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Abstract 
 

Novel high-gain antennas are emerging in a wide range of applications such as 

satellite communications, 5G wireless communications, and remote sensing. As the 

combination of lens antennas and microstrip array antennas, transmitarray antenna 

creates a hybrid high-gain antenna with advantages of being low-profile, light weight, 

and versatile radiation performances. In this dissertation, methods for designing 

transmitarray antennas with enhanced performance and expanded functionalities are 

investigated. 

Transmitarray elements with Fabry-Pérot-like cavity are discussed in detail, with 

a focus on operation principle. The generalized scattering matrix-based analysis 

approach for layered element evaluation is presented. Array factor-based approach for 

computing radiation pattern is formulated. 

By involving complete transmission amplitude and phase control into 

consideration, an amplitude-phase synthesis method is developed for designing 

transmitarray antennas with an expected shaped beam for satellite communications, 

which is composed of two parts— transmitarray element design and transmitarray 

synthesis. For the element design, a three-layer transmitarray element with full-

coverage of complex transmission coefficient is developed. For the transmitarray 

synthesis, an amplitude-phase synthesis technique, based on particle swarm algorithm, 

is developed for optimizing element distribution on the transmitarray aperture. 

Transmission amplitude control is included during the synthesis process. A 

transmitarray antenna with a flat-top radiation pattern has been designed, fabricated and 

tested. Compared with the conventional phase-only synthesis method, the developed 

amplitude-phase synthesis method offers feature of flexible beam-shaping capability. 

In order to enhance the aperture efficiency of transmit-reflect-combined-array 

antennas, a novel four-layer unit cell is proposed. The element has the features of 
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simultaneous and decoupled control of transmission phase and reflection phase. 

Besides, the element demonstrates stable responses under oblique incidence for both 

transmission and reflection, which is vital for antenna efficiency. Based on the element, 

a single-feed transmit-reflect-combined-array antenna has been designed, fabricated, 

and tested. The resulting antenna achieves better performance in terms of aperture 

efficiency than the existing designs. Moreover, by slanting the source feed, 

simultaneously bidirectional capability of the antenna is confirmed. 

In order to realize wideband transmitarray antennas in a low-cost and reduced-

complexity manner, an efficient approach is proposed. The design approach combines 

two different techniques—1-bit phase quantization and phase distribution optimization. 

First, a 3-layer 1-bit unit cell is designed. The 1-bit element is used to introduce phase 

error on the aperture. Then, considering the element performance, the phase distribution 

at multiple frequency points is optimized with modified weight at each frequency point 

to further balance the gain curve. The optimization is based on redistribute the phases 

on the aperture for all the desired frequency points to minimize the influence of large 

phase errors on the basis of ensuring wideband characteristics. A 13 × 17 -element 

transmitarray antenna working at 10 GHz is designed, fabricated, and tested. 1-dB 

fractional gain bandwidth of 37% is achieved. Considering the low-cost fabrication and 

reduced-complexity of the system design, the proposed approach is a valid alternative 

for designing wideband transmitarray antennas. 

In summary, different challenges for designing transmitarray antennas with 

enhanced performance and expanded functionalities have been addressed. Several 

novel designs have been proposed, detailed design procedures have been presented, and 

numerical and experimental studies have been carried out for verification. 
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Chapter 1 

Introduction 
 

1.1 Overview of Transmitarray Antennas and Related State-

of-the-Art Research 
 

With the rapid development of printed circuit board technology, a new kind of 

high-gain antennas, namely transmitarray antennas, that combine the advantages of lens 

antennas and phased array antennas have gained much attentions recently. Figure 1-1 

shows the general description of a transmitarray antenna. It typically consists of a 

source feed and a flat transmitarray aperture. Illuminating by the source feed, the 

transmitarray aperture can generate a collimated beam in desired direction. The 

transmitarray aperture is composed of a large number of transmitarray elements, each 

of which can be individually designed to control the transmission amplitude and phase. 

Figure 1-2 shows the typical antenna technologies that are related to transmitarray 

antennas. Although the design principles of transmitarray antennas and phased array 

antennas, as shown in Figure 1-2 (b), are the same, which are based on individually 

controlling the excitation of the elements to form a collimated beam in desired direction, 

the main distinction lies in the feeding mechanism. The phased array antenna uses a 

feeding network, leading to severe loss and complex design. However, the only required 

one for transmitarray antenna is a spacing source feed. Besides, compared with lens 

antennas, as shown in Figure 1-2 (a), where curved surfaces are required, the 

transmitarray antennas are more easy-to-fabricate and low-profile. 
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Figure 1-1 General Description of a transmitarray antenna. 
 
 

 
 
 

Figure 1-2 Antennas related to transmitarray antennas (a) Lens antenna; (b) Phased array 
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Due to the versatile advantages provided, transmitarray antennas show 

considerable potentials in many applications such as [1, 2]: 

1) Earth remote sensing; 

2) Millimeter wave and sub-millimeter wave wireless communications; 

3) Broadcasting satellites; 

4) THz images and sensors; 

5) Solar energy concentrator. 

However, before real practical implementation, the corresponding challenges of 

designing transmitarray antennas associated with each application scenario need to be 

addressed first. 

In broadcasting satellites, where contour or shaped radiation beams are required, 

transmitarray antennas should provide beam-shaping capability. Owing to the feature 

of individual control of each element on the aperture of transmitarray antennas, these 

radiation patterns can be synthesized. A transmitarray antenna with contour radiation 

beam has been demonstrated [3] by deploying a four-layer transmitarray element with 360°  transmission phase range and using phase-only synthesis method. Alternating 

projection method [4, 5] was used to iteratively obtain the required transmission phase 

mask on the aperture. Besides, a quad-beam transmitarray antenna has been designed 

[6] with a quad-layer phasing element. Particle swarm optimization technique [7, 8] 

was implemented for aperture phase synthesis. Here, the techniques involved are 

confined to phase-only synthesis method, which means that the transmitarray elements 

are designed to obtain a transmission phase range of 360°  with transmission 

magnitude maintaining to unity. Considerable challenge lies in involving both 

transmission amplitude and phase controls during the synthesis process. To the best of 

our knowledge, few works is reported [9]. Besides, the unit cell developed in [9] can 

only cover limited transmission coefficient range, leading to incomplete control of EM 

waves and beam-shaping capability. 

In some certain application scenarios, such as interferometric synthetic aperture 

radar [10], simultaneous indoor and outdoor communications, and tunnel 
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communications [11, 12], high-gain bidirectional antennas are required, leading to 

challenges in designing transmitarray antennas with forward and backward beams or 

transmit-reflect-combined-array antennas. An anisotropic-metasurface-based high-gain 

bidirectional antenna has been demonstrated [13] with advantages of being ultrathin, 

lightweight, and low-cost. 360° phase coverage was achieved by exploiting the cross-

polarized component of the element. Besides, polarization-dependent multifunctional 

microstrip array has been reported [14] to simultaneously realize reflection and 

transmission. By introducing multi-layer element, the functionalities of reflection and 

transmission can be controlled independently. Moreover, a frequency selective surface-

backed phase-shifting surface with multimode operation has been presented [15]. The 

functionalities of transmitarray and reflectarray can be achieved independently by 

discriminating in operation frequency. Although bidirectional capabilities are all 

obtained in these works, considerable challenges lie in improving the aperture 

efficiency of these antennas. 

Transmitarray antennas suffer from their narrow bandwidth inherently. Various 

efforts have been paid to enhance the bandwidth of transmitarray antennas. The 

potential solutions can be divided into two aspects. One involves transmitarray element 

design [16-28]. Particularly, transmitarray elements based on multi-order spatial filters 

have been realized in [17, 20, 24, 28]. True-time-delay transmitarray elements have 

been demonstrated [18, 19, 21, 25] to overcome the differential spatial phase delay 

resulting from the different lengths from the source feed to each element on the aperture. 

Sub-wavelength transmitarray elements have been developed in [16, 18, 26]. The other 

one is based on the optimization of the transmission phase distribution on the aperture 

[29-31]. The algorithms are usually based on optimizing the reference phase or/and 

weight at each frequency point to balance the antenna system gain behavior. 

The design of beam-steering transmitarray antennas is also a challenging field. 

The techniques that have been reported are concluded as: microstrip patches-based 

reconfigurability [32-39], tunable metamaterials-based reconfigurability [40-42], and 

frequency selective surfaces-based reconfigurability [43-48]. 
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1.2 Research Motivations and Novelties 
 

For being one of the most prominent types of high gain antennas, transmitarray 

antennas have attract considerable attentions in recent years. This work covers several 

major topics required to be tackled and investigated on transmitarray antennas with 

enhanced performance and expanded functionalities. 

Firstly, transmitarray antenna with a shaped radiation pattern is important for some 

practical applications. Most of the previous research focus on phase-only synthesis, 

which means that only transmission phase is controlled. However, for complete 

manipulations of electromagnetic waves, both amplitude and phase controls with full 

coverage are required. It is emergent to involve complete amplitude and phase controls 

during the transmitarray synthesis. Therefore, an amplitude-phase synthesis method, 

that is composed of transmitarray element design and transmitarray synthesis, is 

developed to involve complete transmission coefficient control for designing 

transmitarray antennas with an expected shaped radiation beam. In the process of the 

element design, inspired from the element used in [30], a three-layer transmitarray 

element with shaped-dipole structure in the middle layer sandwiched by two orthogonal 

grid polarizers is developed and investigated. By turning the dimensions of the shaped-

dipole structure in the middle layer, the developed transmitarray element achieves full-

coverage of complex transmission coefficient, which is rarely reported before in the 

field of transmitarray element. In the process of transmitarray synthesis, a synthesis 

method based on particle swarm optimization algorithm is developed for optimizing the 

element distribution on the transmitarray aperture. Transmission amplitude control is 

taken into consideration during the synthesis process, which is rarely reported before in 

transmitarray synthesis. A transmitarray antenna with a flat-top radiation pattern is then 

designed, fabricated and tested to verify the effectiveness of the developed synthesis 

method. In addition, the conventional phase-only synthesis method is also implemented 

for validation and comparison purpose, which is realized by enforcing the transmission 
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amplitude of each element to unity. Compared with the conventional phase-only 

synthesis method, the developed amplitude-phase synthesis method offers feature of 

flexible beam-shaping capability. 

Based on these researches, it has been shown that with fixed transmitarray aperture 

size, the beam-shaping capability is limited by only allowing phase control. 

Transmission amplitude control is required for complicated shaped beam, especially 

with limited aperture size. A realistic approach to achieve transmission amplitude 

control is based on attenuating the transmitted waves. 

Secondly, in order to enhance the efficiency of the transmit-reflect-combined-

array antenna, which is required in some certain applications as presented in the 

previous section, a novel unit cell is proposed. By adding one more bowtie layer in front 

of the element in chapter 3 and optimizing the element geometric parameters, the 

proposed four-layer element has the features of simultaneous and decoupled control of 

transmission phase and reflection phase, and same polarization of transmitted and 

reflected waves. Besides, the element demonstrates stable responses under oblique 

incidence, which is vital for the antenna efficiency. To verify the effectiveness of the 

proposed element, a single-feed transmit-reflect-combined-array antenna is designed, 

fabricated, and tested, and expected forward and backward beams are obtained. 

Moreover, by slanting the source feed, simultaneously bidirectional capability of the 

antenna is achieved. 

Compared with the previous studies, the aperture efficiency of the transmit-reflect-

combined-array antenna is effectively improved based on the proposed element. 

Besides, the amplitudes of the forward and backward beams can be dynamically 

controlled by simply slanting the source feed. 

Thirdly, although improved bandwidth is obtained in previous studies, they usually 

involve either complicated element structure [18, 25] or sophisticated optimization 

process [30, 31], leading to considerable design complexity and high fabrication cost. 

Therefore, in order to realize wideband transmitarray antennas in a low-cost and 

reduced-complexity manner, an efficient approach is proposed. The design approach 
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combines two different techniques—1-bit phase quantization and phase distribution 

optimization. First, a three-layer polarization-rotation 1-bit unit cell with multiple 45°-

positioned parallel strip lines printed in the middle layer is designed, and extremely 

wide 1-dB element bandwidth is obtained. Here, the 1-bit element is used to introduce 

phase error. It is the first time that phase error is used to design wideband transmitarray 

antennas. Then, considering the element performance, the phase distribution at multiple 

frequency points is optimized with modified weight at each frequency point to further 

balance the gain curve. To verify the effectiveness of the proposed approach, a 13 × 17-element transmitarray antenna working at 10 GHz is designed, fabricated, and 

tested. 1-dB fractional gain bandwidth of 37% is achieved. 

Although the obtained bandwidth is not the best compared with the existing 

designs, the proposed design approach can well balance the bandwidth behavior and 

system design complexity. Considering the low-cost fabrication and reduced-

complexity of the system design, the proposed approach is a valid alternative for 

designing wideband transmitarray antennas. 

 

1.3 Outlines of this Dissertation 

 

This dissertation is divided into 6 chapters. 

In Chapter 2, theory and analysis methods of transmitarray antennas are presented. 

Transmitarray elements with Fabry-Pérot-like cavity are discussed in detail. Particular 

emphasis is focused on the general operation principle. The generalized scattering 

matrix-based approach for efficiently evaluating the performance of layered element is 

presented. Array factor-based method for computing the radiation pattern of 

transmitarray antennas is described. 

Chapter 3 presents the design of transmitarray antenna with complete amplitude 

and phase controls for beam shaping. The developed amplitude-phase synthesis method 

is presented. A 6.5 × 6.5  transmitarray antenna with a flat-top radiation beam is 
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designed and synthesized. The effectiveness of the amplitude-phase synthesis method 

is numerically and experimentally demonstrated. 

In Chapter 4, the developed transmit-reflect-combined-array antenna is presented. 

The proposed four-layer polarization-dependent multifunctional unit cell is widely 

investigated. Based on the element, a 6.5 × 6.5   single-feed transmit-reflect-

combined-array antenna prototype is designed, fabricated, and tested. At last, the 

simultaneously bidirectional capability of the antenna is experimentally demonstrated. 

Chapter 5 presents the design of wideband 1-bit transmitarray antenna system. The 

developed design approach is first described in detail. A 6.5 × 8.5  transmitarray 

prototype is then designed, fabricated, and tested. Numerical and experimental results 

demonstrate the effectiveness of the proposed design approach. 

Chapter 6 concludes this dissertation. 

The structure of this dissertation is given in Figure 1-3. Although the chapters 3 to 

5 are in parallel, they are related to each other. All the transmitarray elements in chapters 

3 to 5 involve two orthogonal grid polarizers and are based on Fabry-Pérot-like cavity, 

which is discussed in chapter 2. Besides, the element in chapter 4 is introduced from 

the element in chapter 3. 
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Figure 1-3 Structure of this dissertation. 
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Chapter 2 

Theory and Analysis Methods 
 

In this chapter, the general theory and analysis methods for transmitarray antennas 

are presented, with a focus on those used in this dissertation. First the source feed is 

discussed. Specifically, the source feed used in this dissertation, namely fermi antenna 

[49-56], is described. Then, the design and analysis of the transmitarray element are 

separately presented. Transmitarray elements with Fabry-Pérot-like cavity [30, 31, 57-

59] are discussed, with a focus on the underlying operation principle. Generalized 

scattering matrix (GSM)-based approach [60-63] for analyzing layered element is 

presented in detail in the following. The accuracy and evaluation time of the GSM-

based approach are presented. Next, transmitarray element arrangement corresponding 

to the required aperture phase distribution is described. Finally, the radiation pattern 

computation based on array factor approach is presented. The comparisons between the 

results of array factor approach and full-wave simulation are discussed. 

 

2.1 Source Feed in this Dissertation 

 

Corrugated horn antennas are usually used with advantages of symmetric radiation 

patterns and excellent antenna efficiency to illuminate the transmitarray aperture. 

However, here, a fermi antenna [49-56] is introduced, providing advantages of being 

light-weight and low-profile. For completeness and clarity, it is necessary to provide 

the performance of the source feed. 
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The schematic view of the source feed is shown in Figure 2-1. Each side of the 

substrate ( = 3.3, tan = 0.001, thickness = 0.8 mm) is printed with a metal slot. 

The curve of the slot satisfies the Fermi-Dirac function shown below: 

 

 
1 ( ' )( ') b z c

af z
e − ⋅ −

−=
+

 (2-1) 

 

where a , b, and c  are related to the asymptotic value, gradient at inflection point, 

and inflection point coordinate, respectively. The detailed design parameters are listed 

in Table 2-1. 

 

The comprehensive performances of the source feed are summarized in Figure 2-

 

 
 
 
 
 

 
 
 

Figure 2-1 Source feed schematic view. 
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2. Asymmetric radiation patterns with narrower beamwidth in E-plane and wider 

beamwidth in H-plane are obtained from Figure 2-2 (b)-(d). Besides, from Figure 2-2 

(e), the realized gain increases with increasing frequency. However, the total efficiency 

of the source feed (T.E.), which is defined as: 

 

 
Radiated PowerT.E.

Stimulated Power
=  (2-2) 

 

shows a decreasing curve. In addition, the phase center response of the source feed is 

given in Figure 2-2 (f). 

 

 

 

 

 
 

TABLE 2-1 
DESIGN PARAMETERS OF THE SOURCE FEED 
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Figure 2-2 Source feed performances (a) return loss; (b) Beamwidth and First SLL; (c)

normalized radiation patterns in E-plane; (d) normalized radiation patterns in H-plane; 

(e) Realized gain and total efficiency; (f) Phase center coordinate response. 
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2.2 Design and Analysis of the Transmitarray Element 

 

There are different techniques for designing transmitarray element, such as multi-

layer frequency selective surfaces (M-FSSs) [17, 23, 64], receiver-transmitter design 

[39, 65-67]. M-FSSs are used as spatial phase shifters. Studies have found that single 

layer of FSS cannot provide full coverage of compensation phase [68]. Instead, layered 

structure of FSS separated by either thick substrate or air gap is required [47]. Besides, 

a receiver-transmitter configuration typically consists of two planar arrays named 

receiver/transmitter array and the interconnected phase delay lines. The incident fields 

captured by the receiver array re-radiate into free space by transmitter array after 

passing through the phase delay lines, which are mainly composed of coupling structure 

and/or transmission line. However, in this chapter, particular focus is placed on the 

transmitarray element with Fabry-Pérot-like Cavity [30, 31, 57-59], which can be 

physically explained by interference theory [69-71]. Due to the flexibility provided, all 

the transmitarray elements in this dissertation are developed based on this kind. 

Therefore, it is necessary to provide the underlying operation principle of such kind of 

element. Next is to analyze the performance of the element. Due to the multi-layer 

nature of such kind of elements, generalized scattering matrix (GSM)-based approach 

[60-63] is used to efficiently evaluate the element performance. These two aspects are 

separately discussed in the following. 

 

2.2.1 Transmitarray Element with Fabry-Pérot-like Cavity 

 

The concept of Fabry-Pérot-like cavity is from Fabry-Pérot interferometer [72, 73], 

which is an optical cavity made from a pair of partially reflective surfaces allowing 

interference of all the partially transmitted waves. For transmitarray element, under 

some certain conditions, such as thick substrate layer or thick air layer between adjacent 

layers [30, 31, 58], the combined element can be treated as a Fabry-Pérot-like cavity, 
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and the element behavior can be explained by using interference theory [69-71]. 

Figure 2-3 shows the 3-D perspective view of a typical transmitarray element with 

Fabry-Pérot-like cavity. One should be mentioned that although only one element is 

illustrated, the element performance is in fact obtained in a periodically infinite array 

environment. The cross-section view of the element is shown in Figure 2-4. With y-

polarized normal incidence, the waves directly pass through the first layer. After passing 

the air layer, the waves interact with the second layer, consequently resulting in y-

polarized reflected waves ( ,  ), x-polarized reflected waves ( ,  ), y-polarized 

transmitted waves ( , ), and x-polarized transmitted waves ( , ). Here, the number 1 

in the subscript is the interaction round number. Considering the grid orientation of the 

 

 
 
 

Figure 2-3 3D perspective view of transmitarray element with Fabry-Pérot-like cavity.
The air gaps between adjacent layers is 4 mm. The periodicity is 15 mm. 
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two polarizers, as the red solid line and yellow solid line indicate in Figure 2-4, the y-

polarized reflected waves ( , ) pass through the first layer to the outside, while the x-

polarized transmitted waves ( , ) pass through the third layer to the outside. However, 

as the blue lines and pink lines indicate in Figure 2-4, the x-polarized reflected waves 

( , ) and y-polarized transmitted waves ( , ) are reflected back to the second layer. 

These back-reflected waves further interact with the second layer, leading to second 

round and third round y-polarized reflected waves ( ,  , ,  ) and x-polarized 

transmitted waves ( , , , ). These waves will interfere with each other. Similar to 

the wave propagation in a stratified media [74, 75], the overall reflected and transmitted 

waves of the element are then the superposition of these multiple reflected and 

transmitted waves. Mathematically, they are described as: 

 

 1 2 3, , ,
overall y y y
r r r rE E E E= + + +  (2-3) 

 

 
 
 

Figure 2-4 Cross section view of the element shown in Figure 2-3. 
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 1 2 3, , ,
overall x x x
t t t tE E E E= + + +  (2-4) 

 

Each component can be obtained by using transmission line model once the individual 

behavior of each layer is known, which is usually obtained by full-wave simulation. 

Then, the overall reflection coefficient and transmission coefficient are computed by 

using the formulas shown below: 

 

 
overall
r

overall y
i

ER
E

=  (2-5) 

 
overall
t

overall y
i

ET
E

=  (2-6) 

 

2.2.2 Generalized Scattering Matrix-Based Analysis Method 

 

The analysis technique for multilayer transmitarray elements, such as those based 

on Fabry-Pérot-like cavity as shown in Figure 2-3, can be addressed, either by an 

overall or a modular technique. For overall method, the element responses are evaluated 

by periodic boundary condition [76, 77]-based full-wave analysis with the entire 

element as a whole. However, with layered element, the number of unknows and 

evaluation time are exponentially increased. Instead, the modular method, as presented 

in [60-63], is based on the computation of the generalized scattering matrix (GSM) for 

each layer. Then, the performance of the entire element can be obtained by using 

cascading process. Specifically, the responses of each layer (including air layer if exist) 

is obtained by using periodic boundary condition-based full-wave simulation and 

packed as a building block. Next, considering proper mode-matching between each 

layer, the layers are connected to form a cascaded scattering parameter network. Finally, 

the total responses are obtained by using simple matrix computations. The flowchart of 

the GSM method is shown in Figure 2-5. It should be noticed that sufficient Floquet 

modes need to be considered during the cascading process to obtain accurate overall 
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performance, especially for transmitarray element with a small separation between 

adjacent layers. However, for transmitarray elements with Fabry-Pérot-like cavity, 

where the separation between two adjacent layers is usually large, only fundamental 

Floquet modes are enough to obtain accurate results. 

To verify the effectiveness, the transmitarray element shown in Figure 2-3 is 

evaluated by both GSM approach and overall method under normal incidence. For 

GSM approach, only the two fundamental Floquet modes are taken into account during 

the cascading process. Therefore, as shown in Figure 2-6, the element is equivalent to 

a 4-port network with 5 building blocks representing each layer. Here, the port 

superscripts denote the polarization, and the subscripts represent the reflection or  

transmission side. The performance of the element can be fully characterized by two 

matrix equations shown in the following: 
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Figure 2-5 Flowchart of the GSM method. 
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R R
R R
 =   

R  (2-10) 

 

where /
/ /
x y
i r tE  represents the incident/reflected/transmitted fields for the element with x 

or y polarizations. The complex matrices T   and R   describe the transmission and 

reflection performance of the element. Here, the first letter of the subscript denotes the 

polarization of transmitted or reflected fields, along with the second letter for that of 

incident fields. Figure 2-7 shows the comparisons between the results of GSM approach 

and overall method. The results show high consistency, demonstrating the high 

accuracy of the GSM approach with only the two fundamental Floquet modes taken 

into consideration. To further demonstrate the applicable conditions of GSM method 

with only fundamental Floquet modes taken into account, another two sets of simulation 

results are given in Figure 2-8. The insets are the evaluated element model, and the only 

difference between the two element models is the thickness of the air gap between 

adjacent layers. For element shown in Figure 2-8 (a), the air gap is 4 mm, while that of 

the element shown in Figure 2-8 (b) is 2 mm. No matter how many modes are 

considered, for 4 mm air gap element, the results show high consistency. However, for 

 

 
 

 
 

Figure 2-6 Equivalent network representation of the element shown in Figure 2-3. 
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2 mm air gap element, accurate results can only be obtained with high-order Floquet 

modes taken into consideration. Besides, for first high-order mode appeared in these 

elements, which is surface wave mode, the propagation loss through 4 mm air gap is 

12.6 dB at 10 GHz. It is this large propagation loss of the first high-order mode enables 

the GSM method with only fundamental modes obtain accurate results. However, for 2 

mm air gap, the propagation loss of the first high-order mode is only 6.3 dB at 10 GHz, 

which is too small to ignore. Therefore, the critical condition that obtain accurate results 

under consideration of only fundamental Floquet modes is the air gap thickness of the 

element. Besides, the GSM approach provides 10-times fast evaluation time compared 

with overall method. The high efficiency and accuracy of the GSM approach make it 

possible to perform parametric studies and optimize the element geometry within an 

acceptable time. 

 



21 
 

 

 

 

 

 

 
 
 

Figure 2-7 Comparison results of (a) magnitude response; (b) phase response. 
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Figure 2-8 Comparison results of (a) 4 mm air gap element; (b) 2 mm air gap 

element. Insets: element model. The periodicity of the element is 15 mm. 
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2.3 Phase Distribution and Element Arrangement on 

Transmitarray Aperture 

 

The operation mechanism of transmitarray antennas is based on assuming that the 

transmitarray elements are located in the far-field region of the source feed, which is 

usually center positioned. In such situation, the EM field impinging on each 

transmitarray element on the aperture can be locally considered as a plane wave with a 

certain incident angle and a certain incident phase. 

Each transmitarray element on the aperture need to be designed to recompense the 

spatial phase delay that is proportional to the length from the source feed to the element 

plus a progressive phase term to generate a collimated beam in desired direction, as 

shown in Figure 2-9.  

Mathematically, the required phase mnφ  for the mnth element is described               

 

 
 
 

 
 
 
 

Figure 2-9 mnth element compensation phase. 
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as [62, 78]: 

 

 00 0( )mnmn mnk R r rφ ψ= ⋅ − ⋅ +
   (2-11) 

 

where 0k  is the propagation constant in free-space, mnR  is the length from the source 

feed to the mnth element, mnr


  is the position vector of the mnth element, and 0r  

represents the main beam direction. For broadside beam, the equation can be simplified 

as: 

 

 0 0
broadside
mn mnk Rφ ψ= ⋅ +  (2-12) 

 

0ψ   is the constant reference phase, revealing that a relative transmission phase 

distribution rather than the absolute transmission phase distribution is enough for 

transmitarray design. 

Figure 2-10 shows the required transmission phase distribution on the aperture of 

a 30 × 30 -element transmitarray antenna ( ⁄ = 0.8 , =  ). The source feed is 

center-positioned, and the beam is broadside. 

Once the required transmission phase distribution is determined, the associated 

transmitarray element dimension distribution is given by referring to the transmission 

phase diagram obtained in the previous section. 
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2.4 Radiation Pattern Calculation using Array Factor 

Approach 

 

Exact radiation pattern of a transmitarray antenna can be obtained by using 

aperture field integration [79]. However, the exact aperture field distribution is difficult 

to obtain as the adjacent transmitarray elements are slightly different, and the 

formulation of the integration is usually hard. Instead, the far-field radiation pattern can 

be efficiently computed by using conventional array theory with certain approximations 

introduced during the formulation. Mathematically, the radiation pattern of a M × N-

 

 
 

 
 
 

Figure 2-10 Required compensation phase distribution on the aperture. 
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element planar array is described as [78, 80]: 

 

  ( ) ( ) ( )mn mn

M N

E u A u I r= ⋅
    (2-13) 

 

where ( )mnA u  is the vector function of the element pattern, mnr


 is the position vector 

of the mnth element, ( )mnI r
 

 is the element excitation vector function for mnth element, 

and   sin cos sin sin cosu x y zθ ϕ θ ϕ θ= + +    represents the observation direction. A 

transmitarray antenna system is given in Figure 2-11. The source feed is center-

positioned with a distance to the transmitarray aperture of . 

To simplify the formulations, scalar cosine  models are usually introduced to 

approximate the element-pattern function and source feed pattern function. For 

element-pattern function, it is described as: 

 

 

 
 

 
 
 

Figure 2-11 Transmitarray antenna system. 
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0cos ( )( , ) ( ) mneq j k r u

mnA eθ ϕ θ ⋅ ⋅ ⋅≈ ⋅


 (2-14) 

 

where eq  represents the power factor of the element pattern. It is usually obtained by 

using full-wave simulation of the element with infinite array approximation. By 

approximating the source feed with another cosine  model and taking the Euclidian 

distance between the source feed and the transmitarray element into consideration, the 

element excitation function can then be described as [78, 80]: 
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ψθ
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   (2-15) 

 

where mn
fθ  is the spherical angle in the feed’s coordinate system for mnth element, fq  

is the power factor of the source feed, fr


 is the source feed position vector, mn
eθ  is 

the angle between the line from source feed to the mnth element r


 and the normal 

direction of the aperture plane, mnψ  is the required compensation phase for the mnth 

element to form a collimated main beam in the  0u  direction, as presented in equation 

2-11. 

The mutual coupling between adjacent elements is approximated by using the 

infinite periodic array approach, which means that each element is located in an infinite 

array environment with all surrounding elements considered identical. 

 

 

Based on the above analysis, the radiation pattern presented in equation 2-13 can 

now be expressed to the scalar form as [78, 80]: 
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It should be noticed that the incident field distribution can also be alternatively obtained 

by either full-wave simulation or measurement. Besides, equation 2-16 can only be 

applied to compute the co-polarized radiation pattern of a transmitarray antenna. The 

calculation can further be accelerated by using Fast Fourier Transform algorithm to 

evaluate the double summation in equation 2-16. 

The radiation pattern of a 25 × 25-element transmitarray antenna is computed by 

both array factor-based approach and full-wave simulation. The detailed transmitarray 

antenna settings are listed in Table 2-2. For array factor approach, the element power 

factor is set to 1, and the incident field distribution on the transmitarray aperture is 

obtained by full-wave simulation rather than cosine q model. For full-wave simulation, 

the source feed is equivalent to a field source instead of the real modeling. Figure 2-12 

shows the comparisons between the results of both methods in φ = 0°  plane. The 

main beam shape and direction, beamwidth, and the SLL in beam region can be 

accurately computed by array factor approach. The discrepancies outside the main 

beam region is mainly due to that exact interelement mutual coupling and edge 

diffraction are not considered in the array factor approach formulation. The evaluation 

time for both methods are also summarized in Table 2-3. The fast evaluation provided 

by the array factor approach is helpful for array synthesis applications, and the array 

factor approach is used in Chapter 3. 

 
 

TABLE 2-2 
TRANSMITARRAY ANTENNA SETTINGS 
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Figure 2-12 Comparison results between both methods in φ = 0° plane. 
 
 

TABLE 2-3 
EVALUATION TIME COMPARISON 
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Chapter 3 

Transmitarray Antenna with 
Amplitude and Phase Control for 
Beam-Shaping 
 

 

As presented in chapter 1, beam-shaping transmitarray antenna that involves 

complete transmission coefficient control is emergent. In this chapter, an amplitude-

phase synthesis method is developed to design transmitarray antennas with an expected 

shaped beam. The amplitude-phase synthesis method is composed of two parts—

transmitarray element design and transmitarray synthesis. In the process of the 

transmitarray element design, a three-layer transmitarray element with shaped-dipole 

structure in the middle layer sandwiched by two orthogonal grid polarizers is developed 

and studied. By turning the dimensions of the shaped-dipole structure, the proposed 

transmitarray element achieves full-coverage of complex transmission coefficient, 

which is rarely reported before in the field of transmitarray element. In the process of 

transmitarray synthesis, a complex amplitude synthesis technique, based on particle 

swarm algorithm, is developed for optimizing the element distribution on the 

transmitarray aperture. Transmission amplitude control is considered during the 

synthesis process, which is rarely reported before in the field of transmitarray synthesis. 

To verify the effectiveness of the method, a 195 mm × 195 mm  (6.5 × 6.5  

@10GHz) transmitarray antenna with a flat-top radiation pattern is designed, fabricated, 

and tested. Besides, for comparison purpose, the conventional phase-only synthesis 

method is also implemented by enforcing the transmission amplitude of each element 

to unity. Compared with the conventional phase-only synthesis method, the developed 



31 
 

amplitude-phase synthesis method offers feature of flexible beam-shaping capability, 

and is a valid alternative to design shaped-beam transmitarray antenna with limited 

aperture size. 

 

3.1 Amplitude-Phase Synthesis Method 

 

The developed amplitude-phase synthesis method is composed of two parts. part 

one is to design a transmitarray element that is capable of providing full-coverage of 

complex transmission coefficient. Part two is to synthesize the element distribution on 

the aperture for required shaped radiation pattern. They are discussed separately in the 

following. 

 

3.1.1 Transmitarray Element Design 

 

Transmitarray element with both amplitude and phase control is rarely reported 

before. Inspired from the transmitarray element in [30], a new transmitarray element is 

developed. It is found that the transmitarray element is able to involve complete 

transmission amplitude control, which is rarely reported before. It should be pointed 

out that the element in [30] is mainly focused on wideband operation, while in this 

chapter the element is centered to the control of both amplitude and phase of the 

transmission coefficient. The 3-D perspective view of the element is shown in Figure 

3-1 (a). Three metal layers (yellow parts) are etched on corresponding three dielectric 

substrates ( = 3.3 , tan = 0.001 , = 0.8 mm ), which are separated by the 

same air gaps ( = 4.0 mm ). The top layer and bottom layers are two identical 

orthogonal-positioned grid polarizers with strip width of = 0.8 mm and gap of =2.2 mm, which work as perfect lens or reflector depending on the grid orientation. An 

obliquely placed ( ) shaped-dipole with radius of , dipole width of , and dipole 

length of , is printed on the middle layer, where the detailed top view is presented in 
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Figure 3-1 (b). Besides, the periodicity of the element is = 15 mm , which is 

equivalent to 0.5  , where   denotes the free-space wavelength at 10 GHz. The 

element responses highly rely on the polarization of the incident fields. Specifically, 

with y-polarized normal illumination ( ), the combined element forms a Fabry-Pérot-

like cavity [30, 31, 57-59], and can be explained by the interference theory presented 

in Chapter 2. By rotating the  in the middle layer of the element, the consequent Cr-

Pol transmissive ( ) interference can either be constructive or destructive, leading to 

the manipulation of the | | . It should be pointed out that the control of the 

 

 
 

 
 
 

Figure 3-1 Unit cell view (a) 3-D perspective view of the unit cell; green arrows:

incident field components; blue arrows: reflected field components; red arrows:

transmitted field components; (b) Top view of the middle layer; (c) Top view of the 

mirrored middle layer. 
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transmission magnitude (| | ) is at the cost of the reduced transmission efficiency. 

Considering the grid orientation of the top and bottom layers, in order to attenuate | |, 
part of the power should be reflected by means of . As a consequence, the resulting 

antenna system inevitably suffers from less efficiency, which is an evident shortcoming. 

However, the undesired  component is isolated on the reflection side. Meanwhile, 

the phase of the  component can be controlled by varying . Besides, the fields are 

fully reflected by means of  with x-polarized normal incident waves ( ), which 

means the Cr-Pol of the source feed has little effect on the transmission side. 

In this chapter, generalized scattering matrix (GSM)-based approach presented in 

Chapter 2 is implemented for efficiently evaluating the element performance. With only 

the two fundamental Floquet modes taken into consideration, as shown in Figure 3-2, 

the element is equivalent to a 4-port network with 5 building blocks representing each 

layer. Besides, the element performance can be fully characterized by the two matrix 

equations shown in equations 2-7~2-10. Here, component of  is of critical concern. 

For complete control of EM waves, the element responses should satisfy the following 

requirements: 

1) Full-coverage of transmission phase 

2) Full-coverage of transmission amplitude 

After huge parametric studies and geometric optimization, the final element design 

parameters are listed in Table 3-1. Three discrete values of  are selected to fulfill 

 

 
 

 
 
 

Figure 3-2 Equivalent S-parameter network representation of the element. 
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the requirements. 

The   responses vs.   at discrete   are shown in Figure 3-3 (a) and (b). 

Figure 3-3 (c) and (d) present the  responses vs.  at discrete . All the results in 

Figure 3-3 are evaluated at 10 GHz with element configuration of = 7.1 mm under 

normal incidence. It can be mainly concluded that  is in charge of phase responses, 

while amplitude responses are controlled by . Figure 3-4 depicts the , , 

and | | responses with element configuration of = 7.1 mm and = 10.8 mm 

under normal incidence. Compared the pentagram-marked curve in Figure 3-3 (c) with 

the circle-marked curve in Figure 3-4, the inverse relation between  and  

can be clearly observed. In addition, high polarization purity on transmission side can 

be addressed by ignorable value of  and near-unity value of | |. Meanwhile, 

all the discrete results evaluated in different configurations are plotted in polar diagram 

shown in Figure 3-5. Full amplitude coverage and half phase coverage can be achieved 

directly. The other half space can be easily obtained by mirroring the middle layer, 

where the top view is shown in Figure 3-1 (c), consequently leading to full coverage of 

both transmission amplitude and transmission phase. The frequency responses in 

element configuration of = 6.8 mm under normal incidence are given in Figure 3-

6 (a) and (b). Smooth amplitude responses and linear phase responses can be obtained, 

illustrating the potentials of wideband operation. It should be noticed that the discrete 

data obtained in Figure 3-5 are interpolated by cubic spline and then packed as a 

 

 
TABLE 3-1 

FINAL DESIGN PARAMETERS OF THE ELEMENT 
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numerical function, which is used directly in system design and synthesis step. 

 

 

 
 
 
 
 
 

 

 

Figure 3-3 (a)  vs.  at discrete values of . (b) ∠  vs.  at discrete values 

of . (c)  vs.  at discrete values of . (d) ∠  vs.  at discrete values of 

. 
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Figure 3-4  , , and | | vs. . 
 
 

 

 
 
 

Figure 3-5 Polar diagram of all the results evaluated. 
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Figure 3-6 Frequency responses of  (a) Frequency responses of  with 

fixed value of  and discrete values of . (b) Frequency responses of ∠  with 

fixed value of  and discrete values of . All the results are based on the element 

configuration of = 6.8 mm 
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3.1.2 Transmitarray Synthesis 

 

For transmitarray synthesis, radiation pattern of the transmitarray antenna with 

specific element distribution need to be computed efficiently. Here, array factor-based 

approach as presented in Chapter 2 is used, and the calculation formula is shown in 

equation 2-16. The incident field distribution is determined by full-wave simulation 

instead of cosine  model. The element power factor is 1.2 in this design. By adopting 

FFT algorithm, the radiation pattern is obtained efficiently in a discrete number of 

angular coordinates (300 × 300 points in this design). Proper  functions ( , 

 ) are defined to restrict the achievable radiation pattern to meet the design 

requirements. Classical fitness function is defined here as [81, 82]: 
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 (3-1) 

 

where ( , ) is the calculated radiation patterns in angular coordinates, ( , ) 

represent the masks. Global-robust particle swarm optimization algorithm is deployed 

to execute the iteration loop. An initial position based on superposition method [83] 

could be added to reduce the loop time. The flowchart of the optimization is shown in 

Figure 3-7. The optimization is considered to be converged with stable value, and the 

element distribution on the aperture will be extracted for further verification. 
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3.2 Design and Measurements of Transmitarray Antenna 

with A Flat-Top Beam 

 

To verify the effectiveness of the amplitude-phase synthesis method, a 13 × 13-

element transmitarray antenna with a flat-top beam is designed, fabricated, and tested. 

The sector region is set from 0.12 < u < 0.22, |v| ≤ 0.17, and the maximum SLL 

outside the beam region is set to -30 dB. Besides, the maximum tolerance in sector 

region is fixed to 1 dB. For comparison purpose, the phase-only synthesis method is 

also implemented by enforcing the  of each element on the aperture to 45°, where 

the  is approximately unity. The optimization parameters are the same for both 

loop-runs, and are listed in Table 3-2. After the convergence of the optimizations, the  

 

 
 

 
 
 

Figure 3-7 Flowchart of the optimization. 
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element distributions are extracted. Then, the full antenna system is modeled and 

verified using Ansys HFSS simulator. Antenna prototype with amplitude-phase 

synthesis method was fabricated and tested. For measurement, firstly, radiated far-field θ-/φ-components were tested separately in space, with X-band standard gain horn as 

receiver. Then, Co-/Cr-Pol radiation patterns were directly computed in postprocessing 

step. The Co-/Cr-Pol components in this design are based on the Ludwig third definition 

[84], and the formula is shown below: 

 

 cos sin
sin cos

Co

Cr

EE
EE

θ

ϕ

ϕ ϕ
ϕ ϕ

   − =        
  (3-2) 

 

where /  denote the measured radiated far-field components, and  represents the 

angle in the spherical coordinate system. 

The initial particle position for the synthesis is computed based on the 

superposition principle without amplitude modulation, leading to the same fitness 

function value at the beginning of the loop for amplitude-phase synthesis and phase- 

 
 

TABLE 3-2 
OPTIMIZATION SETTINGS 
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only synthesis situations. The convergence curves are depicted in Figure 3-8, revealing 

faster convergence rate of phase-only synthesis method and much better final result of 

amplitude-phase synthesis method. The optimal amplitude and phase distribution at 10 

GHz for amplitude-phase synthesis situation are shown in Figure 3-9 (a) and (b), 

respectively. The calculated normalized radiation patterns for both situations at 10 GHz 

are plotted in Figure 3-10 (a) and (b). The transformation relation between angular 

coordinates and spherical coordinates is shown in the following: 

 

 { sin cos
sin sin

u
v

θ ϕ
θ ϕ

=
=  (3-3) 

 

 

 
 
 

Figure 3-8 Convergence curves. 
 
 



42 
 

 

 

 

 
 
 

Figure 3-9 Optimal distribution at 10 GHz (a) Optimal  distribution of APS. (b) 

Optimal ∠  distribution of APS. 
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Figure 3-10 (a) Calculated radiation pattern of POS. (b) Calculated radiation pattern of 

APS. Both at 10 GHz. 
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Here, ( , )θ ϕ are the angles in spherical coordinate. More complete sector beam 

can be observed for amplitude-phase synthesis situation. Figure 3-11 (a) and (b) depict 

the simulated normalized Co-Pol radiation patterns for both situations at 10 GHz in z>0 

hemispace, from which the same conclusion can be addressed. For clarity, the 

normalized calculated/simulated radiation patterns cut in u = 0.17 plane are extracted 

and plotted in Figure 3-12 for both situations. Sector even cannot be formed by phase-

only synthesis method. High agreement between calculated/simulated results can only 

be observed in the beam region. The simulated normalized radiation pattern in z<0 

hemispace for amplitude-phase synthesis situation is depicted in Figure 3-13, where 

leakage of the energy is evident and the normalized back lobe is about -8 dB. However, 

the leakage is isolated by the aperture, and it has little effect on the beam region, which 

could be an advantage for this design. 

The photograph of the fabricated prototype and the layout of the middle layer are 

shown in Figure 3-14 (a) and (b), respectively. The measured absolute Co-Pol radiation 

pattern and measured normalized Cr-Pol radiation pattern in z>0 hemispace at 10 GHz 

are presented in Figure 3-15 (a) and (b). The simulated and measured radiation patterns 

cut in u=0.17 plane and v=0 plane for both Co-/Cr-Pol are shown in Figure 3-16 (a) and 

(b), respectively. Realized gain of 18 dBi at 10 GHz is achieved. Besides, a reasonable 

agreement between these results is confirmed. The simulated Co-Pol radiation patterns 

cut in u=0.17 plane and v=0 plane at multiple frequency points are depicted in Figure 

3-17 (a) and (b), respectively. The patterns are normalized to the value at 10 GHz. 

Radiation consistency can be observed, directly revealing the potential of wideband 

operation for this design. 
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Figure 3-11 (a) Simulated Co-Pol radiation pattern (z>0) of POS. (b) Simulated Co-

Pol radiation pattern (z>0) of APS. Both at 10 GHz 
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Figure 3-12 Radiation patterns cut in u = 0.17 plane for both APS and POS 

situations. 

 
 

 
 

Figure 3-13 Simulated radiation pattern of APS in z<0 hemispace. 
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Figure 3-14 (a) Photograph of the fabricated prototype; (b) Element layout in the

middle layer. 
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Figure 3-15 (a) Measured Co-Pol radiation pattern in z>0 hemispace. (b) Measured 

Cr-Pol radiation pattern in z>0 hemispace. Both at 10 GHz. 
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Figure 3-16 (a) Normalized Co-/Cr-Pol radiation pattern cut in u = 0.17 plane. (b) 

Normalized Co-/Cr-Pol radiation pattern cut in v = 0  plane. All the results are 

evaluated at 10 GHz. 
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Figure 3-17 (a) Co-Pol radiation patterns cut in u = 0.17 plane at multiple frequency 

points. (b) Co-Pol radiation patterns cut in v = 0 plane at multiple frequency points. 

All the results are normalized to the value at 10 GHz. 
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3.3 Discussion and Summary 

 

A small-sized (6.5 × 6.5  ) transmitarray antenna with a flat-top radiation 

pattern is successfully synthesized by using the developed amplitude-phase synthesis 

method. Besides, the comparison between the developed amplitude-phase synthesis 

method and conventional phase-only synthesis method is widely provided, 

demonstrating more flexible beam-shaping capability of the former one. However, there 

are some points need to be pointed out: 

1) No matter which methods are under consideration, the results of the array factor-

based calculation can be matched with those of the full-wave simulation only in 

beam region. The discrepancy outside the beam region is mainly caused by the 

interelement coupling and edge diffraction, and can be mitigated by using more 

realistic calculation model in [85-87]. However, this could lead to increased 

computation cost during optimization process. 

2) The marked undesired large Cr-Pol in Figure 3-16 (b) is mainly caused by the 

large edge diffraction across v = 0 plane, which is attributed to the asymmetric 

radiation pattern provided by the source feed presented in Chapter 2. However, 

this can be mitigated by using source feed with symmetric radiation pattern or 

enlarging the transmitarray aperture across v = 0 plane. 

3) The required flat-top beam can also be synthesized by the conventional phase-

only synthesis method with a larger transmitarray aperture size. Therefore, when 

the aperture size is limited, the developed amplitude-phase synthesis method is an 

efficient method to design beam-shaping transmitarray antenna. 
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Chapter 4 

Transmit-Reflect-Combined-Array 
Antenna with Forward and 
Backward Beams 
 

In this chapter, a novel four-layer polarization-dependent multifunctional element 

is proposed for designing single-feed transmit-reflect-combined-array antenna with 

expected forward and backward beams, which is desired in interferometric synthetic 

aperture radar [10], simultaneous indoor and outdoor communications, and tunnel 

communications[11, 12]. Considering the polarization sensitive behavior of the element 

developed in Chapter 3, in order to support the ability of reflection phase control, one 

more bowtie layer is added to form a new element. By optimizing the element geometric 

parameters, the proposed element provides the features of simultaneous and decoupled 

control of transmission phase and reflection phase. Here, generalized scattering matrix 

(GSM)-based cascaded network solver is implemented again to efficiently evaluate the 

element performance during the optimization process. Besides, the element 

performance under oblique incidence is also investigated, demonstrating stable 

behavior for both transmission response and reflection response. The oblique incidence 

stability of the element guarantees the high aperture efficiency of the resulting antenna. 

Based on these studies, a 13 × 13-element antenna prototype is designed, fabricated, 

and tested. The antenna operates as transmitarray and reflectarray at the same frequency 

band, by discriminating in polarization of the source feed. The measured realized gains 

of the transmitarray functionality and reflectarray functionality at 10 GHz are 23.5 dBi 

with 22.6% 1-dB fractional gain bandwidth and 24 dBi with 18.6% 1-dB fractional gain 

bandwidth, respectively. Moreover, the antenna achieves aperture efficiency of 42.2% 
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at 10 GHz for transmitarray functionality and 47.3% at 10 GHz for reflectarray 

functionality, which are better than the existing designs. In addition, in order to verify 

the simultaneously bidirectional capability of the antenna, an additional experiment, 

which is based on slanting the source feed, is implemented. Measured results match 

well with those of simulated results. 

 

4.1 Design and Optimization of the Unit Cell 

 

The 3-D perspective view of the four-layer multifunctional unit cell is shown in 

Figure 4-1 (a) with periodicity of = 15 mm, which is equivalent to 0.5 , where 

 is the free-space wavelength at 10 GHz. The metal structures, as the yellow parts 
 

 
 

 
 

 

Figure 4-1 Unit cell view (a) 3-D view of the unit cell; red lines: polarization-rotation 

transmission process; blue lines: reflection process. (b) Top view of the first layer. (c) 

Top view of the third layer. (d) Mirrored structure of the third layer. 
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indicate, are printed on four dielectric substrates (ε = 3.3 , tan = 0.001 , =0.8 mm) with same air gaps ( = 4 mm). The detailed top view of the first layer and 

third layer are shown in Figure 4-1 (b) and (c), respectively. The first layer is composed 

of bowtie dipole, where the bowtie angle is  and dipole length is . An arc gap with 

width of  and boundary width of  is inserted into the bowtie. As shown in Figure 

4-1 (c), the shape of the third layer is similar with the middle layer of the element in 

Chapter 3. However, in this chapter, the angle  is fixed to 45° to maintain the high 

value of the transmission magnitude when the transmission phase is changing. The 

second layer and fourth layer are two orthogonal grid polarizers with the same 

geometric parameters used in Chapter 3. The responses of the element are determined 

by the polarization of the incident wave. On one hand, as shown by the red lines in 

Figure 4-1 (a), with y-polarized normal illumination, the wave is immune to the first 

layer and completely transmitted to the second layer. Then, the remaining layers guide 

the wave pass through the element with the same mechanism presented in Chapters 2 

and 3. Besides, the transmission phase is controlled by varying . On the other hand, 

considering x-polarized normal illumination as shown by the blue lines in Figure 4-1 

(a), the incident wave is fully reflected due to the frequency cut-off of the second layer. 

The reflection phase is controlled by altering . It should be mentioned that due to 

coupling effect between transmission process and reflection process, the variation of 

  has undesired effect on the transmission phase. Therefore, in order to realize 

independent control of reflection phase (only by ) and transmission phase (only by 

), the geometric parameters of the element ( , , , , ) need to be optimized, 

which is achieved by generalized scattering matrix (GSM)-based cascaded network 

solver. 

In this chapter, generalized scattering matrix (GSM)-based approach is 

implemented again to efficiently evaluate the element performance. With only the two 

fundamental Floquet space harmonics taken into consideration, as shown in Figure 4-

2, the element is equivalent to a 4-port network with 7 building blocks representing 

each layer. Besides, the element responses should meet the following requirements as 
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much as possible [1, 88]: 

1) Minimize the coupling effect between transmission and reflection; 

2) Phase shift coverage of 360° for both transmission and reflection; 

Parametric studies have found that there is a trade-off between the coupling effect and 

the phase coverage. The coupling effect is mainly caused by the opening angle of the 

bowtie structure in the first layer. Here, we choose to minimize the coupling effect first, 
 

 
 

 
 
 

Figure 4-2 Network model of the proposed element. 
 
 

TABLE 4-1 
FINAL DESIGN PARAMETERS OF THE ELEMENT 
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and the final design parameters are listed in Table 4-1. 

In this chapter, the element performance can also be fully characterized by the two 

matrix equations listed in equations 2-7~2-10. Components of   and   are 

essential. The   and   vs.   or   are shown in Figure 4-3, where all the 

results are evaluated at 10 GHz with normal incidence. Decoupled control of 

transmission phase and reflection phase is achieved. The transmission phase is only 

controlled by varying  in the third layer, while the reflection phase is only controlled 

by varying   in the first layer. The responses of   and   components at 

multiple frequency points with normal incidence are plotted in Figure 4-4. For 

transmission phase responses as shown in Figure 4-4 (b), around 150°  phase shift 

coverage can be directly obtained by varying . An additional π phase shift is created 

by simply mirroring the structure of the third layer as shown in Figure 4-1 (d), 

consequently leading to around 300°  total transmission phase coverage achieved, 

which is sufficient for transmitarray design [1]. For reflection phase responses as shown 

in Figure 4-4 (d), similar behaviors between each frequency point are obtained, and 

reflection phase coverage of 280°  is achieved. The element performance under 

oblique incidence is also studied and depicted in Figure 4-5, where the first angle in the 

legend denotes the , while the second one represents the . The performance is 

obtained by periodic boundary condition-based full-wave analysis with the entire 

element as one building block. Stable responses are obtained for both transmission and 

reflection, which is vital for antenna efficiency. Compared with reflection responses, 

the transmission responses are slightly more sensitive to oblique incident angle. 
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Figure 4-3 (a) | |  vs.   at discrete  . (b) ∠   vs.   at discrete  . (c)

  vs.   at discrete  . (d) ∠   vs.   at discrete . All the results are

evaluated at 10 GHz. 
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Figure 4-3 (e) | | vs.  at discrete . (f) ∠  vs.  at discrete . (g) 

vs.  at discrete . (h) ∠  vs.  at discrete . All the results are evaluated at 

10 GHz. 
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Figure 4-4 (a)  responses under normal incidence. (b) ∠  responses under 

normal incidence. (c) | | responses under normal incidence. (d) ∠  responses 

under normal incidence. 
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Figure 4-5 (a) Oblique responses of | | at 10 GHz. (b) Oblique responses of ∠  at 

10 GHz. (c) Oblique responses of | | at 10 GHz. (d) Oblique responses of ∠  at 10 

GHz. 
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4.2 System Design and Measurements 

 

The antenna system configuration and functionality illustrations are shown in 

Figure 4-6. The antenna system configuration used in this chapter is the same as that in 

Chapter 3, where the aperture size is set to = 195 mm (13 × 13-element) and =320 mm. For space-fed planar array antennas, each element on the aperture need to 

compensate the spatial phase delay from the source feed to that element to generate a 

pencil beam in desired direction. According to the array theory, the phase distribution 

is described as: 

 

 2( , ) ( ) ( cos sin ) sinf inc
mn mn b mn b b

fm n f x y
c
πφ ψ ϕ ϕ θ= − − ⋅ + ⋅  (4-1) 

 

where ( , )f m nφ   is the required phase distribution, ( )inc
mn fψ   is the incident phase 

distribution on the aperture, f   is the operating frequency, ( , )mn mnx y   are the 

coordinates of each element, and ( , )b bθ ϕ   denote the main beam direction. Due to 

completely independent control of the transmission phase and reflection phase of the 

element, the transmitarray functionality and reflectarray functionality can be designed 

individually. In this design, the beam for transmitarray is broadside as shown in Figure 

4-6 (a), while that for reflectarray is along 20bθ =   , 90bϕ = −  , which is shown in 

Figure 4-6 (b). The beam direction of reflectarray functionality is set to avoid the source 

feed blockage effect. Once the required phase distributions for both functionalities are 

determined, the required element layouts are obtained from Figure 4-4 (b) for 

transmitarray and Figure 4-4 (d) for reflectarray. 
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Figure 4-6 (a) TA functionality. (b) RA functionality. 
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The antenna is designed based on single frequency point at 10 GHz without any 

optimization. The final element layout of the first layer and third layer are shown in 

Figure 4-7, respectively. Figure 4-8 presents the antenna under test (AUT) models for 

transmitarray functionality and reflectarray functionality. For clarity, the results of 

transmitarray functionality and reflectarray functionality are discussed separately in the 

following. 

 

 
 
 

Figure 4-7 Final element layout of (a) first layer; (b) third layer. 
 

 

 
 
 

Figure 4-8 (a) Photograph of AUT for TA. (b) Photograph of AUT for RA. 
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4.2.1 Transmitarray Functionality Results 

 

 
 
 

Figure 4-9 (a) Radiation patterns of TA in E-plane at 10 GHz. (b) Radiation patterns 

of TA in H-plane at 10 GHz. 



65 
 

The simulated and measured normalized radiation patterns for both Co-/Cr-Pol in 

E/H-plane at 10 GHz are depicted in Figure 4-9. Here, E-plane is XoZ plane, and H-

plane is YoZ plane. Reasonable agreements between simulated and measured results 

can be observed. The marked undesired large Cr-Pol outside the beam region in Figure 

4-9 (a) is mainly attributed to the large edge diffraction across E-plane caused by the 

asymmetric radiation pattern of the source feed presented in Chapter 2. 

The frequency responses of the measured realized gain and aperture efficiency are 

depicted in Figure 4-10. There is a frequency shift of the best performance point 

occurring, which is mainly caused by the non-optimal system configuration. Following 

the standard definition, the measured fractional 1-dB realized gain bandwidth is 22.6%, 

corresponding to the frequency band from 10.1-12.7 GHz. Moreover, the 3-dB 

fractional gain bandwidth is 45.2%, denoting frequency band from 8.6-13.8 GHz. The 

aperture efficiency at 10 GHz is 42.2%. The peak aperture efficiency of 45.6% is 

achieved at 11 GHz. 

 

 

 
 

 
 
 

Figure 4-10 Frequency responses of the realized gain and aperture efficiency. 
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4.2.2 Reflectarray Functionality Results 
 

 
 
 

Figure 4-11 (a) Radiation patterns of RA in E-plane at 10 GHz. (b) Radiation patterns of 

RA in H-plane at 10 GHz. 
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The normalized Co-/Cr-Pol radiation patterns for both simulated and measured 

results at 10 GHz in E-/H-plane are shown in Figure 4-11. The E-/H-plane in this design 

are illustrated in Figure 4-6 (b). For Co-Pol, the measured results match well with those 

of simulation in main beam region. For Cr-Pol, large discrepancy occurs, which is 

mainly attributed to the structure of the AUT. For reflectarray, the feeding and fixing 

platform are on the same side with the aperture, which inevitably introduce test errors. 

However, as the Cr-Pol is still very low, the impact of this discrepancy on antenna gain 

is ignorable. 

The frequency responses of the measured realized gain and aperture efficiency are 

plotted in Figure 4-12. It should be pointed out that the main beam deflects from 26° 

at 8 GHz to 17° at 12 GHz, which is mainly caused by the changes in propagation 

constant and reflection phase slope. Therefore, considering the beam squint, the 

realized gain in fixed direction of 20bθ =  , 90bϕ = −   is also depicted in Figure 4-

12 by black lines, revealing a 1-dB fractional gain bandwidth of 18.6% (9.3-11.2 GHz). 

The aperture efficiency of 47.3% at 10 GHz is achieved. 

 

Figure 4-12 Frequency responses of the realized gain and aperture efficiency. 
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4.3 Simultaneously Bidirectional Capability Verification 

 

 

 
 
 

Figure 4-13 (a) Photograph of AUT for bidirectional verification. (b) Normalized 

radiation patterns in YoZ plane for both Co-Pol and Cr-Pol components at 10 GHz. 
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The functionalities of the antenna are determined by the incident polarization. 

Therefore, with circular- or tilted-polarized incidence, the antenna could exhibit 

simultaneously bidirectional performance in accordance with the superposition 

principle. To verify the capability, an additional experiment was carried out. The AUT 

model is shown in Figure 4-13 (a), where the source feed slants to 45° . The 

polarizations of the forward and backward beams are both along x-axis. Therefore, in 

YoZ plane, the components of Co-Pol and Cr-Pol can be easily defined. The measured 

normalized radiation patterns in YoZ plane at 10 GHz are depicted in Figure 4-13 (b). 

Forward beam and backward beam with equal amplitude can be clearly observed. 

 

4.4 Discussion and Summary 

 

The proposed four-layer multifunctional unit cell was successfully applied to 

design single-feed transmit-reflect-combined-array antenna with expected forward and 

backward beams with features of being high efficiency, low-cost, and wideband. 

However, there are some points need to be pointed out: 

1) Even with oblique beam direction of the reflectarray functionality in this case, the 

realized gain of reflectarray functionality (24 dBi @10 GHz) is little higher than 

that of transmitarray functionality (23.5 dBi @10 GHz). This is due to the more 

stable reflection phase responses of the element with oblique incidence. 

2) The frequency shift phenomenon could be mitigated by carefully redesigning the 

 of the system configuration, as the  determines the inherent antenna system 

behavior. 

3) The beam squint phenomenon of the reflectarray functionality could be mitigated 

by aligning the source feed to the specular direction of the outgoing beam. 

4) By using a dual-polarized feed, the functionality of the antenna can be easily 

expanded to support multi-channel applications. Besides, the amplitudes of the 

forward and backward beams can be easily controlled by different slanting angle 

of the source feed. 
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Chapter 5 

A Low-Cost and Reduced-
Complexity Design Approach for 
Wideband Transmitarray Antenna 
 

There are different techniques for designing wideband transmitarray antennas. 

These techniques were mentioned in Chapter 1. Although improved bandwidth can be 

obtained based on these techniques, they either surfer from complicated element 

structure [18, 25] or sophisticated optimization process [30, 31], leading to considerable 

design complexity and high fabrication cost. In this chapter, an efficient approach for 

designing wideband transmitarray antennas, which combines two different 

techniques—1-bit phase quantization and phase distribution optimization, is presented. 

The main advantages of this approach lie in its reduced complexity of the system design 

and unit cell, the simplicity of the fitness function and optimization loop, and the low-

cost fabrication. First, a 1-bit unit cell with multiple 45°-positioned parallel strip lines 

printed in the middle layer is designed and studied. The element demonstrates 

extremely wide 1-dB element bandwidth from 7.1-12.8 GHz. Then, considering the 

element performance, the phase distribution at multiple frequency points is optimized 

with modified weight at each frequency point to further balance the gain curve of the 

antenna system. The main core of the optimization is to redistribute the phases at all 

operating frequency points to not only ensure wideband performance but also reduce 

the effect of large phase errors caused by the 1-bit element as much as possible. To 

verify the effectiveness of the approach, a 13 × 17 -element transmitarray antenna 

working at 10 GHz is designed, fabricated, and tested. 1-dB fractional realized gain 

bandwidth of 37% is achieved. The approach could be considered as a valid alternative 
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to obtain a wideband behavior of transmitarray antennas. 

 

5.1 Wideband 1-Bit Transmitarray Antenna Design 

The design procedure is composed of two steps—element design and system 

optimization. Then, a transmitarray antenna prototype is fabricated and tested to verify 

the design concept. These three aspects are separately discussed in the following. 

 

5.1.1 Element Design 

 

The 3-D perspective view of the unit cell in this chapter is shown in Figure 5-1 (a). 

The periodicity is = 15 mm , which is equivalent to 0.5  @10 GHz. The upper 

layer and lower layer are the same two orthogonal grid polarizers used in Chapter 3 and 

4, which work as perfect lens or reflector depending on the grid orientation. In the 

middle layer as shown in Figure 5-1 (b), five parallel strips with different lengths ( =18 mm , = 12.5 mm , = 6.5 mm ) are printed in 45°  with the same width of = 2 mm and spacing of = 1 mm. Besides, the air gaps between adjacent layers 

are 4 mm. The combined element forms a Fabry-Pérot-like cavity, and the underlying 

mechanism is based on interference theory presented in Chapter 2. The multiple strip 

lines in the middle layer forms a multi-resonant structure, consequently leading to 

wideband operation of the element. 

The element performance under normal incidence is obtained by using periodic 

boundary condition-based full-wave solver, and can be fully characterized by the two 

matrix equations in equations 2-7~2-10. Moreover, the 1-bit phase quantization is 

achieved by simply mirroring the middle layer of the element, where the resulting top 

view is shown in Figure 5-1 (c). Figure 5-2 (a) and (b) show the magnitude and phase 

responses of component , respectively. The magnitude responses are identical for 

both phase-states, providing 1-dB element bandwidth from 7.1-12.8 GHz. Besides, the 

phase differences of 180° between the two phase-states are obtained over the entire 
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operation band. 

Figure 5-3 depicts the frequency responses of other essential components. 

Components  and  are used here as the Cr-Pol level introduced by the element 

for transmitted and reflected fields, respectively. Under the condition of normal 

incidence,  has a maximum level of -13 dB from 6-14 GHz, which reveals a high 

Co-Pol purity of the transmitted wave. As for , the high value occurring at edge 

frequency only affects the reflected wave. Therefore, both   and   have little 

effect on the Cr-Pol in the transmitarray main beam region. Furthermore, due to nearly 

0 dB of | |, the Cr-Pol of the source feed also has little effect on the transmitted 

wave. 

 

 
 
 

Figure 5-1 Unit cell view (a) 3-D view of the unit cell. (b) Middle layer of 0-bit element. 

(c) Middle layer of 1-bit element (Mirror of (b)). = 18 , = 12.5 , = 6.5, = 2 , = 1 , = 0.8 , = 2.2 , _ ℎ = 4 , _ ℎ =0.8 in mm. 
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Figure 5-2 (a)  responses; (b) ∠  response. 
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5.1.2 System Configuration and Optimization 

 

Figure 5-4 shows the antenna system configuration. In this chapter, a 195 mm × 255 mm rectangular aperture is introduced to match with the asymmetric 

radiation pattern provided by the source feed. The   (320 mm) is the same as in 

Chapter 3 and 4, providing edge center illumination taper of around -10 dB at 10 GHz. 

The antenna system performances in terms of spillover efficiency (S.E.), illumination 

efficiency (I.E.), and maximum aperture efficiency (Max A.E.) in this configuration are 

presented in Figure 5-5. On one hand, spillover efficiency (S.E.) is defined as: 

 

 Spillover Efficiency

( )

( )

f

A

f

S

P r d S

P r d S

⋅

=
⋅




  

    (5-1) 

 

 
 

 
 
 

Figure 5-3 Frequency responses of other components , , . 
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Figure 5-4 Antenna system configuration. 
 
 

 
 
 

Figure 5-5 Ideal system performances in terms of APFA T.E., S.E., I.E., Max A.E., and

Max Gain. 
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where both integrals are fluxes of the Poynting vector, ( )fP r
 

, evaluated over certain 

surfaces. It represents the percentage of radiated power from the source feed that is 

intercepted by the aperture relative to the total radiated power. As depicted by square-

marked line in Figure 5-5, spillover efficiency gradually increases with increasing 

frequency, which is mainly attributed to the increasing gain of the source feed. On the 

other hand, illumination efficiency (I.E.) is defined as: 

 

 

2

2

1Illumination Efficiency

' '

' '

( )

( )
A

A

I A dA

A I A dA

⋅

= ⋅
⋅




 (5-2) 

 

denoting the efficiency due to nonuniform amplitude distribution over the aperture. 

Here '( )I A  is the incident field distribution over the transmitarray aperture, A . As 

shown by the triangle-marked line in Figure 5-5, illumination efficiency declines as 

frequency rises. Meanwhile, the APFA T.E. in Figure 5-5 is the source feed total 

efficiency, and is repeated from Figure 2-2 (e). Max A.E. is defined as: 

 

 Max A.E. APFA T.E. S.E. I.E.= × ×  (5-3) 

 

representing the ideally achievable maximum aperture efficiency of this antenna system 

configuration. Typical arch-shaped curve is obtained, with maximum of 50.66% at 9.5 

GHz. Considering the Max A.E., the max gain curve is also plotted in Figure 5-5. It 

should be pointed out that it represents the gain curve without any phase errors and loss 

over the entire band. Obviously, the ideal gain curve of the system demonstrates upward 

trend. In order to obtain flat gain response, which means wideband operation, phase 

errors are introduced at each frequency point in the form of 1-bit phase quantization. 

However, by deploying the 1-bit element in this chapter, large phase errors, even over 



77 
 

90° in some cases, appear, which degrade the antenna gain rapidly [89]. Therefore, in 

the case of ensuring wideband operation, it is of particular interest to avoid the effect 

of large phase errors as much as possible. This process is achieved by optimizing the 

phase distribution on the aperture. 

As referred in [29, 90], the optimization algorithm is based on optimizing the 

reference phase for each frequency point and corresponding phase distribution over the 

aperture to minimize the weighted overall phase errors relative to all desired frequency 

points. The underlying core is to shift the elements with large phase errors to the edge 

region over the aperture, which belongs to the poorly illuminated zone. Besides, by 

properly defining the weight of each frequency point, weight-related different overall 

phase errors can be obtained over different frequencies, leading to flat gain response. 

Considering the increasing gain curve in Figure 5-5, flat gain response can be achieved 

by introducing larger/smaller overall phase errors in higher/lower frequency band. 

The fitness function for single frequency point is described as: 

 

 cost( ) ( ) ( ) [ ( ) ( )]achievable inc
mn mn mn

mn

f A f f f c fψ ψ= ⋅ − − +  (5-4) 

 

in which ( )mnA f  is the amplitude distribution of the incident field on the aperture at 

certain frequency point, ( )achievable
mn fψ   denotes the achievable compensation phase 

value, ( )inc
mn fψ   is the incident phase distribution on the aperture, and ( )c f   is the 

constant reference phase. This fitness function takes into account the influence of 

nonuniform amplitude contribution on the radiation patterns. Based on this, the final 

wideband fitness function is defined as: 

 

 COST cost( ) ( )
f

a f f= ⋅  (5-5) 

 

representing the weighted summation of the single frequency fitness functions. Here, 
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( )a f   is the weight at each frequency point, and the optimization variables are the 

reference phase at each frequency point. 

Global-robust particle swarm optimization (PSO) is selected to implement the 

optimization loop. Besides, frequency points of 8, 9, 10, 11, 12 GHz are used to evaluate 

the loop, and the corresponding weights ( )a f  is set to 0.3, 0.25, 0.2, 0.15, 0.1 to 

introduce less/more phase errors in low/high frequency band. It only takes 95 seconds 

on the laptop with Intel i5 processor and 8 GB memory to reach the convergence 

condition of the optimization process. The optimal results after the loop at each 

frequency point are −178° , 35° , −118° , 93° , −53° , respectively, and the 

corresponding overall phase error diagrams in different situations are plotted in Figure 

5-6. Each diagram represents the phase errors experienced at certain frequency point 

under certain situation, and the single frequency optimization is evaluated only at 10 

GHz. Compared with un-optimized case, the single frequency optimized case 

demonstrates less phase errors in center zone. Besides, for wideband optimization case, 

more overall phase errors are obtained in higher frequency band. Finally, the element 

arrangement of the middle layer is shown in Figure 5-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 
 

 

 

 

 

 

 
 

 
 

Figure 5-6 Phase error diagrams for (a) unoptimized @10GHz. (b) Single frequency

point optimized @10GHz. (c) Wideband optimized @8GHz. (d) Wideband optimized

@9GHz. (e) Wideband optimized @10GHz. (f) Wideband optimized @11GHz. (g)

Wideband optimized @12GHz. 
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5.1.3 Measurements 

 

A 13 × 17-element antenna prototype was fabricated and tested. The photograph 

of the antenna under test model is shown in Figure 5-8. The measurements were carried 

out in anechoic chamber, with X-band standard gain horn as receiver. Besides, in this 

design, the E-plane is XoZ plane, while the H-plane is YoZ plane. 

The normalized radiation patterns for both Co-Pol and Cr-Pol in E-/H-plane at 8.5 

GHz, 10 GHz, and 12.2 GHz are given in Figure 5-9, where 8.5 GHz and 12.2 GHz 

represent the lower and upper frequency ends of the 1-dB realized gain bandwidth. High 

agreements between measured results and simulated results are obtained, especially in 

main beam and first SLL regions. The measured 3-dB beamwidthes in E-plane are 8°, 7.5°, and 6.9°, whereas those in H-plane are 9.7°, 9.3°, 8.5°, at 8.5 GHz, 10 GHz, 

and 12.2 GHz, respectively. Due to rectangular shape of the aperture, the beamwidths 

 

 
 

 
 
 

Figure 5-7 Final element arrangement in the middle layer. 
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in E-plane are reasonably narrower than those in H-plane. The realized gain responses 

in different cases are presented in Figure 5-10. Compared with the unoptimized case, 

the single frequency optimized case shows upward movement, which is mainly 

attributed to the shift of large phase error elements. Meanwhile, the 1-dB fractional gain 

bandwidth for unoptimized case is 26% (9-11.6 GHz). However, after the wideband 

optimization, the gain curve demonstrates flatter response, with slight increase in low 

band and decrease in high band. The measured results show reasonable agreement with 

simulated results, revealing 1-dB fractional realized gain bandwidth of 37%. Moreover, 

the measured 3-dB fractional realized gain bandwidth is 50%, corresponding to 

frequency band of 7.7-12.7 GHz. The aperture efficiency response is also plotted in 

Figure 5-10, with peak of 32% achieved at 8.4 GHz. It gradually decreases as frequency 

rises and relatively low aperture efficiency are suffered, especially at high frequency 

band, which is mainly caused by poorly illuminated aperture and large phase errors 

experienced. It should be mentioned that unlike the true-time-delay design [18, 19, 21, 

25], where different slopes of element phase responses are required, the wideband 

mechanism in this design is based on introducing phase errors and redistributing the 

phase errors at all desired frequencies, leading to flat gain response over a wide band 

on a certain degree. The antenna system performances in terms of loss factors at 10 

GHz are summarized in Table 5-1. 

 

 
 

Figure 5-8 Photograph of the AUT. 
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Figure 5-9 Normalized radiation patterns (a) E-plane @8.5GHz. (b) H-plane 

@8.5GHz. (c) E-plane @10GHz. (d) H-plane @10GHz. (e) E-plane @12.2GHz. (f) 

H-plane @12.2GHz. 
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Figure 5-10 Gain responses and aperture efficiency responses 
 
 

TABLE 5-1 
GAIN TABLE AT 10 GHZ 
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5.2 Discussion and Summary 

 

In this chapter, a wideband transmitarray antenna was successfully designed by 

using the proposed approach, which has the features of being low-cost and reduced-

complexity. However, there are some points need to be pointed out: 

1) By using this approach, the wideband operation of the transmitarray antenna is 

obtained by sacrificing the aperture efficiency. Therefore, this approach could 

only be a valid alternative to obtain a wideband behavior. 

2) The phase response slope of the element obtained in this chapter is not the optimal 

one. In other words, by carefully redesigning the phase slope of the element, the 

aperture efficiency of the antenna system could be enhanced, as the overall phase 

errors of the system could be reduced. 

3) The main focus of the optimization in this chapter is to maintain the antenna 

efficiency on an acceptable level, that is, to avoid significant efficiency loss 

caused by the 1-bit phase quantization. However, if the antenna efficiency is not 

under consideration, the gain bandwidth could be further increased at the cost of 

the decreased efficiency. This could be achieved by redesigning the phase slope 

of the element. 
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Chapter 6 

Conclusion 
 

This work covers several major topics required to be tackled and investigated on 

transmitarray antennas with enhanced performance and expanded functionalities. 

Research has been conducted on both unit cell and full transmitarray levels. Several 

novel designs have been proposed and detailed design procedures have been presented. 

Some experiments have been performed to validate the designs. 

This dissertation is divided into 6 chapters. 

Chapter 1 is a general introduction. The background and the motivation of this 

research have been presented. 

In chapter 2, general theory and analysis methods of transmitarray antennas used 

in this dissertation have been presented at component and system levels. At component 

level, firstly, comprehensive performances of the source feed have been presented. Then, 

the underlying operation principle of the transmitarray elements with Fabry-Pérot-like 

cavity and the generalized scattering matrix-based analysis approach have been 

discussed. These have provided valuable inspiration for the transmitarray elements 

developed in the following chapters. At system level, firstly, the determination of the 

phase distribution and element arrangement on the transmitarray aperture have been 

given. Then, array factor approach for computing radiation pattern of transmitarray 

antennas has been discussed in detail. 

In chapter 3, beam-shaping transmitarray antennas have been investigated at unit 

cell and array synthesis levels. At unit cell level, based on the principle of Fabry-Pérot-

like cavity, a three-layer transmitarray element with shaped-dipole structure in the 

middle layer sandwiched by two orthogonal grid polarizers has been developed. This 

element is capable of controlling both amplitude and phase of the transmission 
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coefficient, which is rarely reported before in the field of transmitarray element. 

Compared with the existing designs, full-coverage of transmission coefficient is 

achieved due to the flexible control of interference inside the element. At array 

synthesis level, particle swarm optimization algorithm is used to determine the element 

distribution on the transmitarray aperture for required shaped beam. Transmission 

amplitude control has been taken into account during the synthesis process, which is 

rarely considered before in the field of transmitarray synthesis. The above transmitarray 

element design and transmitarray synthesis are concluded as amplitude-phase synthesis 

method. Based on the method, a small-sized transmitarray antenna with both amplitude 

and phase control has been designed, fabricated, and tested. Numerical and 

experimental results have revealed that the transmitarray antenna based on the 

amplitude-phase synthesis method achieves better performance in terms of beam-

shaping quality, compared to the one designed by the conventional phase-only synthesis 

technique. The transmitarray antenna based on the phase-only synthesis method cannot 

form the expected radiation pattern even in main beam region.  

In chapter 4, single-feed multifunctional transmit-reflect-combined-array antennas 

have been studied. Inspired from the element in chapter 3, a four-layer polarization-

dependent multifunctional unit cell with one more bowtie layer inserted has been 

developed. The unit cell provides feature of simultaneous controls of transmission 

phase and reflection phase by discriminating in incident polarization. The unit cell has 

achieved better performances in terms of phase linearity, stability under oblique 

incidence, and completely decoupled control than the existing designs in transmit-

reflect-combined-array unit cell. Based on the unit cell, a novel single-feed transmit-

reflect-combined-array antenna working in X-band has been designed, fabricated, and 

tested. Simulated and measured results have demonstrated that the proposed antenna 

achieves better performances in terms of aperture efficiency, flexibility, and bandwidth 

than the existing designs in transmit-reflect-combined-array antennas. 

In chapter 5, wideband transmitarray antennas have been investigated. A new 

design approach is developed to design wideband transmitarray antennas in a low-cost 
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and reduced-complexity manner. The design approach combines two different 

techniques—1-bit phase quantization and phase distribution optimization. Firstly, by 

replacing the middle layer of the element in chapter 3 to a multiple 45°-positioned 

parallel strip lines printed layer, a three-layer polarization-rotation 1-bit element is 

developed. The element has demonstrated extremely wide 1-dB bandwidth, and is used 

to introduce phase error on the transmitarray aperture to balance the gain behavior of 

the entire system. It is the first time to use phase error as one kind of degree-of-freedom 

to design wideband transmitarray antennas. Then, an optimization is performed to 

redistribute the phase errors on the aperture at all operating frequency points. It aims to 

not only ensure wideband performance of the antenna system but also reduce the effect 

of large phase errors caused by the 1-bit element as much as possible. The underlying 

core is to shift the elements with large phase error to the edge region, which belongs to 

the poor illuminated zone. The proposed design approach has been validated through 

the fabrication and test of a 6.5 × 8.5   transmitarray antenna at X-band. 

Numerical and experimental results have demonstrated that wideband operation of 

transmitarray antenna is achieved in a less cost and less design complexity manner than 

the existing design approaches. 

This research has contributed greatly in the field of transmitarray antennas, with 

particular emphasis on analyzing and designing transmitarray antennas with enhanced 

performance and expanded functionalities. It is no doubt that the results from this 

dissertation will benefit the design and improvement of the transmitarray antennas. 
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