [39]. 
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2.4 Analysis of Reflectarray Elements 

The analysis of the reflectarray element can be conducted using similar 

techniques employed for classic microstrip antennas. The configuration of 

microstrip antennas, as shown in Fig. 2.3 comprises an extremely thin metallic 

patch placed a small fraction of a wavelength (h << λo, normally 0.003λo ≤ h ≤ 

0.05λo, λo is the wavelength in free space) top ground plane. For a rectangular 

elements, the length L of the element is normally λo∕3 <L <λo∕2. The radiating 

patch and the ground plane are separated by a substrate (dielectric layer). There 

is a wide range of substrate materials, with their dielectric constants in the range 

of 2.2 ≤ 𝜀r ≤ 12. The most desirable substrates for achieving optimal antenna 

performance are thick ones with a lower dielectric constant, as they offer 

improved efficiency and larger bandwidth [38]. 

Due to the finite size of the patch (along its length L and width W), the 

fields at the edges of the patch experience fringing. This is illustrated along the 

length in Fig .2.3b and Fig.2.3c. The degree of fringing is influenced by the size 

of the patch and thickness of the substrate. As can be seen, the lines of electric 

field predominantly reside within the substrate, while some portions extend into 

the air. Thus, fringing causes the microstrip patch to appear wider electrically 

than its physical dimensions. Since waves propagate through both the substrate 

and the air, an effective dielectric constant 𝜀reff as an additional term is 

introduced to accommodate the effects of wave propagation in the line and 

fringing [38]. It will be explained later in chapter three. 
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Figure 2.3. Classic Microstrip antenna; (a) Microstrip antenna top view (b) side 

view, (c) Electric field line[38].  

 

 

 

 

 

 

 

 

 

2.5 The Phase Tuning Approach 

Selecting an appropriate phase tuning methodology is an essential and 

pivotal step in the design process. This enables the reflectarray elements to 

attain the desired range of phase adjustment (phase tuning), which is crucial for 

optimizing the antenna's performance[40]. 

    The design process of the reflectarray starts with the determination of the 

required  phase to be supplied by each of the array elements. The second step is 

to choose the method for the adjustment of the compensating phases of the 

elements. This choice directly affects the radiation characteristics of the 

antenna. There are several achievable ways to modify the phase of the reflected 

wave from the elements, and they are usually classified into three main 

categories [41]: 

1. Elements connected time to delay lines.  

2. Elements of variable sizes. 

 3. Rotation of the elements. 

 

(a) 

(c) 

(b) 
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2.5.1 Elements Connected to Time Delay Lines 

In this structure, a typical reflectarray element, such as a patch, captures 

the electromagnetic wave emitted by the source feed. The element then 

transforms the captured wave into a guided wave, which travels across a 

transmission line. This transmission line is commonly a microstrip line and has 

a specific length [35][42]. To terminate the transmission line, it can either be 

connected to an open or a short circuit. The signal bounces off from this 

termination point on the transmission line and is subsequently re-emitted by the 

reflectarray element. Figure. 2.4a depicts a schematic representation of this kind 

of element, with attached phase time delay lines of two various lengths[43]. 

Many researches have focused on this technique in their designs [44]–[46]. 

2.5.2 Elements of Variable Sizes 

In this method, the phase tuning of the reflectarray elements is 

accomplished by modifying its physical dimensions. By adjusting the length of 

a resonant element, it is possible to change the resonant frequency of the 

antenna. The variable size approach operates on the principle that resonating 

element of varying dimensions will yield different reflected phases. By 

modifying the size of the element as shown in Fig.2.4b, the desired phase shift 

can be achieved, allowing for precise control of the antenna's radiation 

characteristics. This innovative technique was initially introduced in [47]. The 

variable element size approach, commonly utilizing square or circular patch 

geometry, offers a wide range of element geometries [13]. Another approach is 

to employ different-sized patches, dipoles, or rings, as a result, these elements 

can generate various phases that compensate for the varying feed path delays as 

displayed in Fig.2.4c [1]. 
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2.5.3 Rotation of The Elements  

 The element rotation method is an ingenious phase tuning method that is 

specifically applicable to circularly polarized (CP) antenna designs. It operates 

on the principle of turning a CP antenna element around its point of origin by an 

angle of ψ degrees will result in a corresponding change in the radiated phase 

by the same amount. The phase can be either advanced or delayed depending on 

the direction of rotation. This technique allows for precise control of the 

radiated phase and enables the fine-tuning of the antenna's performance can  be 

seen  in Fig 2.4d [36]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 Specifications of The Reflectarray 

The specifications of reflectarray are determined by the description of 

four factors: bandwidth, efficiency, phase range, and phase slope. 

 

 

(a) 

Figure 2.4.Multiform of reflectarray elements; (a) phase time delay lines, (b) 

Different types of variable size square elements, (c) variable  size dipoles or 

loops, (d) A CP reflectarray patch with different types , (left) shows the patch  

with 3° phase shift and (right) the ψ rotated patch with 2ψ phase shift [1][36].  

(b) 

(d) (c) 
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2.6.1 Bandwidth 

Despite its many advantages, the reflectarray antenna does have a notable 

drawback. Its inherent characteristic of narrow bandwidth is a limitation [4][48] 

[49], typically not exceeding ten percent, which depends on factors such as 

element design, aperture size, and the distance to the focal point. The 

reflectarray's bandwidth limitation can be attributed to several factors. Firstly, 

there is a need to compensate for the phase discrepancy between the originally 

curved wavefront launched by the feed and the desired planar wavefront. 

Secondly, typical microstrip antenna elements have limited achievable phase 

ranges [1]. Other factors have been discovered such as, the compensation phase 

is usually truncated to the 360° in each element of the array and variation phase 

with frequency. Recent studies have indicated that the first factor exerts the 

most significant impact on the gain of the reflectarray [50]. 

2.6.1a Bandwidth Bounded by Varied Spatial Phase Delay 

A significant constraining factor in reflectarrays is the variation in spatial 

phase delay. The easiest way to describe the varied spatial phase delay is 

referring to Fig.2.5. The varied spatial phase delay, denoted as ΔS, refers to the 

phase discrepancy between the two paths S1 and S2 from the feed antenna to 

the position of the elements [51]. The path difference ΔS can have a magnitude 

that is several multiples of the wavelength (λ). It can be expressed as ΔS = (N + 

d) λ  where d is a fraction of the free-space wavelength, and N is an integer [1]. 
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Taking into account the coordinate system described in Fig.2.1, the 

progressive phase distribution on the surface of the reflectarray results in the 

generation of a beam directed towards (θb , φb ), as known from array theory, is 

expressed as[1]. 

 (     )                                     )....... 2.5) 

 

where ko is the propagation constant in vacuum, and ( x i , y i ) the 

coordinates of element i . The phase at each reflectarray element is determined 

by the sum of the phase of the incident field, resulting from propagation from 

the feed, and the phase shift introduced by each cell,as  

 (     )          (     ) ……….. ) ...... 2.6) 

where  ϕR ( xi , yi ) is the phase of the reflection coefficient, or phase shift, for 

element i , di is the distance from the phase center of the feed to the cell. From 

expressions (2.5) and (2.6), the phase shift needed at each element can be 

derived using the following equation: 

 

  (     )    (   (               )      ) ) ...... 2.7) 

 

Figure 2.5 .The variation in spatial phase delay of the reflectarray elements[1].  
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This phase difference has to be supplied by the element of the reflectarray for 

proper compensation[1]. The required phase for compensation should stay valid 

as the frequency of operation is changed, and eventually the violation of this 

leads to reduction in the gain of the reflectarray. The following formula was 

derived by [50] . 

    
  

   
[

 

√      (   )   
]       )2.8) 

to estimate the bandwidth the reflectarray for certain F/D ratio where F is the 

focal distance and D is the diameter of the reflectarray. In this equation the units 

of center frequency is in GHz, and meters for D [50]. 

2.6.1b Bandwidth Bounded by Element 

The bandwidth of a conventional microstrip patch element is typically 

around 3 to 5 percent.  In order to achieve a wider bandwidth, various 

techniques have been utilized with success. These include using a thickset 

substrate for the patch, utilizing subarray elements in a sequential rotation and 

packing multiple patches. These methods have allowed for bandwidths 

exceeding 15 percent to be achieved [1]. 

2.6.2 Efficiency of The Reflectarray Antenna. 

The lower gain performance of a this  antenna can result in reduced 

efficiency. Therefore, achieving an efficiency of 50% or higher is generally 

considered as high efficiency for a reflectarray antenna. Improved antenna 

efficiency is closely linked to enhanced gain performance. One straightforward 

approach to increase antenna gain is by increasing the physical aperture size. 

However, it is important to ensure that the feed is properly positioned to avoid 

additional illumination or loss of extension, as this can hinder efficient 

operation of the reflectarray. This indicates that the maximum reflectarray 
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antenna efficiency can be attained by minimizing losses. Consequently, the 

improvement in reflecting the  antenna efficiency can be evaluated by selecting 

an appropriate unit cell element [40]. 

2.6.3 Phase Range and Slope  

One of the crucial considerations in the design of microstrip reflectarrays 

is the achieving a wide range of phase variation and a gradual change in the 

phase (phase slope) with respect to the variable size of the reflectarray element. 

A lower slope in the response of phase in relation to the element dimensions 

leads to greater tolerance for manufacturing errors. Consequently, a broader 

phase range provides the planner with increased suppleness in choosing 

appropriate sizes of  element to achieve a desired phase value.It’s important to 

acknowledge that the bounded phasing range of a reflectarray has two negative 

impacts on its operation. Firstly, some requisite phase values may need to be 

approximate to available ones. Secondly, truncating the required phase shift to 

the value of 360° range can lead to degradation in gain and bandwidth. Previous 

studies have explored different shapes of element, such as circular, elliptical 

,square, and combined shapes for reflectarray design. The main criteria for these 

elements are to provide a reflection phase range of at least 360° and a slow 

slope with frequency. These parameters significantly affect the bandwidth of 

the reflectarray in relation to the elements [18][52] .However, using a thicker 

substrate to reduce the phase slope can further limit the already inadequate 

phase range. To overcome this, new phasing elements in the form of variable 

size stacked patches have been utilized to achieve a phase range not less than 

360° and a small phase slope [18]. 
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2.7 Considerations in the Selecting of Elements 

The characterization of elements plays a crucial role in the design of a 

reflectarray. The effectiveness of the reflectarray in scattering the signal from 

the feed and forming a desirable far field beam depends heavily on the 

optimization of element design [37]. There are three key parameters that are 

crucial in design and the selection of elements: Reflection Phase of element, 

Beamwidth of element, Spacing of element. Each of these parameters is 

discussed individually below. 

2.7.1 Reflection Phase of the Element  

The conventional design approach for a microstrip reflectarray antenna 

involves several key steps. Firstly, an analysis of the phase characteristics of the 

reflection elements is performed where the  accurate calibration of phase 

changes with respect to element variations, such as patch size or delay line 

length, is crucial [53]. One commonly used technique for phase calibration is 

the infinite-array approach, which considers the local mutual coupling effect 

caused by neighboring elements. The phase-versus-element-change 

characteristics commonly display a nonlinear relationship, often resulting in an 

S-shaped curve. Figure 2.6 provides an illustration of this curve. Antenna 

designers aim to minimize the slope at the curve's center to avoid excessive 

sensitivity of the phase change to element modifications. Steep curves can pose 

challenges related to element changes and fabrication tolerances, particularly at 

higher microwave frequencies [1]. 
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Ensuring an adequate range of element variation is crucial when selecting 

elements. It is important to guarantee that the chosen elements can produce a 

phase change of at least ±180°. This requirement ensures that the reflectarray 

system can achieve the desired beamforming capabilities and fulfill its 

functional objectives effectively [1]. 

2.7.2 Beamwidth of the Element 

In addition to phase, the beamwidth of the element  in reflectarray is an 

essential design parameter. To adequately reflect incident signals, it is 

necessary to have a broader element beamwidth that can capture and reflect 

signals from the edges of the reflectarray [40] . In order to accommodate a wide 

range of incident angles from the feed, the element beam width needs to be 

suitably correlated with the reflectarray's F/D ratio.For instance, consider a 

reflectarray element with a narrow beamwidth achieved by using Vivaldi 

radiators, horns, or patches with thicker substrates, along with a small F/D ratio 

as shown in Fig 2.7. In this case, the elements positioned close to the edge of 

the reflectarray it will not effectively capture energy from the feed. Conversely, 

if an element in the reflectarray has an excessively wide beam and lower gain, it 

Figure 2.6. S-shaped graph depicting element phase changes according to 

variations in the element [1]. 
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can potentially impact the overall performance of the reflectarray, leading to a 

slightly diminished antenna gain. The gain  of the array is mainly determined by 

the aperture size, the gain of individual elements. 

 Ideally, it would be beneficial to have elements positioned near the center 

of the reflectarray with a higher gain and narrow beamwidth, while the array 

elements near the edge have a broader beamwidth. This arrangement would 

optimize the performance of the reflectarray, maximizing the antenna 

gain.However, implementing such a design could introduce complexities and 

increased manufacturing costs for the antenna. Striking the right balance 

between beamwidth and gain distribution is important to optimize the 

reflectarray's performance while considering practical constraints[1]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Reflectarray element pattern effect [1]. 
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2.7.3 Spacing of the Elements 

To prevent the occurrence of grating lobes in the radiation pattern, it is 

crucial to maintain appropriate spacing between adjacent elements in a 

reflectarray. When dealing with waves incident and radiated in the broadside 

direction, the spacing of element can be comparatively large [38] ,typically 

exceeding 0.9 times the wavelength (represented by  ). However, as we move 

towards the edge region of the reflectarray, the angles of incidence of the waves 

from the feed horn can become larger. In such cases, the spacing of  element 

requirement becomes more stringent and should be determined by the 

conventional array equation: 

       (      )……………. (2.9)  

Here,   represents the spacing  of element, where λ is the wavelength of 

the frequency, and θ represents the maximum desired angle of wave incidence. 

This equation helps ensure that the spacing between elements is sufficient to 

avoid grating lobes [1]. 

2.8 Various Types of Reflectarray Elements 

 A reflectarray utilizes a Semi-periodic arrangement of elements to achieve 

the desired phase transformation within an array environment. These elements 

can be in the form of printed elements or volumetric structures like patches  or 

dielectric resonators [37][54], respectively. Printed elements offer simplicity in 

terms of fabrication, but there exists a diverse range of reflectarray cell 

elements that have been developed to meet various requirements, including 

mechanical robustness, fabrication accuracy, bandwidth, polarization, and 

more. In this context, different kinds of resonant cell elements will be discussed 

to address these specific needs and considerations [33].  
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2.8.1 Single Layer Elements  

The concept of manipulating the resonant sizes of microstrip patch 

antennas to control the phase of the reflected wave was initially documented  

for crossed dipoles in [55],and for rectangular elements in [47]. Developments 

continued using other forms such as single layer square or circular  element 

.These forms are widely used as a form of element reflectarry .Figure2.8  shows 

a comparison of performance between the square and circular  element shapes 

[13]. Two different substrates are considered, (the first has a dielectric constant 

𝜀r =3.2 and thickness h=1.57 while the second one has 𝜀r =2.2 and h=3.175). 

[13]. 

 

 

 

 

 

 

 

 

 

When comparing the results depicted in Fig.2.7 for square and circular 

patches, it is evident that both shapes provide a similar phase range for the two 

dielectric substrates. However, the circular patch consistently exhibits a smaller 

phase gradient (slope). Additionally, the figure also reveals that increasing the 

substrate thickness and decreasing the dielectric constant lead to a less slope for 

two patch types. However, achieving lower slopes comes at the cost of a 

Figure 2.8. The phase variations of square and circular patches on two different 

kinds  of substrates [13]. 
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smaller phase range. Specifically, the phase range for the slimmer substrate is 

approximately 305°, whereas for the thicker substrate, it is around 250°[13]. 

Another use of the square element is in [52], where sections of triangular, 

square, and semicircular shapes were incorporated into the four sides of a 

square patch. The element compositions in the initial group were  created by 

appending isosceles triangles with a vertex angle θ to the four sides of a square 

patch as shown in  Fig.2.9. 

 

 

 

 

 

 

 

 

 

 

The phase ranges exhibited by these shapes are typically below 300 and  

As the angle θ of the added triangle increases, the  phase slope shows a 

slight increase, while the phase changes with frequency slightly decreases. 

Additionally, the form featuring tapered corners shows the least steep changes 

in relation to both frequency and size. The rhombus shape demonstrates a 

competitive response and distinctive characteristics. The second group has 

shapes, illustrated in Fig.2.10, feature circular or elliptical sectors of varying 

radius as the added portions [52]. 

 

Figure 2.9 .Element of reflectarray; (left) shapes of the analyzed first group of 

derived element shapes ,(right) Fluctuation of the reflection phase with side 

length L [52]. 
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From the observation of Fig. 2.10b, it is apparent that an increase in the 

radius of the added portion leads to a slight increase in the phase slope, while 

phase change with frequency to a small extent decreases .The shape of  tapered 

corners exhibits relatively small values for two slopes in relation to frequency 

and size. It is worth noting that all the shapes examined in that study have phase 

ranges that are less than 300. The elements in the third group are characterized 

by notched patches, where sections are removed from the borders of the square 

patch, as depicted in the illustration Fig.2.11[52]. 

 

 

 

 

 (b)  
Figure 2.10. Element of reflectarray ;(a) Shapes of the analyzed second group of 

elements shapes, (b) Fluctuation of the reflection phase with  side length L[52]. 

 (a)  
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The results obtained from the third group of shapes are larger than those 

from the first two groups. Furthermore, in contrast to the first two groups, these 

shapes exhibit larger phase ranges, although they are still less than 300˚[52]. 

Many developments have considered the shape of the square and circle  patches 

as [56] , where the element was composed of a square slot positioned at the 

center of the unit cell, accompanied by four L-slots. Also [57][58]. 

2.8.2 Multilayer Elements  

One approach to achieve a smoother phase behavior with respect to 

length involves increasing thickness of the substrate. However, this leads to a 

significant reduction in the total phase range. It is crucial to consider that for the 

create of a reflectarray, it is necessary to have phase shift values covering a 

range of 360°, which cannot be achieved with a thickness substrate alone. To 

address this, one potential solution is to stack two or more array layers, as 

Figure 2.11 .Element of reflectarray ;(a)Shape of the third group of elements,(b) 

Fluctuation of the reflection phase with length L[52]. 

(a) (b) 
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illustrated in Fig.2.12. Each layer operates as a resonant circuit., with the phase 

of the reflected field varying in a similar manner to that of a single layer. 

However, through the utilization of multiple layers, the phase shift can attain 

values several magnitudes larger than360°. Thus, by increasing the isolation 

between the layers and the isolation between the last layer and the metallic 

plane, a smoother and more linear phase behavior with respect to patch size can 

be achieved, while still maintaining a phase shift range greater than 360°. 

Figure 2.12 shows sample of the multilayer structure utilizing rectangular 

patches [1] [38]. 

 

 

 

 

 

 

 

 

 

In[59], a multi-layered structure with circular spots was investigated. The 

structural unit comprised of two circular conductive elements positioned in two 

FR4 dielectric slabs stacked on top of each other, with a dielectric constant (𝜀r = 

4.4). The upper substrate had a height (hT) of 3 mm, whereas the lower 

substrate had a height (hB) of 1.5 mm. The stacked patches were supported by a 

ground plane. The diameter of the lower circular patch was indicated as dB, 

while the diameter of the top patch was 0.75 times dB (dT = 0.75 dB). The unit 

cell had dimensions dx = dy = 17.65 mm. The phase of the reflection coefficient 

for the unit cell was plotted in Fig.2.13 against the size of the lower circular 

(b) (a) 
Figure 2.12 .Double layer reflectarray; (a) Unite cell, (b) multiple layers [1] 

[38].  
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patch. The results demonstrated that by varying the size of the lower patch 

between 5 and 14 mm, varied  the phase of the reflected field within a range of 

0° to -500°.The use of a stacked structure was necessary to achieve such a wide 

phase range, as a single-layer structure would not suffice. This extensive phase 

control range proved beneficial for achieving the desired phase distribution in 

various scenarios for the proposed reflectarray antennas 

 

 

 

 

 

 

 

 

 

 

 

The multi-layer variable dimensions patch reflectarray poses a challenge 

in terms of manufacturing, as each layer needs to be produced individually and 

carefully aligned and bonded to prevent any air gaps. This requirement results 

in higher manufacturing costs. To overcome this, there has been a growing 

interest in exploring new arrangements of single layer  for reflectarrays that can 

give an expanded phase range and increased bandwidth, researchers in [12] [55] 

[60][61]  suggested employing "loop" elements to enhance the phase range and 

bandwidth of a single layer reflectarray. Their research showcased notable 

improvements, such as a phasing range extension of more than 600° and an 

expanded bandwidth of 9% (1-dB gain reduction). These findings highlight the 

Figure 2.13. Two layer reflectarray; (left) unite cell, (right) Reflection phase of the 

unit cell [1]. 
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potential of employed loop cell elements to enhance the performance of single-

layer printed reflectarrays. 

2.8.3 Single Layer Ring and Double Ring Elements  

Reflectarray antennas typically have a limited bandwidth, usually around 

4%, which is lower compared to conventional reflector technology. One method 

to enhance the bandwidth is to use a thicker substrate for printing the 

reflectarray element, the slope of the phase response is effectively reduced. 

However, this approach results in a smaller achievable phase range, which 

negatively affects the gain and overall radiation efficiency. To overcome the 

bandwidth limitations of single layer reflectarrays, multi-layer structures have 

been proposed. However, these structures bring their own drawbacks, including 

increased weight, loss and complexity of manufacturing [55].  A simple 

architecture addresses these challenges as shown in Fig.2.14. The suggested 

architecture manages the reflection phase by modifying the length of a double 

crossed loop unit cell. This control enhances the bandwidth of the reflectarrays 

while preserving the ease of manufacturing associated with a single layer 

antenna [55].  
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Other work dealt with ring [62] and also in [13] comparison was made 

between square and circular rings with different substrate  as shown in Fig.2.15. 

It can be observed that the phase range is nearly 360° for the substrate   =3.2 

with a thickness h=1.57mm.The circular ring displays a gentler slope in 

comparison to the square ring. Alterations such as increasing the substrate 

thickness and decreasing the dielectric constant led to reduced slopes for two 

ring shapes. Nevertheless, this reduction in slopes also corresponds to a 

decrease in the phase range. As illustrated in Fig. 2.15, the phase range is 

reduced from approximately 350° to 300°.The phase results obtained for a unit 

cell, which consists of either a single patch or a square/circular ring on a 

substrate for single layer, demonstrate the challenge of achieving both a small 

phase slope and a phase range of 360°. To address this issue, uniplanar phasing 

elements in the shape of double rings are proposed as shown in Fig.2.16. 

 

 

Figure 2.14; Ring element reflectarray,(left) Double cross loop element different 

arms, (right) Reflection phase response of the unit cell [55]. 
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The results in Fig.2.17 indicate that the phase range achieved with the 

double square ring is imminent 700°. By utilizing a thicker substrate with a 

reduced dielectric constant, the slope of the phase response is decreased, 

resulting in a more linear behavior. However, this comes at the expense of a 

slightly reduced phase range, which is imminent 650°. The circular rings  have 

slopes  which are less steep compared to their square counterparts for both types 

of substrates. The  same comparison was in  [62]. 

 

 

Figure 2.15; Ring element reflectarray[13]. 

Figure 2.16. Double ring element reflectarray [13].  
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In [63], the design entailed a reflectarray single layer employing double 

elliptical ring. It is specifically designed to operate at a frequency of 11.5 GHz. 

The phasing  of elements are positioned in a square lattice with a periodicity of 

15mm, which corresponds to approximately 0.6 wavelengths (λ) at 11.5 GHz. 

The reflectarray arrangement is depicted in Fig.2.18. The elliptical rings are on 

a thin dielectric substrate with a relative permittivity (  ) of 1.96 and with thick  

of 0.254 mm. This substrate is bolstered by a thick foam with an    of 1.06 and 

a thickness of 6 mm. A ground plane is also included in the design. The phasing 

elements incorporated in this design provide a phase variation range that 

surpasses the necessary360°. Additionally, they exhibit a slower slope 

compared to conventional elements[63]. 

 

 

 

 

 

Figure 2.17.Phase responses (left) Phase responses of double rings  for 

square,(right) Phase responses of double rings for circular[13] . 

Figure 2.18. Configuration of the double ring reflectarray element [63]. 
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CHAPTER THREE 

INVESTIGATION INTO PROPOSED UNIT CELLS FOR 

REFLECTARRAYS 

3.1 Introduction 

Various element shapes were suggested to use as unit cells for the 

reflectarrays. The element should provide the desired phase range of not less 

than 363°, as well as having a linear phase variation with either frequency and 

the size of the element. In his chapter, a few shapes are suggested for the unit 

cell elements aiming to search for better performance. Therefore, the following 

sections present the results of the investigation of the proposed elements. 

3.2 Simulation Framework  

To assess the performance of the proposed elements, computer 

simulations were conducted using CST Microwave Studio 2016 (CST MWS). 

This is a leading software suite in the field of electromagnetic simulation and 

analysis. It provides engineers and researchers with advanced tools for 

modeling, simulating, and optimizing various electromagnetic phenomena. It 

allows to use the virtual prototyping, optimizing device performance, reducing  

the number of physical prototypes required, and mitigating risks related to test 

failures. 

3.2.1 Overview of the Waveguide Simulator (WGS) 

In this approach of analyzing the reflectarray, the array is assumed to 

consist of a very large number of similar elements, or approximately an infinite 

array. Then the analysis is applied to one of the similar elements using the 

Waveguide Simulator (WGS) of the CST software. This is an effective method 
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for simulating the performance of antenna elements within an array 

configuration. It is especially useful for analyzing periodic structures like array 

antennas. By modeling the array elements as a unit cell within a periodic 

structure, this technique takes advantage of the periodicity of the array, 

streamlining the simulation process. Rather than simulating the entire array, 

only a single unit cell is simulated, representing a small portion that exhibits 

similar characteristics when repeated periodically. Implementing the WGS 

approach significantly reduces computational resources and simulation time 

compared to simulating the entire array. This is particularly beneficial for large 

antenna arrays, where simulating the complete structure would be impractical 

due to size and computational constraints. The WGS technique has found 

widespread application in the design and analysis of various array antennas, 

including planar microstrip arrays, reflectarray antennas, and phased array 

antennas.  

     Figure 3.1 depicts a commonly used method known as the H-wall waveguide 

simulator, also referred to as a parallel-plate waveguide simulator. In this setup, 

the waveguide's top and bottom surfaces function as electric conducting walls, 

while the right and left walls act as magnetic field walls. When vertically 

polarized waves enter the waveguide, they encounter the element positioned at 

the end of the waveguide in the broadside direction. These waves are then 

scattered back in the same broadside direction, carrying amplitude and phase 

information. In order to obtain comprehensive data, it is necessary to capture a 

second set of amplitude and phase information. This involves introducing a 90° 

phase shift to the incoming wave. This procedure should be repeated for various 

element changes until a complete 360° rotation is achieved [1][38]. 
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3.2. 2 The Infinite-array approach 

Using the WGS the parameters (magnitude and phase) of the reflected 

wave can be determined. Thus for any element size, the reflection coefficient 

can be characterized by these two values (magnitude and phase). Then a table 

that relates these two values to the size of the investigated element can be 

formulated.  

Similarly, the magnitude and phase of the reflected wave can be 

determined for each frequency of operation leading to another table. This 

process was termed as a calibration process. The calibration process for the 

phase change and element change (such as patch size and delay line length) 

Figure 3.1.  Waveguide Simulator (WGS); (a) Uint cell, (b) Boundary conditions 

[64], (c) H-wall waveguide simulator [65]. 

 

 (c) 

 (a) (b) 
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should be done accurately, so that it will result in designs leading to better and 

more accurate performance. One popular method for phase calibration is to 

utilize the infinite-array approach. When dealing with reflectarrays that consist 

of a large number of elements , the infinite array model can be employed using 

Floquet's theorem. This approach allows the analysis to be simplified to just a 

single periodic cell. Additionally, this technique offers accurate predictions for 

each individual element of the array by automatically considering the mutual 

coupling effect. Instead, the infinite-array approach assumes that all 

surrounding elements are identical and employs periodic solutions using 

Floquet modes [1]. An infinite array approach can be simulated using a 

mathematical waveguide simulator [4]. 

3.3 Considerations for the Design of Element Shapes  

   In this chapter, a few shapes of elements were examined and their 

performances were compared to determine the shape that provides the required 

results (adequate phase range, low slope). To ensure a fair comparison, the 

following factors were taken into consideration: 

1-All elements utilize the same substrate type and thickness. 

2-The element shapes were simulated using different bands of frequency for the 

reason that the response region differs. 

3-The direction of the electric field of the incident wave, at the input of the 

WGS, was set into two cases with respect to the element. In the first case, the 

direction of the applied electric field was parallel to the width, with the 

boundary conditions: 

at Xmin; Et=0, at Xmax; Et=0, at Ymin; Ht=0, at Ymax; Ht=0,  

as illustrated in Fig.3.2a.  
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In the second case, the direction of the applied electric field was normal to the 

width, with the boundary conditions: 

 (at Xmin; Ht=0, at Xmax; Ht=0, at Ymin; Et=0, at Ymax; Et=0),As illustrated 

in Fig. 3.2b.  

 

 

 

 

 

 

 

Figure 3.2. Orientation of the electric field of the incident wave with respect to 

the array element; )a) the E-field is parallel to the width, )b) the E-field is 

normal to the width.  

3.4  Bowtie Element as a Unit Cell 

The bowtie antenna has good performance in transmission and reception, 

as it offers a large bandwidth compared to other types. Many researchers 

conducted analyses on various bowtie shapes with the aim of using them as 

antennas of one element [66] -  [66] . Some developed forms of a bowtie have 

been studied as possible elements of reflectarrays antennas, comparing them 

with classical ones. The study included the following groups where each group 

consists of the classical form first along with the developed one, comparing 

them in terms of phase range and slope in order to investigate and determine the 

optimal element. Therefore, this section proposes the use of the bowtie shape as 

a unit cell element for the design of reflectarrays. The bowtie shape has three 

main parameters namely; width (2a), height (b), and angle (θ) of the tip of the 

(b) )a) 
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two triangles, as shown in Fig.3.3. These can be considered as design 

parameters that can be manipulated to achieve the desired performance. The 

effects of these parameters are investigated in the following sections. The 

values of mentioned parameters will determine the angle of the tip of the two 

triangles. An example of the bowtie antenna as an element for the reflectarray is 

shown in Fig.3.3. In reflectarray design, the elements are backed by a 

conducting ground plane as the reflectarray has to work as a reflector. The 

space between the bowtie element and ground plane is filled with an FR4 

substrate having a relative dielectric constant        loss tangent tanδ= 0.025, 

and height h= 3.2mm. This element was modeled using the CST Microwave 

suite with WGS, and the obtained results are discussed in the following 

sections. Fig. 3.3 shows the general unit cell simulation, where the element is 

placed in the XY-plane, and the incident electromagnetic wave is propagating 

along the negative Z-direction. Various modifications were performed on the 

basic bowtie shape, and the resulting shapes were categorized into a few groups 

as illustrated in the following sections. 

The WGS produces results of the reflection coefficient (in magnitude and 

phase) of the investigated element. The phase data are more important since the 

design of the reflectarray relies on supplying proper phase compensation. 

 

  

 

 

  

 

 

(b) 
(a) 

Figure 3.3. The bowtie unit cell of the reflectarray;  (a) top view ,(b) side view. 



43 
 

 To quantitatively evaluate the phase responses, the obtained data was used to 

calculate the following features: 

1. Phase range: This is defined as the difference between the maximum and 

minimum phase values observed. 

2. Phase center: It is determined by calculating the mean of the maximum and  

minimum phase values. 

3. Element size for phase center: This refers to the size of an element that 

produces a phase equal to the mean value. 

4. Rate of phase variation with size (slope): It measures the change in phase 

per unit length (in degrees per millimeter)  for the linear region  

5. Rate of phase change with frequency: This measures the change in phase 

per unit frequency (in degrees per gigahertz). 

The investigated bowtie shapes of the proposed element were grouped 

according to which parameter was changed, and which one was kept constant. 

The groups are illustrated in the following sub-sections. 

3.4.1 First Group 

In this group, the performance of the unit cell was tested in two different 

manners. The first one is fixing the value of the patch width (2a) while 

changing the patch height parameter (b), whereas the second state can be 

described by the reverse as fixing the parameter (b) and changing the element 

width (2a).  

3.4.1-a Fixed width (2a) and variable height (b)( horizontal electric field) 

        In this case, of the bowtie element, the width was kept constant, while the 

height was varied and the response of the element was investigated. The 
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simulations started with classic bowtie but with fixed width (2a) at 2a = 8 mm, 

and changing height (b) as shown in Fig.3.4. The obtained results of the unit 

cell simulations are displayed in the following figures in the form of the 

magnitude of the reflection coefficient |S11| and the phase of the reflection 

coefficient.  

 

 

 

Figure 3.5 shows that there is a full reflection (S11=0 dB) for a wide range 

of frequencies, but the reflection coefficient drops down to about -6 dB at 

certain frequencies. The response area starts at 6.8GHz and decreases towards a 

lower frequency of 5.8GHz. This resonance frequency decreases slightly as the 

dimension b is increased, which can be related to the fact that larger objects 

resonate at lower frequencies.  

   For the phase response, it can be seen from Fig. 3.6 that as the height b is 

increased, the response moves to a lower frequency, and this can be attributed 

to the fact that parts of larger size resonate at lower frequency. The slopes of the 

phase responses are almost the same for the various values of the height b. 

 

 

 

 

Figure 3.4. Geometry of the investigated bowtie dipole element at 2a=8 mm, 

and E-field is along the width. 
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Figure 3.5.The variation of the reflection coefficient magnitude with the 

frequency for various values of b, when 2a=8mm. 

Figure 3.6.The variation of the reflection coefficient phase with the frequency for 

various values of b ,when 2a=8mm. 
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3.4.1-b Fixed height (b=4 mm) and variable width (2a) (horizontal electric 

field)      

In this state of the bowtie element, the height (b) was kept constant, while 

the width (2a) was varied and the response of the element was investigated. The 

simulations started with classic bowtie but with fixed height (b) at b = 4 mm, 

and changing width (2a) as shown in Fig.3.7.  

 

 

 

Figure 3.8 shows that there is a full reflection (S11=0 dB) for a wide range 

of frequencies, but the reflection coefficient drops down to about -7.2 dB. The 

response area starts at 8 GHz and decreases towards lower frequency ending at 

4.2GHz. This resonance frequency decreases even more than in the case of a 

change in (b) with an increase in the dimension a, which can be related to the 

fact that larger objects resonate at lower frequencies. In addition, Fig. 3.9 shows 

the variation of the reflection coefficient phase with the frequency for various 

values of a, and at fixed b=4mm. It can be seen that as the width (2a) is 

increased, the resonance frequency decreases.  

 

 

 

 

Figure 3.7. Geometry of the investigated bowtie dipole element at b=4 mm. 
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Figure 3.8. The variation of the reflection coefficient magnitude with the 

frequency for various values of a ,when b= 4mm. 

Figure 3.9. The variation of the reflection coefficient phase with the frequency 

for various values of a, when b= 4mm. 
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  Figure 3.10 shows the phase response of a bowtie unit cell at a frequency 

of 6 GHz, at a fixed width 2a=8mm compared to the phase response of a bowtie 

unit at a fixed width b=4mm at same frequency. Upon analysis, it becomes 

apparent that the phase of the reflection coefficient undergoes a predictable 

change of less than 360 degrees when there is a modification in the height (b) of 

element or the width (2a) of the element. The variation with the height (fixed 

width) has lower slope as compared to the variation with the width (fixed 

height). The designer can use this figure, for example, to set the size of the 

bowtie element to achieve the required phase value of the element of the 

reflectarray. This is also evident from the comparison in the Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10.Comparison of the phase responses at the frequency of 6 GHz for 

the two schemes; (blue) fixed width (2a=8) and variable height b,(brown) fixed 

height (b=4) and variable width.  

 



49 
 

 

3.4.1-c Fixed width (2a) and variable height (b) ( vertical electric field) 

After changing the direction of the electric field to be in the vertical 

direction (parallel to the height of the bowtie), the results shown in Figs.3.11 

and Fig.3.12 were obtained. The results of Fig.3.11 show that as the height b is 

increased from 3 mm to 7 mm ,the resonance frequency decreases slightly from 

10.8 GHz to 9.8 GHz. This is in line with the fact that larger objects have lower 

resonance frequency. The phase response shows variant changes with frequency 

as can be seen in Fig.3.12. When the height is at 3 mm and 4 mm, the phase 

changes slowly with frequency compared to the cases when the height is larger 

than 4 mm. 

 

 

 

 

 

Table 3.1. Phase response and characteristics of the bowtie unit cell for the first 

group. 

Variable width, and 

fixed height 

(b=4mm) 

Variable height, and 

fixed width (2a=8mm) 
Name 

115 99.7 Max phase 

-212.6 -205.6 Min phase 

-48.8 -52.9 Center phase 

4.5 6.2 Element size for phase center 

327.6 305.3 Phase range 

132.5 105.3 Slope( deg /mm) 

352.2 384.6 Slope ( deg /GHz) 
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Figure 3.11.The variation of the reflection coefficient magnitude with   the 

frequency for various values of b at 2a=8mm. 

 

Figure 3.12. The variation of the reflection coefficient phase with the frequency 

for various values of b at 2a=8mm. 
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3.4.1-d Fixed height (b) and variable width (2a) (vertical electric field) 

The direction of the electric field was changed to be vertical, i.e. parallel 

to the height. The width of the element was changed while the height b was 

fixed at b= 4 mm. The obtained results are shown in Figs. 3.13 and 3.14, It is 

observed that a slight effect occurs on the resonance frequency when changing 

parameter (a). The electric field is perpendicular to the direction of varying the 

length of the element. The phase response is shown in Fig. 3.14, where it can be 

seen that the phase is very slightly affected by the variation in the width (2a). 

Compared with the former cases, it can be concluded that appreciable phase 

changes can be obtained when the dimension parallel to the electric field is 

changed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. The variation of the reflection coefficient magnitude with   the 

frequency for various values of width (2a), at b=4mm. 
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3.4.2 Second Group  

In this group, the a/b ratio was kept constant when changing the size of 

the bowtie element. Thus, the angle (θ) was kept constant, which means the 

shape of the bowtie element was preserved during the changes. 

3.4.2-a Changing the height b and width 2a (horizontal electric field)   

  When both the width 2a and height b are changed at the same time, the ratio 

a/b stays constant and consequently the angle of the bowtie shape stays 

constant.  

The size of the bowtie unit cell can be modified, which may have a 

significant impact on its performance and characteristics. Figure. 3.15 shows 

the geometry of the investigated bowtie dipole element when a and b were 

changed at the same time such that a=b.  

 

 

Figure 3.14. The variation of the reflection coefficient phase with the frequency 

for various values of width (2a), at b=4mm. 
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The effect of both variables is shown together in Fig. 3.16 for the response 

of the magnitude. The results indicate that the resonance frequency decreases as 

the size of the bowtie is increased. This is in line with the fact that the resonant 

frequency is inversely proportional to the size of the element.  

For the phase response, it can be seen from Fig.3.17 that as the dimensions 

a and b are simultaneously increased,the response moves to lower frequency, 

which can be attributed to the fact that parts of larger size resonate at lower 

frequency. The slope of the phase responses is almost the same for the various 

combinations of a and b. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. Geometry of the investigated bowtie unit cell when a and b were 

changed at the same time. 

Figure 3.16. The variation of the reflection coefficient magnitude with the 

frequency for various values of width 2a and height b. 
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3.5 Bowtie with Rounded Sides (Tapered bowtie)  

The bowtie shape was modified by tapering its two sides, and this was 

performed by attaching half of a circle at both sides.The circle has a diameter 

equal to b as shown in Fig. 3.18.  The proposed development was inspired by 

the former finding [52] ,which showed tapered sides and smooth edges help to 

reduce the variation of the phase response. The tapered bowtie was simulated 

using the WGS, where the following two cases were considered ,can see also in 

[69]. 

3.5.1 The Tapered bowtie (horizontal electric field)      

In this set of simulations, the incident wave has an electric field parallel 

to the X-axis (along the width of the bowtie). The obtained results from the 

various simulations are shown in Figs.3.19 and 3.20. We notice from Fig.3.19 

that the resonance frequency decreases as either the width, height, or both 

increase. Thus, an increase in the size results in a decrease in the resonance 

Figure 3.17.The variation of the reflection coefficient phase with the frequency 

for various values width 2a and height b. 
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frequency. Figure.3.20 reveals the variation of phase shift with frequency as a 

function of the parameters for the given unit cell configuration. The phase 

response also shifts to lower frequency as the dimensions of the elements are 

increased. 

Figure 3.21 shows a comparison of the phase responses with element size 

for the conventional and tapered bowtie elements that were obtained at the 

center frequency 6.5 GHz. Detailed parameters of the two responses are shown 

in Table 3.2. It can be seen from the phase responses and data listed in Table 

3.2 that the tapered bowtie has smaller phase slopes with respect to both 

frequency and size. The two shapes have almost the same phase range. 

 

 

 

 
Figure 3.18. Geometry of the proposed tapered bowtie unit cell with half circles 

on each side. 

Figure3.19.The variation of the reflection coefficient magnitude with the 

frequency for tapered bowtie for various values of a and b. 
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Figure 3.20. The variation of the reflection coefficient phase with the frequency 

for tapered bowtie for various values of a and b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. Comparison of the phase responses of the conventional and tapered 

bowtie unit cell elements, at the frequency of 6.5 GHz.  
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3.5.2 The Tapered Bowtie (vertical electric field)      

In this set of simulations, the incident wave has an electric field normal to 

the width of the bowtie (along the Y-axis). The obtained results from the 

various simulations are shown in Figs. 3.22 and 3.23. The response of the 

magnitude of the reflection coefficient shown in Fig. 3.22, exhibits the same 

trend of decreasing resonance frequency with the increase in the size of the 

bowtie (increasing either width or height). 

   The phase response shown in Fig. 3.23 exhibits similar variation to those 

obtained for the conventional bowtie that were shown in Fig. 3.12. For heights 

of  3 mm and 4 mm, the phase changed slowly with frequency compared to the 

cases when the height was larger than 4 mm. 

 

 

 

 

 

 

Table 3.2. Phase response characteristics of the conventional and tapered 

bowtie unit cell elements, at the frequency of 6.5 GHz. 

Tapered bowtie  

Fig. 3.18 

Conventional 

bowtie 
Parameter 

 109.2 106.5 Max 

-213.2 -219.2 Min 

-52 -56.3 Center phase 

8.9 8.1 Element size for phase center 

322.4 325.7 Phase range 

213.6 289.7 Slope ( deg  /
 
mm) 

371.2 258 Slope ( deg /GHz) 
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Figure 3.22. The variation of the reflection coefficient magnitude with the 

frequency for various values of a and b. 

Figure 3.23. The variation of the reflection coefficient phase with the frequency 

for various values of a and b. 
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3.6 The Crossed Bowtie (Third Group) 

     As was noticed in the responses of previous groups, the performances of the 

bowtie elements were different for the two types of polarizations. This result 

has motivated a search for an element shape that responds equally to both 

polarizations. The suggestion was to combine two bowtie elements in 

quadrature, to form the crossed bowtie shape that is shown in Fig.3.24. The 

suggested element was investigated for the two types of polarizations.    

Figure 3.25 shows the obtained results when the electric field of the 

incident wave was in the horizontal direction. The response shows that the 

resonance frequency decreases as the bowtie element is increased. The phase 

response, depicted in Fig.3.26 reveals the same trend. Notably, the slopes of the 

phase responses remain nearly unchanged for different values of the dimensions 

a and b. It was also found that when the electric field of the incident wave was 

rotated by 90
o 
, the results were exactly the same, (they were not placed here for 

brevity). Therefore, the crossed bowtie responds to both polarizations equally, 

and this is a consequence of the two-dimensional symmetry of the bowtie 

shape. Many researchers have addressed this form of bowtie [70] [71]. 

 

 

 

 

 

 

 

Figure 3.24. Geometry of the crossed bowtie unit cell. 
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Figure 3.25. The variation of the reflection coefficient magnitude with the 

frequency for various bowtie sizes (a = b). 

Figure 3.26. The variation of the reflection coefficient phase with the frequency 

for various bowtie sizes (a = b). 
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3.7 The Square element      

Square element unit cell, as the name implies, have a conductive element 

in the shape of a square. The designed square element antenna is shown in 

Fig.3.27. The square element was simulated for the case when the electric field 

of the incident wave was along the X-axis, and the obtained results are shown in 

Figs. 3.28 and 3.29. The response of the magnitude of the reflection coefficient, 

shown in Fig.3.28, indicates the decrease of resonance frequency with the 

increase of the side length of the square. The phase response of the square 

element indicates a shift towards lower frequencies as the side length of the 

square is changed, as it can be seen in Fig.3.29.The performed simulations 

when the electric field of the incident wave was rotated to be along the Y-axis 

produced similar results, and the results are not presented here to avoid 

repetition. The finding is due to the symmetry of the element across the XY 

axes. 

    

 

 

 

Figure 3.27.Geometry of the square unit cell, a=b.        
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Figure 3.28. The variation of the reflection coefficient magnitude with the 

frequency for the square unit cell. 

Figure 3. 29. The variation of the reflection coefficient phase with the frequency 

for the square unit cell.  
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Based on the information given in Figure 3.28 and Fig.3.29, the phase 

relationship with the size of the element is plotted in Fig.3.30. It is compared 

with the phase response of the  cross bowtie antenna (see Table 3.3). It can be 

seen from the phase responses and the table that the  cross bowtie offers wider 

phase range but on the account of larger slope.  

 

 

 

 

 

 

 

 

 

Figure 3.30. Phase variation with the parameter of elements at center frequency 

7GHz.   
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3.8 Square Bowtie Antenna 

    In this configuration, a comparison was also made here between a square 

element  but  here with a bowtie shape with the same horizontal and vertical 

dimensions, where horizontal dimensions for bowtie is equal 2a and vertical 

dimensions b=2a,for square the dimensions equal 2a .  

 

 

 

 

Figure 3.32 to Fig. 35 for two elements, it turns out that we are still in line, 

and the resonance frequency decreases slightly with increasing dimensions, 

Table 3.3.  Phase response characteristics of cross bowtie and square element 

cell reflectarray antenna. 

Square  element Cross  bowtie The name 

84.9 90.5 Max 

-181 -230.9 Min 

-48 -70.2 Center phase 

4.2 7.8  Element Size for center phase 

265.9 321.4 Phase range 

117.5 226.6 Slope(
 
 deg /mm ) 

147.8 235.5 Slope (deg/GHz) 

Figure 3.31. Geometry of the square bowtie antenna, where outer dimensions 

are equal to those of the square element. 
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which may be related to the fact that large objects resonate at low frequencies. 

Figure 3.36  and Table 3.4 show phase variation with width of bowtie at center 

frequency 6.5 GHz. It can be seen from the phase responses and the table that 

wider phase range for two elements when compared with the previous case but 

still  bowtie offers wider phase range but on the account of larger slope. 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 32.The variation of the reflection coefficient magnitude with the 

frequency for the square bowtie  unit cell.  

Figure 3. 33. The variation of the reflection coefficient phase with the frequency 

for the square bowtie unit cell.  
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Figure 3. 35. The variation of the reflection coefficient phase with the frequency 

for the square unit cell.  

Figure 3. 34. The variation of the reflection coefficient magnitude with the 

frequency for the square unit cell.  



67 
 

 

 

 

3.9 The Disconnected Bowtie (Fourth group) 

     In the search for unit cells that can offer better performance, it was suggested 

to investigate the case when the two parts of the bowtie are disconnected. This 

Table 3.4.  Phase response characteristics of square bowtie and  square 

element cell reflectarray antenna. 

Square  element   Square bowtie The name 

112.8 112.3 Max 

-166.1 -220.3 Min 

-26.6 -54 Center phase 

8.8 6.8 Size for center phase 

278.9 332.6 Phase range 

86.8 275 Slope(deg/mm) 

166.6 347 Slope (deg/GHz) 

Figure 3.36. Phase variation with the width of bowtie at center frequency 

6.5GHz. 
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design can be grouped into firstly when the two triangles are facing each other 

(tip-to-tip orientation), and secondly when the bases of the two triangles are 

parallel. Both shapes are investigated in the following sections.  

3.9.1 Disconnected triangles (tip-to-tip) 

The disconnected bowtie unit cell, when the tips of the two triangles are 

facing each other is shown in Fig.37. The dimensions are set at 2a = 10 and b = 

5, while the gap between the triangles was varied from zero to 2 mm. The 

incident wave is assumed to have an electric field parallel to the width of the 

bowtie. 

The key variation in this design is the gap between the triangles, which can 

range from zero to some value. When the gap is set to zero, the two triangles 

are in electrical direct contact forming a single conductor. It is assumed that by 

varying the gap, the design allows for different configurations.  

The obtained results from the simulations are shown in Fig.3.38 and 

Fig.3.39. When the gap was increased above zero (the two triangles were 

separated) the resonance frequency increased from about 5.3 GHz to the range 

around 11 GHz. This means that the resonance frequency is almost doubled, 

which can be attributed to the fact that the width (horizontal distance) of each 

triangle is half that of the former bowtie element (connected triangles). In other 

words, halving the size results in double the resonance frequency.   

The other note is that changing the gap length will change the mutual 

coupling between the two triangles, and thus influence the resonance frequency 

as can be seen in Fig.3.38. 

The phase variations with frequency are shown in Fig. 3.39, and reveal fast 

changes around the frequency of 11GHz, where there is resonance. Such 
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variations are larger than those obtained from the conventional bowtie unit 

cells. The case with the vertical electric field did not offer better results. 

 

 

 

  

 

   

 

 

 

 

 

 

Figure 3.37. Different geometries for disconnected bowtie unit cell. 

Figure 3.38. The variation of the reflection coefficient magnitude with the 

frequency for the disconnected bowtie at gap; (a) 0mm,(b) 1mm, (c) 2mm. 
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3.9.2 Back-to-back triangles   

In this configuration, the two triangles were placed such that their bases 

are parallel as shown in Fig.3.40. The close proximity produces mutual 

coupling that results in a capacitor whose value decreases as the gap between 

the bases is increased. When the gap between the triangles is set to zero, the two 

triangles are in direct contact, creating a single conducting surface in the shape 

of rhombus. As the gap increases, the two triangles start to separate, resulting in 

an open space between them. By varying the gap the designer allows for 

various configurations.  

The proposed unit cell was simulated assuming an incident wave with an 

electric field along the X-axis, and dimensions (a= 5mm, and b= 5mm). Three 

gap values of 0, 1 mm, and 2 mm were assumed, and the obtained results are 

shown in Fig.3.41 and Fig.3.42. The magnitude response shows resonance 

frequency in the range from 10 GHz to 12 GHz. The phase response, shown in 

Figure 3.39: The variation of the reflection coefficient phase with the frequency 

for the disconnected bowtie at gap;(a) 0mm,(b) 1mm,(c) 2mm. 
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Fig.3.42, exhibits a slow phase variation when the gap is set to zero, while the 

variation tend to be faster when the gap is increased.    

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40. Back to back configuration of the bowtie unit cell with various 

gaps. 

Figure 3.41. The variation of the reflection coefficient magnitude with the 

frequency for the back-back bowtie at gap; (a) 0mm, (b) 1mm, (c) 2mm. 
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3.10 The Fractal (Dual) Bowtie Element    

In the model, two bowtie elements are combined into a single layer. The 

ratio between the sizes of the two shapes is (a2/a1) where a2 is the width of the 

inner bowtie and a1 is the width of the outer bowtie as shown in Fig.3.43. This 

shape was inspired by the fractal antenna proposed in [72]. Here the repetition 

idea of the fractal geometry is utilized. The idea behind this is to achieve larger 

bandwidth and hence lower phase slope.  

3.10.1 The Fractal Bowtie Element (horizontal electric field)   

 The fractal bowtie element, that is shown in Fig.3.43, was simulated with 

an incident wave having a horizontal electric field. It is noticeable from Fig 

3.44 and Fig.3.45that the effect of changing the ratio on the response is very 

small, as the disparity between the three curves is very small the reflection point 

for all tested values of (a2/a1) takes place at a frequency approximately 5.3 

GHz with a steep slope. The outer diemsion of the three cases was 10 mm, and 

Figure 3.42. The variation of the reflection coefficient phase with the frequency 

for the back-back bowtie at gap; (a) 0mm, (b) 1mm, (c) 2mm. 
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hence the resonance frequency was around 5.3 GHz. This indicates that the 

inner bowtie has small effect on the resonance frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure3.44.The variation of the reflection coefficient magnitude with the 

frequency for for ratio of a2 to a1;(a)0.5,(b)0.7,(c)0.8. 

Figure 3.43. Geometries of the investigated of the fractal bowtie element. 
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3.10.2 The Dual Tapered Bowtie Element (horizontal electric field)  

The same idea adopted in section 3.5.1 was used here, but the sides of the 

bowtie shape was tapered by half circles, as shown in Fig. 3.46. The ratio 

(a2/a1) where a2 is the width of the inner bowtie and a1 is the width of the outer 

bowtie is also used to describe the shape of the elements. As indicated in 

Fig.3.47 and Fig.3.48 the reflection point for each tested values of a1 and a2 

occurs at frequency around 6 GHz with sharp linear phase region at the same 

frequency as the disparity between the three curves. The outer diemsion (width) 

of the three cases was 03 mm, and hence the resonance frequency was around 6 

GHz. This indicates that the inner bowtie has small effect on the resonance 

frequency. 

 

 

 

Figure3.45.The variation of the reflection coefficient phase with the frequency 

for for ratio of a2 to a1;(a) 0.5,(b) 0.7,(c) 0.8. 
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Figure 3.46: Geometries of the investigated dual tapered bowtie element. 

Figure3.48. The variation of the reflection coefficient phase with the frequency 

for for ratio of a2 to a1;(a)0.5,(b)0.7,(c)0.8. 

Figure3.47.The variation of the reflection coefficient magnitude with the 

frequency for for ratio of a2 to a1;(a)0.5,(b)0.7,(c)0.8. 
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3.11 Elliptical Bowtie 

The proposed last  model aims to reduce the sharp edges of the bowtie  by 

replacing the use of a triangle with an elliptical shape, while still maintaining 

the conventional  bowtie appearance as illustrated in the Fig.3.49. The obtained 

results from the various simulations are shown in Figs. 3.50  

and 3.51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.49 Geometry of the investigated elliptical bowtie element at a=b mm. 

Figure 3.50. The variation of the reflection coefficient magnitude  with the 

frequency for various values of element size. 
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Based on the information given in Fig.3.50 and Fig.3.51, the phase relationship 

with the width of the element is plotted in Fig.3.52. It is compared with the 

phase response of the classic bowtie antenna under the same conditions a=b, 

(see Table 3.5). It can be seen from the phase responses and the table that the 

elliptical bowtie offers smaller slope compared to the bowtie but at the expense 

of reduced phase range.  

 

 

 

 

 

 

 

Figure 3.51. The variation of the reflection coefficient phase with the frequency 

for various values of element size. 
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Figure 3.52. The variation of the reflection phase with the element width (2a) of 

the triangular and elliptical bowtie elements at the center frequency of 8 GHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5.  Phase response characteristics of bowtie and  elliptical bowtie 

element cell reflectarray antenna.. 

Name Bowtie Elliptical bowtie  

Max phase 117 78.7 

Min phase -212.3 -212.6 

Phase Center -47.6 -66.9 

Element size 

for phase center 
8.4 8.4 

Phase range 329.3 291.3 

Slope (
O
/mm) 166.3 96.1 

Slope (linear region) (
O
/GHz) 386.4 132.2 
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3.12 Effective dielectric constant (     ): 

The unit cell representing the reflectarray is formed of a conducting patch 

on a grounded dielectric substrate. The electric field cannot be confined 

between the patch and the ground plane and some its fraction fringes outside. 

The electric field lines thus extend in the air. The effective dielectric constant is 

defined as value of a uniform dielectric material, which allows patch shown in 

Fig.3.53b to have the same electrical characteristics as the actual patch without 

fringing. The effective dielectric constant is given by  this formula [38]: 

𝜀     
    

 
 

    

 
*    

 

 
+
    

 .............  ) 3.1) 

 

Where    is the relative permittivity of the substrate that has a thickness 

of h, the patch size is W. 

As the effective relative permittivity is defined by Eq.3.0, then the 

effective wavelength λeff corresponding to a frequency f can be given by Eq.3.2: 

Where c is speed of light in vacuum,     is wavelenght in free space . 

 

     
 

 √     
     √      

 

 

 

(b)Effective dielectric constant  

 

(a)Microstrip line 

Figure3.53.(a) Microstrip line ,(b) Effective dielectric constant[38]. 

.............. )3.2) 



80 
 

3.13 Resonance frequency (fr)  

The resonance frequency of an antenna is that specific frequency at which 

the antenna operates most efficiently. The resonance frequency of an antenna is 

determined by its physical dimensions, such as length or geometry, and the 

electrical properties of the surrounding environment. The resonant frequency of 

the bow-tie patch's dominant      mode can be determined using a modified 

set of design equations. These equations are derived from the semi-empirical 

design equations for rectangular patch, as referenced in [73]. By utilizing the 

modified design equations, one can accurately calculate the resonant frequency 

of the solid bowtie patch for its dominant mode. 

   
 

 √   
(
     

  
)  …………………………………………………….   (1) 

   
 

 

(     ) (      )

(     )(     )
 ……………………………………………… (2)  

    
     (      )(

  
 

      )

(        )(
  
 

      )
 ………………………………………… 

   
    

 
  …………………………………………………………..  

since   =0, because there is no cut at the tip of the triangle, then 

  
   

 
 

 

 
  ………………………………………………...………. (5) 

This set of design equations involves variables denoted as the thickness, 

relative permittivity, and effective permittivity of the substrate and effective 

wavelength, represented as: h,     and    ,      

respectively. The geometric parameters are defined in Fig. 3.54 where W 

represented in our design by b and s by 2a.  

 

 )3.3) 

 

) 3.4) 

)3.5) 

) 3.6) 

)3.7) 
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Table 3.6 is a tabular representation of various design parameters for a  

solid bowtie antenna with different configurations for case fixed (a) at 4mm and 

changing b according to [73] where W=b/2 .The effective relative permittivity 

      as given by the above equations, increases as the value of b increases. The 

increase in        leads to a decrease in the effective wavelength according to the 

following relation (3.2). A dipole resonates at a certain frequency when its 

length is ½ wavelength. However, in bowtie ,the height of the dipole (b) also 

affects the resonance frequency. Such relation describing such effect can be 

deduced from the data listed in Table 3.6 

It can be seen from the Table that the ratio 2a/      is changing between 

0.312 to 0.260 for the lower resonance frequency. On the other hand, it changes 

from 0.523 to 0.54 for the upper resonance frequency. The changes can be 

attributed to the variation in height b of the bowtie shape.   

The resonance frequency found from the results shown in Table 3.6, as 

were found from the CST simulation, can be related to the dimensions of the 

bowtie shape by the following formula. 

                                                ……… (9)  

Here f is in GHz, dimensions are in mm,    and    are proportionality 

factors. For the shown dimensions in Fig.3.4 we have 

Wc 

S 

W 

Figure 3.54. Detailed design geometry of the entire structure including the 

solid bowtie . 

)3.8 )  
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              ……………………………………………….. (10) 

The two constants    and    can be found from the data listed in Table3.7 

We find the    and    for lower band and upper band. The error rate is 

approximately 1.5%, and at high frequencies, it appears that it does not depend 

on the dimensions. 

According to [74] where the authors considered  W = b, then      = 

λo/√(εreff). Table 3.8 is a continuation of the previous table representing different 

Table 3.7    and    calculations. 

Upper Band Lower Band 

      fr b a       fr b a 

0 1.425 11.4,11.4 3,4 4 -0.3 0.96 6.8,6.5 3,4 4 

0 1.425 11.4,11.4 4,5 4 -0.3 0.96 6.5,6.2 4,5 4 

0 1.425 11.4,11.4 5,6 4 -0.2 0.9 6.2,6 5,6 4 

0 1.425 11.4,11.4 6,7 4 -0.3 0.975 6,5.7 6,7 4 

0 1.425 11.4,11.4 7,8 4 -0.2 0.88 5.7,5.5 7,8 4 

0 1.425 average -0.26 0.935 average 

Table 3.6. Calculated features of bowtie element at  fixed a=4 and various 

values of b. 

a b fr(GHz) W         (mm)     (mm) 2a/      b/      

4 3 6.8 1.5 2.96 44.1 25.6 0.312 0.11 

4 3 11.4 1.5 2.96 26.3 15.28 0.523 0.196 

4 4 6.5 2 3.017 46.1 26.54 0.30 0.15 

4 4 11.4 2 3.017 26.3 15.14 0.528 0.264 

4 5 6.2 2.5 3.057 48.3 27.6 0.289 0.18 

4 5 11.4 2.5 3.057 26.3 15.04 0.531 0.332 

4 6 6.0 3 3.09 50 28.4 0.281 0.21 

4 6 11.4 3 3.09 26.3 14.96 0.534 0.401 

4 7 5.7 3.5 3.12 52.6 29.7 0.269 0.23 

4 7 11.4 3.5 3.12 26.3 14.88 0.537 0.47 

4 8 5.5 4 3.15 54.5 30.7 0.260 0.26 

4 8 11.4 4 3.15 26.3 14.81 0.54 0.54 

)3.9) 
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design configurations of a bowtie antenna along with their corresponding 

parameters. In this dataset, the unit cell  width "W" is equal to the unit cell  

height" b", and the effective wavelength "    " is calculated using the formula " 

  /√      . 

Table 3.8 is a confirmation of what was deduced with the difference of 

the values of the b. The variations in dimensions and resonant frequencies allow 

for optimizing the antenna's performance for specific applications. Shows 

various dimensions of the bowtie antenna "a" and "b" and their corresponding 

resonant frequencies for different configurations. Additionally, it provides 

values for the effective relative permittivity      , free space wavelength    

(mm), effective wavelength       (mm), as well as the ratios "2a/    " and 

"b/    ". 

   The resonance frequency is typically based on its length, generally half a 

wavelength in this case of a bowtie configuration, the height of the dipole (b) 

additionally impacts the resonance frequency.  

It can be seen from the table that the ratio 2a/      is changing between 

0.318 to 0.267 for the lower resonance frequency. On the other hand, it changes 

from 0.534 to 0.55 for the upper resonance frequency. The changes can be 

attributed to the variation in height b of the bowtie shape. This type of data is 

often crucial in antenna design research and development, as it provides 

valuable insights into the antenna's characteristics and helps engineers and 

researchers select the most suitable configuration for their intended applications 

.    
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Table 3.9 is a tabular representation of various design parameters for a  solid 

bowtie antenna with different configurations but here for  case fixed b at 4mm 

and changing a according [73]where W=b/2. The  Table3.9 also  includes same  

parameters previous Tables 3.6,3.8.The effective relative permittivity  

      is value is not affected  by the change  a  because the equation depends on 

the value of b. 

  A dipole resonates at a certain frequency when its length almost 1/4 

wavelength for lower band  and its length almost 1/2 wavelength for upper 

band. However, in bowtie dipole,the width  of the dipole "a" also affects the 

resonance frequency. Such relation describing such effect can be deduced from 

the data listed in Table 3.9.It can be seen from the table that the ratio 2a/      is 

changing between 0.27 to 0.3 for the lower resonance frequency. On the other 

hand, it changes from 0.4to 1 for the upper resonance frequency. The changes 

can be attributed to the variation in width a of the bowtie shape.   The resonance 

Table 3.8 Calculated features of bowtie element at W=b. 

 

a 
b fr(GHz) W         (mm)     (mm) 2a/      b/      

4 3 6.8 3 3.09 44.11 25.09 0.318 0.119 

4 3 11.4 3 3.09 26.3 14.96 0.534 0.20 

4 4 6.5 4 3.15 46.15 26 0.30 0.153 

4 4 11.4 4 3.15 26.3 14.81 0540 0.27 

4 5 6.2 5 3.21 48.38 27 0.296 0.185 

4 5 11.4 5 3.21 26.3 14.67 0.545 0.34 

4 6 6.0 6 3.25 50 27.73 0.288 0.216 

4 6 11.4 6 3.25 26.3 14.58 0.548 0.411 

4 7 5.7 7 3.29 52.63 29 0.275 0.241 

4 7 11.4 7 3.29 26.3 14.49 0.552 0.48 

4 8 5.5 8 3.33 54.54 29.88 0.267 0.267 

4 8 11.4 8 3.33 26.3 14.41 0.555 0.555 
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frequency found from the results shown in Table 3.9, as were found from the 

CST simulation, can be related to the dimensions of the bowtie shape by same  

formula . 

f=K1 *horizontal dimension + K2 * vertical dimension 

Here f is in GHz, dimensions are in mm, K1 ad K2 are proportionality factors. 

we have f= K1 *2a + K2 * b 

 The two constants K1 and K2 can be found from the data listed in Table 3.10 

f=K1 *horizontal dimension + K2 * vertical dimension.For the data in the table 

3.9, we have f= K1 *2a + K2 * b ,We find the K1 And K2 for lower band and 

upper band  at Table 3.10, highest error rate is approximately 13.2%. 

 

Table 3.9. Calculated features of bowtie element at  fixed b=4 and various 

values of a . 

a b fr(GHz) W(mm)         (mm)     (mm) 2a/      b/      

3 4 8 2 3.017 37.5 21.5 0.27 0.18 

3 4 11.5 2 3.017 26 14.96 0.4 0.26 

4 4 6.5 2 3.017 46.15 26 0.3 0.15 

4 4 11.4 2 3.017 26.3 15.14 0.52 0.26 

5 4 5.5 2 3.017 54.5 31.37 0.31 0.12 

5 4 11.4 2 3. 017 26.3 15.14 0.79 0.26 

6 4 4.7 2 3.017 63.36 36.47 0.32 0.10 

6 4 11.3 2 3.017 26.5 15.25 0.78 0.26 

6 4 13.8 2 3.017 22 12.66 0.94 0.31 

7 4 4.1 2 3.017 73.1 42 0.33 0.09 

7 4 11.2 2 3.017 26.7 15.37 0.91 0.26 

7 4 13.5 2 3.017 22.2 12.7 1.1 0.314 

8 4 3.6 2 3.017 83.3 47.9 0.33 0.03 

8 4 10.8 2 3.017 27.7 15.9 1 0.25 

8 4 13 2 3.017 23 13.2 1.2 0.30 
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 In order to confirm what has been concluded, the following Table 3.11 

will be similar to the previous table, but according  to [74] researcher  

considered that W=b, that The effective relative permittivity       and  its value 

is not affected  by the change  a  because the equation depends on the value of b 

but resonance frequency is affected because to change the size.But the 

difference here. It  can be seen from the table that the ratio 2a/     is changing 

between 0.28 to 0.34 for the lower resonance frequency. On the other hand, it 

changes from 0.41to 1.2 for the upper resonance frequency and this is due to the 

difference in resonance frequency. 

 

 

 

 

 

 

 

 

 

Table 3.10.    and    calculations 

Upper Band Lower Band 

K2 K1 fr b a K2 K1 fr b a 

2.96 -0.05 11.5,11.4 4 3,4 3.125 -0.75 8,6.5 4 3,4 

2.625 -0.5 11.4,11.4 4 4,5 2.625 -0.5 6.5,5.5 4 4,5 

2.975 -0.05 11.4,11.3 4 5,6 2.375 -0.4 5.5,4.7 4 5,6 

2.975 -0.05 11.3,11.2 4 6,7 2.075 -0.3 4.7,4.1 4 6,7 

3.625 -0.2 11.2,10.8 4 7,8 1.9 -0.25 4.1,3.6 4 7,8 

3 0.17 average 2.4 -0.44 average 
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Table 3.11. Calculated features of bowtie element at  fixed b=4 and various 

values of a . 

a b fr(GHz) W(mm)         (mm)     (mm) 2a/      b/      

3 4 8 4 3.15 37.5 21.12 0.28 0.18 

3 4 11.5 4 3.15 26 14.6 0.41 0.27 

4 4 6.5 4 3.15 46.15 26 0.30 0.15 

4 4 11.4 4 3.15 26.3 14.8 0.54 0.27 

5 4 5.5 4 3.15 54.5 30.7 0.32 0.13 

5 4 11.4 4 3.15 26.3 14.8 0.67 0.27 

6 4 4.7 4 3.15 63.36 35.6 0.33 0.112 

6 4 11.3 4 3.15 26.5 14.9 0.8 0.26 

6 4 13.8 4 3.15 22 12.3 0.97 0.32 

7 4 4.1 4 3.15 73.1 41.1 0.34 0.09 

7 4 11.2 4 3.15 26.7 15 0.93 0.26 

7 4 13.5 4 3.15 22.2 12.5 1.12 0.32 

8 4 3.6 4 3.15 83.3 46.9 0.34 0.08 

8 4 10.8 4 3.15 27.7 15.6 1 0.25 

8 4 13 4 3.15 23 12.9 1.2 0.31 
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  CHAPTER FOUR

INVESTIGATION INTO PROPOSED  DOUBLE RING  

 UNIT CELLS OF THE REFLECTARRAYS

4.1 Introduction 

 The reflectarrays consist of multiple elements that reflect the incident rays 

from a feed antenna located in front of the array. Each element must provide the 

required reflection phase, which was set in the design stage, or the reflectarray 

performance will be degraded because of reflection phase errors. The errors can 

also occur if the array element fails to provide the exact value of the required 

reflection phase range. To cover all possible phase values, a phase range of no 

less than 360° must be provided. Various approaches have been proposed in the 

past to provide phase range of more than 360°. Those included the use of 

variable-size patches for obtaining the required phase range with a small  slope 

[75]. In the case of microstrip patch elements, achieving a phase range close to 

360° comes at the cost of a steep slope in the phase as the patch size varies. 

Unfortunately, this sharp slope brings about a reduction in the bandwidth of the 

array elements and poses challenges in manufacturing. Striking a balance 

between these two aspects, phase range and small slope, consequently restricts 

the bandwidth of the reflectarray. Aiming to solve the problem of limited phase 

range and consequently small bandwidth in single-layer patch reflectarrays, 

there are two possible approaches. The first is to utilize multilayer variable-size 

patches [76]-[78], while the second option is to employ multiresonant 

broadband elements[55] [79][80]. Both these methods offer improved phasing 

range, lower slopes, and enhanced operational bandwidth for the reflectarray 

antenna as a whole. However, it is worth noting that multilayer variable size 
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patch reflectarrays come with their own set of challenges. Each layer needs to 

be manufactured individually, and the alignment and assembly of these layers 

must be done meticulously without any gaps. Consequently, this leads to 

increased manufacturing costs associated with this approach [81]. An enhanced 

version of a single-layer microstrip reflectarray element has been proposed, 

featuring a configuration of ring or double ring structures. This modification is 

designed to improve the performance of the reflectarray. By adjusting the size 

of these elements and increasing the thickness of the substrate, a significantly 

wider range of phase variation with a lower slope is achieved. This represents a 

notable improvement compared to conventional single-layer elements[7] 

[8][16][52].  Based on the selected shapes investigated in Chapter Three,  ring 

and double-ring element configurations were designed and investigated in this 

chapter. This chapter focuses on the examination of these rings, and double-ring 

elements through simulation to verify their performance. 

4.2 Single-Ring Bowtie Element  

     To enable a complete phase response range of 360°, the feasibility of using 

printed ring elements was explored. This approach aims to extend the 

operational capacity of the reflectarray by allowing the full swing of phase 

variation. Therefore, the designer can choose the right size of the element to 

supply the required phase shift of the element. 

In this chapter, it is proposed to convert the bowtie shape into a ring with 

the same profile. The investigations start with evaluating the performance of the 

unit cell elements of the bowtie shape in the form of a ring and compare it with 

the patch shape, as shown in Fig.4.1. A microstrip reflectarray operating at 

center frequency of 8 GHz is considered using the unit cell approach. The 

reflectarray is assumed to be formed of identical elements arranged in a square 
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array of 20 mm periodicity. The used substrate is assumed to be comprised of 

two layers. The first layer used Taconic TLY-5 having relative permittivity 

        thic3`kness h1=0.16 mm, and tangent loss tanδ=0.009. The second 

layer is formed of foam having        , thickness h2=3mm and zero loss. 

The unit cell was analyzed using the commercial electromagnetic software CST 

Microwave Studio. The overall shape was chosen to be a square with an outside 

length of 20 mm.The ring shape was generated in the CST software by scaling 

the initial bowtie shape with a factor S1, and subtracting the resulting shape 

from the original one. Therefore, the width of the ring W1= a (1- S1)/2, where 

S1 is a scale factor less than unity. 

 

 

 

  

Element   

Substrate 1  

Substrate 2  

Ground plane  

(c)  

(a)  (b)  

Figure 4.1. Geometries of the bowtie shape; (a) bowtie patch with 2a=b ,(b) 

bowtie ring with  2a=b  and ring width W1= a (1- S1)/2, (c) side view showing 

the substrates. 
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Figure 4.3. The variation of the reflection coefficient phase with the frequency 

for various bowtie sizes (2a = b). 

Figure 4.2.The variation of the reflection coefficient magnitude with the 

frequency for various bowtie sizes (2a = b) . 
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In order to assess the effect of the width of the ring on the performance of 

the unit cell element, rings of various widths were simulated by varying the 

scale factor S1. The phase responses were determined from the resulting 

reflection coefficient, as shown in Fig.4.4, where the phase is plotted against the 

outer width 2a or the size of the bowtie ring. It can be seen from the figure that 

as the scale factor increases (smaller ring width), the phase slope increases. The 

smallest phase slope is obtained for the filled bowtie (S1=0). The detailed 

characteristics of the obtained responses are listed in Table 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. The variation of the reflection coefficient phase with the width of 

the bowtie ring at center frequency of 8 GHz.. 
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  The configuration shown in Fig. 4.5 is generally similar to the previous 

case, but the two side rings are connected at the center of the bowtie to form a 

single conducting layer. The performance of this configuration is shown in Fig. 

4.6 and 4.7. Fig. 4.8 shows the obtained phase response for various widths of 

the ring compared to that for the filled bowtie.  It can be seen that as the width 

of the ring is reduced the phase slope increases and the phase range increases. 

Table 4.2 shows detailed comparison of the properties of the phase responses. 

The improvement in slope is evident here as it gave a lower inclination 

compared to the previous case. This is due to the decrease in sharp edges in the 

center [82] . 

 

Table 4.1. Phase response and characteristics of the bowtie and bowtie ring    

unit cells.  

Bowtie ring 

S1 (0.8) 

Bowtie ring 

S1(0.7) 

Bowtie ring 

S1 (0.5) 
Bowtie Name 

-68.9 -68.6 -68.3 -68.2 Max phase 

-400 -397.9 -395.6 -394.4 Min phase 

-234.4 -233.2 -231.9 -231.3 Center phase 

8.3 8.5 
8.7 9 

Element size for 

center phase 

331.1 329.3 327.3 326.2 Phase range 

340.6 285.5 250.5 176.9 Slope( deg /mm) 

236 359.5 436.2 528.7 Slope ( deg /GHz) 
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Figure 4.6. The variation of the reflection coefficient magnitude with the 

frequency for various bowtie sizes (2a = b) . 

Figure 4.5. Geometries of the bowtie shape: (a) bowtie patch with 2a=b,  

(b) bowtie ring with  2a=b  and ring width W1= a (1 – S1) /2.  

(a)  
(b) 
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Figure 4.7. The variation of the reflection coefficient magnitude with the 

frequency for various bowtie sizes (2a = b) . 

Figure 4.8. The variation of the reflection coefficient phase with width of bowtie 

at center frequency of 8 GHz. 
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4.3 Bowtie  Double Ring  Element 

When considering the design of a reflectarray, it is crucial to take into 

consideration the single or multiple resonating elements that compose the unit 

cell. To achieve multiple resonances, it is necessary for the unit cell to 

incorporate a significant number of resonating elements. The concept of 

utilizing stacked microstrip patches in multilayer microstrip reflectarrays 

already applies this principle [83]. This concept was extended to the design of 

multiple-resonant configurations within a single-layer unit cell, resembling the 

approach employed in multi- resonant microstrip reflectarrays [12][16][52]. As 

a result, dual ring element configurations were developed based on  the classic 

bowtie shape that  was investigated in Chapter Three. The performance of these 

double ring elements is being evaluated through simulation, as shown in the 

following subsections. 

       In the previous section, the extent to which the width of the  ring affects the 

response was studied and analyzed. In this section,the unit cell is composed of 

Table 4.2.Phase response and characteristics of the bowtie and  bowtie ring    

unit cell . 

Bowtie ring 

S1(0.8) 

Bowtie ring 

S1 (0.7) 

Bowtie ring 

S1 (0.5) 
Bowtie Name 

-68.1 -68 -67.6 -67.2 Max phase 

-397.8 -394.6 -391.1 -388.1 Min phase 

-232.9 -231.3 -229.3 -227.6 Center phase 

9 9.5 9.8 10 Element size 

329.7 326.6 323.5 320.9 Phase range 

254.7 173.7 158 109.1 Slope( deg /mm) 

306.5 245.1 233.8 202.5 Slope ( deg /GHz) 
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two rings. The inner ring is a scaled version of the outer ring. Referring to Fig. 

4.5, if the outer dimensions of the outer ring are:  

Width = 2a1, and height = b1=2a1, Then the inner ring was set as a scaled 

version of the outer ring, i.e. its dimensions are; 

 Width = 2a2 = S2 X 2a1, and height = b2= S2 b1 = S2X 2a1, where S2 is a 

scale factor for inner ring. Due to the fact that the inner ring is a scaled version 

of the outer one, then the width of the inner ring W2 will be W2 = S2X 

W1,where the subscripts 2 and 1 refer to inner and outer rings respectively.   

several cases of the double ring are analyzed in the following to select the 

appropriate shape. 

4.3.1  First Case   

Figure 4.9 shows the geometry of the proposed bowtie double ring unit 

cell. In this case, the two rings are connected at the center of the bowtie to form 

a single conducting layer as shown in Fig. 4.9, where the scale for width(W1) of 

outer ring is S1=0.8 ,inner ring S2=0.8 and for height inner ring(b2 ) is S2= 0.6. 

 

 

 

 

 

 

 

Figures 4.10 and Fig.4.11 show the obtained results of the bowtie double 

ring unit cell simulations. Figure 4.10 shows the magnitude of the reflection 

coefficient, where it can be seen that for every size of the element there are two 

   

Figure 4.9. Geometry of the investigated of unit cell; (a)bowtie , (b)bowtie 

ring, (c) double ring bowtie element at 2a1=b1. 

(a) (b)  (c)  
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resonance regions corresponding to the outer and inner rings. This finding is 

confirmed by examining the phase responses that are shown in Fig. 4.11, where 

two regions of fast changes can be easily seen. For example, when the width of 

the outer ring is set at (2a1=2x7=14 mm), the two regions are around the 

frequencies of 5 GHz and 7 GHz.  

 

 

 

 

 

 

 

 

Figure 4.12 and Table 4.3 show the phase response of a bowtie  and 

bowtie ring and bowtie double-ring unit cells at the center frequency of 8 GHz. 

Upon analysis, it becomes apparent that  the bowtie double-ring has two linear 

regions, so the slope was calculated for the first region and the second region. It 

is noted that the phase of the reflection coefficient undergoes a change of more 

than 360°  approaching 700° for the bowtie  double ring. 

 

 

 

Figure 4.10: The variation of the reflection coefficient magnitude with the 

frequency for various double ring bowtie sizes (2a1=b1). 
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Figure 4.11. The variation of the reflection coefficient phase with the frequency 

for various double ring bowtie sizes (2a1=b1). 

Figure 4.12. The variation of the reflection coefficient phase with the width of 

the bowtie at a center frequency of 8 GHz. 
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The models in Fig.4.9 were compared to the classical shape of the bowtie 

under the same conditions for the inner ring dimension and the outer ring as 

shown in Fig.4.13. It turned out that it has a lower slope for both regions as 

shown in Fig.4.16 and  listed in Table 4.4. 

 

Table 4.3. Phase response and characteristics of the bowtie,  ring bowtie, and  

bowtie double ring unit cells. 

Bowtie double ring 
Bowtie 

ring 
Bowtie Name 

-68.4 -68.1 -67.2 Max phase 

-752.2 -397.8 -388.1 Min phase 

-410.3 -232.9 -227.6 Center phase 

9.8 9 10 
Element size  

for phase center 

683.8 329.7 320.9 Phase range 

262.8 Slop for First region 

254.7 109.1 Slope( deg /mm) 
145.4 Slop for Second region 

357.5 Slop for First region 
306.5 202.5 Slope ( deg /GHz) 

473 Slop for  Second  region 

  
 

 

 

(a)  (b) (c) 

Figure 4.13. Geometry of the investigated unit cell; (a) bowtie, (b) bowtie ring, (c) 

double  ring bowtie element at b1=2a1. 
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Figure 4.14. The variation of the reflection coefficient magnitude with the 

frequency for various  double ring bowtie sizes (2a1 = b1). 

Figure 4.15.The variation of the reflection coefficient phase with the frequency 

for various   double ring bowtie sizes (2a1 = b1). 
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Table 4.4. Phase response and characteristics of the bowtie , bowtie ring  and  

bowtie double  ring unit cell. 

Bowtie double ring 

Bowtie 

Ring 

 

Bowtie Name 

-69.1 -68.9 -68.2 Max phase 

-755 -400 -394.4 Min phase 

-412 -234.4 -231.3 Center phase 

10 8.3 9 Element size 

685.9 331.1 326.2 Phase range 

266.6 Slop for First region 

340 176.9 Slope( deg /mm) 
292.3 Slop for Second region 

525.5 Slop for First region 

236 528.7 Slope ( deg /GHz) 482.2 Slop for Second region 

Figure 4.16. The variation of the reflection coefficient phase with width of 

bowtie  at center frequency 8GHz. 



103 
 

4.3.2 Second Case  

The difference of this case from the previous one is that the inner part is a 

filled bowtie , not a ring. The scale for the width of the outer ring was S1=0.85, 

while the scale for the width of the inner bowtie was S2=0.8 and for its height( 

b2) S2=0.6 as shown in Fig.4.17.From Fig 4.18 and Table 4.5, it is noted that 

the phase decreases with increasing slope for the first region , which indicates 

that it is not the most suitable model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. The variation of the reflection coefficient phase with width of bowtie  

at center frequency 8GHz. 

Figure 4.17. Geometry of the investigated of unit cell. 
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4.3.3 Third case  

The analysis of the wide double loop will be carried out, based on the 

previous results. It was reached by the fact that the wider the loop, giving  the 

lowslope, as shown in Fig.4.19. From the results obtained in Fig.20 and table 

4.6, a decrease in the phase range is observed as the second response region 

moves away. This happens due to the smallness of the inner ring, but it results 

in a lower slope. 

 

 

 

 

 

 

 

 

Table 4.5. Phase response and characteristics of the Second case. 

Bowtie double ring  Name 

-68.1 Max phase 

-745.8 Min phase 

-338.8 Center phase 

8.6 Element size for center phase 

677.7 Phase range 

307.5 Slop for First region 
Slope( deg /mm) 

98.4 Slop for Second region 

238.1 Slop for First region 
Slope ( deg /GHz) 

330 Slop for Second region 

Figure 4.19. Geometry of the investigated of unit cell. 
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4.3.4  Fourth case  

Based on the findings in Chapter 3, the elliptical shape exhibited a lower 

slope compared to the other proposed models for the bowtie. This is attributed 

to the reduction of sharp edges, as indicated by the research [82]. Therefore, it 

will also be compared here with the ring and double ring configurations, as 

illustrated in the following Fig.4.21. Where it was a=b , S1=0.8 and S2=0.7. 

Table 4.6 .Phase response and characteristics of the third 

case . 

Bowtie double ring  Name 

-67.8 Max phase 

-507.2 Min phase 

-287.5 Center phase 

9.8 Element size for center phase 

439.4 Phase range 

122.4 Slope( deg /mm)  

211.2 Slope ( deg /GHz) for First region 

Figure 4.20.The variation of the reflection coefficient phase with width of 

bowtie  at center frequency 8GHz. 
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The figures from 4.22 to 4.27 illustrate the reflection coefficient magnitude with 

the frequency and reflection coefficient phase with the frequency for each 

model (elliptical bowtie, elliptical bowtie ring, elliptical bowtie double ring). 

The width  of elliptical bowtie was plotted along with the phase, as shown in 

the Fig.4.28.It can be observed that it yielded two linear regions, and the slope 

was calculated for each region, as shown in Table 4.7. It is noteworthy that it 

gave a lower slope compared to the other analyzed models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.22.The variation of the reflection coefficient magnitude with the 

frequency for various   elliptical bowtie sizes (b=a). 

Figure 4.21. Geometry of the investigated of unit cell;(a) elliptical bowtie (b) 

;elliptical bowtie ring ;(c) elliptical bowtie double ring at a=b. 

(a)  (b) (c) 



107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23. The variation of the reflection coefficient phase with the frequency 

for various   elliptical bowtie sizes (b=a). 

Figure 4.24. The variation of the reflection coefficient magnitude with the 

frequency for various   elliptical bowtie ring  sizes (b=a). 
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Figure 4.25.The variation of the reflection coefficient phase with the frequency 

for various   elliptical bowtie ring  sizes (b=a). 

Figure 4.26. The variation of the reflection coefficient magnitude  with the 

frequency for various   elliptical bowtie double ring  sizes (b=a). 
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Figure 4.27. The variation of the reflection coefficient phase  with the 

frequency for various   elliptical bowtie double ring  sizes (b=a). 

Figure 4.28. The variation of the reflection coefficient phase with width of 

elliptical bowtie  at center frequency 8GHz. 
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Table 4.7. Phase response and characteristics of the elliptical  bowtie ,  

elliptical bowtie ring  and elliptical   bowtie double  ring unit cell. 

Elliptical Double ring 

Elliptical 

Bowtie 

Ring 

 

Elliptical 

Bowtie 
Name 

-64.5 -64.5 -64.1 Max phase 

-695.9 -371.4 -338.5 Min phase 

-380.2 -217.9 -201.3 Center phase 

14.6 12.8 
14.8 

Element size  for 

center phase 

631.4 306.9 274.4 Phase range 

131.4 Slop for First region 

102.1 63.4 Slope( deg /mm) 
198.3 Slop for Second region 

149.5 Slop for First region 

119.1 117.5 
Slope ( deg 

/GHz) 358 Slop for Second region 
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CHAPTER FIVE 

CONCLUSION AND FUTURE WORK 

5.1 Conclusions 

The reflectarray antenna combines the functions of a reflector antenna 

and an array antenna. The analysis of the reflectarray antenna has revealed the 

influence of various parameters on the phase response performance of its 

elements. The investigations have revealed the following conclusions: 

1-The geometry of bowtie has been utilized in the construction of elements 

suitable for reflectarray antennas as it is known in antenna applications to have 

wide band compared to the thin dipole antenna.  

2-The unit cell approach simplifies the analysis as only one element of the 

reflectarray is investigated. The assumption of the boundary conditions (perfect 

metallic walls and perfect magnetic walls) helped to treat the whole array 

through a single element. The obtained results from the unit cell were the 

reflection coefficient S11 assuming a waveguide port. The magnitude of S11 

was used to determine the resonance frequency, while the dip (minimum value 

of |S11| gives indication about the loss incurred by the element.  

 3-The study demonstrated that by manipulating the shapes of elements and 

adjusting the dimensions, the characteristics of desired features of the phase 

response can be controlled and optimized. These characteristics encompass the 

phase range and the slope of this phase with respect either the element size or 

the frequency.  

4-The investigations have been conducted on various bowtie element shapes, 

and results shown that using a single resonance element in a unit cell can result 

in a slower phase slope, but this comes at the cost of a limited phase range, 

typically less than 300°.  
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5- The bowtie was specially developed to achieve element shapes that generate 

a suitable phase response with a low slope, achieving the desired phase slope 

and resulted in reducing the phase range to below 360°. The slope of the phase 

response can be reduced by tapering the sharp corners of the element. 

Moreover, substrate with lower permittivity can offer lower phase response.   

6-To solve the problem of the reduced phase range that results from adopting 

developed elements for the reduction of the phase slope, double ring elements 

were found a suitable solution.  

7-The proposed bowtie shapes were implemented as a single ring configuration, 

and then further extended to a double ring configuration to achieve the desired 

phase range and slope. Therefore, some of the increased phase range by 

adopting the double ring configuration can be tolerated in the process of 

reducing the phase slope. 

8-A double ring design of bowtie shape was investigated and compared with the 

conventional and single ring design.  

9-The proposed double ring elements showed double resonance that were 

manipulated to achieve lower phase slope with a linear phase characteristic over 

an adequate phase range. 

5.2 Future Work 

Overall, reflectarray antennas continue to be an area of active exploration 

and development, with the potential for significant advancements in the future. 

The following aspects can be considered to develop the performed work 

in this dissertation:  

1-Investigating other shapes for the unit cell that are expected to give better 

performance as regards to the slope of the phase response and the range of the 

phase. 
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2- Searching among available substrates for favorable characteristics that help 

to achieve lower phase slopes. 

3-The achieved simulation results need verification by experimental 

measurements. 
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