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ABSTRACT 

 

 

DESIGN AND CHARACTERIZATION OF L-PROBE 

REFLECTARRAY AND TRANSMITARRAY 

 

 

 Ng Wai Hau  

 

 

 

 

 

 

Reflectarray and transmitarray are two popular antenna arrays which have 

been widely used in many wireless applications such as the satellite 

communication transmissions, and radar systems due to their capability of 

providing high antenna gain in a certain direction. The two antenna arrays 

consist of an array of radiating elements illuminated by a feeding source. The 

working principle of reflectarray is similar to parabolic dish whereas 

transmitarray is akin to lens. For the case of reflectarray, oblique source 

illumination is often desirable as the blockage of main radiation beam by the 

feed can be reduced. For the case of transmitarray, the feed antenna can be 

placed directly at the center of the aperture. Similar to the conventional 

antenna array, active devices such as varactor and diode can be incorporated 

into the reflectarray and transmitarray to enable beam scanning. 

 

In the first project, the L-shaped probes have been deployed for 

designing a broadband reflectarray, working at the center frequency of 7.1 

GHz. The unit element is first simulated using the unit cell boundary 

conditions to extract the S-curve. Simulation shows that a linear reflection 

phase range of 454.2° is achievable. With the use of S-curve, the unit element 
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is then designed into a full-fledged reflectarray which consists of 121 elements. 

The proposed reflectarray has been fabricated, and measured. Measurement 

shows that the proposed reflectarray can achieve an antenna gain of 20.4 dBi 

with a broad -1 dB gain bandwidth of 15.38%. 

 

For the second project, the L-shaped probes are further deployed for 

designing two transmitarrays for realizing two different linear polarization 

operations in the C-band. One transmitarray has its transmitting wave 

polarized vertically and the other horizontally. The polarization of the 

transmitting wave can be manipulated by adjusting the probes orientation at 

the transmitting side of transmitarray. To demonstrate the idea, the 

transmitarray elements are simulated using the Floquet method. Linear phase 

curves with phase ranges of more than 360° were achieved. When designed 

into 9×9 full transmitarrays, the vertically polarized transmitarray has an 

antenna gain of ~21 dBi with a broad -1 dB gain bandwidth of 11.62% at the 

operating frequency of 7.8 GHz, whereas the horizontally polarized 

transmitarray has an antenna gain of ~19 dBi with a wide -1 dB gain 

bandwidth of 10.39% at the center frequency of 7.4 GHz. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Backgrounds and Issues 

 

Antenna is a vital part of all wireless communication systems for 

transmitting or receiving electromagnetic wave signals. Basically, antennas 

can be categorized into two major types of radiators: the omnidirectional 

antenna and the directional antenna. The omnidirectional antenna is commonly 

used when a wireless system needs to cover a moderately large area in all 

directions and the gain of the antenna is not of concern. The directional 

antenna, on the other hand, is utilized when antenna gain is of paramount 

importance as it can focus and direct electromagnetic energy to a specific 

direction. The directional antenna is usually used for long range 

communications such as the satellite communications and radar systems. 

 

Parabolic reflector, as illustrated in Figure 1.1, is a type of directional 

antenna which has been extensively relied upon in the past for long range 

communications. However, the parabolic reflectors come with several 

disadvantages. First of all, the reflecting disc of the parabolic reflector is 

usually made of metallic materials, making it heavy and bulky. For this reason, 

it is unsuitable for space-borne applications (Huang, 1995). Next, fabrication 

of the reflecting disc which is curved in shape is usually challenging and 

difficult, leading to a costly manufacturing process. Although a mechanical 
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rotator can be integrated into the parabolic reflector for introducing beam-

scanning functionality, it is only suitable for capturing slow-changing wireless 

signals. 

 

  Feed 

Antenna

Supports

Reflected Beams

Wavefront

Parabolic 

Reflector

 

 

Figure 1.1: A parabolic reflector. 

 

The phased array is another type of conventional antenna for use in 

high-gain applications. It is a combination of multiple antennas to achieve 

high antenna gain. Figure 1.2 shows the schematic of a typical phased array. It 

is composed of three modules: the power dividers, the phase shifters and the 

antenna elements. The power dividers split and distribute the input signal and 

the phase shifters provide different phases to each of the antenna elements for 

enabling beam scanning. Although the limitations of the parabolic reflector 

have been overcome in the phased array, the phased array suffers high 

insertion losses from the power divider and the phased shifter modules. 
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Figure 1.2: Reconfigurable phased array. 

 

A new type of antenna array, which is known as the reflectarray, is 

introduced to overcome the shortcomings of the parabolic reflector and the 

phased array. Essential features of the parabolic reflector and the phased array 

are also possessed by the reflectarray (Mener et al., 2013). The configuration 

of a typical reflectarray is depicted in Figure 1.3. It consists of an array of 

radiating elements printed on a substrate and the radiating elements are 

spatially illuminated by a feeding source. Unlike the parabolic reflector, the 

reflectarray has a flat reflecting surface, making it lighter and easier to 

manufacture. In addition, unlike the phased array, the reflectarray does not 

require any power dividing networks to feed each of the radiating elements 

(Pan et al., 2012). As a result, losses in the reflectarray are lower than the 

phased array. There are two feeding schemes in reflectarrays: center-fed and 

offset-fed. A center-fed reflectarray will have its feeding source placed at the 

boresight of the antenna while an offset-fed reflectarray has the feed antenna 

positioned at an oblique angle. Reflectarray with center-fed scheme often 

exhibits poorer radiation performances due to the blockage of the feed antenna, 

which interrupts and scatters the reflected waves of the reflectarray. Although 

an offset-fed reflectarray does not suffer from the feed blocking loss, the 



4 

 

reflectarray will obtain undesirable effects such as higher cross polarization, 

beam squinting, and feed image (Almajali et al., 2014; Shaker et al., 2014). 
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Radiating 

Elements

  Feed 

Antenna

Wavefront

 

(a) 

 

  Feed 
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Ground

Radiating 

Elements

Wavefront

 

(b) 

Figure 1.3: The configuration of a typical reflectarray. (a) Center-fed (b) 

offset-fed. 

 

An alternative to the reflectarray is the transmitarray, which has the 

features of the phased array and the dielectric lens. A transmitarray usually 

consists of multiple stacks of conducting layers illuminated by a feeding 

source, as illustrated in Figure 1.4. To achieve best radiation performances, the 
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feed antenna is usually placed at the center of the aperture without any 

inclination angle. Electromagnetic energy illuminated from the feed antenna is 

received at one end and re-radiated from the other end of the transmitarray. 

Hence, problems encountered in the center-fed and offset-fed reflectarrays are 

alleviated for transmitarrays. By incorporating active elements such as diodes, 

a transmitarray can be made steerable which favors applications such as 

satellite-based communication systems. 

 

Beam Direction

Substrate

  Feed

Antenna

Radiating Elements

 

 

Figure 1.4: The configuration of a typical transmitarray. 

 

 

1.2 Key Performance Indicators for Reflectarray and Transmitarray 

Unit Elements 

 

In this section, the key performance parameters which are used for 

describing the performances of the unit elements of the reflectarray and the 

transmitarray are discussed. 
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1.2.1 Reflection Magnitude and Transmission Magnitude 

 

Reflection magnitude (|S11|) and transmission magnitude (|S21|) are 

denoted as the amount of electromagnetic waves reflected and transmitted 

away from the radiating elements of the reflectarray and the transmitarray, 

respectively. They are expressed in decibel (dB). For a unit element to radiate 

effectively, it is important to ensure the reflection magnitude of the 

reflectarray element and the transmission magnitude of the transmitarray 

element are close to 0 dB. For both of the parameters, the acceptable 

amplitude level is -3 dB. 

 

For the reflectarray elements, the reflection magnitude is affected by 

factors such as the substrate thickness of the unit element and the losses within 

the unit element. According to Karnati et al. (2013), the reflection magnitude 

of a reflectarray element can be made higher by increasing the substrate 

thickness. It was reported in (Bozzi et al., 2004) that a reflectarray element 

exhibits two types of losses, namely, metal loss and dielectric loss. Metal loss 

is the loss contributed by conductor that exists in the unit element; whereas 

dielectric loss is the loss caused by the substrate of the unit element. Any 

increase of these two losses will result in a lower reflection magnitude. It was 

also report in (Bozzi et al., 2004) that the reflection magnitude of a unit 

element is also affected by the shape of the unit element. 
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1.2.2 Reflection Phase and Transmission Phase 

 

Reflection phase (also known as S-curve - S11) and transmission 

phase (S21) are referred as the phases generated at a particular frequency by 

varying one of the geometrical phase-shifting parameters of the reflectarray 

element and the transmitarray element, respectively. They are useful for 

compensating the propagation paths of the propagating electromagnetic waves, 

travelling from the feeding source to the radiating elements. When designing 

the unit element, it is crucial to ensure a minimum phase range of 360° is 

achievable so that arrays of any sizes can be designed. Other than that, it is 

also important to make sure the gradient of the phase curve to be slow and 

linear so that the dimensions between the adjacent elements are 

distinguishable. 

 

 

1.3 Key Performance Indicators for Reflectarray and Transmitarray 

 

In this section, the three important parameters - antenna gain, aperture 

efficiency, and gain bandwidth are described for evaluating the performances 

of the reflectarray and the transmitarray. 

 

 

1.3.1 Antenna Gain 

 

Antenna gain is a measure of the capability of an antenna to direct 

electromagnetic waves to certain directions. It is usually compared with the 
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isotropic antenna, which is a theoretical antenna that radiates equally in all 

directions. Therefore, it is expressed in dBi. The gain of an antenna can be 

found using equation (1.1). Based on the equation, it can be noted that the 

antenna gain is always lower than its directivity due to the fact that the 

radiation efficiency of an antenna is always less than unity in practical. 

 

Antenna Gain = Radiation Efficiency × Directivity (1.1) 

 

Several factors are affecting the antenna gain of a reflectarray and a 

transmitarray. The first factor is the number of unit elements that exist in the 

antenna array. Antenna arrays with more unit elements will usually achieve a 

higher antenna gain. The gain of the antenna array is also affected by the 

separation distance between the elements. For a microstrip antenna array, the 

unit elements are typically separated by 0.5λ to 0.6λ to reduce the unwanted 

side lobes. Losses such as the taper loss, quantization loss, and spillover loss 

can significantly reduce the antenna gain. However, such losses can be easily 

mitigated by optimizing the ratio between the focal length and the size of the 

antenna array (f/D ratio) (Kaouach et al., 2011; Clemente et al., 2012; Jiang et 

al., 2013). 

 

 

1.3.2 Aperture Efficiency 

 

Aperture efficiency is a measure of how effective the physical area of a 

reflectarray and a transmitarray is utilized. It can be calculated using equation 
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(1.2). The typical aperture efficiency of a reflectarray and a transmitarray is in 

the range of 0.4 to 0.6. 

 

A

G
na





4

2

  (1.2) 

 

where 

na  = aperture efficiency of the reflectarray or transmitarray 

G  = antenna gain 

λ  = wavelength at the center frequency of the reflectarray or transmitarray, m 

A  = aperture area of the reflectarray or transmitarray, m2 

 

 

1.3.3 Gain Bandwidth 

 

There are two common values for measuring the bandwidth of a 

reflectarray and a transmitarray: -1 dB and -3 dB gain bandwidths. For stricter 

requirement, -1 dB gain bandwidth is usually selected. It is defined as the 

range of frequencies at which the drop in the antenna gain to be 1 dB. It is 

widely known that the bandwidth of an antenna array is greatly restrained by 

the properties of the unit element. The f/D ratio is another parameter that 

affects the bandwidth of the antenna arrays. 
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1.4 Research Objectives and Motivation 

 

In this dissertation, a type of resonator formed by the L-shaped probe 

is explored for designing the reflectarray and transmitaray. There are three 

main aims for conducting this research. The first aim of this research is to 

investigate the use of the L-shaped probes for achieving linear phase curve in 

the design of the reflectarray and transmitarray elements. The characteristics 

of the L-shaped probes are further investigated for designing the broadband 

reflectarray and transmitarray with minimal number of layers. The L-shaped 

probes are also explored for realizing two different linear polarization 

operations in the transmitarray. 

 

To meet all the research objectives, two projects have been conducted. 

The first project goes to designing a reflectarray while the second project is 

devoted to designing two transmitarrays. In both projects, by co-joining two 

L-shaped probes of different lengths side-by-side, linear phase curves with 

phase ranges of more than 360° are obtained. With the use of only a layer of 

low cost FR4 substrate as the base support for the L-shaped probes, the 

proposed reflectarray and transmitarrays are able to provide high antenna gain 

and broad -1 dB gain bandwidth of not less than 10%. It was found that the 

proposed transmitarray can generate the vertically and horizontally polarized 

waves by adjusting the orientation of the L-shaped probes on the transmitting 

side of the transmitarray. To demonstrate the ideas, the prototypes of the 

antenna arrays have been designed, fabricated, and measured. Parametric 

analysis has been conducted to analyze the effects of the design parameters. 
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1.5 Thesis Overview 

 

This dissertation is consisted of five chapters. The first chapter is 

started with discussions on the backgrounds and issues of the conventional 

antennas and the introduction of the two new antenna arrays: the reflectarray 

and the transmitarray. The key performance indicators of the reflectarray and 

the transmitarray are presented. In the last part of the chapter, the research 

objectives and motivation are clearly projected. 

 

In the second chapter, the developments of the reflectarray and 

transmitarray are elaborated, followed by detailed explanations on the design 

methodologies and design procedures. The design limitations are also 

discussed. 

 

In the third chapter, the reflectarray which is designed using the L-

shaped probes is presented. Details of the configurations, fabrication, and 

measurement setup as well as the simulation and measurement results are 

included. Parametric analysis has been conducted to study the characteristics 

of the design parameters. 

 

In the fourth chapter, the concept of dual linear polarization is 

presented with the design of two L-probe transmitarrays. The configurations 

and fabrication, along with results from simulation and measurement are 

presented. Other findings such as the effects of the design parameters are also 

demonstrated. 
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In the fifth chapter, the research works are summarized and concluded. 

The key findings of the research are discussed.  
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CHAPTER 2 

 

BACKGROUND AND DEVELOPMENT 

 

 

2.1 Development History 

 

The idea of reflectarray was first conceived by Berry et al. (1963) in 

the early 1960s. The first reflectarray was designed and constructed using 426 

open-waveguides cascaded in array, which are fed by a horn antenna. Due to 

the heaviness and bulkiness of the waveguide especially when designed at 

lower frequency, the waveguide-based reflectarray was hindered from further 

development. Later, Phelan (1977) proposed the active spiraphase reflectarray 

where switching diodes were incorporated in between the four spiral arms for 

achieving circularly polarized and beam steering at the same time. The 

spiraphase reflectarray did not get great attention as the structure was still 

relatively huge and heavy. 

 

In the late 1970s, microstrip technology began to emerge and it had 

enabled the advancement of the reflectarray. The first microstrip reflectarray 

was proposed by Malagisi (1978) and the microstrip element was analyzed by 

Montgomery (1978) using finite array approach. To further reduce the size and 

mass of the reflectarray, different types of microstrip elements have been 

introduced. Examples of the unit element configurations are identical patches 

with phase delay lines of different lengths (Chang and Huang, 1995), dipoles 

with variable dipole lengths (Kelkar, 1991), and patches of variable sizes 
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(Pozar and Metzler, 1993; Pozar et al., 1997), as illustrated in Figure 2.1 (a), 

(b), and (c), respectively. 

 

  

 (a)  (b) 

 

 

(c) 

Figure 2.1: Different types of microstrip reflectarray elements, (a) identical 

patches with phase delay lines of different lengths, (b) dipoles 

with variable dipole lengths, (c) patches of variable sizes. 

 

Due to inherent narrow bandwidth of the microstrip reflectarray, 

several approaches have been made in order to overcome the bandwidth 

limitation. The initial method was using a thick substrate for designing a 

single layer reflectarray (Sze and Shafai, 1999). Such method was proven to 

be able to improve the bandwidth of the reflectarray, but at the expense of 

reducing the attainable phase range. Later, multilayer reflectarray (Encinar, 

2001) was introduced to enhance the bandwidth of the reflectarray. Recently, 

the single-layered multi-resonant element (Cadoret et al., 2005) and the 
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subwavelength coupled-resonant element (Nayeri et al., 2011) were proposed 

to achieve wideband operation. 

 

The concept of transmitarray was originated from the dielectric lens. 

The transmitarray has working principle similar to that for the dielectric lens, 

which is illustrated in Figure 2.2 where the incoming electromagnetic waves 

that pass through the dielectric lens are refracted and converged at the focal 

point. One of the earliest developments of dielectric lens was found in 1946, 

where the dielectric lens was capable of providing wide-angle beam scanning 

capability (Friedlander, 1946). Although the dielectric lens does not have 

aperture blockage issue as encountered in the parabolic reflector, it is bulky 

when designed at lower frequency, and the complexities in the design and 

fabrication often require sophisticated tooling, which results in a higher 

manufacturing cost. 

Refracted waves

Focus
Incoming 

  waves

Thin Lens

 

 

Figure 2.2: A thin lens. 

 

Planar lens antenna, also known as microstrip transmitarray, has the 

features of low profile, light weight and easy to manufacture while mitigating 
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the shortcomings of the dielectric lens. Due to the attractive attributes of the 

microstrip transmitarray, it has lured the attention and interest of many 

researchers. Some of the early developed microstrip transmitarrays were 

dipole array lens antenna (Milne, 1982), planar three-dimensional constrained 

lenses (McGrath, 1986), and flat lens antenna using aperture coupled 

microstrip patches (Pozar, 1996), which are depicted in Figure 2.3. One of the 

main challenges in designing the transmitarray is that the unit element itself 

must provide sufficient transmission phase range, while maintaining good 

transmission at the operating frequency passband. Since a single-layered 

transmitarray element can only provide a phase range of not more than 90° 

(Abdelrahman et al., 2014a), most of the transmitarray elements were 

proposed in multilayer configurations for achieving larger phase range 

(Shibayama et al., 2010; Wang et al., 2012; Chen et al., 2013b; Liu et al., 2015; 

Abdelrahman et al., 2015).  

 

dipoles

 

    slots in 

ground plane

stripline

radiating patch

receiving patch

 

 (a)  (b) 

Figure 2.3: Various transmitarray elements, (a) dipole lens, (b) aperture 

coupled microstrip patches. 
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2.2 Design Procedures of Reflectarray and Transmitarray 

 

In general, there are two methods that can be employed when 

designing the reflectarray and the transmitarray. The first method is known as 

direct optimization technique (DOT), where all the unit elements of the 

antenna array are optimized concurrently. This technique is based on spectral 

domain method of moment (SDMoM) and local periodicity is presumed, 

where the antenna array element is expanded into an infinite array of identical 

elements. It was demonstrated by Zhou et al. (2013) for designing 

reflectarrays. The technique is highly advantageous and useful when the unit 

elements are positioned randomly on the radiating aperture, the unit elements 

are of arbitrary shapes, or a much optimal design of antenna array is required. 

Nevertheless, the DOT requires high computational resources and a lot of time 

in simulating, analyzing, and optimizing in order to obtain the optimized 

design. 

 

The second method is called phase-only optimization technique (POT), 

which also employs SDMoM and assuming local periodicity. In the POT, the 

antenna array elements are optimized one by one to match the phase 

distribution on the array surface. It is suitable for antenna array which is 

designed either in square or circular grid with equal or unequal element 

spacing. In contrast to the DOT, the POT is much straightforward, more 

efficient in terms of computation time and, at the same time, most optimal in 

design with accurate results. In fact, the POT is a popular choice and it has 

been extensively applied by many researchers in the past for designing 

different types of reflectarrays and transmitarrays (Encinar and Zornoza, 2004; 
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Carrasco et al., 2008; Encinar et al., 2011; Ryan et al., 2010; Shaker et al., 

2014). 

 

In this dissertation, the proposed L-probe reflectarray and 

transmitarray are designed using the POT. The design procedure is 

summarized in a flowchart, as illustrated in Figure 2.4. Firstly, the L-probe 

reflectarray and transmitarray elements are simulated in the Floquet cell using 

the CST Microwave Studio for the purposes of obtaining the S-curve for the 

reflectarray and the transmission phase curve for the transmitarray. To 

generate the phase curves, the phase-changing parameters of the unit elements 

are identified and varied. Next, the size and constellation of the full antenna 

arrays are determined and the propagation path length for each of the array 

elements from the feed horn is calculated. After that, by choosing one of the 

unit elements as the reference, the path differences between the reference 

element and all other unit elements are calculated in terms of phase angles, 

which represent the phase distributions on the array surfaces. Then, the 

dimensions for all unit elements are extracted by mapping the acquired phase 

angle of each unit element to the phase-shifting geometrical parameter in the 

S-curve and transmission phase curves of the L-probe reflectarray and 

transmitarray, respectively. Finally, the full-fledged L-probe reflectarray and 

transmitarray are constructed and simulated using the full-wave simulation 

procedure provided by the CST Microwave Studio. To validate the simulation 

results, prototypes are fabricated and measured in free space. 

  



19 

 

 

Figure 2.4: Design procedure of the reflectarray and transmitarray by using 

the phase-only optimization technique (POT). 

  

Simulate the L-probe reflectarray and transmitarray elements using the 

unit cell boundary conditions in CST Microwave Studio. 

Determine the configurations of the L–probe reflectarray and 

transmitarray.  

Calculate the path length for each of the reflectarray and transmitarray 

elements.  

Calculate the phase differences between the referencing element and 

all unit elements.   

The dimension of each unit element is extracted from the S-curve for 

the reflectarray and the transmission phase curve for the transmitarray.   

The reflectarray and transmitarray are constructed and simulated using 

full-wave simulation in CST Microwave Studio. 

For each of the antenna arrays, a prototype is fabricated and measured 

in free space. 
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2.3 Unit Element Simulation 

 

Prior to designing the reflectarray and transmitarray, the unit elements 

have to be first analyzed and simulated for ensuring that a sufficient phase 

range is obtained. There are two possible methods for simulating the unit 

element - the Waveguide method and the Floquet method. Detailed 

explanations will be given in the following subsections. 

 

 

2.3.1 Waveguide Method 

 

As the name implies, the waveguide method is a technique in which 

the unit element is simulated in waveguide sections, as can be seen in Figure 

2.5. With reference to the figure, the transmitarray element is embedded in 

between two sections of waveguides, with Port 1 defined as the input port 

where electromagnetic wave is launched; whereas Port 2 is set as the output 

port for receiving signal. To imitate the waveguides, the four boundaries are 

defined as perfect electrical conductor (PEC) in the CST Microwave Studio. 

Unit element simulated using this method can be verified experimentally. 

However, the size of the unit element has to follow the dimensions of the 

waveguide and the incident angle of the incoming wave is highly dependent 

on waveguide’s operating and cut-off frequencies, making it a less popular 

method for designing the full-fledged antenna arrays. It is worth pointing out 

that the waveguide model of a reflectarray element involves only one 

waveguide section and a port (Port 1). 
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Figure 2.5: Waveguide model of a transmitarray element. 

 

 

2.3.2 Floquet Method 

 

The Floquet method is a popular and commonly applied technique for 

designing the reflectarrays and transmitarrays. Unit element which is placed 

inside a Floquet cell is virtually duplicated into multiple identical elements 

which imitate an infinite array with mutual coupling between the elements 

considered, as depicted in Figure 2.6. To realize the infinite array approach, 

the four walls around the unit element have to be set as periodic boundaries in 

the CST Microwave Studio. An example of the Floquet model is illustrated in 

Figure 2.7. In Floquet method, there are two modes which represent the planes 

waves, namely, the TE00 and TM00 modes. With reference to Figure 2.8, the E-

fields of the TE00 and TM00 modes are directing in the y- and x-directions, 

respectively. 
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Figure 2.6: An infinite array with identical elements. 
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Figure 2.7: Floquet model of a transmitarray element. 
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x
 

 (a) (b) 

Figure 2.8: Electric fields generated along the z-direction for different 

Floquet boundary conditions. (a) TE00 mode, (b) TM00 mode. 

 

In contrast to the waveguide method, the Floquet method allows any 

sizes of unit elements to be designed. In addition, it also enables the operating 

frequency of the unit element and the illuminating angle of the incident wave 

to be chosen freely. Nonetheless, the Floquet method also comes with several 

disadvantages. Firstly, unlike the waveguide method, unit element simulated 

using the Floquet method cannot be verified by experiment. Secondly, the 

mutual coupling between adjacent elements is assumed to be equal for all 

identical unit elements. This supposition is not accurate as the shapes of all 

unit elements are different in practical. Thirdly, the reflectarray and the 

transmitarray are not infinite in practice. Diffraction effect due to finite edges 

is not accounted for in Floquet model. 
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CHAPTER 3 

 

BROADRANGE L-PROBE REFLECTARRAY 

 

 

3.1 Introduction 

 

Reflectarray is one type of antenna array which consists of an array of 

radiating elements illuminated by a feeding source. Its working principle is 

similar to that for the parabolic reflector where the spherical wavefront of the 

feeding source is converted to a planar one. The concept of reflectarray was 

first introduced by Berry et al. (1963) in the early 1960’s where multiple 

truncated waveguides were used as the phase-shifting elements. The proposed 

structure was non-planar and bulky. In 1991, microstrip reflectarray was 

introduced (Huang, 1991). It has many advantages such as light weight, flat 

surface, and easy to manufacture. Owing to the well accepted advantages of 

microstrip technology, various designs of reflectarray unit elements have been 

proposed. Some of the early proposed reflectarray unit elements include 

patches with variable stub lengths (Chang and Huang, 1992), patches of 

variable sizes (Pozar and Metzler, 1993), and crossed dipoles (Pozar and 

Targonski, 1998). 

 

Narrow bandwidth is a well-known factor that impedes microstrip structure 

from uses in designing broadband reflectarrays. Over the years, many research 

works have been conducted to broaden the bandwidth of the reflectarray. In 

the early 2000’s, multilayer structures with stacked patches of variable size 
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(Encinar, 2001; Encinar and Zornoza, 2003) were proposed to mitigate the 

bandwidth limitation of the microstrip reflectarray. In order to alleviate the 

error due to misalignment between the multiple layers, a single-layered 

reflectarray is introduced. The single-layered reflectarrays that use multi-

resonant elements such as circular rings connected to open-circuited stubs (Li 

et al., 2012), I-shaped dipole enclosed with a circular ring (Chen et al., 2013a), 

and multiple parallel dipole elements (Yoon et al., 2015) have been discovered 

to be able to achieve broad bandwidth. By controlling the separation distance 

of the elements to be smaller than half-wavelength, subwavelength coupled-

resonant element (Zhao et al., 2010; Zhang et al., 2013; Qin et al., 2016) is 

another viable way for enhancing the bandwidth of reflectarray.  

 

It has long been known that wire is an efficient electromagnetic 

radiator. It was first presented by Nakano et al. (1995) that an L-shaped wire 

can be used for exciting the C-figured loop antenna to provide broadside 

radiation. Later, Luk et al. (1998) introduced a low profile L-probe-fed 

suspended patch antenna which is able to achieve a broad impedance 

bandwidth of 35%. In recent years, the L-shaped probe has also been utilized 

to attain dual (Wong et al., 2004; Lau and Luk, 2007; Liu et al., 2014) and 

circular polarization (Lau and Luk, 2005) operations. Due to the light weight 

feature, the L-shaped probe has also been used for designing antenna array 

(Lim et al., 2012). 

 

In this chapter, the L-shaped probe is utilized for designing a linearly 

polarized broadband reflectarray. By varying the horizontal lengths of the two 
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L-probes, a linear phase range of 454.2° is attainable. An 11 × 11 reflectarray 

is designed, simulated, and experimentally verified. The designed reflectarray 

is able to provide a measured antenna gain of 20.4 dBi and a -1 dB gain 

bandwidth of 15.38%, with frequency range from 6.6 GHz to 7.7 GHz. 

 

 

3.2 Unit Element Configuration and Analysis 

 

For the first time, two L-shaped probes are co-joined for designing a 

reflectarray. The electromagnetic characteristics of the reflectarray unit 

element are first analyzed. Figure 3.1 shows the configuration of the element, 

which is placed inside a one-port Floquet cell. It is composed of two 

conductive L-shaped probes which are constructed side-by-side in parallel and 

with a gap of Gx = 5 mm on a square-shaped (L = 30 mm) FR4 substrate that 

has a thickness of t = 1.7 mm, a dielectric constant of εr = 4.3, and loss tangent 

of tan δ = 0.025. To erect the L probes, the substrate is drilled with two holes 

with a diameter of d = 1 mm at a distance of 4 mm away from its edge, and the 

two probes are then properly soldered through the top and bottom copper 

layers. The main function of the substrate, with both surfaces laminated with 

copper layers, is the base support for the L probes. The vertical lengths of both 

of the long and short probes are fixed at a constant height of h = 10 mm. The 

horizontal length of the long probe (l1) is always x = 7 mm more than the short 

probe, and the two probes are varied simultaneously to function as phase-

shifting geometrical parameter.  
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With reference to Figure 3.1, the unit element is placed inside the 

Floquet cell. The unit cell is set to have periodic boundaries. In simulation, the 

cell is automatically expanded into an infinite array with considering mutual 

coupling between the adjacent elements. The position of the waveguide port 

(Port 1) is located at a distance of 152 mm from the horizontal parts of the 

probes. A y-polarized plane wave (Floquet mode TE00) with an incident angle 

of ϕ = 0°, θ = 15°, propagating to the direction of the probes, is launched from 

the port. After the execution of simulation, the reference plane is further de-

embedded from the port to horizontal probes. As a result, the length between 

the port and the unit element can be neglected as it does not contribute to the 

reflection magnitude and phase range.  

 

Figure 3.2 shows the reflection magnitude (|S11|) and reflection phase 

(S11) of the unit element at the operating frequency of 7.1 GHz when l1 is 

varied from 9.5 to 26.4 mm, with a linear phase range 454.2° obtained. It is 

worth mentioning that the reflection magnitude can be well kept above -0.1 dB 

in this range. For the case of l1 = 20 mm, electric field distributions around the 

long probe (20 mm) and short probe (13 mm) are illustrated in Figure 3.3 (a) 

and (b), respectively. One and half standing wave is found on the long probe, 

and the vertical and horizontal wires add up to be 0.71, which is quite close 

to 0.75 (31.7 mm).  There is one standing wave formed on the short probe, 

and the total wire length is ~0.54. 
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Figure 3.1: One-port Floquet cell for simulating the co-joined L-probe 

reflectarray unit element. 
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Figure 3.2: Reflection magnitude and reflection phase of the reflectarray 

unit element. 
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(a) 

 

 

(b) 

Figure 3.3: Electric field distributions around the (a) long L-probe, (b) 

short L-probe at the frequency of 7.1 GHz for the case of l1 = 

20 mm. 
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3.3 Reflectarray Configuration 

 

The unit element is designed into a full-fledged linearly polarized (LP) 

reflectarray as shown in Figure 3.4. The reflectarray consists of 121 elements 

(11 × 11). Each element is separated by L = 0.71λ = 30 mm which contributes 

to the board size of D = 330 mm. A C-band (5.85 – 8.2 GHz) pyramidal horn 

is used as the source for exciting the reflectarray elements. The feeding horn is 

placed at a far-field distance of f = 264 mm, with an incident angle of θo = 15° 

pointing to the center element of the reflectarray. In this case, the f/D ratio is 

calculated to be 0.8. The prototype of the LP reflectarray is shown in Figure 

3.5. The design procedure is elaborated now. To commence with, a reference 

element, which can be any one of the reflectarray elements, is selected. 

Referring to the red curve in Figure 3.2, the reference element is first set to be 

a random phase (ϕo) on the y-axis which corresponds to a  probe length l1, 

ranging from 9.5 to 26.4 mm on the x-axis. Path lengths for the waves 

propagating from the feeding horn to the reference element and the Nth 

elements are denoted as Po and PN, and the phase difference (δϕ) between the 

two paths can be easily calculated as δϕ = (PN - Po) × (2π/λ). This is the 

additional phase (ϕN = ϕo + δϕ ± 2nπ) that is required by the Nth element such 

that the wave is reflected in phase with the reference element. With the use of 

the red curve, the probe length can be determined by mapping ϕN to the 

geometrical parameter on the x-axis. 
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Figure 3.4: Configuration of the proposed linearly polarized reflectarray. 

 

 

Figure 3.5: Prototype of the linearly polarized reflectarray. 

 

The design procedure for one unit element is now delineated. To begin, 

with reference to Figure 3.6, the detailed steps for calculating the additional 

phase required by the element on the sixth row sixth column of the proposed 

reflectarray, denoted as (6, 6), are shown below. Then, the phase distributions 
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of the radiating elements on the proposed reflectarray and their corresponding 

probe lengths are tabulated in the table, as shown in Appendix A. 

 

1)  The reference element, in this case, element (6, 1) is selected. The reference 

element is given a phase of ϕo = -385.5° from the S-curve, which is mapped 

to the probe length, l1 of 23.5 mm. 

2) The path length for the electromagnetic waves, travelling from the feeding 

horn to the reference element, Po is calculated. 
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3) The path lengths for Po and P(6, 6) are converted to propagation phases. 
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4) The phase difference between element (6, 6) and the reference element is 

calculated. 
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5) The additional phase that is required by element (6, 6) is calculated and 

mapped to its corresponding probe length in the S-curve. In this case, -57.5° 

is selected, and it is mapped to the probe length of l1 = 14.2 mm in the S-

curve. 
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Figure 3.6: Path length for the electromagnetic waves travelling from the 

feeding horn to the reference element (element (6, 1)). 
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3.4 Measurement Setup 

 

Figure 3.7 shows the free space experimental setup for measuring the 

antenna gain and radiation patterns of the antenna under test (reflectarray). 

The antenna under test (AUT), which is the transmitting antenna, is connected 

to a signal generator (Rohde & Schwarz SMB100A) for generating microwave 

signal. The signal generator is tuned to the operating frequency of the AUT. 

To capture the received power Pr, a C-band pyramidal horn (ATM PNR137-

440-2, 5.85 GHz – 8.2 GHz), which is the receiving antenna, is connected to a 

spectrum analyzer (Advantest U3771). It is placed at a far field distance of R > 

2D²/λ, where D is the diagonal dimension of the AUT. In measurement, a 

power of Pt = -10 dBm is supplied from the signal generator, and the AUT is 

rotated on a turntable in the θ direction for a full cycle of 360°. For different 

elevation angles, the received powers are directly read from the spectrum 

analyzer. The gain of the AUT for each elevation angle is found by applying 

the Friss transmission formula. The antenna measurement is conducted at the 

10th floor (concourse area) of the university, which is very spacious. The 

proposed reflectarray is able to provide high antenna gain, thus, the measured 

results are less affected by the environmental factors. 
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Figure 3.7: Measurement setup for the reflectarray (R = 11.5 m). 

 

 

3.5 Simulated and Experimental Results of Reflectarray 

 

The characteristics of the proposed reflectarray, shown in Figure 3.4, 

are now analyzed. Figure 3.8 shows the measured and simulated radiation 

patterns in the yz-plane (E-plane) and xz-plane (H-plane) of the proposed 

reflectarray at 6.9 GHz. Generally, the measurement results agree well with 

simulation. A measured peak gain of 20.4 dBi is obtained in the boresight 

direction (θ = 0°) while simulation reads 21.5 dBi. The difference between the 

measured co-polarized field and its cross-polarized field at θ = 0° is at least 25 

dB. The measured and simulated antenna gain against frequency is shown in 

Figure 3.9. From measurement, a -1 dB gain bandwidth of 15.38% is 

achievable, with frequency ranging from 6.6 GHz to 7.7 GHz. 
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Figure 3.8: Measured and simulated (a) E- and (b) H- planes radiation 

patterns of the proposed reflectarray at 6.9 GHz. 
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Figure 3.9: Measured and simulated antenna gains of the proposed 

reflectarray as a function of frequency. 

 

 

3.6 Parametric Analysis 

 

Parametric analysis has been performed on some of the key design 

parameters in order to study the reflection characteristics of the unit element 

and theirs effects on the radiation performances when the unit element is 

designed into a full-fledged reflectarray. 

 

 

3.6.1 Comparison of Single and Double L Probe Elements 

 

To begin, the reflectarray unit element which consists of a single L 

probe is compared with the one with two L probes, where the short probe is 

always shorter than the long probe by x = 7 mm and their corresponding 
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reflection characteristics are shown in Figure 3.10. It is apparent that the 

reflectarray unit element with single L probe is unsuitable for designing the 

full-fledged reflectarray as the element is only able to provide a phase range of 

up to 276.1°. On the other hand, the reflectarray unit element which consists 

of two L probes is capable of achieving a broad phase range of 454.2° and, 

therefore, it is chosen for the reflectarray design. The broadening of phase 

range is due to the long and the short probes which resonate simultaneously at 

the design frequency of 7.8 GHz. 
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Figure 3.10: Comparison of the reflection magnitudes and reflection phases 

of the reflectarray unit elements with single and double L 

probes. 
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3.6.2 Length Difference between Long and Short Probes 

 

The difference in length (x) between the long and the short probes is 

varied from 0 mm to 9 mm and the element responses are shown in Figure 

3.11. It is observed that the changing rate of phase curve becomes slower and 

the phase range narrows down when the length difference is increased. For the 

case of x = 0 mm, the long and the short probes have the same length. The 

combination of the same resonating mode of the two probes has contributed to 

the abrupt change in phase around the probe length of l1 = 19 mm to 20 mm.  

In our experiment, the length difference between two probes is selected to be 7 

mm because the gradient of its reflection phase is the slowest among all and it 

provides sufficient phase range for designing the full-fledged reflectarray. 
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Figure 3.11: Effects of the length difference (x) between the long and the 

short probes on the reflection magnitude and reflection phase of 

the reflectarray unit element. 
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3.6.3 Feeding Angle 

 

The feeding angle (θo) is now studied. In the proposed unit element, a 

steeper reflection phase slope is obtained with the feeding angle varied from θo 

= 10° to 20°, as illustrated in Figure 3.12. For all feeding angles, a phase range 

of ~440° is achievable. In the full-fledged reflectarray, as can be seen in 

Figure 3.13, higher side lobe level is observed when the reflectarray element is 

excited with a larger feeding angle. Significant reduction in the boresight (θ = 

0°) antenna gain is also observed when the feeding angle goes beyond θo = 15°. 

This is because some of the elements are not properly reachable by the feeding 

beam in this case. 
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Figure 3.12: Effects of the feeding horn incident angle (θo) on the reflection 

magnitude and reflection phase of the reflectarray unit element. 
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Figure 3.13: Radiation patterns of the proposed reflectarray for different 

feeding horn incident angles (θo) at 6.9 GHz. (a) E- and (b) H- 

planes. 
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3.6.4 Unit Cell Size  

 

Next, the effects of unit cell size (L), which is also the separation 

distance between elements in full reflectarray, are analyzed. Figure 3.14 

illustrates the reflection characteristics of the unit element when the cell size is 

varied from L = 0.71λ to 0.805λ at 7.1 GHz. A larger unit cell is observed to 

be able to provide a broader reflection phase range as the probes are 

extendable further. However, increasing the cell size comes with the price of 

steeper reflection phase slope. Varying the cell size, however, does not affect 

the reflection magnitude much. Figure 3.15 shows the radiation patterns of the 

reflectarray at 6.9 GHz. Significant increase in the side lobe level around the 

elevation angle of θ = -90° to +90° and notable reduction in the boresight 

antenna gain are inspected when the separation between reflectarray elements 

becomes greater. The enlargement of the unit cell size has caused the optimal 

radiation frequency of the reflectarray to shift lower than 6.9 GHz. 
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Figure 3.14: Effects of the unit element dimension (L) on the reflection 

magnitude and reflection phase of the reflectarray unit element. 

 

L = 0.805 (34 mm)

L = 0.710 (30 mm) 

L = 0.757 (32 mm)

-180 -120 -60 0 60 120 180
-40

-30

-20

-10

0

10

20

30

G
ai

n
 (

d
B

i)

Elevation Angle  ()  

(a) 

 



44 

 

L = 0.805 (34 mm)

L = 0.710 (30 mm) 

L = 0.757 (32 mm)

-180 -120 -60 0 60 120 180
-40

-30

-20

-10

0

10

20

30

G
ai

n
 (

d
B

i)

Elevation Angle  ()  

(b) 

Figure 3.15: Radiation patterns of the proposed reflectarray for different 

separation distances (L) at 6.9 GHz. (a) E- and (b) H- planes. 

 

 

3.6.5 Probe Height 

 

By varying the probe height (h) from 10 mm to 14 mm, the reflection 

characteristics of the reflectarray unit element are shown in Figure 3.16. It can 

be deduced that varying the probe height does not change the linearity of the 

reflection phase curve much. For the probe height of h = 10 mm, 12 mm, and 

14 mm, a phase range of 454.2°, 496.59°, and 508.22° can be obtained, 

respectively. Figure 3.17 shows the radiation patterns of the full-fledged 

reflectarrays for different probe heights. The reflectarrays with probe heights 

of h = 12 mm and 14 mm have antenna gains which are ~1 dB lower than the 
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one with probe height of h = 10 mm. Also, a side lobe level of ~8 dB around 

the elevation of θ = -30° and +30° is observed for the case of h = 14 mm. 
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Figure 3.16: Effects of the probe height (h) on the reflection magnitude and 

reflection phase of the reflectarray unit element. 
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Figure 3.17: Radiation patterns of the proposed reflectarray for different 

probe heights (h) at 6.9 GHz. (a) E- and (b) H- planes. 

 

 

3.6.6 Probe Diameter 

 

Now, the effects of probe diameter (d) are studied. Figure 3.18 shows 

the reflection magnitude and reflection phase of the reflectarray unit element 

when the probe diameter is varied from 0.5 mm to 1.5 mm. A larger probe 

diameter has enabled a larger reflection phase range but with the price of 

steeper reflection phase slope. The performances of the reflectarray with 

different probe diameters are studied in Figure 3.19. For all probe diameters, 

the front-to-back ratios of the reflectarrays are maintained above 21.88 dB 

while the discrepancies between the main and side lobe levels are kept well 

beyond 14.82 dB. 
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Figure 3.18: Effects of the probe diameter (d) on the reflection magnitude 

and reflection phase of the reflectarray unit element. 
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Figure 3.19: Radiation patterns of the proposed reflectarray for different 

probe diameters (d) at 6.9 GHz. (a) E- and (b) H- planes. 

 

 

3.6.7 f/D Ratio 

 

Finally, by maintaining the cell size at L = 0.71λ (30 mm) and array 

dimension at D = 330 mm, the effects of f/D ratio are analyzed at 6.9 GHz. 

Referring to the radiation patterns in Figure 3.20, increase in the f/D ratio is 

jeopardizing the radiation performances by boosting up the side lobe level and 

pushing down the front-to-back ratio. High back lobe level of ~0 dBi is 

observed for f/D ratio of 0.9 because some of the signals from the feed antenna 

is spilled to the back of the reflectarray. 
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Figure 3.20: Radiation patterns of the proposed reflectarray for different f/D 

ratios. (a) E- and (b) H- planes. 
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3.7 Conclusion 

 

Conductive L-shaped probes have been employed for designing a 

reflectarray for the first time. The electric field distribution around the L 

probes is presented and the procedures for designing the reflectarray are 

elucidated. The reflectarray unit element has been simulated using a one-port 

Floquet cell, where linear phase range of 454.2° is obtainable. An 11 × 11 

reflectarray is designed and simulated, and a prototype is fabricated and 

measured. Measurement shows that the reflectarray has an antenna gain of 

20.4 dBi and a -1 dB gain bandwidth of 15.38%, covering 6.6 GHz to 7.7 GHz. 

In general, measurement results agree well with simulation. The effects of 

some of the crucial geometrical design parameters have been investigated. It is 

found that the reflectarray unit element which consists of two L probes with 

one probe longer than the other can generate a linear phase curve with phase 

range of larger than 360°. It is also discovered that the feeding horn incident 

angle, the unit cell size, and the probe height must be properly selected in 

order to achieve good radiation performances in the reflectarray. 
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CHAPTER 4 

 

CO-JOINED L PROBES FOR TWO BROADBAND 

TRANSMITARRAYS WITH DIFFERENT POLARIZATIONS 

 

 

4.1 Introduction 

 

Transmitarray consists of an array of planar radiating elements fed by a 

single source. It combines the features of the conventional lens and phase 

array. The working principle of the transmitarray is akin to lens and it has 

many advantages such as low profile, light weight, and easy to manufacture. 

Unlike reflectarray, the radiating elements of the transmitarray are not blocked 

by its feeding source. Multilayer frequency selective surface (M-FSS) 

approach is one of the most applied techniques for designing the transmitarray 

elements. The M-FSS approach requires the use of multiple identical 

dielectric/air gap layers, stacking on top of each other, for generating 

sufficient transmission phase range. It was reported in (Abdelrahman et al., 

2014a) that a single-layer transmitarray element can usually generate phase 

range of up to 90°. Unit elements such as double square rings (Ryan et al., 

2010), spiral dipole (Abdelrahman and Elsherbeni, 2014) and square slot 

loaded with stubs (Rahmati and Hassani, 2015a) are the resonators which have 

been utilized for designing transmitarrays. By sandwiching a PBG element 

between two annular ring slots (Rahmati and Hassani, 2015b), such 

multilayered structure was found to be able to provide a phase range of 360° 
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by involving only two thin dielectric layers. Nonetheless, a mere -1 dB gain 

bandwidth of 5.7% was achieved in this case. 

 

Dual- and multi-polarization antenna arrays are always demanded by 

many wireless applications as they are not only able to generate high gain, but 

they can also provide different polarizations for a higher data transfer rate. 

With the use of the aperture-coupled patches, recently, a dual-polarized 

transmitarray (Plaza et  al., 2014; Pham et al., 2016) was successfully designed 

owing to the good polarization isolation between its coupling slots. Later in 

(Zhong et al., 2016), rectangular ring slot element was employed for designing 

a transmitarray which is capable of generating radiation patterns with all types 

of polarizations. It has been demonstrated (Xu et al., 2016) that the twisted 

complementary dual-split ring resonator can also be used for designing a 

linear polarizer. In this case, the antenna array can function as a reflectarray at 

low frequency for producing vertically polarized radiation and a transmitarray 

at high frequency for generating horizontally polarized radiation. At the 

intermediate frequencies, it can radiate in both directions with different 

polarizations. 

 

In 1995, the L-shaped wire was found to be useable as an efficient 

probe for exciting the C-figured loop antennas (Nakano et al., 1995). Later, it 

was discovered in (Luk et al., 1998) that the bandwidth of a microstrip antenna 

can be broadened up to 35% by electromagnetically coupling the energy from 

an L-shaped probe to the patch. Since then, the L-shaped probe was widely 

used as proximity excitation source for many antennas such as the dielectric 
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resonator antennas (Kishk et al., 2006), the orthogonally slit cut annular ring 

microstrip antenna (Singh et al., 2013), and the E-shaped patch antenna 

(Zheng et al., 2014). Due to its advantages such as light weight, low profile, 

and ease of tuning, the L-shaped probe has also been used for constructing 

antenna array (Wong et al., 2004; Wang et al., 2013). Lately, circularly 

polarized wave with high axial ratio bandwidth is found achievable when the 

L-shaped probe is incorporated with a waveguide (Yamauchi and Fukusako, 

2014, 2015) for designing the circularly polarized antenna. 

 

In this chapter, two L-shaped probes are co-joined for designing two 

broadband transmitarrays that can transmit with different polarizations. By 

changing the orientation of the L-shaped probes, the transmitting wave can be 

easily directed into either the horizontal or vertical direction. The 

configurations of the proposed transmitarray elements are first presented, 

where the elements are simulated using a Floquet cell for extracting their 

transmission properties. The configurations of the full transmitarrays are then 

elucidated. The two proposed transmitarrays are simulated and experimentally 

verified, and the array performances are demonstrated thereafter. 

 

 

4.2 Unit Element Configuration and Analysis 

 

In this section, the configurations of the proposed transmitarray 

elements are studied. They are designed to generate vertically (y-) and 

horizontally (x-) polarized waves, as shown in Figure 4.1 and 4.2, respectively. 

The unit element in Figure 4.1 is described first. Referring to Figure 4.1 (a), 
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the unit element is composed of an FR4 substrate with thickness of t = 1.7 mm, 

dissipation factor of tan δ = 0.025, and dielectric constant of εr = 4.3, along 

with two co-joined conductive probes. The substrate is the structural support 

for the L probes. In the design, the two probes with a diameter of d = 1 mm, 

which are penetrating through the FR4, are aligned in parallel but separated by 

a gap of Gx = 5 mm. At the height of h = 10 mm from the ground plate, the 

probes on both sides of the substrate are bent 90° into the y-direction. The 

probes are placed at 4 mm away from the edge of the substrate. Part of the 

copper, with diameter of s = 3 mm, is etched away around the probes for 

isolation. Two holes (d = 1 mm) are then drilled through the substrate for 

accommodating the probes, and non-conductive adhesive is applied around the 

probes for holding them. To generate phase change, with reference to Figure 

4.1, the horizontal length l1 of the long probes on the two sides is varied from 

16 to 27.4 mm. The short probe is always shorter than the long probe by x = 8 

mm, which is optimized by simulation.  

 

For simulation, the unit element is placed in an L × L (31  31 mm2) 

Floquet cell as illustrated in Figure 4.1 (b). The unit cell is set to have periodic 

boundaries. Two wave ports, assigned as Port 1 and Port 2, are set as the 

transmitting and receiving ports, respectively, at a distance of 152 mm away 

from the horizontal parts of the probes. The distance can be of any value as the 

reference planes are de-embedded flushing with the horizontal probes. A y-

polarized plane wave, with a normal incident angle of ϕ = 0°, θ = 0°, is 

launched from Port 1. 
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Figure 4.1: (a) Perspective view, (b) Floquet periodic boundary conditions 

of the vertically polarized unit element. 
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By changing the orientation of the horizontal probes, as shown in 

Figure 4.2, the unit element can be made to generate horizontally polarized (x-

polarized) wave. This is done by, first, relocating the long probe to a location 

4 mm away from the left bottom edge of the substrate while placing the short 

probe at a distance of Gx = Gy = 5 mm away from the long probe. Next, the 

probes on the transmitting side of unit element are bent 90° pointing to the x-

direction. The probe length (l2) is always shorter than l1 by x = 7 mm (x = l1 - 

l2), as shown in Figure 4.2 (a). Again, the two probes on both sides of the 

substrate are varied simultaneously from l1 = 17 to 27.4 mm to generate 

transmission phase shift. Other parameters are kept the same as those in Figure 

4.1 (a). To enable propagation of the x-polarized wave in the transmitting side 

of the Floquet cell, the waveport polarization at Port 2 is set to be in the x-

direction, as shown in Figure 4.2 (b).  
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Figure 4.2: (a) Perspective view, (b) Floquet periodic boundary conditions 

of the horizontally polarized unit element. 
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Figure 4.3 (a) and (b) show the transmission magnitudes (|S21|) and 

transmission phases (S21) of the transmitarray elements at the center 

frequency of 7.8 GHz and 7.4 GHz, as described in Figure 4.1 and 4.2, 

respectively. For transmission magnitude of higher than -3 dB, the vertically 

polarized element is able to produce a maximum phase range of 388°; whereas 

the horizontally polarized element is generating 382.89°. Both curves are 

found to have linear phase slope. The electric field distributions around the 

long (l1 = 20 mm) and short (l2 = 12 mm) probes for the vertically polarized 

unit element are depicted in Figure 4.4 (a) and (b), respectively. Three 

standing waves (1.5λ) are formed on the long probe while two standing waves 

(1λ) are found on the short probe, corresponding fairly well with their 

respective physical lengths of 1.6λ (61.7 mm) and 1.19λ (45.7 mm). A similar 

phenomenon is found on the field distributions of the horizontally polarized 

element, and the discussion is omitted here. 
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(b) 

Figure 4.3: Transmission magnitudes and transmission phases of the 

transmitarray elements which generate (a) y-polarized wave, (b) 

x-polarized wave. 
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(a) 

 

 

(b) 

Figure 4.4: Electric field distributions around the (a) long probe, (b) short 

probe at the frequency of 7.8 GHz with l1 = 20 mm for the 

vertically polarized unit element.  
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4.3 Transmitarray Configuration 

 

With the use of the transmission phase curves in Figure 4.3, the unit 

elements are designed into the full-fledged transmitarrays shown in Figure 4.5. 

The phase distributions of all radiating elements on the antenna apertures and 

their corresponding probe lengths for the vertically and horizontally polarized 

transmitarrays are listed in the tables, which can be found in Appendix B, and 

C, respectively. By properly compensating the propagation path length for the 

Nth element (PN) with respect to the reference (Po), a cophasal re-radiated 

wave can be generated in the boresight direction. The design parameters of the 

two transmitarrays are described now. With reference to Figure 4.5 (a) and (b), 

the transmitarrays are assembled from 81 elements (9 × 9). For the vertically 

and horizontally polarized transmitarrays, the element sizes are set to be L = 

0.806λ = 31 mm and L = 0.765λ = 31 mm, respectively. A C-band linearly 

polarized (5.85 – 8.2 GHz) pyramidal horn is used to excite the two 

transmitarray elements where the horn is placed at the focal length of f = 223.2 

mm from the middle point. For both, the resulting f/D ratio is 0.8 where D = 

9L = 279 mm. The prototypes of the transmitarrays are shown in Figure 4.6. 

The top and bottom ground layers are connected by 3M copper tapes so that 

they are equi-potential. 
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Figure 4.5: Configurations of the proposed (a) vertically, (b) horizontally 

polarized transmitarrays. 
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(a) 

 

 

(b) 

Figure 4.6: Prototypes of the (a) vertically, (b) horizontally polarized 

transmitarrays. 
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4.4 Measurement Setup 

 

Measurements for the vertically polarized (y-polarized) and the 

horizontally polarized (x-polarized) transmitarray prototypes are conducted in 

free space for obtaining theirs antenna gains and radiation patterns. The 

experimental setup for both of the transmitarrays is illustrated in Figure 4.7. 

To capture the received power, a C-band pyramidal horn (ATM PNR137-440-

2, 5.85GHz – 8.2GHz), which is the receiving antenna, is connected to a 

spectrum analyzer (Advantest U3771). It is placed at a far field distance of R > 

2D²/λ, where D is the diagonal dimension of the transmitarray.  

 

 

Figure 4.7: Measurement setup for the transmitarray. 
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4.5 Simulated and Experimental Results of Transmitarray 

 

Figure 4.8 shows the measured and simulated radiation patterns of the 

vertically polarized (y-polarized) transmitarray in the yz-plane (E-plane) and 

xz-plane (H-plane). At the elevation angle of θ = 0°, it has a measured gain of 

21.9 dBi (simulation: 21 dBi) at 7.8 GHz, which corresponds to an aperture 

efficiency of 23.4%. The cross-polarized field is at least 30 dB smaller than its 

co-polarized counterpart in the boresight direction (θ = 0°). For the 

horizontally polarized (x-polarized) transmitarray, it is observed from Figure 

4.9 that broadside radiation pattern with a measured peak gain of 19.1 dBi 

(simulation 19.8 dBi) has been obtained. This corresponds to an aperture 

efficiency of 14% (simulation: 16.5%). It should be pointed out that the xz-

plane is the E-plane while the yz-plane is the H-plane in this case. The co-

polarized and cross-polarized fields at the elevation angle of θ = 0° are 

different by 21.3 dB. The simulated radiation efficiencies of the vertically and 

horizontally polarized transmittarrays are found to be 92.4% and 89.5%, 

respectively. The antenna gains of both the proposed transmitarrays are shown 

in Figure 4.10. The vertically polarized transmitarray has a measured -1 dB 

gain bandwidth of 11.62% (simulation: 11.92%), covering 7.3 GHz - 8.2 GHz 

(simulation: 7.1 GHz – 8 GHz). And the horizontally polarized transmitarray 

has a measured -1 dB gain bandwidth of 10.39%, (covering 7.3 GHz - 8.1 

GHz), being slightly lower than the simulated bandwidth of 12.79% (covering 

6.95 GHz to 7.9 GHz).  
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Figure 4.8: Measured and simulated (a) E- and (b) H- plane radiation 

patterns of the vertically polarized transmitarray. 
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Figure 4.9: Measured and simulated (a) E- and (b) H- plane radiation 

patterns of the horizontally polarized transmitarray. 

  



68 

 

7.2 7.4 7.6 7.8 8.0 8.2
0

5

10

15

20

25

30

Measured Gain (Vertically polarized transmitarray)

Simulated Gain (Vertically polarized transmitarray)

Measured Gain (Horizontally polarized transmitarray)

G
ai

n
 (

d
B

i)

Frequency, f (GHz)

Simulated Gain (Horizontally polarized transmitarray)

 

Figure 4.10: Measured and simulated antenna gains of the vertically and 

horizontally polarized transmitarrays. 

 

Table 4.1 compares the performances of the proposed transmitarrays 

with some of the recently published works. It is observed that the proposed 

transmitarrays have reasonable antenna gains, aperture efficiencies, and -1 dB 

gain bandwidths. 
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Table 4.1: Comparison of the proposed transmitarrays with the recently 

published works. 

 

Reference 

Number of 

Conducting 

Layer(s) 

Gain (dBi) 
Aperture 

Efficiency (%) 

-1/-3*dB Gain 

Bandwidth (%) 

Vertically polarized  

Horizontally polarized 

(This work) 

- 

- 

 

21.9 

19.1 

 

23.4 

14 

 

11.62 

10.39 

 

(Pham et al., 2016) 3 24.9 24.6 20* 

(Zhong et al., 2016) 3 20.1 27 8.3 

(Xu et al., 2016) 3 18.5 28 6.7 

(Abdelrahman et al., 2014b) 4 23.76 16 4.2 

(Yu et al., 2016) 3 18.9 20.9 9.6 

 

 

4.6 Parametric Analysis for Vertically Polarized Transmitarray 

 

In this section, parametric analysis is performed on some of the crucial 

geometrical design parameters of the vertically polarized transmitarray for 

understanding theirs effects on the unit element and the full-fledged 

transmitarray performances. 

 

 

4.6.1 Comparison of Single and Double L Probe Elements 

 

Figure 4.11 shows the configuration of the vertically polarized 

transmitarray element which consists of a single L probe. It is compared with 

the unit element with double L probes shown in Figure 4.1 (a) and the 

transmission characteristics for both of the unit elements are illustrated in 

Figure 4.12. Obviously, the unit element with single L probe has poor 
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transmission across all probe lengths. Hence, it cannot be used for designing 

the full-fledged transmitarray.  
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Figure 4.11: Configuration of the vertically polarized transmitarray unit 

element with single L probe. 
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Figure 4.12: Comparison of the transmission magnitudes and transmission 

phases of the vertically polarized transmitarray unit elements 

with single and double L probes. 
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4.6.2 Length Difference between Long and Short Probes 

 

By varying the probe length (l1) from 16 mm to 27.4 mm, Figure 4.13 

shows the transmission performances of the unit element when the length 

difference (x) between the long and the short probes is varied. Poor 

transmission of lower than -5.5 dB across all probe lengths is observed when 

the two probes are equal in length. It is also observed that the changing rate of 

the transmission phase curve becomes slower when the length difference 

between the long and the short probes increases. Figure 4.14 illustrates the 

radiation patterns of the vertically polarized transmitarray for different length 

differences between the long and the short probes. A low boresight (θ = 0°) 

antenna gain of ~19 dBi is obtained for the case of x = 6 mm. 
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Figure 4.13: Effects of the length difference (x) between the long and the 

short probes on the transmission magnitude and transmission 

phase of the vertically polarized transmitarray unit element. 
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Figure 4.14: Radiation patterns of the proposed vertically polarized 

transmitarray for different length differences (x) between the 

long and the short probes at 7.8 GHz. (a) E- and (b) H- planes. 
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4.6.3 Probe Diameter 

 

Effects of the probe diameter (d) are now studied and the results are 

shown in Figure 4.15. Poorer transmission is observed when a thicker probe is 

deployed. This results in a smaller transmission phase range usable for 

designing a full array. Change in probe diameter, however, does not affect the 

linearity of the transmission phase curve. The radiation performances of the 

full-fledged transmitarray for different probe diameters are shown in Figure 

4.16. For the probe diameter of 0.5 mm, 1 mm, and 1.5 mm, a peak antenna 

gain of 20 dBi, 21 dBi, and 18.22 dBi is achieved, respectively. For the case of 

d = 1.5 mm, a significantly high back lobe level of ~10 dBi is also inspected, 

which results in a low front-to-back ratio of 8.22 dBi.  
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Figure 4.15: Effects of the probe diameter (d) on the transmission magnitude 

and transmission phase of the vertically polarized transmitarray 

unit element. 
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Figure 4.16: Radiation patterns of the proposed vertically polarized 

transmitarray for different probe diameters (d) at 7.8 GHz. (a) 

E- and (b) H- planes. 
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4.6.4 Probe Height 

 

The effects of the probe height (h) are also studied. With reference to 

Figure 4.17, it is observed from the transmission magnitude and phase 

responses that probe heights of 8 mm, 10 mm, and 12 mm enable transmission 

phase ranges of 360.67°, 388°, and 444.64°, respectively. It is also observed 

that varying probe height does not affect the gradient of the transmission phase 

curve much. Radiation performances for different probe heights are also 

illustrated in Figure 4.18. It can be seen that the transmitarray performs at its 

best when the probe height is set to be 10 mm. High back lobe level of 11.52 

dBi is observed when the probe height is increased to 12 mm. 
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Figure 4.17: Effects of the probe height (h) on the transmission magnitude 

and transmission phase of the vertically polarized transmitarray 

unit element. 
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Figure 4.18: Radiation patterns of the proposed vertically polarized 

transmitarray for different probe heights (h) at 7.8 GHz. (a) E- 

and (b) H- planes. 
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4.6.5 Separation Distance between Long and Short Probes in x-

direction 

 

Next, the properties of the separation distance between the long and the 

short probes in the x-direction (Gx) are analyzed. Referring to Figure 4.19, 

varying Gx from 4 mm to 6 mm does not alter the changing rate and the phase 

range of the transmission phase curve much. The full-fledged transmitarray 

performances for different probe separations in the x-direction are depicted in 

Figure 4.20. It can be clearly seen that the transmitarray with probe separation 

of Gx = 5 mm has an antenna gain of 21 dBi, which is ~1 dBi and ~2 dBi 

higher than the transmitarray with probe separation of Gx = 4 mm and 6 mm, 

respectively. A back lobe level of ~4 dBi is also observed for the case of Gx = 

6 mm. 
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Figure 4.19: Effects of the separation distance between the long and the 

short probes in the x-direction (Gx) on the transmission 

magnitude and transmission phase of the vertically polarized 

transmitarray unit element.  
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Figure 4.20: Radiation patterns of the proposed vertically polarized 

transmitarray for different probe separations in the x-direction 

(Gx) at 7.8 GHz. (a) E- and (b) H- planes. 
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4.6.6 Unit Cell Size 

 

The characteristics of the unit cell size (L), which is also the separation 

distance between the elements in the full transmitarray, are then studied. It is 

found that the element size does not affect the changing rate of transmission 

phase slope. For unit cell sizes of L = 0.806λ, 0.832λ, and 0.858λ at 7.8 GHz, 

as depicted in Figure 4.21, phase ranges of 388°, 449°, and 475.86° are 

obtained, respectively. The radiation performances of the transmitarray for 

different element spacings are illustrated in Figure 4.22. As expected, varying 

the element spacing affects the antenna gain of the main lobe as the optimal 

point of the transmitarray has shifted to lower frequency when designed with 

larger unit cell sizes of L = 0.832λ and 0.858λ. It can be seen that when L is 

increased by 0.026λ, the boresight antenna gain reduces by ~1 dBi. 
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Figure 4.21: Effects of the unit element dimension (L) on the transmission 

magnitude and transmission phase of the vertically polarized 

transmitarray unit element. 
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Figure 4.22: Radiation patterns of the proposed vertically polarized 

transmitarray for different separation distances (L) at 7.8 GHz. 

(a) E- and (b) H- planes. 
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4.6.7 f/D Ratio 

 

With the cell size (L) and board dimension (D) kept at 0.806λ and 279 

mm, respectively, the f/D ratio is varied from 0.8 to 1 and its effects are 

studied in Figure 4.23. It can be seen that adjusting f/D ratio does not affect 

the radiation performances of the transmitarray much. Only a slight increase in 

the side lobe level is observed when the f/D ratio is equal to 1. 
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Figure 4.23: Radiation patterns of the proposed vertically polarized 

transmitarray for different f/D ratios. (a) E- and (b) H- planes. 

 

 

4.7 Parametric Analysis for Horizontally Polarized Transmitarray 

 

In this section, the effects of the important geometrical design 

parameters of the horizontally polarized transmitarray on the transmission 

magnitude and transmission phase as well as the radiation pattern are studied. 

 

 

4.7.1 Comparison of Single and Double L Probe Elements 

 

The performances of the unit elements with single L probe (depicted in 

Figure 4.24) and double L probes (depicted in Figure 4.2 (a)) are first analyzed 

and the results are shown in Figure 4.25. It is observed that for a transmission 
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magnitude of higher than -3 dB, the unit element with single L probe can only 

provide a phase range of up to 130.1° which is insufficient for designing the 

full-fledged transmitarray. 
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Figure 4.24: Configuration of the horizontally polarized transmitarray unit 

element with single L probe. 
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Figure 4.25: Comparison of the transmission magnitudes and transmission 

phases of the horizontally polarized transmitarray unit elements 

with single and double L probes. 
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4.7.2 Length Difference between Long and Short Probes 

 

The effects of the length difference (x) between the long and the short 

probes are now analyzed. Referring to Figure 4.26, the changing rate of the 

transmission phase curve can be made slower by increasing x, but with the 

price of reducing the phase range. For x = 5 mm, certain ranges of the 

transmission magnitude go beyond -3 dB when the probe length (l1) is 

lengthened from 21.2 mm to 23.3 mm. This has undoubtedly reduced the total 

usable phase range for designing the full-fledged transmitarray. With reference 

to Figure 4.27, high back lobe levels of ~7 dBi and ~9.5 dBi are observed 

when x = 6 mm and 8 mm, respectively. For the case of x = 7 mm, the back 

lobe level of the transmitarray is able to maintain well below 0 dBi. 
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Figure 4.26: Effects of the length difference (x) between the long and the 

short probes on the transmission magnitude and transmission 

phase of the horizontally polarized transmitarray unit element. 
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Figure 4.27: Radiation patterns of the proposed horizontally polarized 

transmitarray for different length differences (x) between the 

long and the short probes at 7.3 GHz. (a) E- and (b) H- planes. 
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4.7.3 Probe Height 

 

The effects of probe height (h) on the transmission magnitude and 

phase, shown in Figure 4.28, are analyzed. With h = 6 mm, poor transmission 

of lower than -3 dB is observed for all probe lengths, making this height 

infeasible for designing the full-fledge transmitarray. Increasing the probe 

height from 8 mm to 10 mm does not affect the gradient of phase curve much. 

Phase ranges of 353.14° and 382.89° are obtainable, respectively, for the 

probe heights of 8 mm and 10 mm. 
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Figure 4.28: Effects of the probe height (h) on the transmission magnitude 

and transmission phase of the horizontally polarized 

transmitarray unit element. 
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4.7.4 Probe Diameter 

 

The effects of the probe diameter (d) are now studied. Figure 4.29 

illustrates the transmission characteristics of the unit element when the probe 

diameter is varied from d = 0.5 mm to 1.5 mm. It can be seen that the unit 

element with probe diameter of d = 1 mm has achieved a better transmission 

beyond the probe length (l1) of 18.7 mm as compared to the unit elements with 

probe diameters of d = 0.5 mm and 1.5 mm. The radiation performances of the 

transmitarray for different probe diameters are shown in Figure 4.30. The 

boresight antenna gain reduces by ~0.5 dBi when the probe diameter is 

increased by 0.5 mm. For probe diameters of d = 0.5 mm, 1 mm, and 1.5 mm, 

a front-to-back ratio of 14.97 dBi, 20.33 dBi, and 8.82 dBi is obtainable, 

respectively. 
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Figure 4.29: Effects of the probe diameter (d) on the transmission magnitude 

and transmission phase of the horizontally polarized 

transmitarray unit element. 
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Figure 4.30: Radiation patterns of the proposed horizontally polarized 

transmitarray for different probe diameters (d) at 7.3 GHz. (a) 

E- and (b) H- planes. 
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4.7.5 Separation Distance between Long and Short Probes in y-

direction 

 

Next, the properties of the separation distance between the long and the 

short probes in the y-direction (Gy) are studied. From the unit element 

simulation, as can be seen in Figure 4.31, adjusting Gy from 3 mm to 7 mm 

does not affect the gradient of transmission phase curve much. Transmission 

phase range of ~382° is obtained for Gy of 3 mm, 5 mm, and 7 mm. In the full-

fledged transmitarray, varying the separation distance between the long and 

the short probes in the y-direction would, however, affect the radiation 

performances of the transmitarray. It is observed from Figure 4.32 that the 

transmitarrays which are designed with Gy of 3 mm or 7 mm have a much 

higher back lobe level than the one designed with Gy of 5 mm. Similar trends 

are found in the transmission magnitude and phase responses as well as the 

radiation patterns when the separation distance between the long and the short 

probes is varied from 3 mm to 7 mm in the x-direction (Gx). 
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Figure 4.31: Effects of the separation distance between the long and the 

short probes in the y-direction (Gy) on the transmission 

magnitude and transmission phase of the horizontally polarized 

transmitarray unit element. 
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Figure 4.32: Radiation patterns of the proposed horizontally polarized 

transmitarray for different probe separations in the y-direction 

(Gy) at 7.3 GHz. (a) E- and (b) H- planes. 

 

 

4.7.6 Separation Distance between Long and Short Probes 

 

Figure 4.33 shows the element responses when the separation distances 

between the long and the short probes in the x- and y-directions (Gx = Gy) are 

set to be equal and varied from 3 mm to 7 mm. It can be observed that the 

transmission phase curve becomes steeper and the transmission phase range 

becomes larger when Gx (= Gy) increases. The radiation performances for 

different probe separations are depicted in Figure 4.34. Apparently, the 

transmitarrays with Gx = Gy = 3 mm and 7 mm are unable to achieve high 

front-to-back ratios due to the significantly high back lobe levels. High side 

lobe level is also perceived for the case of Gx = Gy = 3 mm. 
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Figure 4.33: Effects of the separation distance between the long and the 

short probes (Gx = Gy) on the transmission magnitude and 

transmission phase of the horizontally polarized transmitarray 

unit element. 
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Figure 4.34: Radiation patterns of the proposed horizontally polarized 

transmitarray for different probe separations (Gx = Gy) at 7.3 

GHz. (a) E- and (b) H- planes. 

 

 

4.7.7 Unit Cell Size 

 

The unit cell size (L) and the element spacing of the full-fledged 

transmitarray are then studied. Figure 4.35 shows the transmission magnitude 

and phase responses of the transmitarray element when the cell size is varied 

from 0.765λ to 0.814λ at 7.4 GHz. As expected, broader phase range can be 

achieved for a larger cell size as the probe length can be further lengthened. 

With reference to the figure, unit cell sizes of 0.765λ, 0.789λ, and 0.814λ have 

generated phase ranges of 382.89°, 428.92°, and 477.04°, respectively. 

Varying the cell size does not affect the gradient of the phase curve much. 

Figure 4.36 illustrates the radiation patterns of the transmitarray for different 
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element spacings at 7.3GHz. It is observed that the transmitarray with an 

element spacing of 0.765λ is able to achieve a higher front-to-back ratio than 

those for 0.789λ and 0.814λ. 
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Figure 4.35: Effects of the unit element dimension (L) on the transmission 

magnitude and transmission phase of the horizontally polarized 

transmitarray unit element. 
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Figure 4.36: Radiation patterns of the proposed horizontally polarized 

transmitarray for different separation distances (L) at 7.3 GHz. 

(a) E- and (b) H- planes. 
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4.7.8 f/D Ratio 

 

Finally, by keeping the cell size (L) at 0.765λ (31 mm) and board 

dimension (D) at 279 mm, the effects of f/D ratio are studied at 7.3 GHz. It 

can be seen from Figure 4.37 that the back lobe level and the side lobe level 

around the elevation angle of θ = -60° to +60° increase when the f/D ratio is 

varied from 0.8 to 1. For f/D ratios of 0.8, 0.9, and 1, front-to-back ratios of 

20.33 dBi, 16.62 dBi, and 13.84 dBi are obtained, respectively. 
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Figure 4.37: Radiation patterns of the proposed horizontally polarized 

transmitarray for different f/D ratios. (a) E- and (b) H- planes. 

 

 

4.8 Conclusion 

 

Two L-shaped probes are co-joined for designing the vertically and 

horizontally polarized broadband transmitarrays. The unit elements have 

achieved a linear transmission phase range of greater than 380o, and both of 

the full-fledge transmitarrays have generated a -1 dB gain bandwidth of more 

than 10%. Parametric analysis has been conducted on several essential 

geometrical parameters for both the vertically and the horizontally polarized 

transmitarrays. It is found that the unit element with only one probe has poor 

transmission. For the unit element with two probes, it was discovered that a 

length difference between the two probes has to be introduced in order to 
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obtain good transmission and sufficient phase range. By properly adjusting the 

geometrical parameters, it was shown that the side and back lobes for both the 

transmitarrays can be lowered down and optimized. 
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CHAPTER 5 

 

SUMMARY AND DISCUSSION 
 

 

In this dissertation, the L-shaped probe resonator has been employed 

for designing a reflectarray and two transmitarrays, operating in the C-band. 

Each of the antenna arrays consist of two co-joined L-shaped probes of 

different lengths, supported by an FR4 substrate. In the first part, the L-probe 

reflectarray element has achieved a linear reflection phase range of 454.2°. An 

11 × 11 full-fledged reflectarray is able to provide an antenna gain of 20.4 dBi 

and a wide -1 dB gain bandwidth of 15.38%. In the second part, the concept of 

dual linear polarization has been realized by altering the orientation of the L-

shaped probes of the transmitarray. It is presented using two transmitarrays: 

one of which has the transmitting wave polarized in vertical direction while 

the other in horizontal direction. For both transmitarray elements, a linear 

transmission phase range of ~380° is attained. For each of the transmitarrays, a 

prototype which consists of 81 elements is fabricated. Measurements show 

that the vertically polarized transmitarray has an antenna gain of 21.9 dBi with 

a broad -1 dB gain bandwidth of 11.62%; whereas the horizontally polarized 

transmitarray has an antenna gain of 19.1 dBi with a wide -1 dB gain 

bandwidth of 10.39%. Good agreement is found between the simulations and 

the measurements. 
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