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ABSTRACT 

Transmitarray antennas (TAs) have received considerable attention as they can serve 

long-distance communications for space and terrestrial wireless systems. For many 

wireless communication platforms, such as aircrafts and unmanned aerial vehicles 

(UAV), conformal TAs, which can be flush mounted onto the shaped platforms, are 

highly demanded in order to meet the aerodynamic requirements. In this dissertation, a 

few innovative techniques have been developed for conformal TAs.  

Firstly, a thin frequency selective surfaces (FSS) element is developed with a thickness 

of 0.508 mm (0.04λ0 at 25 GHz). It is then applied to a curved TA conformal to a 

cylindrical surface. The prototype radiates a fixed boresight beam with a peak measured 

gain of 19.6 dBi and an aperture efficiency of 25.1%. Secondly, a mechanical beam-

scanning conformal TA is proposed. Its size is about 2.5 times of the fixed-beam one, 

steering its beam to seven different radiation angles, i.e., ±15°, ±10°, ±5°, and 0°. The 

measured prototype shows a stable gain of 18.7 dBi at all beam angles.  

Thirdly, to improve the aperture efficiency of conformal TAs further, Huygens 

metasurface theory is employed to design a dual-layer TA element. The element is 

composed of two metal layers printed on a single substrate with a 0.5-mm thickness 

(0.017λ0 at 10 GHz). The oblique incidence effects are also considered in the process of 

element synthesis. Finally, a cylindrically conformal TA is developed, which achieves a 

measured gain of 20.6 dBi with a 47% aperture efficiency. 

Fourthly, by combining connected arrays and true-time-delay lines, a novel technique is 

introduced to obtain ultrawideband (UWB) TAs. The elements consist of a horizontally 

connected slot bowtie and vertical meander slot-lines. The TAs have been designed in 
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both planar and conformal configurations. Stable boresight radiation patterns from 6 GHz 

to 17 GHz are obtained for both antennas. Compared to conformal TAs using multi-layer 

FSS elements, the proposed one has an ultra-wide bandwidth of 96% in terms of stable 

radiation patterns.  

Fifthly, a conformal TA, with an elliptical cylindrical contour at a millimetre-wave (mm-

wave) band, is presented for wide-angle multibeam radiations. A systematic design 

procedure is developed. The prototype provides eleven beams with a beam coverage of 

±43°. The measured peak boresight gain is 27 dBi at 70.5 GHz with a less than 2.7-dB 

scanning loss. 
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Chapter 1: Introduction 23 

Chapter 1: Introduction 

Transmitarray antennas (TAs) have been considered as one of the competitive candidates 

to serve long distance communications for space and terrestrial wireless systems [1]. By 

leveraging the merits of lens antennas and microstrip phased arrays, they can achieve high 

gains without using complex and lossy feed networks, also provide beam-steering 

capabilities [2]-[3]. They can achieve a similar function as dielectric lenses, but they are 

fabricated on printed circuit boards, which makes them lightweight, cheap, and suitable 

for integrating active devices. Usually, they are composed of numerous phase-shifting 

elements and one or multiple illuminating feed sources. The transmission phases of these 

elements are individually designed in order to provide appropriate phase responses to 

transform the spherical wave coming from the feed source into a planar one. 

Consequently, highly directive radiation beams can be realized with high gains and 

narrow beamwidths.  

The last two decades have witnessed substantial research efforts in enhancing the 

performance of TAs, e.g., improving the gain bandwidth, achieving a high aperture 

efficiency, reducing the entire profile and realizing beam-steering functionalities, etc. 

However, most of these research works are focused on TAs with planar configurations. 

They are not suitable to be applied to the airborne platforms with curved shapes, e.g., 

aircrafts and UAVs. On the other hand, owing to the aerodynamic requirements, it is 

highly desirable to employ conformal TAs as part of the platform surface can 

accommodate the TA with a feed placed behind.  
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1.1 Motivation and Scope 

Although the design techniques for planar TAs have been quite mature, most of them 

employ multi-layer array elements [4]-[6]. In order to provide a 360° full phase-variation 

range with a small transmission loss, multiple metal layers are usually printed on the 

dielectric substrates separated by air gaps or dielectric materials. Generally, the total 

thickness of the elements varies from 0.3λ0 -1λ0 (λ0 is the wavelength in free space). 

However, considering the current manufacturing technologies, it is very challenging and 

expensive to do multi-layer metal printings on curved surfaces, which hinders the 

developments and implementations of conformal TAs. Few works have been reported to 

date in conformal TAs [7]-[8], but only preliminary simulation results were provided. 

Therefore, one of the most feasible solutions is to design very-thin TA elements with a 

thickness of about 0.5 mm, so that the TA surface is able to be bent and attached onto the 

curved platforms.  

Another important requirement for TAs is to scan the beam. Beam scanning of TAs may 

not need complicated feed networks, thereby reducing the cost and losses especially at 

mm-wave bands or higher frequencies [9]. A typical approach to achieve electronically 

beam scanning in planar TAs is to adjust the element transmission phase by using PIN 

diodes [10] or varactor diodes [11] for discrete and continuous beam steering, 

respectively. Nevertheless, for conformal TAs with larger curvatures, it would be very 

challenging to integrate those active components onto the surfaces.  

Moreover, significant research efforts have been devoted to reduce the thickness of planar 

TA elements in order to compress the entire profile of TAs [12]-[13]. However, at least 

three metal layers were employed in those designs, which makes conformal designs costly 

and complicated for precise alignments and multi-layer attachments at high frequencies. 
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Besides, there is always a trade-off between TA thickness and its aperture efficiency. It 

can be found that the aperture efficiency is less than 40% when the element thickness is 

about 0.1λ0. Therefore, a key challenge for conformal TAs arises in developing dual-layer 

ultra-thin elements with high aperture efficiencies. 

Similar to planar TAs, the operating bandwidth is another issue for conformal designs 

[14]. Actually, conformal TAs might lead to even narrower bandwidths if we apply ultra-

thin elements to form curved surfaces.  

Furthermore, mm-wave multibeam antennas are widely hailed as a key antenna 

technology for the fifth generation (5G) and beyond wireless communication networks, 

supporting high-data-rate communications with an increased spectral efficiency [15]. To 

date, most of the published high-gain mm-wave multibeam TAs work at around 30 GHz 

and provide a beam coverage of about 60° (±30°) with planar profiles. This would limit 

the applications of this technology. It is of practical importance to industry that the beam 

coverage is further extended in order to cover a larger angular range enabling point-to-

point/multi-point-to-multi-point communications. Besides, it is desirable to have 

multibeam TAs operating at higher frequency bands. The mm-wave band above 50 GHz 

offers a large spectrum, and it has a great potential to support future high-speed wireless 

networks. 

Recently, in order to meet rapidly changing demands from various communication 

scenarios, substantial attention has been attracted to develop reconfigurable TAs with 

beam-scanning and multi-beam radiation capabilities. The beam reconfigurability can 

enable tuneable radiation properties in a flexible and reversible way. Considerable 

research efforts are being devoted to broaden the beam-scanning range and lower the 

scanning loss. On the other hand, with the 5G wireless networks rolling out, UAVs, also 

commonly known as drones, are considered as one of the best candidates for delivering 
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airborne networks due to their high mobility and low cost. UAV aided wireless networks 

can be swiftly deployed to bridge wireless communication links between satellite and 

terrestrial platforms/user terminals, providing seamless and pervasive connectivity at 

remote areas or in the event of ground network infrastructure being destroyed due to 

natural disasters. Within this context, conformal TAs, which can be flush mounted on the 

body of the drones, will play an essential role to balance communication and aerodynamic 

performance. The use of conformal TAs can also significantly reduce maintenance costs 

and make the communications more robust. Therefore, the development of conformal 

TAs and its reconfigurability will become an attractive research topic in the future. 

1.2 Organisation of Thesis 

This dissertation is structured with seven chapters, which are described as follows. 

In Chapter 1, a brief introduction of TAs and conformal TAs is provided, which is 

followed by the motivation and scope of conformal TAs and its developments. Moreover, 

the organisation of the dissertation is clarified, and a statement of contributions of the 

author is given. The publications from the author are listed at the end. 

In Chapter 2, the research background of TAs and its state-of-the-art design technologies 

are explained in details. The basic working principle and theory of TAs are illustrated. 

The reported methodologies for various performance enhancements of TAs are 

introduced and compared, leading to research challenges and gaps which coincide with 

the research topics of this dissertation.    

In Chapter 3, a conformal TA with a beam-steering capability is discussed. The overall 

design of the conformal TA is provided, including the element development, TA 

prototype simulation and measurement. Besides, a method of beam steering of conformal 

TAs is proposed and validated by simulation and experiment. 
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In Chapter 4, a high-efficiency conformal TA with ultra-thin dual-layer Huygens 

elements is presented. A detailed element design procedure is developed based on 

Huygens metasurface theory. A cylindrically conformal TA employing the proposed 

element is simulated and analysed. As a verification, the prototype is fabricated and 

measured. 

In Chapter 5, an innovative technique is introduced to achieve UWB planar and conformal 

TAs. The details for connected-array element designs are provided and applied to a planar 

TA. Then, a conformal TA based on the developed element is simulated and analysed. 

Both of these two prototypes are validated experimentally. Finally, a discussion on the 

feed source for both TAs is presented. 

In Chapter 6, a design methodology for high-performance multibeam shaped TAs is 

developed. The design procedures are introduced and analysed, which are verified 

through simulations. For experiments, a prototype operating at a mm-wave band has been 

designed, fabricated and measured, and the results from simulation and measurement are 

compared.   

In Chapter 7, a conclusion is dawn. Potential challenges and future work in this research 

area are discussed. 

1.3 Statement of Contributions 

In this dissertation, advances on conformal TAs are presented based on the research 

progress that the author has made during her PhD study. The design concepts and 

implementations of various conformal TAs are discussed and provided in details. More 

specifically, her contributions are listed as below. 

1. A thin conformal TA is presented and its beam-steering function is realized. The 

proposed design can switch the beam to ±15°, ±10°, ±5°, and 0° with a stable 
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realized gain, which has been verified and demonstrated from measurement 

results. This design is among the earliest findings of successfully implemented 

conformal TAs in practice. Some early works in this area only demonstrated 

preliminary simulation results. The developed TA and its beam steering may find 

wide applications in communication systems where conformal structures are 

demanded. 

2. Huygens metasurface theory is employed in conformal TAs to develop an ultra-

thin and low-transmission-loss array element in order to meet the low-profile 

demand for conformal implementations. It successfully addresses the challenges 

associated with conformal TAs, i.e., the array usually has a very low efficiency 

(less than 40%) due to the use of ultra-thin elements. In the proposed design, the 

measured aperture efficiency of a conformal TA is obtained as 47% with a 0.017λ0 

overall thickness. To the best of the authors’ knowledge, this is the first conformal 

TA with the thinnest element and a high aperture efficiency ever reported. 

3. A TA element based on the connected slot-bowtie is developed for UWB 

operations, which can be applied to both planar and conformal TAs with stable 

boresight radiation patterns in a 96% fractional bandwidth. The measured 

efficiencies are found to be higher than other reported planar UWB TAs. The 

proposed UWB planar and conformal TAs can be employed for bandwidth hungry 

applications such as radio telescopes, satellite communications, and advanced 

radar systems. 

4. An elliptical cylindrical transmitting surface is developed for multibeam TAs at a 

mm-wave band. In contrast to other reported multibeam TAs, it can achieve a 

much larger beam coverage and a low scanning loss without sacrificing the 

aperture efficiency. Moreover, this is the first reported shaped TA at higher mm-
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wave frequencies. To date, most published shaped TAs operate at up to 30 GHz. 

As 5G and beyond systems move up to higher frequencies, it is imperative to 

develop antennas operating at higher mm-wave bands. To the author’s knowledge, 

the proposed design is one of the very few shaped TAs working in E-band with a 

high gain. 
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Chapter 2: Background & Literature Review 

This chapter provides a fundamental theory and some conventional methods for planar 

TA designs. It also describes the state-of-the-art research progress for both planar and 

conformal TAs. 

2.1 Introduction of TAs 

2.1.1 Basic concept 

 

Fig. 2-1 Sketch of a TA. 

TAs, composed of a planar transmitting surface and one or multiple feed sources as shown 

in Fig. 2-1, have been researched substantially due to their combined merits from both 

lens and microstrip phased array antennas, i.e., high gains, low profiles, adjustable 

radiation performance and easy fabrications, etc. The transmitting surface of a TA 

consists of a number of artificially arranged antenna elements in accordance to the desired 

phase distributions along the surface. It is calculated to compensate for different spatial 

phase delays at different elements to transform the spherical phase front from the feed 
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source into a planar phase front. Consequently, the transmitted radiation pattern usually 

possesses a narrow beamwidth with a high gain.  

As a comparison, lens antennas can realize the conversion of spherical-to-planar wave 

fronts as well [16]-[17]. A typical topology of a bi-convex lens antenna is given in Fig. 

2-2. The feed source is located at the focal point of one side, and a planar transmitted 

wave can be obtained in the other side. It is analysed with the refraction mechanism from 

geometrical optics, where the lens shape/curvature is elaborated for the desired refraction 

index. The lens antennas can function well within a wide frequency bandwidth, and are 

suitable for high-frequency applications. However, at lower microwave bands, especially 

at less than 3 GHz, the antennas would be heavy and bulky, resulting in complicated and 

costly manufactures. 

 

Fig. 2-2 Topology of a conventional bi-convex dielectric lens. 

Another typical method for wave manipulations is using microstrip phased arrays [18], 

where specific feed networks are employed to excite each antenna element with desired 

amplitude and phase values, as illustrated in Fig. 2-3. Compared to the spatial-feed TAs, 

the microstrip phased arrays will increase the antenna complexity and transmission loss 

owing to the inherent drawbacks of the feed networks. 
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Fig. 2-3 Schematic of a phased array. 

Therefore, by exploiting the spatial-feed approach and low-profile microstrip element 

models, TAs have the advantages of both lens and phased array antennas, and avoid most 

of their disadvantages, making them outstand in wireless communications and sensing 

applications. 

2.1.2 Design methods of TA element. 

As illustrated in Fig. 2-1, each element along the TA surface is individually designed to 

compensate for the wave path difference from the feed source. With a focal length 

denoted as r, the transmission phase of the m-th element φm is calculated with (2-1). 

 
𝜑௠ = 𝜑଴ + 𝑟 ൬

1

𝑐𝑜𝑠𝜃௠
− 1൰ ∗ 2𝜋/𝜆 (2-1) 

 

where φ0 is the transmission phase of the centre element, θm is the angle between the wave 

path to the m-th element and the horizontal axis, and λ is the wavelength in free space. 

It is noticed that the transmission characteristics of element models are crucial to a high-

performance TA. Basically, there are two requirements for element synthesis. The first 

one is to ensure the transmission amplitude of each element (|S21|) is as high as possible, 

with a lowest threshold as -3 dB. Second, the element transmission phase (∠𝑆ଶଵ) is 

capable to be varied within 0°-360° in order to enable arbitrary phase compensations 

along the TA surface.  
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Based on the current research progress in TAs, the element synthesis methods can be 

classified into three types with distinct principles, i.e., frequency selective surfaces (FSS), 

receiver-transmitter antennas and metamaterial structures.  

Multi-layer FSS, consisting of multiple printed radiators separated by dielectric materials 

or air gaps, is the most frequently applied design technique in TAs [19]-[23]. It can easily 

provide a band-pass characteristic in a desired frequency band with a low transmission 

loss. The phase variation would be realized from physical dimension adjustments. For 

example, in [19], a multi-layer FSS element adopting dual-resonant double-square rings 

with four identical layers was developed, as shown in Fig. 2-4. The inner square ring 

patch will resonate as a stopband filter at a higher frequency, while the outer one will 

resonate as a stopband filter at a lower frequency, thus leading to a wide passband 

between them as the transmission region. The cut-off frequency points at lower and higher 

bands are determined by the widths of the inner and outer rings, respectively. A 360° 

phase range is covered by tuning the dimensions from both rings with a low transmission 

loss. By applying this element into a TA prototype, a wide 1-dB gain bandwidth of 7.5% 

and a high aperture efficiency of 47% are obtained. 

 

Fig. 2-4 The element model of TAs reported in [19]. 

Another typical element type for TAs is the receiver-transmitter model, which mainly 

contains three components, namely, one bottom layer of a printed patch antenna as the 

receiver, one top layer of a printed patch antenna as the transmitter, and a transition 
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structure for energy coupling between the receiver and transmitter. The phase variation 

mechanism could be integrated in the transition section, e.g., strip-lines/aperture coupling 

slots with variable lengths [24]-[26]. As given in Fig. 2-5, two parallel resonant patches 

on the two outer surfaces are employed as the receiver and transmitter separately. Two 

slotted ground planes and a strip-line layer are added between two patches for the aperture 

coupling. This type of antenna element has the potential of operating in a wide bandwidth 

due to a true-time-delay phase tuning. However, it may cause large inter-element spaces 

in TAs in order to accommodate longer strip-lines/slots for large phase compensations.  

 

Fig. 2-5 Aperture-coupled microstrip patch element proposed in [25]. 

With the receiver-transmitter principle in element designs, the phase variation could also 

be realized from dimension variations or element rotations of the transmitter and receiver 

patches. For example, as proposed in [27], an asymmetric element model based on 

antenna-filter-antenna structure was reported with the capability of providing an up-to-

360° continuous phase shift in the transmitted wave as the patches are rotated. The 

element schematic is shown in Fig. 2-6. The shifted transmission phase is twice the 

amount of the element rotation angle. It is noticed that this element operating mechanism 
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is for converting a clockwise circular-polarized (CP) wave to an anti-clockwise CP wave, 

and it can provide a less than 0.5 dB insertion loss at 20.5 GHz.  

 

Fig. 2-6 The three-dimensional structure and its top/bottom layer of element developed 

in [27]. 

 

Fig. 2-7 The complementary I-shaped metamaterial reported in [28]. 

The third approach on element synthesis for TAs is applying metamaterial 

transformations, where effective medium theory is usually referred to. Its analysis and 

design process are similar to the traditional lens antennas. As presented in [28], a 

complementary I-shaped resonant metamaterial is designed at 10 GHz, with its element 

model shown in Fig. 2-7. The relationships between the element geometry and the 

effective permittivity and permeability are simulated, which are then combined with 
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Luneburg lens design techniques for a 2-D planar broadband low-loss array model with 

a transmission function. 

2.2 Low-profile TAs 

In order to satisfy the phase compensation requirements, elements are expected to cover 

a 360° transmission phase range with an acceptable transmission loss. It should be noted 

that it is very difficult to achieve this goal by using only one or two metal layers. It is 

reported that at least three layers of FSS are needed to accomplish the sufficient phase 

shift range [29]. Employing this technology, various antenna elements are developed for 

TAs, including a three-layer spiral dipole element [4], a four-layer double hexagonal ring 

elements [21], three-layer orthogonal dipoles [22], and multi-layer subwavelength true-

time-delay elements [30]-[31]. Unfortunately, one potential drawback of this technology 

is the relatively high profiles of antenna elements, which are usually more than 0.5 λ0 (λ0 

is the wavelength in the free space). 

Efforts have been devoted to reduce the profile of the TA elements while still achieving 

the required 360° phase range. In [6], a three-layer bandpass FSS element is presented 

with a profile of 0.36λ0. Another typical three-layer element with a thickness of 0.22λ0 is 

demonstrated. It consists of a split circular ring connected by a narrow strip in the middle 

layer and two polarizers in the upper and bottom layers [5], as given in Fig. 2-8. The 

middle patch layer is positioned at 45° with respect to x-axis, providing a polarization 

conversion between the incidence and transmission waves, and its parameters are swept 

for variable transmission phases. The two polarizers on the outer surfaces are applied to 

improve the transmission efficiency. A total phase coverage of around 380° is reached 

with a low transmission loss. 
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Fig. 2-8 3-D view of the element in [5]. 

 

Fig. 2-9 Double-layer TA element model reported in [32]. 

In [32], a two-layer element is shown consisting of modified Malta crosses printed on a 

dielectric substrate with four vertical-plated through vias, as illustrated in Fig. 2-9. Two 

Malta cross patches on the top and bottom layers of the substrate act as transmitting and 

receiving components, respectively. The four vias are added between them to direct 

guided wave signals for energy coupling. The thickness of the element is 0.43λ0, and the 

patch length L is adjustable for desired transmission phases, providing a less than 1-dB 

transmission loss for the 80% of obtainable phase range. Besides, a two-layer element 
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with two coplanar patches printed on two sides of a printed circuit board (PCB) is 

proposed in [33], That can achieve a 180° phase range. The patches are connected by a 

few through vias. The element thickness is 0.203 mm, which is 0.05λ0 at 77 GHz. 

2.3 Beam-scanning TAs 

In the last few decades, beam-scanning antenna arrays have been well researched based 

on various antenna types, e.g., phased array antennas, leaky wave antennas, reflectarray 

antennas (RAs) and TAs, etc. They can enable dynamic beam scanning without re-

arranging antenna apertures, thereby making them attractive and essential for high-speed 

wireless communications and sensing systems. Since the beam scanning of TAs may not 

require complex feed networks, it will reduce the fabrication cost and system losses, 

particularly at high frequency bands [9]. 

To date, some research results on reconfigurable beam-scanning TAs have been reported, 

and most of them employ active components, e.g., PIN diodes [34]-[36] or varactor diodes 

[10]-[11], [37], to control the operating status of TA elements in order to obtain different 

transmission phase values. Instead of a continuous 360° phase range of the traditional 

element, the reconfigurable one usually shows a quantized 360° coverage.  

As developed in [36], a 1-bit TA element is composed of a patch antenna as the receiver, 

a magnetic dipole antenna as the transmitter, and a metallized via for wave coupling, as 

depicted in Fig. 2-10. Two PIN diodes are loaded on the transmitter for transmission 

phase reconfigurations. By applying a specific bias voltage, the PIN diodes will be turned 

on/off so that a 180° phase difference can be obtained. In the final TA implementation, 

the radiation beam is scanned from 0° to 60° with a 3.6-dB scanning loss along E-pane.   
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Fig. 2-10 1-bit reconfigurable TA element in [36]. 

 

Fig. 2-11 Circular-polarized reconfigurable TA element proposed in [10]. 

Another novel receiver-transmitter model for reconfigurations with varactor diodes is 

presented in [10], as displayed in Fig. 2-11. Two stacked patches are utilised as the 

receiver of a linear-polarized incidence wave, and a circular-polarized patch is designed 

as the transmitter with two PIN diodes integrated. A four-port 180° phase shifter is added 

in the middle layer to couple the guided wave signals from the receiver to the transmitter. 

Varactor diodes are loaded to two ports, so that the transmission phase after the phase 

shifter can be tuned continuously within 0°-180°. Besides, the PIN diodes on the 

transmitter can provide a 1-bit differential phase shift, i.e., 0°/180°. Finally, the element 

realizes a 360° continuous phase coverage with a less than 2-dB transmission loss. By 
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employing the proposed element into a TA design, a beam steering range of ±45° is 

obtained with an about 1.7-dB scanning loss at the maximal angles. 

2.4 High-efficiency TAs 

Previously, we discussed about the profile-reduction techniques for TAs, which raise 

another concern, i.e., aperture efficiency. The aperture efficiency of TAs is defined as the 

ratio of the gain and the maximum directivity of the array aperture, the latter obtained as 

4π times the physical aperture area on square wavelength. It is found that there is always 

a trade-off between TA thickness and its aperture efficiency. The authors in both [38] and 

[39] use multi-layer slot elements and realize 55% aperture efficiencies of TAs. The 

applied element model from [39] is shown in Fig. 2-12 as an example, three metal layers 

are separated with two ¼ λ0 air gaps. In a dual-band TA design [22], aperture efficiencies 

of 45% and 41.3% are achieved at 12.5 GHz and 14.25 GHz, respectively, by applying a 

three-dipole element. Besides, a novel element arrangement method is introduced in [40], 

where elements with varied thickness are placed on the aperture to increase the aperture 

efficiency to 62%. However, due to the employment of quarter-wavelength air gaps 

between adjacent layers to reduce the element transmission loss, all the abovementioned 

models show high profiles as more than 0.5λ0. Therefore, the TA element with a balanced 

aperture efficiency and overall thickness is highly demanded. 

 

Fig. 2-12 Three-layer slot TA element developed in [39]. 
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In [5], a high-efficiency TA is developed using a three-layer element with a thickness of 

0.22λ0. The peak aperture efficiency of the TA is obtained as 40.7%. As reported in [12], 

a three-layer metallic element without air gaps shows a low profile of 1mm (0.033λ0). As 

depicted in Fig. 2-13, the top and bottom patch layers are the same with cross strips 

inserted in a cross slot, while the middle layer has a different shape with T-slots. This 

element is finally employed in a TA providing a 36% aperture efficiency. In [13], a thin 

TA with a more than 30% aperture efficiency is developed using three-metal-layer 

antenna elements with a thickness of 1.6 mm (0.07λ0 at 13.5 GHz). 

 

Fig. 2-13 Element configuration designed in [12]. 

2.5 Wideband TAs 

For wireless communications and sensing systems, a wide operating bandwidth is also 

essential to facilitate high-data-rate connections and to enable stable performance in 

multiple channels.  

In the last two decades, there have been many interesting technologies reported to 

enhance the bandwidth of planar TAs by employing multi-layer elements with FSS 

structures [6], [20], [41]-[42], true-time-delay lines [25], [30], [43]-[44], or two 
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orthogonally oriented modes [5], [45]. A typical prototype of TA can achieve a 1-dB gain 

bandwidth of 56% from 9 GHz to 16 GHz [5].   

As reported in [41], a triple-metal-layer element is designed with two identical cross-slots 

on the top and bottom layers. One pair of square-ring patches with different lengths are 

printed on the intermediate layer, as shown in Fig. 2-14. Due to two different resonances 

produced from the cross slots and the square rings, the coupling effects can be improved 

compared to the traditional FSS elements with multiple identical layers. As a validation, 

the final implemented TA shows a 16.8% (11.5-13.6 GHz) 1-dB gain bandwidth from 

measurement. 

 

Fig. 2-14 The wideband triple-layer element reported in [41]. 

By applying the true-time-delay-line method in [30], two types of potential TA elements 

are developed as metallo-dielectric and all-dielectric structures separately. Their models 

are shown in Fig. 2-15. The metallo-dielectric model consists of several capacitive 

patches separated by dielectric substrates, while the all-dielectric model is composed of 

high εr (permittivity) and low εr dielectric substrates cascaded sequentially. Both of these 

two structures can be modelled and analysed with a low-pass microwave filter circuit, 

providing linear phase responses in a wide bandwidth. Eventually, the designed TAs with 

two types of element achieve 50% and 40% bandwidths, respectively. 
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Fig. 2-15 Topologies of two true-time-delay elements presented in [30]. 

In order to further enlarge the bandwidth, planar TAs employing tightly coupled antenna 

elements are presented [46]-[47]. Tightly coupled arrays are based on the concept that 

electrically connected arrays using dipoles or slots can achieve almost an infinite 

bandwidth. It is well known that with the presence of a ground plane, the bandwidth of 

connected arrays will be reduced significantly without material loadings [48]. As a result, 

tightly coupled antenna arrays which utilize capacitance couplings between the elements 

to compensate for the effects of the ground plane are emerging as one successful UWB 

antenna array technology [49]-[50]. Here it defines UWB antennas as those with a 

fractional bandwidth greater or equal to 100%. It should be pointed out that one potential 

disadvantage for the tightly coupled UWB arrays reported to date is that transmission-

line-based feed networks are usually required. They can be very lossy and bulky, 

especially at mm-wave bands or higher. Therefore, TAs or RAs leveraging both the 

tightly coupled array technology and spatial feeds are emerging as an attractive solution 

for high-gain antenna alternatives. In [46], a planar TA using tightly-coupled-dipole 

elements realizes a more than 100% bandwidth, i.e., from 3 GHz to around 9.5 GHz. The 

element model is shown in Fig. 2-16, which has both horizontally printed dipoles and 

vertically printed delay lines. The length of the delay line can be adjusted to compensate 
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for spatial phase delays from the feed source to the TA surface within an ultra-wide band. 

The aperture efficiency of the final implemented TA is achieved from 20% to 46% with 

a peak gain of about 20.6 dBi. In [47], a tightly coupled dipole TA can operate from 9.5 

GHz to 16 GHz with an efficiency of around 30%. For these UWB TAs, the bandwidth 

is defined as the operating band where stable radiation patterns without distortions are 

obtained.  

 

Fig. 2-16 Geometry of the tightly coupled dipole TA element proposed in [46]. 

2.6 Multibeam TAs 

Multibeam antennas, which can provide a wide beam coverage to serve a number of 

distributed users simultaneously, have attracted considerable attention from both 

academia and industry as a good candidate in satellite communications, radar detections 

and MIMO systems. Instead of exciting single feed source to steer the beam towards 

different directions, multibeam realizations require multiple feeds working 

simultaneously to multiple directions. 

Compared with the existing digital/hybrid beamforming technologies [51]-[52], passive 

or analogue multibeam antennas offer several significant commercial advantages, 

including lower manufacturing costs, reduced power consumptions and more deployment 

flexibilities. The existing passive multibeam antennas include those based on lens [53]-
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[55], TAs [56]-[58], RAs [59]-[61] and beamforming circuits, e.g., Butler-matrix-based 

antennas [62]-[63]. Among them, TAs/RAs have their own merits of achieving high gains 

without requiring lossy transmission-line-based feed networks. Furthermore, compared 

with RAs, TAs do not have the issue of feed blockages as their feeds and main beams are 

located on different sides of the apertures. Motivated by these advantages, substantial 

research efforts have been devoted to multibeam TAs.  

 

Fig. 2-17 Configuration of multibeam TA in [65]. 

One popular technology is to utilize a bifocal phase compensation method initially 

presented in RAs [64]. In [65], circularly polarized multibeam TAs are developed at 26 

GHz, generating five pencil beams that cover a range of ±33° with a scanning loss of 1.2 

dB. The configuration is sketched in Fig. 2-17. A peak boresight gain is obtained as 22.2 

dBic. In [66], a seven-beam transparent TA at 28.5 GHz is presented. It has a peak 

boresight gain of 25 dBi covering a range of ±30° with a scanning loss of 3.5 dB. Another 

technology is to develop metamaterial-based planar multibeam TAs. A multibeam TA 

using Jerusalem cross elements is demonstrated at 28 GHz, achieving an angular coverage 

of ±27° with a scanning loss of 3.7 dB [67]. The maximum gain is 24.2 dBi. A multibeam 

folded TA is demonstrated in [68] with five beams covering up to ±10° at 30 GHz. 
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Besides, by using a sliding transmitting aperture or feed, circularly polarized mechanical 

beam switching TAs are demonstrated at Ka band [69]-[70]. An asymmetric beam 

scanning range of 0°-50° is achieved for satellite-on-the-move (SOTM) ground terminal 

applications. The beam scanning mechanism is shown in Fig. 2-18, where the lens can be 

slid horizontally with a constant focal length to steer the radiation beam along the 

elevation plane, and be rotated around a vertical axis to realize beam steering along the 

azimuth plane. The beam steering methods could be employed to achieve multibeam 

radiations when multiple feeds are implemented. In [71], a linear multibeam TA is 

designed based on a sliding aperture concept at 5.8 GHz, where eight beams are produced 

with a 3-dB beam coverage of ±42°. Since it is a linear array, a medium gain up to 13.9 

dBi is achieved. 

 

Fig. 2-18 Schematic of lens mounting structure reported in [69]. 

2.7 Conformal TAs 

In response to the increasing demands for wireless connectivity, wireless communication 

technology is moving towards the integration of terrestrial networks with airborne and 

space borne networks. For airborne platforms with curved shapes, e.g., UAVs and 

aircrafts, conventional planar TAs are heavy and bulky, and usually protrude from the 

exterior of the platforms. It increases drag and degrades the aerodynamics, thus leading 

to reduced vehicle speeds and energy efficiencies. On the other hand, conformal high-
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gain TAs, which can be designed to follow the shapes of various mounting platforms, are 

excellent for aerodynamics and are light weight, low profile and low cost.  

Unfortunately, most of the current reported TA elements are not suitable for conformal 

designs. As discussed before, they either consist of multiple thick layers of FSS or need 

metallic vias connecting top and bottom layers of the elements. Considering the current 

manufacturing technology, it is very difficult to fabricate a curved structure with several 

metal layers separated by substrates. Therefore, only few works have been reported for 

conformal TAs, and only preliminary simulation results are available [72]-[74]. 

As reported in [72], a quad-layer printed Malta-cross element is applied to cover a 360° 

phase range, leading to an overall thickness of 17 mm (0.77λ0 at 13.5 GHz). The final 

configuration of a conformal TA is shown in Fig. 2-19. It is constructed in a 3-D 

simulation software, showing a simulated aperture efficiency of 49.4% and a 1-dB 

bandwidth of 7.3%. It should be noted that it is very difficult to implement the proposed 

conformal TA in practice as its element thickness is too large. 

 

Fig. 2-19 Conformal TA model in [72]. 

Another conformal TA is simulated in [74], where three planar TA panels are combined 

on a conformal platform, as displayed in Fig. 2-20. The conformal contour is designed to 

enhance the beam steering capability of planar TAs with a reconfiguration on the phased-

array feed source. 



Chapter 2: Background & Literature Review 49 

 

Fig. 2-20 Conformal TA structure in [74]. 

2.8 Summary  

Last two decades have witnessed substantial research efforts and progress in improving 

the performance of planar TAs, including low profile, high efficiency, wide operating 

bandwidth, beam scanning and multibeam radiations.  

In light of the above literature review and discussions, it is found that the research on 

conformal TAs is still in its infancy. Most of the current technical developments on TA 

designs are targeted for planar configurations. They cannot be applied directly into 

conformal structures considering the available fabrication technologies and overall costs. 

Therefore, innovative techniques on the development of conformal TAs are demanded to 

bridge this gap for the advancement of conformal TAs.
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Chapter 3: Beam-Steering Conformal 

Transmitarray Employing Thin 

Triple-Layer Slot Elements  

In this chapter, we firstly report a thin TA element that is suitable for conformal arrays. 

The element has three layers of square ring slots. Each layer is separated by a distance of 

only 0.02λ0 at 25 GHz. Therefore, the entire thickness of the element is about 0.04λ0 

(0.508 mm), making it suitable to be bent and attached to a curved platform. Although 

the element is very thin, it can achieve a transmission phase range of 330° with a 

maximum 3.6-dB loss. Secondly, a TA prototype using the proposed element that 

conforms to a cylindrical surface is designed, fabricated, and measured. Thirdly, we 

developed a new method to steer the beam of the proposed TA. Instead of simply rotating 

the entire transmitting surface and the feed source together, only the feed source is rotated 

at the focal point. A prototype is designed and measured that can steer the beam to 0°, 

±5°, ±10°, and ±15°. Good agreement between simulated and measured results is 

achieved. To the authors’ best knowledge, this is the first work ever reported with the 

experimental verification on conformal TA antennas with beam steering. 

The chapter is organized as follows. In section 3.1, the overall design of a conformal TA 

is presented, including the element design, simulation and measurement of the TA 

prototype. In section 3.2, a mechanical beam steering method for the proposed conformal 

TA is described followed by a discussion in section 3.3. This chapter concludes in section 

3.4. 
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3.1 Conformal TA Design 

3.1.1 Element Design 

The TA element used in this work consists of three layers of identical square-ring slots as 

shown in Fig. 3-1. The width and the length of the slot are w and L, respectively. The 

element periodicity is P and the overall height is h. w is chosen to be 0.8 mm and P is 5.6 

mm. The transmission phase of the element can be varied with L in a range of 3.5 mm to 

5.41 mm. The three-layer slot element employed has been reported in [75] for a planar 

multiple-polarization TA. However, the total thickness of the element in [75] is 30 mm, 

which is more than half of wavelength at its operating frequency. In order to utilize this 

element for a conformal design, a parametric study of the effect of the height h on the 

transmission coefficient is conducted, which is given in Fig. 3-2. The element is simulated 

using Floquet method with master-slave boundaries in 3-D electromagnetic (EM) 

simulation software ANSYS HFSS. When h is varied, the other parameters keep 

unchanged. It can be seen from Fig. 3-2 that the operating frequency goes higher when h 

is reduced and the phase range is reduced with h. When h equals 6 mm which is 0.5 λ0 at 

25 GHz, the phase range can cover more than 360°. However, for a 0.254 mm thickness, 

which is ideal for conformal designs, the phase range decreases significantly. Therefore, 

a compromise should be made between the thickness and the phase range. It is found that 

a PCB board, which has a thickness of more than 1 mm, will be easily broken when it is 

bent. Therefore, in this work, h is chosen to be 0.508 mm which is about 0.04λ0 at 25 

GHz. It is noticed that the stability of S21 deteriorates as the thickness h is reduced. This 

is because the resonance of three square-ring slots are affected and the balance between 

them is broken when the thickness is too small. It can be resolved by adding extra resonant 
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structures to the metal layer. However, the design complexity will increase considering 

to balance the resonance between the added structure and the previous square-ring slots. 

 
Fig. 3-1 The proposed FSS element model. (a) Top view. (b) Side view. (Red part is the 

metal and white part is the substrate) 

 

Fig. 3-2 Transmission performance of the planar TA element with L equal to 5 mm at 

different h values. 

The above analysis is for a planar triple-layer square ring slot element. As the element is 

designed for conformal TAs, its transmission coefficient is examined when it is bent with 

different curvatures. As seen in Fig. 3-3 (a), the three-layer element is bent with different 

angles α. When α is equal to zero degree, the element becomes a planar one. For the 

conformal TA in this work, the element is bent with α equal to 7.2°. Fig. 3-3 (b) depicts 

the amplitude and phase of the transmission coefficient versus the slot length L. When L 
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varies from 3.5 mm to 5.41 mm, a transmission phase range of 330° is achieved for the 

planar element. The transmission amplitude |S21| for most of the points are higher than -3 

dB. The worst case is -3.6 dB when L is equal to 5.36 mm. For the bent element model 

with a small value of α, the phase range and the loss remain almost the same as the planar 

one. Only when α is extremely large, i.e. 60°, the transmission loss increases slightly, but 

it is still lower than 3.6 dB. It is interesting to find that the phase range is nearly unchanged 

even for this large angle. This is because the phase variation is determined by the length 

of the slot which is not affected by the curvature of the transmitting surface. It should be 

pointed out that the periodic boundary conditions used in the simulation can only mimic 

an infinitely large planar surface rather than a cylindrical one. Therefore, there may exist 

some discrepancies of the element performance between these two surfaces. However, as 

the bending angle of this work (7.2°) is not that large, the above simulation results can be 

used as a reasonably accurate reference when calculating phases of the elements. 

 
Fig. 3-3 TA element on a curved surface. (a) Element sketch with a bending angle α. (b) 

Simulated transmission amplitude and phase.  

Transmission coefficients of the element are also examined under different incident 

angles as shown in Fig. 3-4. Here, oblique incidences are examined for the element bent 
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with α equal to 7.2°.  It can be seen that the loss increases with the angle of incidence for 

L between 4 mm and 5.2 mm. When the incident angle is equal to 35° which is the largest 

one in this TA design, the maximum loss increases to 4 dB when L is equal to 5.36 mm. 

In terms of the phase range, it is almost unchanged for different incident angles. All in 

all, considering the ultra-thin profile, a 330° phase range and a maximum 4-dB loss at the 

35° incidence angle achieved by the element is acceptable for conformal TAs. 

 

Fig. 3-4 Transmission performance of the curved element with α  equal to 7.2° at 25 

GHz under normal and oblique incidence.                    

3.1.2 TA Simulation and Measurement 

As known, the transmitting phase of each array element on the surface should be designed 

to compensate for spatial phase delays from the feed horn to that element, so that a certain 

phase distribution can be achieved to focus the beam towards a specific direction [3]. Fig. 

3-5 (a) and (b) show the 3-D structure and the top view of the conformal TA with a prime 

focus, respectively. 
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Fig. 3-5 Conformal TA. (a) 3-D structure. (b) Top view. 

The feed horn is located in line with the middle of cylindrical TA surface. The unfolded 

transmitting surface is displayed in Fig. 3-6. It can be seen that there are m and n elements 

along x axis and y axis, respectively. Different colours represent elements with different 

transmission phase values. Cross sections of the conformal TA along y0z and x0z planes 

are illustrated in Fig. 3-7.  

 

Fig. 3-6 Element distribution of the unfolded conformal TA. 
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Fig. 3-7 Cross-sectional views of conformal TA model. (a) y0z plane. (b) x0z plane. 

To calculate the accurate compensation phases at different positions on the cylinder, the 

element phase distribution in the middle curved line along y0z plane is considered first. 

As seen from Fig. 3-7 (a), element phase values on this curved line can be calculated 

using (3-1). Then these elements will serve as the base for other elements in each column 

along x-axis. For the elements in each column, the phase calculation as shown in Fig. 3-7 

(b) is the same as that of a planar TA as they are located along a straight line. For example, 

for the middle column, its phase can be calculated using (3-2).  
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(3-2) 

where 𝜃௥ and 𝜑௥ are radiation angles at y0z and x0z plane respectively, 𝜃௡ and 𝜃௠ are the 

half subtended angles of the cylindrical surface along y0z and x0z plane, respectively, 

𝜑௠/ଶ,௡/ଶ is the transmission phase of the centre element, and r is the distance from feed 

point to the centre element, which is chosen as 44.66 mm in this work. λ0 is the 

wavelength at operating frequency in the free space.  

Finally, we can obtain the phase  𝜑௠௡ for any element as given in (3-3). 
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3.1.3 Simulated and Measured Results 

A conformal TA prototype using the proposed element is designed. It consists of 

13×11=143 elements. The cross-sectional size of the transmitting surface is 65 mm × 61.6 

mm. A standard gain horn LB-28-10-C-KF from A-INFO is used as the feed source and 

placed in the centre of the cylindrical surface. The aperture edge illumination is around -

10 dB with a half subtended angle of 46.7° for the conformal transmitting surface (as 

shown in Fig. 3-5 (b)). Each layer of the unfolded transmitting surface was fabricated 

using a standard PCB technology on low-cost substrates (Dielectric Constant 2.2, tanδ = 

0.007). Then the two surfaces are laminated together and attached to a 3-dimentional (3-

D) printed cylindrical frame. The whole array is mounted on a frame for antenna 

measurement purposes. The photograph of the prototype is shown in Fig. 3-8. 

 

Fig. 3-8 Photograph of the conformal transmittarray prototype. 
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Fig. 3-9 Simulated and measured input reflection coefficients versus frequency of TA. 

Fig. 3-9 shows the simulated and measured input reflection coefficients versus frequency 

of the conformal prototype. As can be seen, the input reflection coefficients are below -

10 dB across the frequency band from 24 GHz to 26.5 GHz. Reasonably good agreement 

between the simulated and measured results is achieved. Far-field radiation patterns were 

measured using a Microwave Vision Group (MVG) compact range antenna measurement 

system located at University of Technology Sydney, Australia. Fig. 3-10 shows the 

simulated and measured E- and H- plane patterns at 25.5 GHz, respectively. Compared 

to the feed horn antenna which has a gain of 10.6 dBi, the 3-dB beamwidth of the 

proposed antenna is reduced from 54° to 12° along both planes. The measured cross-

polarization level is less than -20 dB. The simulated and measured realized gain values 

versus frequency are also found and plotted in Fig. 3-11. The simulated peak gain is 20.5 

dBi at 25 GHz, while the measured one is 19.6 dBi at 25.5 GHz. The measured 3-dB gain 

bandwidth is 6.7%. The measured aperture efficiency is 25.1% considering the gain 

calculated by the aperture cross-sectional size. The low efficiency and the small gain 

bandwidth are due to the use of very thin element model of the conformal TA. As can be 

seen from Fig. 3-2, the element’s phase curve is sharper when the thickness is smaller. 
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This leads to large phase compensation errors which may reduce the realized gains of TA 

and limit its gain bandwidth [29].  

 

Fig. 3-10 Simulated and measured radiation patterns at 25.5 GHz. (a) E-plane. (b) H-

plane. 

 

Fig. 3-11 Simulated and measured realized gain values of the conformal TA. 

There are some discrepancies in the input reflection coefficients, 2% frequency shift and 

around 1-dB gain difference of the simulated and measured peak gains. They can be 

mostly attributed to the following factors. First, there are some inaccuracies in the 

fabrication process and alignment errors. Second, the PCB board used to fabricate this 
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antenna is a low-cost one, which could have a varied dielectric constant value and a varied 

loss tangent value from the datasheet. 

To verify the effect of the element thickness on TA aperture efficiency, a TA arranged 

with a 2.5-mm-thick element is also simulated. It consists of a same number of elements 

as the previous 0.508-mm-thick TA, which has 13×11=143 elements. Since the optimized 

element periodicity of the 2.5-mm-thick one has been reduced to 5.13 mm. The cross-

sectional size of the transmitting surface is also reduced to 59.5 mm × 56.4 mm. A same 

standard gain horn LB-28-10-C-KF is used as the feed source and placed in the centre of 

the cylindrical surface with a -10-dB aperture edge illumination. Simulated realized gain 

versus frequency is plotted in Fig. 3-12 with a realized gain of 21.1 dBi at 25 GHz. 

Compared to the previous 0.508-mm-thick TA, the aperture efficiency increases to 43.9% 

considering the gain calculated by the aperture cross-sectional size, and the 3-dB gain 

bandwidth increases to 17%. 

 

Fig. 3-12 Simulated realized gain of the conformal TA with 2.5-mm-thick elements. 

It should be noted that the 0.508-mm-thick element selected in the final fabricated 

prototype is for the ease of bending of the conformal TA to verify the design concept. In 

principle, a conformal TA using 2.5-mm-thick elements could be fabricated using direct 
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ink printing technology, but this would be far beyond our budget and our access to the 

technology. 

3.2 Mechanically Reconfigurable Conformal TA 

For the conformal TA discussed in section 3.1, it can only radiate a beam towards a fixed 

direction. Electronic beam scanning can be achieved by employing active components, 

such as PIN diodes or varactor diodes, to change transmission phases of the array 

elements according to the beam direction required [34]-[37]. Usually, electronically 

reconfigurable TAs will involve a large number of active elements as the phase of each 

element needs to be changed independently. This may lead to extra loss, cost and 

complicated control networks. Furthermore, for conformal TA designs, if the curvature 

is very large, it might be difficult to integrate active elements on a curved surface.  

This section demonstrates a method to achieve a mechanical beam scanning of the 

conformal TA reported in section 3.1. The method employed is to rotate the feed source 

only rather than simply rotating the entire transmitting surface and the feed source 

together. Actually, for many conformal applications, the transmitting surface, which 

could be the skin of communication platforms, cannot be easily moved. 

3.2.1 Scanning Mechanism 

For a non-reconfigurable fixed-beam TA, each array element on the transmitting surface 

is designed to radiate the beam towards a specific angle, e.g. 0°. In order to achieve the 

beam scanning by rotating the feed source, the transmitting surface reported in section 

3.1 is divided into two parts with respect to the centre line, as shown in Fig. 3-13 (a). If 

one part of the transmitting surface is designed to direct the beam to φ1, and the other part 

is for φ2, the combined beam is directed to (φ1+ φ2)/2. It should be pointed out that in 

order to avoid a split beam, these two beams cannot be separated far away from each other 
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with narrow beamwidths. It can be seen from Fig. 3-14 that the beam is split into dual 

beams when the angular step is 40° (means φ1= -20° and φ2=20°)). In this work, it is 

found that a step of 10° serves as an optimum value based on simulation results. 

 

Fig. 3-13 (a) Fixed-beam conformal TA in section 3.1. (b) Beam-scanning conformal 

TA configuration. 

 

Fig. 3-14 Normalized patterns of the conformal TA with different angular steps for two 

beams. 
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The transmitting surface proposed in this work is shown in Fig. 3-13 (b), consisting of six 

parts marked as a1, a2, a3, b1, b2, b3. They are designed to radiate to different beam 

directions with respect to z axis, as shown in Fig. 3-15. 

The subtended angles of the parts a1, a2, b1, b2 are 36° and they are 18° for a3 and b3. 

Therefore, the total subtended angle of the whole transmitting surface is 180°, making the 

surface as a half circle. A feed gain horn LB-28-15-C-KF from A-INFO is placed in the 

centre with a 12.2-dBi gain at 25 GHz. For each operating state of the TA, a transmitting 

surface with a 72° subtended angle is illuminated by the standard gain horn, resulting in 

a -10-dB edge illumination. In this case, the adjacent TA surface parts will have minimum 

effects on the active surface. The TA element size is the same as that reported in section 

3.1. Each 72° transmitting surface consists of 15×13 elements. The cross-sectional size is 

78.6 mm × 72.8 mm. 

 

                                    (a)                                                          (b) 
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                                   (c)                                                           (d)                                         

Fig. 3-15 Different operating states of the beam-scanning conformal TA corresponding 

to different beam directions. (a) 0°. (b) -5°. (c) -10°. (d) -15°. 

When the feed horn is pointed to the centre, the central two parts of the surface are 

illuminated as indicated with red stripe lines shown in Fig. 3-15 (a). As the two parts 

direct the beams to -5° and 5°, respectively, the combined beam is towards 0°. If the horn 

is rotated anti-clock-wisely by 18°, the active surface would change as shown in Fig. 3-15 

(b). In this case, three parts are illuminated, namely, a1, half of a2, and half of b1. Then 

the combined beam will be directed to (φa1 + φa2/2 + φb1/2)/2 = (-5° + -15°/2 + 5°/2)/2 = 

-5°. 

Using the same principle, when the feed horn continues to be rotated by another 18°, as 

shown in Fig. 3-15 (c), the transmitting surface a1 and a2 will be active and the beam will 

be directed to -10°. The beam will be directed to -15° when the feed horn is rotated by a 

further 18° as shown in Fig. 3-15 (d). When the feed horn is rotated clock-wisely, main 

beam of the antenna can be directed to 5°, 10°, 15°, respectively, due to structural 

symmetries. 
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3.2.2 Experimental Results 

 

Fig. 3-16 Photograph of the reconfigurable TA prototype. 

To verify the design concept discussed above, a reconfigurable conformal TA prototype 

working at 25 GHz is designed and fabricated. The array is fabricated on a Rogers DiClad 

880 substrate (Dielectric Constant 2.2, tanδ=0.001) using the same method as the fixed-

beam conformal TA in section 3.1. The two-layer surface is mounted on a platform with 

a rotatable gain horn. An angle square is printed at the back of the platform so that the 

gain horn can be rotated to any required angle. Photograph of the prototype is shown in 

Fig. 3-16. 

 

Fig. 3-17 Measured input reflection coefficients of the reconfigurable conformal TA. 
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                                  (a)                                                                    (b) 

Fig. 3-18 H-plane radition patterns at 25 GHz for different states of TA. (a) Simulated 

results. (b) Measured resutls. 

Input refelction coefficients and radiation patterns were measured for seven different 

positions of the gain horn. It is seen from Fig. 3-17 that the measured input refelction 

coefficients are below -10 dB for all seven states from 24 GHz to 26 GHz. Measured and 

simulated patterns in H-plane are compared at 25 GHz in Fig. 3-18. The simulated gain 

at boresight is 20.3 dBi and around 19.5 dBi for other scanning angles. While for 

measured results, a stable gain value of about 18.7 dBi is achieved at all angles. Therefore, 

the scanning loss of this mechnically reconfigurable conformal TA is very small. As the 

beam in E-plane is not changed, the patterns are ommited here. They are similar to that 

of the fixed-beam TA given in Fig. 3-10. The absolute values of cross-polarization levels 

at 25 GHz are given in Fig. 3-19. The maximum cross-polarization level is 5 dBi at 15° 

scanning angle, which makes the relative cross-polarization level lower than -14 dB. It 

can be observed that the patterns in Fig. 3-19 are asymmetric for positive and negative 

scanning angles. This is attributed to the asymmertic structure along the direction of cross 

polarization for different angles. The cross-polarization levels at other frequency points 

in the operating bandwidth are similar to Fig. 3-19. For each working state with a 72° 
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transmitting surface, the simulated aperture efficiency is 17.8%, while the measured one 

is 14.8%. The efficiency of the scanned TA is lower than that of the fixed one. This is 

mainly due to the beam combination used to generate the steered beams. As a result, the 

realized gain of the scanned array is lower than that of the fixed one. 

 

Fig. 3-19 Measured cross-polarization level in H-plane at 25 GHz for different states of 

conformal reconfigurable TA. 

3.3 Discussion 

This section discusses the beam scanning range of the proposed conformal TA. As 

described in the last section, each main beam of the array is a combination of the beams 

of two or three parts on the transmitting surface. Therefore, as illustrated in Fig. 3-20, the 

beam scanning range is related to the beam direction of each part 𝜃𝑟𝑛 (with respect to z 

axis), the subtended angle of each part 𝜃ℎ  and the number of the parts 2(n+1) (total n+1 

parts for each half of the transmitting surface). For the n-th part of the transmitting surface 

bn, the radiation direction 𝜃𝑟𝑛 should satisfy (3-4). 

 
 𝜃௡ௌ < 𝜃௥௡ < 𝜃௡௅ (3-4) 



 

Chapter 3: Beam-Steering Conformal Transmitarray Employing Thin Triple-Layer Slot Elements 69 

 
𝜃௡௅ = 90௢ + (𝑛 − 1) ∗ 𝜃௛ (3-5) 

 
𝜃௡ௌ = 𝑛 ∗ 𝜃௛ − 90௢ (3-6) 

 

Fig. 3-20 Beam-scanning conformal TA configuration with 2(n+1) parts. 

In the previous design, 𝜃ℎ is chosen as 36° to satisfy a -10-dB edge illumination. The 

beam directions for the parts a1 and b1 are chosen to be -5° and 5°, respectively, resulting 

in a 10° step. If this step is increased, the combined beam will tend to be split and the gain 

will drop. If the step is decreased, the total scanning range will be reduced. Therefore, the 

10° step serves as an optimum trade-off value based on a few simulated results. Following 

this angular step, we have the parts a2 and a3 radiating to -15° and -25°, respectively. 

Note that -25° (𝜃𝑟_𝑎3) is with respect to the z axis. If considering the centre axis of the 

part a3 (which is -y axis), it is 65° as shown in Fig. 3-21. As known, the directivity will 

drop significantly when the beam is scanning away too much from the direction 

perpendicular to the transmitting surface. For this reason, the beam combined from a2 

and a3, which should point to -20°, has a reduced gain and is not used in this array. As a 

result, only half of a3 is used in the array for a -15° beam direction (as seen from Fig. 

3-15 (d)). Therefore, the subtended angles of a3 and b3 are half of the other parts. Also, 
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there is no need to include more parts for larger beam angles as the gain will be reduced 

further. One possible method to increase the beam scanning range is to reduce the 

subtended angle of each transmitting surface part so that more surface parts can be 

included, and (3-4) can be referred for angle limits estimation.  

 

Fig. 3-21 Beam steering range limit of the proposed conformal tranmsitarray antenna. 

Comparing to a fixed-beam conformal TA consisting of two parts, for example, a1 and 

b1, the total size of the reconfigurable one is only about 2.5 times larger; but seven beam 

directions have been achieved. For some communication platforms where the size of the 

surface is not a primary constraint, the reported beam scanning method can be applied.   

It should be noted that a straightforward way to achieve beam scanning is to employ 

several identcial transmitting surfaces and rotate the feed horn to the centre of each 

surface, as shown in Fig. 3-22. But the number of the beam direction is dependent on the 

number of the TA antenna used and the angular step is usually large and inflexible. For 

example, if three identical transmitting surfaces consisting of a1 and b1 are used as shown 

in Fig. 3-22, three beams pointing to -72°, 0°, and 72° are achieved when the feed horn is 

switched to the centre of each surface. 
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Fig. 3-22 Three TAs combined for three beam directions, -72°, 0°, and 72°. 

3.4 Conclusion 

A conformal TA and its beam steering are presented in this chapter. First, a thin array 

element is developed, consisting of three layers of identical square-ring slots. The total 

thickness of the element is 0.508 mm which is 0.04λ0 at 25 GHz. A transmission phase 

range of 330° is realized with a maximum 3.6 dB loss. Second, a curved TA that is 

conformal to a cylindrical structure is designed using the proposed elements. A peak 

measured gain of 19.6 dBi at 25.5 GHz is obtained. Third, by combing transmitting 

surfaces with different beam directions and rotating the feed horn, beam steering of a 

conformal TA is realized. The size of the reconfigurable TA is approximately 2.5 times 

of that of the array with a fixed beam, while it can switch the beam to ±15°, ±10°, ±5° 

and 0° with a stable realized gain of 18.7 dBi. Measured results agree well with simulated 

ones. The developed TA and its beam steering may find wide applications in 

communication systems where conformal structures are demanded. 
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Chapter 4: A High-Efficiency Conformal 

Transmitarray Antenna 

Employing Dual-Layer Ultra-Thin 

Huygens Element 

Although the thickness of some reported planar TA elements has been considerably 

reduced, most of them are three-metal-layer structures. Precise alignment and attachment 

of multilayers would be very challenging and costly, especially at high frequencies. This 

is one of the main reasons that many dual-layer RAs, i.e. one metal layer printed on a 

grounded substrate, are developed [76]-[78]. However, only several reports on dual-layer 

TA elements have been published [32], [79].  They either contain vias in the element 

model or provide a low aperture efficiency. The element thickness of these models is 

around 0.1λ0, making them only suitable for conformal TAs operating at above 30 GHz 

(λ0 =10 mm) for the ease of bending. Also, elements with vias are not preferable for 

conformal designs. However, TAs working below 30 GHz are highly desired by many 

applications, e.g., 5G systems and satellite systems. Therefore, an ultra-thin element 

without any vias which can be employed for conformal TAs operating below 30 GHz is 

desperately needed. It should be noted that although using high dielectric substrate may 

be able to reduce the thickness of the array element, the antenna efficiency will be 

significantly affected due to the loss and the total cost of the array will be increased. 

Another straightforward method is to compress the total thickness of the multi-layer 
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Element 

element. However, as demonstrated in Chapter 3, this will reduce the antenna efficiency 

significantly as the element loss is increased. Therefore, a key challenge for conformal 

TAs is to develop ultra-thin array elements with a high aperture efficiency. 

In this chapter, Huygens metasurface theory is employed to develop an ultra-thin dual-

layer element for high-efficiency conformal TAs. Huygens elements [80] can be used for 

TAs as they are capable of realizing non-reflection and total transmission with sub-

wavelength thickness, making it be a good candidate to provide high efficiencies with 

low profiles in TAs. However, most of the currently reported Huygens elements have 

multi-layer structures. In [81], the element consists of three metal layers using two vias 

to connect the first and the third layer to create a current loop for a magnetic response. 

The second layer is for an electric response. The total thickness is 3 mm at 10 GHz (0.1λ0 

at 10 GHz). The elements in [82] consist of three-layer patterned metallic surfaces to 

mimic one electric dipole and one magnetic dipole printed on two bonded substrates. The 

thickness of the element is 0.4 mm (0.1λ0 at 77 GHz). In addition, there are some two-

layer Huygens elements [83]-[84] that can introduce electric and magnetic currents on 

two metal layers separately. However, the main limitation is that discrete printed circuit 

board tiles have to be made for each array element and the boards are stacked into an 

array. Compared with fully planar structures [81]-[82], this makes it more difficult to 

assemble a large surface.  

From the above discussions, one can conclude that innovation is needed to develop dual-

layer ultra-thin Huygens elements for high-efficiency TAs, especially the conformal ones.  

In this chapter, we developed a two-layer Huygens element without any metallic vias 

first. The element’s thickness h is 0.5 mm (λ0/60 at 10 GHz). It consists of a pair of 

symmetrical ‘I’ shape patches on top and bottom layers and double ‘T’ shape strips 
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located on the margins of two layers to mimic a magnetic dipole and an electric dipole, 

respectively. Second, for TA applications, we design eight elements with different 

dimensions to cover a quantized 360o phase range, and the highest element loss is 1.67 

dB. Third, a cylindrically conformal TA is developed employing the proposed Huygens 

elements. The measured aperture efficiency is found to be 47%, which is much higher 

than the conformal TA previously developed in Chapter 3 and other reported planar TAs 

with similar thickness. To the authors’ best knowledge, the developed conformal TA is 

the first one with a high aperture efficiency and the thinnest profile. 

The rest of this chapter is organized as follows. In section 4.1, a detailed element design 

procedure is developed based on Huygens surface theory. A cylindrically conformal TA 

based on the proposed element is simulated and analysed in section 4.2. As a verification, 

a prototype is fabricated and measured in section 4.3. The chapter concludes in section 

4.4. 

4.1 Huygens Element Design 

4.1.1 Huygens Surface Theory 

As shown in Fig. 4-1 (a), when an incidence wave impinges on a Huygens surface, both 

the surface electric current Js and the magnetic current Ms would be induced, resulting in 

reflection and transmission waves which depend on the electric and magnetic current 

densities. Once E-current and M-current are excited, each of them can be taken as a source 

to generate electromagnetic fields on both sides of the surface. The Huygens surface can 

be analysed from electric and magnetic sources separately, and the generated waves from 

two sources in z<0 and z>0 regions are shown in Fig. 4-1 (b). 
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(a) 

 

(b)                                                  (c)                                   

Fig. 4-1 Huygens surface. (a) Field sketch with macro-perspective. (b) Fields generated 

by E-current and M-current separately. (c) Equivalent circuit model. 

For a single E-current surface, it would satisfy the boundary conditions: 

 𝒛 × [𝑬௘(𝑧 = 0ା) − 𝑬௘(𝑧 = 0ି)] = 0 

𝒛 × [𝑯௘(𝑧 = 0ା) − 𝑯௘(𝑧 = 0ି)]  = 𝑱𝒔 =
1

𝑍௘
∙ 𝑬௧௘(𝑧 = 0) 

(4-1) 

(4-2) 

where Ee and He denote the electric and magnetic field intensities generated from E-

current, respectively. Ete is the tangential part of Ee, and Ze represents surface electric 

impedance. By inserting the fields generated from Js, as denoted in Fig. 4-1 (b), into (4-1) 

and (4-2), we can get 
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 𝑬௃ଵ = 𝑬௃ଶ   

𝒛 × (𝑯௃ଶ − 𝑯௃ଵ) = 𝑱𝒔 =
𝑬𝒕𝒆(𝑧 = 0)

𝑍௘
 

(4-3) 

(4-4) 

The tangential electric field on the surface is: 

 𝑬௧௘(𝑧 = 0) = 𝑬௃ଵ + 𝑬௜ , 𝑜𝑟  𝑬௃ଶ + 𝑬௜   (4-5) 

where 𝑬௃ଵand 𝑯௃ଵare the fields generated by Js in z<0 region, while 𝑬௃ଶ and 𝑯௃ଶ are the 

ones in z>0 region, and 𝑬௜ refers to the incident field which exists in the whole area. Then, 

we can derive 

 
𝑬௃ଵ + 𝑬௜ = 𝑍௘ ∙ 𝑱𝒔 = 𝑍௘ ∙ 𝒛 × (𝑯௃ଶ − 𝑯௃ଵ) =

−2𝑍௘

𝜂
∙ 𝑬௃ଵ   

𝑬𝑱𝟏 =
−𝜂

2𝑍௘ + 𝜂
𝑬𝒊 

(4-6) 

(4-7) 

where 𝜂 denotes the wave impedance in free space. For a single M-current surface, it 

would satisfy the following boundary conditions: 

 −𝒛 × [𝑬௠(𝑧 = 0ା) − 𝑬௠(𝑧 = 0ି)] = 𝑴𝒔 = 𝑍௠ ∙ 𝑯௧௠(𝑧 = 0) 

𝒛 × [𝑯௠(𝑧 = 0ା) − 𝑯௠(𝑧 = 0ି)] =  0 

(4-8) 

(4-9) 

where Em and Hm denote the electric and magnetic field intensities generated from M-

current, respectively. Htm is the tangential part of Hm, and Zm represents surface magnetic 

impedance. With the similar derivation process to the E-current surface, we can obtain 

 
𝑬ெଵ =

𝑍௠

𝑍௠ + 2𝜂
 𝑬௜ (4-10) 

Finally, for a complete Huygens surface with both E-current and M-current, as shown in 

Fig. 4-1 (a), we denote reflection and transmission coefficients as R and T, respectively, 

as given in [83], [85]. Then one obtains 
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𝑅 =

(𝑬௃ଵ + 𝑬ெଵ) ∙ 𝒙ෝ

𝑬௜ ∙ 𝒙ෝ
=

−𝜂

2𝑍௘ + 𝜂
+

𝑍௠

𝑍௠ + 2𝜂
 

𝑇 =
(𝑬௃ଶ + 𝑬ெଶ + 𝑬௜) ∙ 𝒙ෝ

𝑬௜ ∙ 𝒙ෝ
=

2𝑍௘

2𝑍௘ + 𝜂
−

𝑍௠

𝑍௠ + 2𝜂
 

(4-11) 

(4-12) 

After doing some transformations of equations (4-11)-(4-12), we get 

 
𝑍௘ =

𝜂

2
∗

1 + 𝑅 + 𝑇

1 − 𝑅 − 𝑇
 

𝑍௠ = 2𝜂 ∗
1 + 𝑅 − 𝑇

1 − 𝑅 + 𝑇
 

(4-13) 

(4-14) 

Therefore, Huygens surface is capable to realize non-reflection and full-transmission with 

variable transmission phases 𝜑௧, referred as 𝑅 = 0, 𝑇 = 𝑒௝ఝ೟, as long as it satisfies 

 
𝑍௘ =

𝑗𝜂

2𝑡𝑎𝑛(𝜑௧/2)
 

𝑍௠ = −𝑗2𝜂 tan ቀ
𝜑௧

2
ቁ 

(4-15) 

(4-16) 

It can be seen from (4-15) and (4-16) that the electric and magnetic surface impedances 

are related to the transmitting phase. In another words, for each specific transmitting 

phase, there are corresponding surface impedances. In the next sub-section, we will 

develop Huygens elements for the specified transmitting phases. As indicated in [86]-

[87], the whole Huygens surface can be equivalent to a circuit model as shown in Fig. 4-1 

(c), and Ze and Zm can be defined by Z matrix from microwave network theory: 

 𝑍௘ = 1/2 ∗ (𝑍ଵଵ + 𝑍ଶଵ) 

𝑍௠ = 2 ∗ (𝑍ଵଵ − 𝑍ଶଵ) 

(4-17) 

(4-18) 

4.1.2 Element Synthesis 

The schematics of the developed Huygens element are given in Fig. 4-2. It consists of 

two metallized layers printed on two sides of a 0.5 mm-thick substrate (Dielectric 
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Constant 3.55, tanδ = 0.0027). The substrate thickness is selected as 0.5 mm in this work 

in order to make it bendable. The ‘I’ shape patches on the centre of top and bottom layers 

have exactly the same dimensions. Besides, one pair of head-to-head ‘T’ shape stubs are 

printed on each side of the substrate but at different positions. The distance between ‘T’ 

stubs and the boundary of the element is 0.8 mm. The periodicity of the element P is 8.5 

mm. 

 
(a) 

 

                                        (b)                                   (c) 

Fig. 4-2 Developed two-layer Huygens element model. (a) 3-D structure. (b) Top and 

bottom layers. 

For many three-layer Huygens elements, the metal traces on the first and third layers are 

used to generate a current loop to be equivalent to a magnetic dipole, while the trace in 

the middle layer is for introducing an electric dipole. In our developed element, only two 

metal layers are used and the substrate is significantly thinner. When an x-polarized wave 

impinges on the element, the ‘I’ shape patches on the top and bottom layers produce 
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currents with opposite directions, thereby  generating a current loop, which can be 

equivalent to a magnetic dipole. This will be verified in the current distributions shown 

in the following part. One pair of head-to-head ‘T’ shape stubs will produce currents along 

x-axis with the same direction, thereby introducing an electric dipole. These ‘T’ shape 

stubs will not affect the magnetic response, while the ‘I’ shape patches have some 

influence on the electric response. Therefore, the ‘I’ shape patches will be designed first 

for desired magnetic responses. Then, the ‘T’ shape stubs will be designed to control the 

electric response. 

The magnetic response related to the magnetic surface impedance Zm can be adjusted by 

changing the capacitive or inductive properties of the ‘I’ shape patches, which are related 

to the patch dimensions Wz, Gz and Sz. The electric response related to the electric surface 

impedance Ze can be manipulated by varying the values of Lc, Wc and Wp. In some cases 

where large capacitance between the two ‘T’ shape stubs is needed, e.g., the element is 

illuminated under large oblique incidence angles which would be discussed in section 4.2, 

the interdigital parasitic strips with length Ld will be adopted for each pair, as shown in 

the inset of Fig. 4-2 (b). For an x-polarized incident wave, the transmitting phase of the 

Huygens element can be varied by changing the element’s dimensions. However, it 

cannot be continuously changed if varying only one or two dimensions of the element. 

An optimization on the element’s entire dimensions would be required to achieve a 

continuous phase change, which may make the design of TAs very complicated and time-

consuming. Instead, a quantized phase distribution is employed. In this work, eight 

elements are designed to achieve a 3-bit quantized phase distribution. The detailed phase 

points and corresponding Zm and Ze values calculated from (4-15) and (4-16) are listed in 

Table 4-1. 
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Table 4-1 Huygens properties from theoretical calculation with quantized 360° phase 

cover 
Element No. Phase Im(Ze)/kΩ Im(Zm)/kΩ 

1 -15o -1.43 0.1 
2 -60o -0.33 0.44 
3 -105o -0.14 0.98 
4 -150o -0.05 2.81 
5 -195o 0.02 -5.72 
6 -240o 0.11 -1.31 
7 -285o 0.25 -0.58 
8 -330o 0.7 -0.2 

As discussed in the last paragraph, the dimensions of the ‘I’ shape patches of the element 

will be determined first for the magnetic response. At this step, only the ‘I’ shape patches 

are modelled on the element and simulated without the two ‘T’ shape stubs. Then the two 

‘T’ shape stubs are added to the element and the model is simulated for the electric 

response. 

Floquet ports with master-slave boundaries of 3-D electromagnetic (EM) simulation 

software HFSS is used for the simulation. In this work, Wz value would be tuned for the 

magnetic response, while Sz and Gz are set as 2.3 mm and 1.7 mm, respectively, for 

simulation simplicity. Moreover, Lc and Wc are varied for tuning the electric response with 

Wp=0.2 mm. The dimensions, transmitting phases and amplitudes for the eight elements 

are given in Table 4-2. 

Table 4-2 Properties of Huygens elements 

Element No. 
Im(Ze) 

/kΩ 
Im(Zm) 

/kΩ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

1 -2.3 0.13 -0.16 -14o 3.6 1.3 0.1 
2 -0.35 0.17 -0.42 -41o 3.8 1.6 0.1 
3 -0.12 0.64 -1 -100o 4.1 / / 
4 -0.04 1.6 -1.67 -153o 4.19 1.2 0.6 
5 -0.02 -0.44 -1.66 -187o 4.2 1.2 0.37 
6 0.1 -1.1 -1.36 -241o 4.25 1.5 0.4 
7 0.22 -0.52 -0.86 -284o 4.3 1.62 0.4 
8 0.94 -0.25 -0.5 -330o 4.4 1.62 0.35 
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(a) 

 
(b) 

 
(c) 

Fig. 4-3 Parametric studies for element 1. (a) Simulated Zm with different Wz. (b) 

Simulated Ze with different Wc. (c) Simulated Ze with different Lc. 
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(a) 

 
(b) 

Fig. 4-4 (a) Simulated Zm with different Lc. (b) Simulated Zm with different Wc. 

Fig. 4-3 shows the parametric studies on Wz , Lc and Wc based on element 1. When one 

parameter is studied, the other two are kept unchanged as provided in Table 4-2. As shown 

in Fig. 4-3 (a), Zm curve moves to lower band as Wz increases, which provides a higher 

capacitance between ‘I’ shape patches of two adjacent elements. Besides, as seen in Fig. 

4-3 (b) and (c), the Ze curve shifts left as Wc increases, and it has the same changing trend 

when Lc is decreased. This means Ze would move to lower band when the capacitance 

between two ‘T’ shape stubs of each element increases. Furthermore, as seen in Fig. 4-4, 

Lc has almost no effect on the magnetic response at the desired frequency 10 GHz for a 
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changing range between 0.05 mm and 0.65 mm. Wc is found to have little influence on 

the magnetic response either. This is the reason why magnetic and electric responses can 

be designed independently. 

By using the above parametric studies, an iterative method is employed to obtain other 

elements’ dimensions at 10 GHz. First, the Z matrix of an initial element model is 

simulated under periodic boundary conditions, and the values of Zm and Ze can be obtained 

based on (4-17) and (4-18). Then, the dimensions are further adjusted to make Zm and Ze 

close to the required values listed in Table 4-1 to achieve the desired transmitting phase. 

For Element 3, the two head-to-head ‘T’ shape stubs are not needed as the “I” shape patch 

can provide sufficient electric response. It should be noted that the ideal Huygens 

elements should realize a full transmission without any losses. However, as the developed 

elements use two metal layers to mimic a Huygens element and the substrate is lossy, 

small transmission loss is expected. The losses are found to be comparable to those three-

layer Huygens elements [82]. Moreover, for some specific phase values, the transmission 

loss of the element is larger than 2 dB. In this case, small variations on the phase values 

are made to lower the loss. For example, for Element 5, the required phase is -195°, while 

the synthesised phase is -187°. Here, a compromise between phase error loss and 

amplitude loss should be made. After finding the elements’ dimensions for each phase 

value, the transmission coefficients for each element can be obtained. The S21 result for 

element 1 is given in Fig. 4-5 as an example. It can be seen that the element transmission 

loss is only 0.16 dB at 10 GHz and its phase value is -14o which is close to the desired 

value -15o listed in Table 4-1. 
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Fig. 4-5 Simulated S-parameter for element 1. 

Table 4-3 Dimensions of Element 4 with different substrate thickness 

Thickness h/mm 
Wp 
/mm 

Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

|S21| 
/dB 

∠𝑆ଶଵ 

0.254 0.2 4.19 1.2 0.35 -3.2 -149o 
0.5 0.2 4.19 1.2 0.6 -1.67 -153o 
0.8 0.5 3.97 1.2 0.6 -0.6 -153o 

 

Fig. 4-6 Simulated S parameter of Element 4 with different substrate thickness values. 

We examine the effects of the substrate thickness on the transmission loss of the elements. 

We take Element 4 (with a transmitting phase of -153o from Table 4-2) as an example. 
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Under three different substrate thickness values, three different models of Element 4 are 

designed. Their dimensions are given in Table 4-3, and the phase and magnitude of 

transmission coefficients are compared in Fig. 4-6. It can be seen that as the thickness 

reduces from 0.8 mm to 0.254 mm, the transmission loss increases from 0.6 dB to 3.2 dB. 

This is due to the fact that the balanced condition between electric and magnetic responses 

is broken when the thickness of the substrate is reduced too much. It is known that the 

magnetic current depends on the area of the current loop [88]. As demonstrated in Fig. 

4-7 (b) and (d), the area of current loop is proportional to the thickness of substrate. If the 

thickness is too small, the magnetic current will become too weak, thereby being unable 

to balance the electric current. Therefore, in order to make a good balance and minimize 

the element loss, a thicker substrate should be employed. However, for the ease of 

bending, 0.5 mm is chosen to balance the thickness and loss. Moreover, we check the 

current distributions for Element 1 at different times, as shown in Fig. 4-7. It can be seen 

that the currents on the two ‘I’ shape patches form loops as at t=T/4 and 3T/4 (T is one 

time period), which provide the equivalent magnetic response. 

 
                                                          (a)                                        (b) 
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                                                           (c)                                      (d) 

Fig. 4-7 Current distributions at specific times in one period T. 

4.2 High-Efficiency Conformal TA Design 

To verify the feasibility of the Huygens elements designed above, a small cylindrically 

conformal TA is constructed with 10×11=110 elements, and its contour is provided in 

Fig. 4-8. The TA aperture is bent along y0z plane (H-plane of the gain horn) to make the 

“I” and “T” shape patches aligned with the E-field of the feed horn, thereby maximizing 

the realized gain of the TA. A standard gain horn LB-75-10-C-SF from A-INFO is placed 

at the focal point with an edge illumination of -10 dB. The gain at 10 GHz of LB-75-10-

C-SF from the data sheet is 10.15 dBi. The simulated input reflection coefficient of the 

antenna is below -10 dB from 9.6 GHz to 10.4 GHz, as given in Fig. 4-9 (a), and its 

realized-gain patterns at 10 GHz along E plane and H plane are plotted in Fig. 4-9 (b). 

The peak gain is 16.7 dBi, which corresponds to a 47.3% antenna efficiency considering 

the gain calculated by the aperture cross-sectional size (75.7 mm × 93.5 mm). The 

simulated cross-polarization levels are very small, lower than -40 dB. For the sake of 

clarity, they are not given in Fig. 4-9. 
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                                           (a)                                               (b) 

Fig. 4-8 Conformal TA. (a) 3-D structure. (b) Sketch of front view. 

 

                                 (a)                                                                     (b) 

Fig. 4-9 Simulated results of conformal TA. (a) |S11| versus frequency. (b) E plane and 

H plane patterns at 10 GHz. 
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Fig. 4-10 Simulated S21 amplitude and phase of element 1 under different oblique 

incidence angles. 

It is known that the performance of Huygens surface is sensitive to the incident angle 

[86]. As indicated in Fig. 4-10, when Element 1 is simulated under different incidence 

angles, its amplitude and phase of S21 change with the angle. In the previous Huygens 

element simulation, a normal incidence is adopted. For the conformal TA design, 

however, different incident angles should be considered for each element synthesis. As 

shown in Fig. 4-11 (a), along x0z plane, we can divide our model into 11 zones. 

Considering the structure symmetry, there are 6 zones illuminated with different 

angles 𝜃௦. 
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                                    (a)                                                                 (b) 

Fig. 4-11 Conformal TA design with oblique incidence consideration. (a) Schematic 

with different zones along x0z section. (b) Simulated radiation patterns of E plane and 

H plane. 

For a more accurate design, each Huygens element developed in the last section should 

be re-designed under specific oblique incidence angles. As the incident angle 𝜃௦ for Zone 

1 is very small, it is integrated with Zone 0 and the elements are still simulated using 

normal incidence wave. For elements in Zones 2-5, their dimensions are re-designed for 

each corresponding angle. Taking Element 1 with ∠S21=-14o as an example, the element 

model is re-simulated after changing the scan angle value in the master-slave boundary 

settings of HFSS, and the updated dimensions under each situation are listed in Table 4-4. 

Compared to the model under the normal incidence with dimensions listed in Table 4-2, 

Wc and Lc of the element are changed, while Wz is unchanged. As observed in Table 4-4, 

the larger the incidence angle is, the higher the capacitance from head-to-head ‘T stub’ is 

required. In order to increase the capacitance, Lc needs to be reduced and/or Wc needs to 

be increased. In some cases, additional interdigital parasitic strips are needed to increase 
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the capacitance (shown as inset of Fig. 4-2). These design rules are also suitable for other 

seven elements. The dimensions for the other seven elements are given in the Appendix. 

Finally, along each zone we employ the elements developed at the corresponding 

incidence angle. The cylindrical TA with new elements is simulated, and the realized-

gain patterns are shown in Fig. 4-11 (b). Compared with the results shown in Fig. 4-9, the 

peak gain at boresight is improved from 16.7 dBi to 17.7 dBi with a significantly reduced 

back lobe from 0 dBi to -17 dBi, and the aperture efficiency is improved to 58%. 

Table 4-4 Properties of element 1 under different oblique incidence angles 

Zone No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -0.16 -14o 3.6 1.3 0.1 / 
2 18o -0.2 -11o 3.6 1.4 0.1 / 
3 26o -0.14 -13o 3.6 1.5 0.05 / 
4 33o -0.1 -15o 3.6 1.5 0.7 0.6 
5 39o -0.18 -12o 3.6 1.5 0.9 0.8 

4.3 Experimental Verification 

Finally, in order to validate the developed ultra-thin Huygens element and its feasibility 

in conformal TAs, an array with a larger aperture than the one discussed in the last section 

is designed, fabricated and measured. It includes 16×17=272 elements, and its dimensions 

are given in Fig. 4-12. The cross-sectional size of the transmitting surface is 121.3 

mm×144.5 mm. As discussed in last section, the oblique incidence angles are considered 

for the array design by dividing the straight section into 5 zones denoted as A, B, C, D 

and E, as given in Fig. 4-12 (b). Then, each element listed in Table 4-2 is re-simulated 

under 4 oblique angles, i.e. 14o (Zone B), 25o (Zone C), 33o (Zone D), 39o (Zone E). The 

unfolded transmitting surface is fabricated using standard PCB technology on low-cost 

Wangling F4B substrates (Dielectric Constant 3.55, tanδ = 0.0027). Due to its ultra-thin 
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profile which is only 0.5 mm (λ0/60 at 10 GHz), it can be easily bent onto a 3-D printed 

cylindrical frame. Photographs of the TA prototype are shown in Fig. 4-13. 

 

Fig. 4-12 Sketch of the cylindrical TA with larger aperture size. (a) Circular section. (b) 

Straight section. 

 

                                        (a)                                                      (b) 

Fig. 4-13 Photographs of the conformal TA prototype. (a) Front View. (b) Back View. 

The input reflection coefficients of the TA are measured and compared with the simulated 

one, as plotted in Fig. 4-14. It can be seen that they are below -10 dB from 9.5 GHz to 

10.5 GHz. Far-field radiation patterns are measured using a Microwave Vision Group 
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(MVG) compact range antenna measurement system located at University of Technology 

Sydney, Australia. 

 

Fig. 4-14 Simulated and measured results of input reflection coefficients. 

 

Fig. 4-15 Simulated and measured gains at boresight versus frequency. 

The simulated and measured realized gains versus frequency are also found and plotted 

in Fig. 4-15. The peak gain appears at 10 GHz in simulation with 21.2 dBi, achieving a 

54% antenna efficiency. For the measured results, the maximum gain is at 9.95 GHz with 

a value of 20.6 dBi, corresponding to a 47% antenna efficiency. The 3-dB gain bandwidth 
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is 3.7% (9.83 GHz -10.2 GHz). As discussed in Section 4.1, Huygens element for a 

specific transmission phase corresponds to a unique pair of electric and magnetic surface 

impedance values. Since the electric and magnetic surface impedance usually vary with 

the frequency, the Huygens element with a specific transmission phase can only be 

maintained in a very narrow bandwidth. Therefore, due to the phase compensation 

requirement, the 3-dB bandwidth of the TA is narrow. The simulated and measured E- 

and H- plane radiation patterns at 9.95 GHz are compared in Fig. 4-16 (a) and (b), 

respectively. Good agreement can be found except for a slight beam tilt of about 1°. The 

measured cross-polarization levels for two planes are both lower than -15 dB. The 

simulated cross-polarization levels are very low, so they are not shown in the figures. 

 

                                    (a)                                                                     (b) 

Fig. 4-16 Simulated and measured patterns. (a) E plane. (b) H plane. 

The slight beam tilt and the discrepancy on the realized gains can be mostly attributed to 

the fabrication inaccuracies in the 3-D printed cylindrical frame that have effects on the 

curvature of the transmitting aperture. Furthermore, there would be some alignment errors 

and the low-cost PCB board may have a varied dielectric constant from the datasheet.   
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To the best of the authors’ knowledge, this is the first conformal TA with the thinnest 

element and a high  aperture efficiency ever reported. The dual-layer structure without 

any vias is also an important innovation suitable for other TAs where a thin transmitting 

panel is needed. We compare the results of the developed work with those of other 

reported TAs with thin elements, as given in Table 4-5. It can be seen that the proposed 

one has the thinnest structure while a very high aperture efficiency.            

Table 4-5 Comparison of proposed design with referenced TAs 

Ref. No. 
Dielectric 
Constant 

Number 
of layers 

Electrical 
thickness 

Vias 
Array 

Contour 
Aperture 

Efficiency 
[5] 2.2 3 λ0/5 N. Planar 40.7% 
[13] 3.55 3 λ0/14 N. Planar 30% 
[32] 2.55 2 λ0/10 Y. Planar 40% 
[79] 4.3 2 λ0/10 N. Planar 26% 

Chapter 3 2.2 3 λ0/25 N. Cylindrical 25.1% 
This work 3.55 2 λ0/60 N. Cylindrical 47% 

4.4 Conclusion 

In order to meet the low-profile demand on array elements for conformal TA designs, 

Huygens metasurface theory is employed in this work to achieve both an ultra-thin array 

element and a high aperture efficiency. The developed Huygens element consists of two 

metal layers with an entire thickness of 0.5 mm (λ0/60 at 10 GHz) and without any 

metallic vias. By tuning magnetic and electric responses properly, eight elements are 

designed to cover a quantized 360o phase range with a maximal 1.67 dB loss. Based on 

these elements, a small conformal TA is constructed, where the oblique incidence on the 

array aperture is considered to enhance the antenna’s performance. Finally, a cylindrically 

conformal TA with a larger aperture size is simulated and fabricated with a 20.6 dBi 

measured gain and a 47% aperture efficiency.
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Chapter 5: Ultrawideband Conformal 

Transmitarray Employing 

Connected Slot-Bowtie Elements 

Even though there are some reported works on UWB planar TAs [46]-[47], the reported 

array elements consist of dual-layer radiators connected by microstrip lines or vias with 

a ground plane in the middle, thereby requiring a high alignment accuracy. This could be 

a potential issue for higher frequency TA designs and conformal designs. 

In this chapter, inspired by the potential performance of “infinite bandwidth” from 

connected array theory [89]-[92], an UWB TA using connected slot-bowtie is presented 

for the first time. Since the ground plane is not essential in the TA element, it naturally 

keeps the “infinite bandwidth” property of connected arrays. The proposed element can 

achieve a high transmission efficiency (higher than -3 dB) from 6 GHz to 17 GHz with a 

360° phase shifting range at the highest frequency point. The reduced bandwidth 

compared to “infinite” is due to the requirement of phase compensations for TA elements, 

where in this design vertical meander slot-lines are used. A planar UWB TA based on the 

proposed elements from 6 GHz to 17 GHz is theoretically simulated and measured with 

an array size of 4.3λ0 by 4.3λ0 (λ0 is the free space wavelength at 17 GHz). The radiation 

patterns of the prototype are measured from 8.5 GHz to 17 GHz due to the limitation of 

our university facilities. Good agreement has been obtained between simulation and 

experiment. The measured antenna efficiency is from 38% to 60% with a peak gain of 

20.2 dBi. Compared to [46], the proposed planar TA can achieve a similar gain but with 
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a smaller size, thereby achieving a higher efficiency. Furthermore, due to the simple 

structure of the proposed element, it is suitable for conformal TAs. Subsequently, a 

conformal prototype is also fabricated and measured, showing good agreement with the 

simulated patterns from 8.5 GHz to 17 GHz. To the best of the authors’ knowledge, this 

is the first reported conformal TA with an UWB property. 

The chapter is organized as follows. In section 5.1, a detailed connected array element 

design is developed and applied to a planar TA. A conformal TA based on the proposed 

element is simulated and analysed in section 5.2. A discussion on the feed sources of both 

planar and conformal TAs is presented in section 5.3. The chapter concludes in section 

5.4. 

5.1 Ultrawideband Planar TA 

5.1.1 Ultrawideband TA Theory 

As introduced before for TAs, a phase compensation needs to be applied along the 

aperture to transform an incident spherical wave into a planar wave to a desired direction 

(Fig. 5-1). 

 

Fig. 5-1 TA geometry. 
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To achieve the UWB performance, TA calls for an UWB element with two properties. 

First, the element should operate with a high transmission efficiency within the band, i.e., 

the amplitude of transmission coefficient should be greater than -3 dB. Second, assuming 

the beam transmitted by the array is directed to the boresight, the relative phase 

compensation value along the array should be a linear function to both frequency and 

spatial delay, as illustrated in Fig. 5-1. Their relationship is given in (5-1), 

 
∆𝜑 = 𝑘(𝐿௠ − 𝐿଴) =

𝐿௠ − 𝐿଴

𝑐
𝑓 2𝜋 (5-1) 

where c is the light speed, f is the frequency and k is the free space wavenumber. If we 

denote Δ𝐿 = (𝐿௠ − 𝐿଴), and we normalize the phase difference to frequency, we have the 

phase delay as follows: 

 
Δ𝜑௙ =

Δ𝜑

𝑓
= 2𝜋

Δ𝐿

𝑐
 (5-2) 

We can achieve consistent beam characteristics in a large frequency range, as long as the 

phase delay keeps a linear relation with the size variation and has a constant gradient 

(2π/c) across the whole operating frequency band. 

 

                                       (a)                                                         (b) 

Fig. 5-2 Traditional connected array element with a constant slot width. (a) Schematic. 

(b) S parameters. 
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5.1.2 Ultrawideband TA Element Design 

At the first step, the connected array theory is employed to design the element providing 

an ultra-wide passband because of its almost infinite bandwidth [90]. For a traditional 

connected slot-array along x-axis as shown in Fig. 5-2 (a), its element is analysed in a 

periodic boundary condition with a y-polarized incident wave. The substrate thickness is 

chosen as 1 mm with a dielectric constant 𝜀௥ = 2.2 and loss tangent of 0.0009. 

Generally, it shows low-pass filter characteristics with an ultra-wide band, and its stop 

frequency point is related to the slot width w. As shown in Fig. 5-2 (b), under the same 

periodicity D=4 mm, the wider the slot is, the wider the transmission bandwidth (|S21|≥ -

3 dB) will be. The -3-dB stop frequency points for w=0.7 mm and w=1.5 mm are 16 GHz 

and 32 GHz, respectively. For the TA design, however, the slots cannot be too wide as 

they will be connected to vertical meander slot lines with the same slot width as will be 

shown in the following paragraphs. If the slot width w is too large, the whole volume of 

the meander slot line would increase in order to produce a 360° phase range. Thus, the 

dimension of the slot should be chosen as a compromise between these two opposite 

needs. Alternatively, one can increase the bandwidth by using a bowtie shape as described 

in Fig. 5-3 (a). 

The results of transmission and reflection coefficients in Fig. 5-3 (b) are referred to the 

connected slot-bowtie with the periodicity D=4 mm. The slot-bowtie is still connected 

along x axis, and the slot width w is linearly tapered from 0.7 mm to 3.6 mm from the 

centre to the edge of the element; at the element boundary, the profile has a discontinuity 

with a width of ws=1.8 mm, which gives an additional degree of freedom in the design. 

Under the incident wave conditions as the one in Fig. 5-2, the amplitude of |S21| possesses 

a -3-dB ultra-wide band from 2 GHz to 35 GHz (Fig. 5-3 (b)). 
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                              (a)                                                         (b) 

Fig. 5-3 Connected slot-bowtie dipole. (a) Schematic. (b) Simulated S parameters. 

For compensating the phase, we adopt the true-time-delay-line concept which allows 

phase controls over a wideband [25]. To this end, a vertical meander slot-line is 

introduced in y0z plane as shown in Fig. 5-4 (a), where horizontal slot offset-length a can 

be varied in order to change the transmission phase in a range of 360° across the operating 

bandwidth. 

 

                                         (a)                                            (b) 

Fig. 5-4 (a) Schematic of the meander slot-line. (b) Final TA element.  
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                                       (a)                                                               (b) 

 

(c)                                                                (d) 

Fig. 5-5 (a) |S21| of final TA element with different meander line lengths. (b) Phase 

variation Δφ versus element size a. (c) |S21| under 30° incidence angle. (d) Phase 

variation Δφ under 30° incidence angle. 

The final 3-D element model is shown in Fig. 5-4 (b). The connected slot-bowtie, used to 

achieve UWB transmission characteristics, is vertically connected to a meander slot-line, 

where the meander slot width matches the orthogonal slot-bowtie centre width. Both 

metal sheets are printed on a 1-mm-thick substrate with a dielectric constant 𝜀௥ = 2.2 and 

loss tangent of 0.0009, then they are soldered together. The periodicity D is optimized as 

4 mm (around λ0/4 at the highest operating frequency 17 GHz), and the vertical height h 
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is 9 mm (0.5λ0 at 17 GHz). Simulated amplitudes and phases of transmission coefficients 

are compared in Fig. 5-5. 

Due to the effect of the meander slot-line, the bandwidth of the 3-dB transmission loss is 

reduced to the range of 5 GHz to 17 GHz as shown in Fig. 5-5 (a) compared to the pure 

connected slot-bowtie which is 2 GHz-35 GHz. The 360° full phase range can be achieved 

at the highest frequency point 17 GHz as shown in Fig. 5-5 (b). To consider the effects of 

oblique incidence on the element performance, these elements are also simulated under a 

30° oblique incidence angle. The S21 amplitude and phase results are shown in Fig. 5-5 

(c) and (d). Comparing with Fig. 5-5 (a) and (b), it can be seen that the transmission 

amplitude deteriorates slightly, but it is still in the 3-dB range for almost all the frequency 

points. For the transmission phase, only the phase range at 17 GHz is reduced from 360° 

to 320°, while it is almost unchanged for other frequencies. Then we normalize the phase 

compensation values to the frequency according to (5-2), the phase delays at different 

frequencies (Fig. 5-6) show a quasi-linear dependency to the slot length, and the values 

at different frequencies for each slot length a change slightly, satisfying the UWB 

requirements as discussed before. It should be noted that the meander lines may have 

effects on the radiation properties of the slot-bowtie elements, however, their effects are 

taken into consideration in the 3-D simulation and negligible impacts on the overall 

antenna performance are observed. 

From Fig. 5-5 (b), it is obvious that the total phase range would be smaller when the 

frequency is lower, which is due to the fact that the variation of horizontal slot length a 

is electrically smaller at lower frequency, e.g., a is varied from 0.0017λ5GHz to 0.025λ5GHz 

at 5 GHz. Consequently, the phase delays are not calculated for frequency points below 

7 GHz, and they are not plotted for normalizations in Fig. 5-6. At lower frequencies, since 

the electrical size of the entire TA aperture is small compared to the wavelength, the phase 
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variation range required is much less than 360°. Therefore, at the lower band the structure 

can still provide the needed phase compensation. To make the structure profile as low as 

possible, the slot-line is tightly meandered, which may introduce interference and 

coupling between adjacent slots. As a result, the phase delay at higher frequency deviates 

from the average relation line as shown in Fig. 5-6.   

 

Fig. 5-6 Frequency-normalized phase Δφf versus a. 

For completeness, an ideal true-time-delay straight slot-line element model in Fig. 5-7 (a) 

has been simulated by full-wave analysis. Fig. 5-7 (b) shows the phase delay  Δ𝜑௙ , 

changing the height h of the vertical slot-line for phase tuning. The phase delay Δ𝜑௙ at 

different frequency points provide an ideal linear relation with h and an almost unchanged 

gradient. Nevertheless, this model can only provide a 283o phase range at 17 GHz when 

h increases to 18 mm which is already twice the thickness of the structure shown in Fig. 

5-4 (b). Therefore, the height h needs to be increased further to achieve the full 360° phase 

range. Despite the linearity of the phase versus h over the bandwidth, this solution is not 

convenient in practice since it increases the overall volume of the element significantly. 



  

Chapter 5: Ultrawideband Conformal Transmitarray Employing Connected Slot-Bowtie Elements 105 

 

                                (a)                                                (b) 

Fig. 5-7 Element with true-time-delay slot-line. (a) Schematic. (b) Frequency-

normalized phase Δφf versus h. 

5.1.3 Planar TA 

 

                             (a)                                                         (b)         

Fig. 5-8 TA structure. (a) Model in HFSS. (b) Photo of the fabricated prototype. 

A planar TA with 1919=361 elements is constructed to verify the proposed UWB 

element; the model from HFSS and the photo of the fabricated prototype are shown in 

Fig. 5-8 (a) and (b), respectively. The horizontal and vertical boards are fabricated 

separately using a standard PCB technology. Then, each vertical board is assembled and 
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soldered on the horizontal base. Therefore, the smaller the distance between two adjacent 

vertical boards is, the harder the soldering would be. In this design, the distance between 

each board is the periodicity of element models, which is 4 mm. The size of the array is 

76 mm by 76 mm which is 4.3λ0 by 4.3λ0 (λ0 is the free space wavelength at 17 GHz). 

Two different standard gain horns, LB-112-10-C-SF (working from 6 GHz) and LB-75-

10-C-SF (working from 10 GHz ) from A-INFO, are utilized to cover the lower and higher 

bands, respectively. The focal length is chosen as 58 mm, making the flare angle from the 

focal point to the edges of TA around ±33o. Because the -10-dB beamwidth of two feed 

horns would vary at different frequency points, the flare angle is chosen to match -10-dB 

beamwidth of the standard gain horn LB75-10 at 13.5 GHz. The input reflection 

coefficients of the TA have been simulated and measured from 6 GHz to 17 GHz, with 

results  shown in Fig. 5-9 (b). Since the TA is a single-port device, the reflection 

coefficient is defined as how much of the incident power at the input port of the feeding 

antenna is reflected, as sketched in Fig. 5-9 (a). In the simulation, the reflection coefficient 

is calculated as the ratio of the power reflected back at the waveguide port of the feed 

horn and the input power. In measurement, we connect the feed horn of the TA to one-

port of the vector network analyser (VNA) to obtain |S11|. It can be seen that the measured 

amplitude of S11 is below -10 dB from 6 GHz to 17 GHz. The average value is accurately 

reproduced by the simulation; the inaccuracies are probably due to the inaccuracies during 

the fabrication and implementation process.       
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                           (a)                                                                         (b) 

Fig. 5-9 (a) The sketch of TA system. (b) Simulated and measured input reflection 

coefficients. 

Besides, far-field radiation patterns were measured at University of Technology Sydney 

(UTS), Australia, using a compact range antenna measurement system designed by 

Microwave Vision Group (MVG). The simulated and measured E- and H- plane patterns 

at different frequency points are given in Fig. 5-10. Due to the limit of the operating 

frequency range of the measurement system, only patterns from 8.5 GHz to 17 GHz are 

obtained. It can be seen that consistent boresight radiation patterns are achieved across 

the band. The measured cross-polarization level is around -15 dB across the whole 

operating band. The simulated cross polarizations are not shown as they are very small. 

The measured cross-polarization level is usually higher than the simulated one due to the 

fabrication tolerance and the chamber dynamic range limitation. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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(g) 

 

(h) 

 

(i) 

Fig. 5-10 Simulated and measured E-plane and H-plane patterns. (a) 8.5GHz. (b) 

9.5GHz. (c) 10.5GHz. (d) 11.5GHz. (e) 12.5GHz. (f) 13.5GHz. (g) 14.5GHz. (h) 

15.5GHz. (i) 16.5GHz. 
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The gain and efficiency versus frequency are shown in Fig. 5-11. The efficiency of the 

antenna is defined as the ratio of the gain and the maximum directivity of the array 

aperture, the latter obtained as 4𝜋 times the physical aperture area on square wavelength. 

The simulated and measured results agree reasonably well. It can be observed that the 

gain increases with frequency with some fluctuations. Ideally, for the TA with a fixed 

physical aperture size, the peak gain should increase monotonically with frequency to 

achieve a relatively stable antenna efficiency. The reasons for the undesired fluctuations 

include the variation of the aperture tapering efficiency over the bandwidth obtained from 

two feed horns, the variation of the element loss and phase compensation errors over 

frequency bands. This can be partially addressed by designing an UWB feed antenna with 

steady illumination efficiency. The measured antenna efficiency is from 38% to 60% with 

a peak gain of 20.2 dBi. 

 

                                    (a)                                                                  (b) 

Fig. 5-11 Simulated and measured results. (a) Realized gain versus frequency. (b) 

Efficiency versus frequency. 

It can be noticed from Fig. 5-11 (a) that the gain enhancement is about 1.5-5.5 dB from 6 

GHz to 17 GHz. This enhancement can be further increased by using a larger size of TA. 

To show this, a planar TA with 3838 elements (8.6λhighest8.6λhighest) has been designed 
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with the focal length chosen as 160 mm. The gain curve of this larger one is introduced 

for comparison in Fig. 5-11 (a). The gain improvement of 2.3-10.8 dB with respect to the 

feed horn is obtained with this larger array in the bandwidth of 6 GHz-17 GHz. 

5.2 Ultrawideband Conformal TA  

Since the TA element developed in this work has a simple structure and the substrate 

thickness of the connected slot-bowtie dipole array can be very thin, it is suitable for 

conformal TAs. The modified element model is shown in Fig. 5-12 (a). The connected 

slot-bowtie is printed on a substrate with 0.5 mm thickness, which is thin enough for 

conformal fabrication. The dielectric constant is 2.2 and loss tangent is 0.0009. The 

substrate thickness for supporting vertical meander slot-lines is still 1 mm. From the 

whole conformal array perspective, each element has negligible curvature, so its 

transmission performance is almost unchanged from the planar one. For validation, a 

cylindrical TA is constructed in ANSYS HFSS, as shown in Fig. 5-12 (b). Two different 

standard gain horns, i.e., LB-112-10-C-SF and LB-75-10-C-SF from A-INFO, are 

utilized to cover the lower and higher bands, respectively (the same used for the planar 

structure). 

 

                                              (a)                                  (b) 
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Fig. 5-12 Conformal TA structure. (a) Curved element model. (b) Conformal array 

model in HFSS. 

The sketch of the conformal TA is shown in Fig. 5-13 (a) and its fabricated prototype is 

shown in Fig. 5-13 (b). The flare angle of array is ±33o with 19×19 elements wrapped on 

the surface. The element periodicity D is 4 mm and the focal length r is 66 mm. Therefore, 

the curvature of single element is only 3.5o, as calculated from (5-3). In practical 

applications, the size of conformal TAs would be even larger with a greater focal length 

r in order to achieve a higher gain. In that case, the element curvature would become 

smaller, making it negligible in affecting the array performance. 

 
𝛼 =

𝐷

𝜋𝑟
⋅ 180௢ (5-3) 

 

                                          (a)                                                          (b) 

Fig. 5-13 (a) Sketch of the conformal TA. (b) Fabricated prototype. 

The input reflection coefficients of TA are simulated and measured from 6 GHz to 17 

GHz, as shown in Fig. 5-14. It can be seen that the measured |S11| is below -10 dB from 

6 GHz to 17 GHz. The simulated and measured E- and H- plane patterns at different 

frequency points are given in Fig. 5-15. Due to the limit of the operating frequency range 
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of the measurement system, only 8.5 GHz-17 GHz results are measured. It can be seen 

that consistent boresight radiation patterns are achieved across the band with lower than 

-15-dB cross-polarization levels. The gain and efficiency versus frequency with different 

feed horns are shown in Fig. 5-16. The simulated and measured results agree reasonably 

well. The measured realized gain is from 12 dBi to 20.2 dBi, and the measured efficiency 

is from 39% to 76%. 

For both planar and conformal TAs, the measured efficiency fluctuates with frequency. 

This is partially because the gain and beamwidth of the standard horns are not stable with 

frequencies, thereby resulting in different illumination efficiencies. To address this issue, 

a feed source antenna with a stable beamwidth across the ultra-wide band can be adopted. 

The reason to use two standard gain horns in this work is to validate the feasibility of the 

technology using connected elements to achieve UWB performance. 

 

Fig. 5-14 Simulated and measured input reflection coefficients. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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(g) 

 

(h) 

 

(i) 



118 Chapter 5: Ultrawideband Conformal Transmitarray Employing Connected Slot-Bowtie Elements 

Fig. 5-15 Simulated and measured E-plane and H-plane patterns of conformal TA. (a) 

8.5GHz. (b) 9.5GHz. (c) 10.5GHz. (d) 11.5GHz. (e) 12.5GHz. (f) 13.5GHz. (g) 

14.5GHz. (h) 15.5GHz. (i) 16.5GHz. 

 

                                    (a)                                                                      (b) 

Fig. 5-16 Simulated and measured results. (a) Realized gain versus frequency. (b) 

Aperture efficiency versus frequency. 

5.3 Discussion 

In practical applications, a wideband low-gain antenna can be applied as the feed source 

instead of multiple gain horns. This way, the proposed TA antenna is capable of covering 

a wide band with high gains. To this end, a log-periodic dipole antenna (LPDA) has been 

designed as the feed for a planar connected TA with the size of 4.3λhighest4.3λhighest as 

shown in Fig. 5-17 (a) and (b). The array still consists of 1919 elements with the same 

size of the original design. It should be noted that a wide range of low-gain UWB antennas 

can be applied as the feed source here, e.g., LPDA, spiral antennas and Vivaldi antennas, 

etc. We chose LPDA to verify the developed transmitarray theory as an example. The 

LPDA has an almost constant gain across the frequency band, thereby having a stable 

beamwidth. The distance between the feed and the TA aperture is 31.5 mm, 
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corresponding to a flare angle of ±50o, which matches the -10 dB beamwidth of the 

LPDA. The dimensions of the LPDA are given in Table 5-1. The simulated |S11| of the 

LPDA and the planar TA are provided in Fig. 5-18 (a), which are both lower than -10 dB.  

The simulated realized gains of the planar TA and LPDA are given in Fig. 5-18 (b). It is 

seen that the realized gain can be increased by about 2.5-10.5 dB from 6 GHz to 17 GHz. 

This enhancement is comparable to the work in [46]. 

 

                                     (a)                                                        (b) 

Fig. 5-17 (a) Log-periodic dipole antenna (LPDA). (b) Planar TA with the LPDA as the 

feed source. 

Table 5-1 Parameters of LPDA 

l1 Z1 Ws τ (𝜏 =
௟೙శభ

௟೙
=

௓೙శభ

௓೙
) 

13.835 mm 30mm 1.8 mm 0.83 
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                                       (a)                                                                    (b) 

Fig. 5-18 (a) Simulated |S11|of feed LPDA and whole TA system. (b) Simulated gain of 

feed LPDA and whole TA system. 

The LPDA is also applied to feed a conformal connected TA with 1919 elements, as 

shown in Fig. 5-19. The simulated |S11| of the conformal TA is given in Fig. 5-20 (a), 

showing less than -10 dB values. The realized gains of the conformal TA are compared 

with LPDA gain values in Fig. 5-20 (b), providing 3-9.5 dB gain enhancement from 6 

GHz to 17 GHz. For both planar and conformal structures in this section, despite the 

transmitarray models are the same with the previous fabricated ones in Fig. 5-8 and Fig. 

5-13, the fixation for the LPDA and transmitarrays should be reconsidered. This demands 

refabrication and reassembly of the transmitarrays by adding fixable margins. Since the 

simulation and measurement results have agreed well in Section 5.1 and 5.2, only 

simulation results are provided here as a theoretical verification to save budget. 
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                                           (a)                                                  (b) 

Fig. 5-19 (a) Sketch of conformal TA. (b) Conformal TA with LPDA as the feed source. 

 

                                      (a)                                                                  (b) 

Fig. 5-20 (a) Simulated |S11| of conformal TA. (b) Simulated gain of feed LPDA and 

conformal TA. 

5.4 Conclusion 

A TA element based on connected slot-bowtie is developed in this chapter for UWB 

operations. The element can achieve lower than 3-dB transmission losses in a frequency 

range from 6 GHz to 17 GHz and is capable of realizing a 360° phase tuning range. 

Employing this element, two UWB TAs with planar and cylindrical contours are 

simulated, fabricated and measured, achieving stable boresight radiation patterns across 
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the whole band. The simulated and measured performance agree reasonably well and the 

measured efficiencies are found to be much higher than state-of-the-art UWB TAs. The 

TAs can be employed for bandwidth hungry applications such as radio telescopes, 

satellite communications, and advanced radar systems. 
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Chapter 6: An Elliptical Cylindrical Shaped 

Transmitarray for Wide-Angle 

Multibeam Applications 

Based on the literature review in section 2.6 for state-of-the-art research progress on mm-

wave multibeam TAs, it is noticeable that most of them only provide an overall beam 

coverage of around 60° (or ±30°), which will hinder its applications for wide angle point-

to-point/multi-point-to-multi-point communications. Besides, all of those mentioned 

designs work at lower mm-wave bands, while a multibeam TA at above 50 GHz is still 

desirable for high-data-rate wireless communications. Moreover, most of the efforts have 

been devoted to planar TAs. The technologies for shaped multibeam TAs are still lacking. 

A curved cylindrical TA is demonstrated in [93], providing a simulated beam scanning 

range of 82° with a 3.9-dB scanning loss. In Chapter 3, the cylindrical TA achieves a 

mechanical beam scanning range of ±15° using a superposition method. The feed horn is 

rotated to illuminate different sectors at each time, thereby pointing the main beam of the 

array to a specific direction. Unfortunately, it cannot support multibeam radiation as its 

feed horn is rotated at a fixed position. 

In this chapter, inspired by the 2-D wide-angle scanning metal-plate lenses introduced by 

Ruze [94], an elliptical cylindrical transmitting aperture is developed for the first time for 

multibeam applications. The phase compensation across the 3-D aperture is implemented 

with a combined method of refocusing the feed and utilizing a virtual focal length in 

calculation. Compared to the state-of-the-art planar multibeam TAs, where the multibeam 
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radiation performance is mainly dependent on the phase compensation on the transmitting 

aperture, the proposed method utilizes the shape of the aperture as an additional degree 

of freedom. The aperture shape and the phase compensation are jointly designed 

according to the desired maximum beam direction, thereby leading to a much wider beam 

coverage with a smaller gain loss. To validate the concept of the proposed multibeam 

system, a prototype is designed with a standard feed horn placed at different positions to 

radiate the corresponding beams. The TA realizes a measured peak boresight gain of 

27 dBi at 70.5 GHz and a beam coverage up to ±43° along the elliptical arc plane with a 

2.7-dB scanning loss. To the best of the authors’ knowledge, this represents one of the 

most advanced mm-wave multibeam TAs with a large beam coverage and a low scanning 

loss ever reported. 

The rest of this chapter is organized as follows. In section 6.1, detailed design methods 

for multibeam TAs are introduced. These developed methods are verified through 

simulations in section 6.2. In section 6.3, a multibeam TA prototype is fabricated and 

measured, and simulation and measurement results are compared. The chapter concludes 

in section 6.4. 

6.1 Multibeam TA Design 

 

Fig. 6-1 Schematic of a TA with lateral view. 
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To realize a planar wave front in a desired direction for TAs, as illustrated in Fig. 6-1, the 

transmission phase values 𝜑(𝑥, 𝑦) of two different elements (x, y1) and (x, y2) on the 

aperture can be calculated from (6-1) and (6-2), both of which are composed of a spatial 

phase delay and a phase compensation value 𝜑௧(𝑥, 𝑦) for each element. 

 𝜑(𝑥, 𝑦ଵ) = −𝑘଴𝑅ଵ + 𝜑௧(𝑥, 𝑦ଵ) 

𝜑(𝑥, 𝑦ଶ) = −𝑘଴𝑅ଶ + 𝜑௧(𝑥, 𝑦ଶ) 

(6-1) 

(6-2) 

where k0 is the propagation constant in free space, R1 and R2 are the distances of these 

two elements to the focus. The transmission phase difference between them is related to 

the beam direction α as follows: 

 
𝛥𝜑 = (𝜑௧(𝑥, 𝑦ଵ) − 𝜑௧(𝑥, 𝑦ଶ)) − 𝑘଴(𝑅ଵ − 𝑅ଶ) =

∆𝜑௧ + ∆𝜑௦௣௔௧௜௔௟ = 𝑘଴(𝑦ଶ − 𝑦ଵ)sin𝛼 

(6-3) 

One finds that two methods can be employed for scanning the beam of TAs. The first 

method is to integrate active components with TA elements to change the phase 

compensation values, i.e., changing ∆𝜑௧. This is particularly useful for an electronic beam 

scanning. The second method is to vary the spatial phase difference ∆𝜑௦௣௔௧௜  by 

relocating the feed source relatively to the aperture. This can be employed to achieve 

either mechanical beam scanning or multiple beams.  

In this section, based on the 2-D Ruze lens theory, we introduce an innovative method for 

realizing multiple beams with a wider beam coverage. 

6.1.1 TA Contour and Phase Calculation 

The phase compensation along the TA aperture is calculated based on the predefined 

largest beam angles. As illustrated in Fig. 6-2, we assume that O1 and O2 are the focal 

points for two symmetrical radiation beams in x0y plane. These two beams are 
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respectively denoted as beam1 and beam2 at ±α angles, where α (0<α<90˚) is the 

maximum beam angle measured with respect to +x-axis. They are equal to the feed offset 

angles. 

 

Fig. 6-2 Cross section in x0y plane of TA. 

For beam1 radiation, the element phase compensation must satisfy: 

 𝑘଴𝑙ଵ − 𝜑௧ଵ(𝑥, 𝑦) = 𝑘଴(𝑙଴ + 𝑥cos𝛼 + 𝑦sin𝛼) − 𝜑௧ଵ(0,0) (6-4) 

where l1 represents the distance between the focal point and a random element (x, y) on 

the aperture, and l0 is the focal length of O1. 𝜑௧ଵ(𝑥, 𝑦) is the element phase compensation 

value at (x, y). 𝜑௧ଵ(0,0) is the element phase compensation at point (0, 0). We can 

calculate l1 with: 

 𝑙ଵ = ඥ(𝑥 + 𝑙଴cos𝛼)ଶ + (𝑦 + 𝑙଴sin𝛼)ଶ (6-5) 

By substituting (6-5) in (6-4), and define u as: 

 
𝑢 =

𝛥𝜑௧ଵ

𝑘଴
=

𝜑௧ଵ(𝑥, 𝑦) − 𝜑௧ଵ(0,0)

𝑘଴
 (6-6) 

we can obtain: 

 (𝑥 + 𝑙଴cos𝛼)ଶ + (𝑦 + 𝑙଴sin𝛼)ଶ = (𝑙଴ + 𝑥cos𝛼 + 𝑦sin𝛼 + 𝑢)ଶ (6-7) 

After some transformations, we can get: 
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 𝑥ଶsinଶ𝛼 + 𝑦ଶcosଶ𝛼 − 2𝑥𝑦sin𝛼cos𝛼 =

𝑢ଶ + 2𝑢𝑙଴ + 2𝑢𝑦sin𝛼 + 2𝑢𝑥cos𝛼 
(6-8) 

Then, considering the focal point at O2 with –α radiation beam2, we can achieve: 

 𝑥ଶsinଶ𝛼 + 𝑦ଶcosଶ𝛼 + 2𝑥𝑦sin𝛼cos𝛼 =

𝑢ଶ + 2𝑢𝑙଴ − 2𝑢𝑦sin𝛼 + 2𝑢𝑥cos𝛼 
(6-9) 

Combining (6-8) and (6-9), we would obtain the phase compensation equation along the 

x0y coordinate and the ideal TA contour in (6-10) and (6-11), respectively: 

 𝛥𝜑௧ଵ = 𝑘଴𝑢 = −𝑘଴𝑥cos𝛼 

(
𝑥

𝑙଴cos𝛼
+ 1)ଶ + (

𝑦

𝑙଴
)ଶ = 1 

(6-10) 

(6-11) 

As can be seen from (6-11), along the multibeam radiation coordinate (horizontal plane), 

the TA shows an elliptical contour. While along x0z plane (vertical plane), it will show a 

straight contour, i.e., the proposed TA has an elliptical cylindrical shape. 

6.1.2 Refocusing 

For a multibeam radiation with multiple feeds, initially we assume that the feed sources 

would be placed along the focal arc, as shown in Fig. 6-2, with a radius of l0 and the pivot 

at (0, 0) point. As discussed in the last sub-section, the phase compensation along the TA 

is calculated from the maximal oblique radiation angles at ±α rather than 0°. Therefore, 

there is a phase error for the feed source located at O3 of the focal arc, which generates a 

beam pointing towards 0°. Here, we would discuss the phase error for 0° radiation with 

the feed point at O3. The beam for this direction is referred to beam3 as shown in Fig. 

6-2. 

With the elliptical contour of the TA aperture along x0y plane derived previously, we can 

calculate the ideal phase compensation value for beam3 with: 
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 𝑘଴𝑙ଷ − 𝜑௧ଷ(𝑥, 𝑦) = 𝑘଴(𝑙଴ + 𝑥) − 𝜑௧ଷ(0,0) (6-12) 

where l3 denotes the distance from the focal point to a random point (x, y) on the aperture, 

and l0 is the focal length of O3. 𝜑௧ଷ(𝑥, 𝑦) is the required element phase compensation 

value at point (x, y). We can calculate l3 with: 

 𝑙ଷ = ඥ(𝑥 + 𝑙଴)ଶ + (𝑦)ଶ (6-13) 

Therefore, the relative phase compensation value would be: 

 𝛥𝜑௧ଷ = 𝜑௧ଷ(𝑥, 𝑦) − 𝜑௧ଷ(0,0) = 𝑘଴(ඥ(𝑥 + 𝑙଴)ଶ + 𝑦ଶ − 𝑥 − 𝑙଴) (6-14) 

Then we can calculate the phase error at O3 point: 

 𝛿 = 𝛥𝜑௧ଷ − 𝛥𝜑௧ଵ = 𝑘଴(ඥ(𝑥 + 𝑙଴)ଶ + 𝑦ଶ − (1 − cos𝛼)𝑥 − 𝑙଴) (6-15) 

Considering the relation between x and y in (6-11) and employing Taylor series expansion 

for the variant y in (6-15) at (0, 0) point, it is noticeable that the first-order and third-order 

derivatives are both zero, so we can approximate (6-15) with a second-order term as 

(6-16). 

 
𝛿 ≈ 𝛿ଵ = 𝑘଴

sinଶ𝛼

2𝑙଴
𝑦ଶ (6-16) 

 

Fig. 6-3 Phase errors before and after Taylor series expansion. 
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Here, we consider two cases with the maximal radiation angle α as 60° and 45°, 

respectively. The curves of 
ఋ

௞బ௟బ
 and 

ఋభ

௞బ௟బ
 versus 

௬

௟బ
 are shown in Fig. 6-3. It is observed that 

there is good agreement between 𝛿 and 𝛿ଵ, thereby showing that the approximation given 

in (6-16) is acceptable. 

To address the phase error at O3, we moved the feed point O3 away from the TA aperture 

by 𝜏𝑙଴  as illustrated in Fig. 6-4. The value of the parameter 𝜏  should be chosen to 

eliminate the phase error. Its detailed determination process is provided as follows. 

 

Fig. 6-4 Refocusing schematic. 

The relative phase compensation value at O4 can be calculated as: 

 𝛥𝜑௧ସ = 𝜑௧ସ(𝑥, 𝑦) − 𝜑௧ସ(0,0) =

𝑘଴(ඥ(𝑥 + (1 + 𝜏)𝑙଴)ଶ + 𝑦ଶ − 𝑥 − (1 + 𝜏)𝑙଴) 
(6-17) 

The phase correction from the refocusing can be obtained: 

 𝜎 = 𝛥𝜑௧ସ − 𝛥𝜑௧ଷ =

𝑘଴(ඥ(𝑥 + (1 + 𝜏)𝑙଴)ଶ + 𝑦ଶ − ඥ(𝑥 + 𝑙଴)ଶ + 𝑦ଶ − 𝜏𝑙଴) 
(6-18) 

We can also do the Taylor series expansion for (6-18) and get: 
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 𝜎 ≈ 𝜎1 = −𝑘଴

𝜏

(1 + 𝜏)2𝑙଴
𝑦ଶ (6-19) 

Therefore, the phase aberration for boresight radiation beam3 can be ideally fixed by 

refocusing the feed source from O3 to O4, as long as 𝜎1 = −𝛿1, resulting in 

 𝜏 = tanଶ𝛼 (6-20) 

Then we would achieve a new focal arc, marked as refocusing arc in Fig. 6-4, and the 

pivot moves from (0, 0) to O’ (R-g, 0), where g is the new focal length at O4 with a value 

of (1+τ)l0, and R can be calculated from cosine law as: 

 
𝑅 =

2𝑔𝑙଴cos𝛼 − 𝑙଴
ଶ − 𝑔ଶ

2𝑙଴cos𝛼 − 2𝑔
 (6-21) 

When the feed source is moved along the refocusing arc, the beam of the TA can be 

directed to different angles. 

6.1.3 Phase Compensation along z Axis 

Since this multibeam TA shows an elliptical cylindrical contour, the phase compensation 

calculation is divided into two parts, i.e., along x0y plane (elliptical arc in horizontal 

plane) and along z axis (vertical straight plane). We number the elements along x0y and 

x0z coordinates as i and j respectively, as shown in Fig. 6-5, where multiple feed horns, 

numbered as -N to +N, are used in the z=0 plane. The distance between each horn and the 

element at (0, 0) is labelled as d00
-N to d00

+N. The distance between each horn and the 

element along x0z plane is labelled as d0j
-N to d0j

+N. In sub-sections 6.1.1 and 6.1.2, the 

phase distribution along the elliptical transmitting aperture on x0y plane is investigated, 

where feeds at different positions would radiate beams to different angles. On the other 

hand, along x0z plane, boresight beams are radiated for all the different feed sources. The 

phase distribution along this plane will be studied in this sub-section. 
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(a) 

 

                                          (b)                                                   (c) 

Fig. 6-5 TA configuration with multiple feeds. (a) 3-D schematic. (b) Top view. (c) 

Front view. 

For the boresight radiation on x0z plane, taking the zero column (central column along z 

axis) as an example, the phase compensation along z axis, as illustrated in Fig. 6-5 (c), 

can be calculated with (6-22), which is related to the focal length d00. 

 ∆𝜑௦ = 𝑘଴(𝑑଴௝ − 𝑑଴଴) (6-22) 

As shown in Fig. 6-5 (b), after refocusing, the focal length of horn 0 (d00
0) is different 

from that of the horns -N (d00
-N) and +N (d00

+N). As a result, for each gain horn, the 

calculated phase distribution along z axis would be different. Therefore, a virtual value 
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of d00 in (6-22) needs to be decided according to the system requirements. For example, 

if the goal is to maximize the gain of the boresight beam, then the d00 needs to be close to 

d00
0. On the other hand, if the goal is to minimize the gain difference between the 

boresight beam and other beams, then d00 should be a value of about the average of d00
0 

and d00
+N. 

For other straight columns parallel with z axis, the selected di0 may be different from the 

chosen d00 for central column. Ideally, di0 should be calculated for each column 

individually according to the system requirements as discussed above. For simplicity, the 

value of d00 for the central column is used here as di0 for other columns. 

6.2 Concept Verification through Simulation 

6.2.1 Unit Cell 

In this chapter, the unit cell employed for the TA is a triple-layer structure with three 

identical square-ring slots printed on two substrates, as the one shown in Fig. 3-1 in sub-

section 3.1.1. The substrate has a dielectric constant εr=2.2 and loss tangent of 0.0009. 

Since the TA has an elliptical cylindrical contour, the easiest and most cost-effective way 

is to bend a planar aperture onto a 3-D printed frame. This method has been validated in 

the conformal TAs from Chapter 3 to Chapter 5. As analysed in Chapter 3, there is always 

a trade-off between the element thickness and the phase range. Therefore, in this work, 

the overall thickness h is chosen as 0.508 mm (0.12λ0 at 72 GHz). The element periodicity 

is P=2 mm, and the optimized slot width is w=0.3 mm. By simulating the element with 

the master-slave boundary and Floquet ports in ANSYS HFSS, its amplitude and phase 

performance versus L are achieved for a normal incidence wave, as plotted in Fig. 6-6. A 

340° phase variation range is realized with a maximum 3-dB transmission loss by tuning 
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slot length L from 1.2 mm to 1.88 mm at 72 GHz. For oblique incidence waves, the 

performance is found to be acceptable previously. It is not repeated in this chapter. 

 

Fig. 6-6 Simulated element performance at 72 GHz. 

6.2.2 TA Contour and Refocusing for Boresight Radiation 

A multibeam TA with an elliptical cylindrical shape is designed with maximal beam 

radiation angles of ±45°, and the focal length l0 is chosen to be 30 mm at O1 and O2. The 

focal length is chosen by considering the aperture size and the radiation properties of the 

feed gain horn. Then, the contour along x0y plane can be obtained from (6-11) as: 

 (
𝑥

15√2
+ 1)ଶ + (

𝑦

30
)ଶ = 1 (6-23) 

The phase compensation along this contour is: 

 
∆𝜑𝒆 = −

2𝜋

𝜆଴
∙

√2

2
𝑥 (6-24) 

To precisely arrange elements on this TA aperture and calculate the phase compensation 

value for each element, we need to make the elliptical arc length as the integral multiples 

of the element periodicity P and to specify the element positions along the arc. If the x 

and y in (6-23) are expressed as: 
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൜
𝑥 = 15√2(cos𝜑 − 1)

𝑦 = 30sin𝜑
 (6-25) 

then we can connect the element position information to the related arc length: 

 
𝑙 = න ට(15√2)ଶsinଶ𝜙 + (30)ଶcosଶ𝜙𝑑𝜙

ఝ

଴

 (6-26) 

For example, for the i-th element with the arc length l=iP along the x0y plane, the related 

phase compensation value ∆𝜑𝒆can be achieved by combining (6-24)-(6-26). 

To eliminate the phase error for the radiation at boresight, a refocusing method is adopted 

as illustrated in Fig. 6-4. In this design, the feed position O4 can be obtained from (6-20) 

as τ=1, resulting in g=2l0=60 mm. For multibeam realizations, multiple feed horns need 

to be arranged along the refocusing arc as marked in Fig. 6-4. 

6.2.3 Phase Distribution on Multibeam TA 

As mentioned before, the calculation of the phase distribution for the whole structure is 

divided into two parts. For the elliptical arc on the horizontal x0y plane, (6-24) is used for 

the phase calculation. To achieve the phase compensation along the vertical straight 

plane, as introduced in the sub-section 6.1.3, a virtual focal length d00 needs to be decided 

for desired radiation performance. In this design, an elliptical cylindrical TA with 

2523=575 cells is constructed using the element model demonstrated in sub-section 

6.2.1 at 72 GHz. A standard gain horn LB-12-15-A from A-INFO is placed at each focal 

point as the feed source, which operates from 60 GHz to 90 GHz. Its gain is 15.35 dBi at 

72 GHz as noted from the datasheet. The size of the TA aperture cross section is 46.4 

mm46 mm. The size of the aperture projection on y0z plane is 46.4 mm46 

mm=11.1λ011λ0 (at 72 GHz), which is used to calculate the aperture efficiency. These 

dimensions were chosen to make the aperture edge illumination about -10 dB when the 

horn is located at feed points O1 and O2. 



  

Chapter 6: An Elliptical Cylindrical Shaped Transmitarray for Wide-Angle Multibeam Applications 135 

The feed positions for the boresight radiation and -45° radiation are (x, y) = (-60 mm, 0 

mm) and (-21.2 mm, 21.2 mm), respectively. In this case, d00
0=60 mm and d00

-N =30 mm. 

As illustrated in the sub-section 6.1.3, to balance the radiation performance at 0° and 

±45°, a virtual focal length d00=36 mm is chosen to calculate the phase compensation 

along z axis with (6-22). This virtual focal length is chosen by optimizing the scanning 

loss between 0° and ±45° with a target of less than 3 dB. After combining the vertical 

phase compensation with the elliptical one given in (6-24), the whole TA configuration 

is determined.  

 

Fig. 6-7 Boresight radiation patterns with d00
0=60 mm. 

 

                                   (a)                                                                     (b) 
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Fig. 6-8 (a) Boresight radiation patterns with d00
0=48 mm. (b) -45° radiation pattern. 

Then, we simulated the antenna’s boresight radiation patterns in x0y (H-plane) and x0z 

(E-plane) planes as given in Fig. 6-7. It can be noticed that the 3-dB beamwidth in E-

plane is wider than that of the H-plane. This is because the chosen virtual focal length d00 

for calculating the phase compensation in vertical plane deviates a lot from the actual 

focal length for 0° radiation in the elliptical horizontal plane (d00
0=60 mm). Therefore, 

the refocusing position (-g, 0) for horn 0, i.e., the gain horn for boresight radiation, needs 

to be optimized to balance the E-plane and H-plane radiation performance. By optimizing 

g (g=d00
0) to 48 mm, which means moving the gain horn of the boresight beam towards 

the aperture, the radiation pattern along E-plane is improved as shown in Fig. 6-8 (a), 

making the peak gain increase from 24.9 dBi to 27.2 dBi. The gain horn positions are 

unchanged for ±45° beam directions. The radiation pattern at -45° is given in Fig. 6-8 (b). 

In this case, the final refocusing position for horn 0 is decided as (-g, 0) = (-48 mm, 0), 

which is referred as O4’ in Fig. 6-9. 

 

Fig. 6-9 Schematic for feed position calculation. 
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6.2.4 Feed System for Multibeam Realization 

Finally, the refocusing arc is developed from three feed positions of O1, O2 and O4’. The 

next step is to specify the feed position for each desired beam. As illustrated in Fig. 6-9, 

for the beam radiation to a random angle β, the related feed On shows the same offset 

angle as β, and its focal length is denoted as Lβ. With g=48 mm, l0=30 mm, and designed 

maximal radiation angle α=45°, we can calculate the radius of the refocusing arc from 

(6-21), as R=21.8 mm. Then the focal length Lβ can be derived from law of cosines with 

R, g-R and β. The feed position can be expressed with (-Lβ cosβ, - Lβ sinβ). 

As a demonstration here, radiation beams at 0°, ±10°, ±20°, ±30°, ±40°, ±45° are given, 

and the corresponding feed positions are listed in Table 6-1 (only positive angles are 

shown due to structure symmetry). 

Table 6-1 Feed positions for different beam radiations 

Radiation angle (β) Lβ/mm On (xn, yn)/(mm, mm) 

0° 48 (-48, 0) 
10° 47.12 (-46.4, -8.2) 
20° 44.49 (-41.8, -15.2) 
30° 40.11 (-34.7, -20) 
40° 33.91 (-26, -21.8) 
45° 30 (-21.2, -21.2) 

By shifting the feed horn to different positions according to Table 6-1, multiple beams 

are achieved at 72 GHz, as shown in Fig. 6-10. Peak realized gain values at different 

angles are listed in Table 6-2. It is noticed that the beam can be scanned to ±43° with an 

only 3.1-dB drop from the maximum realized gain. The side lobe levels are lower than -

15 dB for all the beams. As can be seen from Table 6-2, for some large beam radiation 

angles, there is a 1° or 2° difference between the 3-D simulated angles and the predefined 

ones. This can be attributed to the phase errors due to the virtual focal length. As discussed 
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in sub-section 6.1.3, we introduce a virtual focal length when calculating the phase 

compensation along the vertical planes. This virtual focal length is different from the 

actual focal length for achieving the oblique beams. This could bring some phase errors 

for large-angle beams. 

 

Fig. 6-10 Simulated multibeam patterns at 72 GHz. 

Table 6-2 simulated peak realized gains at different angles 
Radiation angle 0° ±10° ±20° ±29° ±38° ±43° 
Peak gain (dBi) 27.2 27 26.7 26.6 25.4 24.1 

 

                            (a)                                                                     (b) 

Fig. 6-11 (a) The multibeam TA with 5 feed horns for 0°, ±20° and ±43°. (b) Simulated 

radiation patterns with 5 feed horns.                            
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In practice, multiple feeds can be utilised to generate multiple beams, as shown in Fig. 

6-11 (a). The model consists of five feed horns for radiations at 0°, ±20° and ±43°, 

respectively. The simulated radiation patterns are given in Fig. 6-11 (b). They are almost 

the same as the results when a single sliding horn is used as in Fig. 6-10. Due to the size 

of the available gain horn in our lab, the angular step of the multiple beams cannot be 

very small. This could be resolved by using smaller feed horns/waveguides or designing 

appropriate microstrip antenna arrays as feed sources. 

6.2.5 Design Procedure 

According to the theoretical analysis and the prototype simulations discussed in the last 

few sub-sections, we can summarize the whole design procedure as follows: 

Step 1: Choose a proper focal length l0 and the desired maximal radiation angles ±α; 

Step 2: By following (6-10) and (6-11), the elliptical contour formula of TA can be 

derived, and the specific phase compensation values along it can be obtained; 

Step 3: Adopt a refocusing design based on (6-20) to find the feed horn position for 

boresight radiation and reduce the phase errors of multiple beams on the horizontal plane; 

Step 4: Choose the value of d00 as the virtual focal length for phase compensation along 

the vertical straight plane, aiming to balance the radiation performance at 0° and the 

maximum radiation angles; 

Step 5: Combine phase compensation along the horizontal and vertical planes to decide 

the conformal TA configuration; 

Step 6: Optimize the refocusing position for the boresight radiation to obtain the best 0° 

radiation pattern; 

Step 7: Draw the final refocusing arc with three known feed positions, and locate different 

feed horns along this arc to realize multibeam radiations between –α and α. 
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6.3 Prototype Fabrication and Measurement 

To verify the developed transmitting aperture for multibeam radiations, an antenna 

prototype is fabricated and measured. The transmitting aperture consists of two substrate 

layers with a thickness of 0.254 mm for each one. The unfolded transmitting surface is 

fabricated using a standard PCB technology. Then the two surfaces are laminated together 

and attached to a 3-D printed cylindrical frame. Photographs of the TA prototype with a 

3-D printed fixture are shown in Fig. 6-12. As seen from Fig. 6-12 (b), P1 and P2 are two 

screws to connect the focal arm to the array fixture and horn fixture, respectively. P1 point 

can be rotated to find different feed positions along the refocusing arc, and P2 point can 

be rotated to keep the feed horn pointing to the TA centre. Considering the overall cost 

and available measurement conditions, one feed horn is moved along the refocusing arc 

for different beams. 

 

                                                     (a)                                                 (b)                

Fig. 6-12 Photographs of fabricated prototype. (a) Front view. (b) Side view. 

Since the TA is a single-port device, the reflection coefficient is measured by connecting 

the feed horn to one port of the vector network analyzer (VNA). The S-parameter of the 

TA is measured using a Keysight VNA N5225A with one 60-90 GHz VNA extender. 

Simulated and measured S-parameters for the boresight radiation are compared in Fig. 
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6-13 (a). Reasonably good agreement can be found with both curves lower than -10 dB 

from 60 GHz to 85 GHz. The measured S-parameters for other oblique beams are given 

in Fig. 6-13 (b), showing that all of them are below -20 dB from 60 GHz to 85 GHz. Due 

to the structural symmetry, only results for positive angles are plotted for the sake of 

clarity. Far-field radiation patterns are measured using a Microwave Vision Group 

(MVG) compact range antenna measurement system located at University of Technology 

Sydney, Australia. For the boresight radiation, the simulated and measured realized peak 

gains versus frequency are compared in Fig. 6-14 (a). It can be noticed that the operating 

frequency shifts to a lower band. The simulated peak realized gain occurs at 72 GHz while 

the measured one is at 70.5 GHz, which corresponds to a shift of 2%. This frequency shift 

is attributed to multiple reasons, including the phase errors resulting from the fabrication 

and alignment inaccuracies. Furthermore, a thin PVC layer is employed to laminate the 

two substrate layers together, which may bring some deviations from the ideal element 

model in the simulation. The measured 3-dB gain bandwidth is 12.3% from 65.7 GHz to 

74.3 GHz, with a maximal value of 27 dBi at 70.5 GHz. The simulated and measured 

patterns for the boresight radiation at 70.5 GHz along E-plane and H-plane are compared 

in Fig. 6-14 (b) with good agreement. 

 

                                        (a)                                                            (b) 



142 Chapter 6: An Elliptical Cylindrical Shaped Transmitarray for Wide-Angle Multibeam Applications 

Fig. 6-13 Results from simulation and measurement. (a) S-parameter for boresight 

radiation. (b) Measured S-parameter at different radiation angles. 

 

                                     (a)                                                                  (b) 

Fig. 6-14 (a) Realized gain versus frequency for boresight radiation. (b) Boresight 

radiation patterns at 70.5 GHz. 

Table 6-3 Measured results of different scanning angles at 70.5 GHz 
Beam angle 0° -10°/+10° -20°/+20° -29°/+29° -38°/+38° -43°/+43° 
Gain (dBi) 27 26/26.1 26.2/26.2 26.2/25.9 25.1/25.4 24.3/24.3 
SLL (dB) -23 -19/-17 -17/-16 -19/-16 -16/-14 -14/-14 

The measured multibeam radiation performance at 66 GHz, 68 GHz, 70.5 GHz, 72 GHz 

and 74 GHz are plotted in Fig. 6-15 (a)-(e), respectively. The realized gains at 70.5 GHz 

for 0° and ±43° are 27 dBi and 24.3 dBi, respectively. The peak gain values and sidelobe 

levels (SLL) for each beam angle at 70.5 GHz are listed in Table 6-3. The maximum 

aperture efficiency is 34% for the boresight radiation. For other frequencies, the scanning 

loss is between 2.3 dB and 2.7 dB. Besides, from Fig. 6-15 (f), it is noticeable that the 

measured cross-polarization levels at 70.5 GHz for different radiation angles are all lower 

than -20 dB with respect to the co-polarization level. Similar values are obtained for other 

frequency points which are not shown here for brevity. 



  

Chapter 6: An Elliptical Cylindrical Shaped Transmitarray for Wide-Angle Multibeam Applications 143 

 

                                   (a)                                                                     (b) 

 

                                    (c)                                                                     (d) 

 

                                    (e)                                                                     (f) 

Fig. 6-15 Measured multibeam radiation patterns. (a) 66 GHz. (b) 68 GHz. (c) 70.5 

GHz. (d) 72 GHz. (e) 74 GHz. (f) Cross polarization at 70.5 GHz. 
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Table 6-4 shows the performance comparison between the proposed TA and other 

reported designs. Regarding the beam coverage, even though a wide range of 82° is 

achieved in [93], the aperture efficiency is low and the scanning loss is large. The designs 

from [65] and Chapter 3 provide very low scanning losses, but the scanning ranges are 

limited. It is noticeable that our array has a greater beam scanning range and a small 

scanning loss without sacrificing the aperture efficiency. 

Table 6-4 Performance comparison with other designs 

Ref. No. Frequency 
Maximal beam 

coverage 

Peak 
gain 
/dBi 

Aperture 
efficiency 

Scanning 
loss 
/dB 

[65] 26 GHz 66° (-33°~ +33°) 22.2 35.7% 1.2 
[66] 28.5 GHz 60° (-30°~ +30°) 25 32.3% 3.5 
[67] 28 GHz 54° (-27°~ +27°) 24.2 24.5% 3.7 
[69] 30 GHz 50° (0°~ +50°) 27.3 15.1% 2.8 
[70] 20/30 GHz 50° (0°~ +50°) 24.7/27.2 37.3%/29.5% 4.4/3.7 

[93] 30 GHz 
82° (-4°~ +78°), 
simulated results 

28.9 20% 3.9 

Chapter 3 25 GHz 30° (-15°~ +15°) 18.7 25.1% 0.8 
This 
work 

70.5 GHz 86° (-43°~ +43°) 27 34% 2.7 

6.4 Conclusion 

An elliptical cylindrical transmitting aperture is developed for multibeam TAs. The phase 

compensation and the shape of the array are jointly designed to enlarge the beam 

coverage. A refocusing analysis is introduced to reduce phase errors of multiple beams 

on the horizontal plane. Besides, a virtual focal length is adopted to calculate the phase 

values on the vertical plane. As a validation, a multibeam prototype at 72 GHz is 

designed, fabricated and measured, showing good agreement between simulation and 

measurement. The radiation angles can cover from -43° to 43° with a 2.7-dB scanning 

loss. The developed multibeam TAs are expected to find wide applications in 5G wireless 

systems and beyond. 
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

This dissertation presents several advanced conformal TAs with unique features in order 

to facilitate 5G and beyond wireless communications. In Chapter 2, the basic concept of 

TAs is introduced, and different element synthesis techniques are explained with 

examples. Besides, based on different communication system requirements, a 

comprehensive literature review regarding multiple research areas of TAs is conducted, 

including low profile, beam scanning, high efficiency, wide operating band, multibeam 

radiation and conformal applications. It is noteworthy that very few research work has 

been reported on the development of conformal TAs. To fill this research gap, several 

innovative methodologies are proposed and verified experimentally for conformal TA 

designs with high-efficiency, ultra-wide band, beam steering and multi-beam radiation 

properties, respectively. All of these designs are summarized below. 

In Chapter 3, a novel conformal TA with a beam-steering capability is presented. A thin 

TA element consisting of three layers of identical square slots is designed with an overall 

thickness of 0.508 mm at 25.5 GHz. It is applied to a cylindrical conformal transmitting 

surface, achieving a fixed boresight radiation beam with a peak measured gain of 19.6 dBi 

and an aperture efficiency of 25.1%. Furthermore, the transmitting surface of the fixed-

beam array is divided into two parts with individually calculated phase distributions, so 

that the combined beam can be switched to different oblique angles. A prototype of the 

beam-steering TA is fabricated and measured, with the main beam scanned to ±15°, ±10°, 

±5° and 0°, and a stable gain value of about 18.7 dBi at all beam angles is achieved. 
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In Chapter 4, a dual-layer ultra-thin conformal TA with a high efficiency is developed 

based on Huygens metasurface theory. The proposed element consists of two metal layers 

printed on single substrate with an only 0.5-mm thickness (λ0/60 at 10 GHz). Electric and 

magnetic responses are analysed and manipulated together for desired transmission 

phases, producing eight elements to cover a quantized 360o phase range with a maximal 

1.67-dB loss. Also, the oblique incidence cases are considered on each element to enhance 

the aperture efficiency further. The final cylindrical conformal TA achieves a measured 

gain of 20.6 dBi with a 47.4% aperture efficiency. 

In Chapter 5, an innovative technique is introduced for both UWB planar and conformal 

TAs resorting to connected-array and true-time-delay-line theories. In particular, the 

elements are composed of a horizontally connected slot-bowtie and vertical meander slot-

lines, capable of a 360° phase variation at the highest frequency of 17 GHz with 

transmission losses less than 3 dB from 6 GHz to 17 GHz. The TA has been designed, 

fabricated and measured with both planar and cylindrical shapes. Both of them can 

provide stable boresight radiation patterns from 6 GHz to 17 GHz with increasing peak 

gains as frequency. 

In Chapter 6, a mm-wave TA with an elliptical cylindrical shape is developed for wide-

angle multibeam radiations. Multiple feeds can be placed on the middle horizontal plane to 

radiate multiple beams. The antenna shape and phase compensation are jointly designed 

according to desired maximal beam directions. Innovative methods including a feed 

refocusing analysis and a virtual focal length are utilized to determine the phase distribution 

across the transmitting surface for multiple beams with a small scanning loss. By changing 

the feed horn position along the final refocusing arc, the main beam of the fabricated 

prototype is scanned to eleven directions between ±43° with a 2.7-dB scanning loss at 70.5 

GHz.  



  

Chapter 7: Conclusions and Future Work 147 

7.2 Future Work 

Owing to their aerodynamic performance, it is expected that conformal TAs will find a 

wide range of applications to airborne, space borne and satellite networks, such as UAVs, 

high-altitude platforms (HAPs), and aircrafts, especially in the context of 5G and beyond 

networks. To date, research in conformal TAs is still in its infancy. Consequently, the 

technologies presented in this thesis are meant to inspire more innovations as shown 

below in this field.  

1. The presented beam-scanning and multibeam radiation methods can serve point-

to-point/multi-point-to-multi-point communication links. For broadcasting 

purpose, we need to deliver the same information to several distributed users 

simultaneously. For this scenario, single-feed multibeam or shaped beam 

conformal TAs are needed.  

2. The profile of the transmitting surface of the developed conformal TAs has been 

reduced significantly for practical implementations in this dissertation. Another 

potential research challenge is to reduce the overall profile of the TA systems with 

feed sources, e.g., develop folded conformal TAs with reduced focal lengths. 

3. The developed conformal TAs work mainly at microwave bands or mm-wave 

bands. For the future sixth generation (6G) wireless networks and space 

communications, advanced terahertz (THz) conformal TAs with beam-scanning 

or multibeam capabilities are highly demanded, which can lead to new challenges 

and opportunities. 
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Appendix  

Properties of elements 2-8 in Chapter 4 under different oblique incidence angles 

Element 2 (∠𝑺𝟐𝟏 = −𝟒𝟏𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -0.42 -41o 3.8 1.6 0.1 / 
2 18o -0.3 -38o 3.8 1.4 0.05 / 
3 26o -0.18 -33o 3.8 1.75 0.05 / 
4 33o -0.17 -34o 3.8 1.5 1 0.9 
5 39o -0.12 -31o 3.8 1.5 1.6 1.5 

Element 3 (∠𝑺𝟐𝟏 = −𝟏𝟎𝟎𝒐) 
Note: No ‘T’ stubs are added in this model. 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -1 -100o 4.1 / / / 
2 18o -1 -99o 4.1 / / / 
3 26o -1 -97o 4.1 / / / 
4 33o -0.9 -92o 4.1 / / / 
5 39o -0.7 -88o 4.1 / / / 

Element 4 (∠𝑺𝟐𝟏 = −𝟏𝟓𝟑𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -1.67 -153o 4.19 1.2 0.6 / 
2 18o -1.6 -159o 4.19 1.4 0.6 / 
3 26o -1.63 -151o 4.19 1.4 0.6 / 
4 33o -1.6 -155o 4.19 1.5 0.6 / 
5 39o -1.6 -154o 4.19 1.6 0.6 / 

Element 5 (∠𝑺𝟐𝟏 = −𝟏𝟖𝟕𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -1.66 -187o 4.2 1.2 0.37 / 
2 18o -1.73 -187o 4.2 1.3 0.37 / 
3 26o -1.8 -180o 4.2 1.4 0.37 / 
4 33o -1.7 -178o 4.2 1.5 0.37 / 
5 39o -1.73 -180o 4.2 1.5 0.3 / 

Element 6 (∠𝑺𝟐𝟏 = −𝟐𝟒𝟏𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -1.36 -241o 4.25 1.5 0.4 / 
2 18o -1.38 -239o 4.25 1.6 0.4 / 
3 26o -1.36 -244o 4.25 1.6 0.3 / 
4 33o -1.39 -242o 4.25 1.5 0.2 / 
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5 39o -1.43 -234o 4.25 1.4 0.15 / 
Element 7 (∠𝑺𝟐𝟏 = −𝟐𝟖𝟒𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -0.86 -284o 4.3 1.62 0.4 / 
2 18o -0.84 -286o 4.3 1.5 0.3 / 
3 26o -0.81 -287o 4.3 1.45 0.2 / 
4 33o -0.8 -288o 4.3 1.7 0.2 / 
5 39o -0.82 -288o 4.3 1.5 0.1 / 

Element 8 (∠𝑺𝟐𝟏 = −𝟑𝟑𝟎𝒐) 

District No. Oblique incidence angle 𝜃௦ 
|S21| 
/dB 

∠𝑆ଶଵ 
Wz 
/mm 

Wc 
/mm 

Lc 
/mm 

Ld 
/mm 

0,1 0o -0.5 -330o 4.4 1.62 0.35 / 
2 18o -0.45 -328o 4.4 1.6 0.3 / 
3 26o -0.46 -333o 4.4 1.6 0.2 / 
4 33o -0.42 -330 4.4 1.45 0.1 / 
5 39o -0.4 -332o 4.4 1.7 0.1 / 
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