&
o U T s UNIVERSITY
’/‘./ OF TECHNOLOGY
*
wy SYDNEY

Advanced Transmitarrays and Their
Beam Scanning For Future Wireless
Communications

by Xuan Wang

Thesis submitted in fulfilment of the requirements for
the degree of

Doctor of Philosophy

under the supervision of
Dr Pei-Yuan Qin and Prof. Y. Jay Guo

University of Technology Sydney
Faculty of Engineering and Information Technology

December 2021






CERTIFICATION OF ORIGINAL
AUTHORSHIP

I, Xuan Wang declare that this thesis, is submitted in fulfilment of the requirements for
the award of the degree of DOCTOR OF PHILOSOPHY, in the Faculty of Engineering

and Information Technology at the University of Technology Sydney.

This thesis is wholly my own work unless otherwise reference or acknowledged. In
addition, I certify that all information sources and literature used are indicated in the

thesis.

This document has not been submitted for qualifications at any other academic insti-

tution.
This research is supported by the Australian Government Research Training Program.

This thesis is the result of a research candidature conducted with Shanghai Jiao Tong

University as part of a collaborative Doctoral degree.

Production Note:

Signed:

Signature removed prior to publication.

15/12/2021






ABSTRACT

In recent years, transmitarrays have attracted growing attention for many wireless
communication systems. Transmitarrays combine both optical and antenna array theories,
leading to high gain, high efficiency, low cost and flexible radiation performance. In this
thesis, on the basis of the state-of-the-art of transmitarrays, three main contributions are

made to meet the challenges that arise from future wireless communications.

The first contribution is the new approach to reduce radar cross section (RCS) of trans-
mitarrays without sacrificing their radiation performance. Phase controllable absorptive
frequency-selective transmission (AFST) elements are developed for low RCS transmi-
tarrays, providing absorption-transmission-absorption responses. Moreover, the transmis-
sion phase within the transmission band can be controlled by rotating the AFST element.
Based on these elements, a low RCS transmitarray has been designed. Compared with
a reference transmitarray, the radiation performance of the low-RCS one is almost un-
changed. Furthermore, significant RCS reductions have been realized in two absorption

bands for wide-angle impinging electromagnetic (EM) waves.

The second contribution is the development of a dual-layer wideband conformal trans-
mitarray at E-band. The dual-layer transmitarray element is designed based on multiple
Huygens resonances at different frequencies to achieve both wideband and high efficiency
properties. Continuous phase compensation of 360° is achieved, reducing phase errors of
the array architecture. Employing the dual-layer Huygens elements, a cylindrically con-

formal transmitarray at 78 GHz has been designed. The measured results show a peak



realized gain of 26.6 dBi with an aperture efficiency of 35.9 % and 3-dB bandwidth of
20.4 % from 71 to 87 GHz, which can fully cover the E-band spectrum from 71 to 86
GHz.

The third contribution is the development of reconfigurable transmitarrays to achieve
2-dimensional (2-D) beam scanning. A new reconfigurable dual-layer Huygens element is
developed. A 1-bit phase compensation with low transmission loss is achieved by control-
ling two PIN diodes integrated on the element. Compared with many other reconfigurable
transmitarray elements using multi-layer structures with metallic vias, the developed re-
configurable Huygens element has a simpler configuration and a simpler biasing network,
leading to a very robust design. This particularly facilitates large aperture array at higher
frequencies. To validate the design concept, a transmitarray prototype at 13 GHz has been

designed. 2-D scanning beams within +50° in E-plane and £40° in H-plane are achieved.

All in all, the developed advanced transmitarrays and their beam scanning represent
significant knowledge advance on antenna technologies. They can find wide applications

in current and future wireless communication systems.
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Introduction

1.1 Background

1.1.1 Transmitarray Antenna Concept

During the last decade, transmitarray antennas have attracted a lot of interest due to
their merits of high-gain, spatial feeding network and low-cost for long-distance commu-

nications in many emerging applications especially at millimeter-wave frequencies.

A high-gain antenna is usually designed by two methods: the optic theory and the
array method. Based on the optical theory, the radiation beam can be focused by ma-
nipulating the surface curvature of an antenna, such as a reflector antenna and a lens
antenna. Howeyver, the curved surface of a reflector antenna or a lens antenna increases
the fabrication complexity and the architecture volume which limit its applications. By
using the array method, high-gain can be achieved with the increased aperture size, such

as printed microstrip antenna arrays, but complex feeding networks are required. As an
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emerging concept, transmitarray antennas can combine the advantages of the optic theory
and the array method which is based on utilizing the low cost standard printed circuit
board (PCB) technique and make them lightweight, high-gain, high efficiency, flexible

radiation performance and feasible to integrate active devices for reconfiguration.
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Figure 1.1: Configuration of a transmitarray antenna.

As illustrated in Fig. 1.1, Transmitarray antennas typically consist of a focal source
illuminating an array of sub-wavelength transmission elements with designed phase dis-
tribution across the aperture. A horn antenna is usually selected to be located on the focal
point as a feeding source. An array of sub-wavelength transmission elements is named
as a transmitarray, which can convert the original spherical electromagnetic waves of the
feeding source into a specified radiation pattern. For example, it can convert spherical
waves of the feed horn into plane waves of a desired direction with high gain and narrow

beamwidth.

Compared with a reflectarray antenna, a transmitarray antenna does not have the ef-
fects of the feed blockage but more challenge in the design procedure [1-3]. In a reflec-
tarray, the reflection magnitude keeps close to 1 due to the presence of a metallic ground
plane; thus, only the reflection phase needs to be controlled. In contrary, in a transmi-
tarray, both transmission magnitudes and phases of the elements on the aperture need to

be controlled. The transmission magnitudes should be close to 1 in order to achieve high
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gain and high aperture efficiency.

1.1.2 Transmitarray Design Approaches

A general design procedure of a transmitarray antenna is composed of two steps:

transmission element design and transmitarray prototype design.

1.1.2.1 Transmission Element Design

The transmission magnitude of a transmission element needs to be close to 1, and

the transmission phase coverage usually needs to be 360°. In the transmission element

design, a proper element type needs to be selected and the element dimensions for certain

transmission phase and magnitude requirements need to be determined.

There are three different approaches for transmitarray element designs: multilayer

frequency-selective surface (M-FSS), receiver-transmitter, and metasurface approaches.

Figure 1.2: Configuration of a M-FSS based transmitarray antenna.

The multilayer frequency-selective surface (M-FSS) approach is usually used to in-

dividually control the transmission magnitude and phase of each element in the array by

changing the dimensions of the element [4-8]. However, only one layer of printed trans-

mission element array cannot achieve a full 360° phase compensation [4]. Therefore, to
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increase the transmission phase coverage of the array, a multilayer design in which each
layer is separated by either an air spacer or a dielectric material is required, as shown in

Fig. 1.2.

Figure 1.3: Configuration of a receiver-transmitter based transmission element.

A receiver-transmitter configuration is typically composed of three parts: a receiver, a
transmitter and a phase shifter. The receiver and transmitter are usually two planar arrays
of printed antennas, and their elements are coupled or interconnected by the phase shifter.
The receiver array is illuminated by the antenna feed source. The phase shifter array is
designed to achieve a desired magnitude and phase distribution from the receiver array to
the transmitter array [9—14]. The configuration of a receiver-transmitter element is shown
in Fig. 1.3. Using this method, if the outer two layers are designed as wideband working
element, then it would be easier to realize a wideband transmitarray element design when

choosing a true time delay line between them for phase adjustment.

The metasurface approach controls the transmission phase of each element in the array
by varying the effective permittivity and permeability of its metasurface configuration [15,
16]. The difficulties of this method are the complicated theory and synthesis procedure.
However, it is capable for full-range phase control without reflection and polarization loss,

as well as a pretty low profile with subwavelength dimension.

Three different approaches above show how to control the transmission phases of

transmitarray elements. Moreover, based on these three transmitarray design approaches,

(4]
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a parametric study of the unit-cell element is usually performed to obtain the desired
transmission coefficients of the elements. The transmitarray element should be simu-
lated in periodic boundaries, as shown in Fig. 1.4, to simulate an infinite array of the
element, which can be analyzed by most electromagnetic simulators. For a transmitar-
ray, the transmission magnitudes and phases of the elements can be obtained by using an

electromagnetic simulator with periodic boundary conditions.

Periodic
Boundaries

Figure 1.4: A dual-layer transmitarray element with periodic boundaries and Floquet ports
in ANSYS Electromagnetics software.

For example, Fig. 1.5 depicts the simulated transmission magnitudes and phases vs.
each stripline length’s scale factor £ of the unit-cell element shown in Fig. 1.4, and the
operating frequency is 78 GHz. It is observed that when the scale factor k changes, a 432°

phase change is achieved while the transmission loss is less than -1 dB.

1.1.2.2 Transmitarray Prototype Design

As we known, a transmitarray antenna typically consist of a focal source illuminating

an array of sub-wavelength transmission elements. The basis of a transmitarray antenna
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Figure 1.5: Simulated transmission coefficients of a dual-layer element with different
values of scale factor k at 78 GHz. (a) Transmission magnitudes. (b) Transmission phases.

analysis is the assumption that all transmitarray elements are located in the far-field area
of the feed source. Therefore, the incident electromagnetic waves from the feed source to
each transmitarray element at a specific angle can be seen as a spherical wave propagation
which means the transmission phase is proportional to the distance between the phase

center of the feed source and each element.

In the transmitarray antenna system design, the aperture size and feed location can be
first determined for a certain gain requirement through the gain and efficiency analysis.
When associated with the beam direction or radiation pattern specifications, the transmis-

sion phase compensation over the aperture can be calculated. Each element should be

[6]
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i element

Figure 1.6: Transmission phase distribution on the aperture of a transmitarray.

designed to compensate the spatial phase delay from the phase center of the feed source
to the element to achieve a specific phase distribution for a desired radiation pattern, as
shown in Fig. 1.6. The transmission phase ¢; on the i" element can be calculated as

follows [17, 18]:
¢i = k(R — 7 - 7o) + ¢o (1.1)

where £ is the propagation constant in free space, R; is the distance from the phase center
of the feed antenna to the i** element, 7; is the position vector of the i*" element, and 7

represents the direction of the radiation beam, and ¢, is a constant reference phase.

From the phase compensation, the transmission element geometry can be decided
for prototype fabrication and measurement. Also from the phase compensation, both
the aperture field and far field of a transmitarray antenna can be computed through the
radiation analysis. To calculate the radiation performance of a transmitarray, different

radiation analysis techniques have been developed.

A simple and straightforward method is the array theory approach. Each transmission
element has an excitation magnitude and phase. The magnitude is determined by the feed
pattern and the distance between the feed and the element. The phase is the sum of the

incident wave phase and the element transmission phase. Once the excitation magnitude
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and phase are determined for each element, the far-field radiation pattern can be deter-
mined through array summation. This method provides a fast calculation of the radiation

pattern and is quite accurate around the main beam region.

To obtain a more rigorous result, more advanced approaches can be used, such as the
aperture field method and the full-wave simulation of the entire antenna. Once the radia-
tion pattern is obtained, some characteristics parameters of the transmitarray antenna can
be computed, such as gain, efficiency, beamwidth, sidelobe levels, and cross-polarization

levels.

1.2 Motivation

Transmitarray antennas have attracted increasing attention in long-distance commu-
nications for space and terrestrial wireless communication systems due to their merits of
high gain, low cost and flexible radiation performance, which can be a good antenna can-
didate for the fifth generation (5G) and beyond wireless networks with the requirements
of high gain and low cost at millimeter-wave (mm-wave) and terahertz (THz) bands [19].
Although theoretical study and practical design of transmitarrays have been greatly devel-
oped, there are still some challenges that exist for transmitarrays to fulfill the requirements

in future wireless communications.

Firstly, high-gain antennas are essential to achieving long-distance communications
in space and terrestrial systems. In order to obtain high gains, a large antenna aperture is
required, but this increases the scattering area as well, which would normally lead to high
RCS unfortunately. Since transmitarrays can achieve high gains without using complex
and lossy feed networks, they have been widely hailed as competitive high gain antenna
candidates. Consequently, it is very desired but challenging to design a transmitarray

antenna with both high-gain and low-RCS properties.

Secondly, conformal transmitarrays are developed to achieve aerodynamic require-

ments of many mounting wireless communication platforms, e.g., satellites, aircrafts and
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unmanned aerial vehicles (UAVs). A conformal transmitarray is designed to adapt the
shape of a mounting platform, which can be a part of the platform surface and accom-
modate a feeding antenna placed behind the transmitarray to utilize platform space better
without destroying its aerodynamic performance. Based on the current fabrication tech-
nology, it is highly desirable to develop dual-layer transmitarray without vertical metallic
vias. However, the bandwidths of the currently reported dual-layer transmitarrays are lim-
ited. Thus, it is very challenging to improve the bandwidth of a dual-layer transmitarray

for conformal applications.

Thirdly, electronically reconfigurable antennas have attracted much attention in many
emerging applications at microwaves and millimeter waves, such as satellite communi-
cations and automotive radar systems, due to the capabilities of 2-D beam steering and
beam synthesis. The traditional high-gain electronically reconfigurable antennas are the
phased arrays. However, the phased arrays require a large number of phase shifters which
strongly increase the system complexity and fabrication cost. Compared to the phased ar-
rays, reconfigurable reflectarray antennas and reconfigurable transmitarray antennas have
spatial feeding architecture instead of complex feeding network, which can achieve excel-
lent 2-D beam steering and beam synthesis performance by independently controlling the
reflection and transmission phases of the elements on the apertures, respectively. Contrary
to reflectarray antennas, transmitarray antennas do not have the disadvantage of blockage
effect, which can be a good candidate for high-gain electronically reconfigurable anten-

nas.

1.3 Contributions

This work aims to tackle the challenges discussed above and provide new approaches
for the advanced transmitarray and their beam scanning. Major contributions are summa-

rized as follows:

The firstly contribution is the improvement of the AFST element. The currently re-

ported AFST elements have the same transmission phases, focusing on periodic surface

9]
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designs. However, for transmitarray designs, the elements need to provide a digital or
continuous phase change to achieve collimated or shaped beams. Actually, it is very chal-
lenging to manipulate the phase response of the AFST elements as the phase response
is usually related to the element’s absorption and transmission performance. The state-
of-the-art of AFST elements is significantly extended by developing a phase controllable
AFST element. The element can achieve a 1-bit phase change in the transmission band.
Then, a low-RCS transmitarray is developed by using the phase controllable AFST ele-
ment without sacrificing its radiation performance. Significant RCS reductions have been
achieved at lower and upper absorption bands outside the transmission band under normal

and wide-angle oblique impinging waves for dual polarization.

The second contribution is the improvement of dual-layer transmitarray. The current
reported dual-layer transmitarrays without metallic vias achieve full phase range by ro-
tating the elements for circular polarization or employing dual-layer Huygens elements,
but these approach is limited by circular polarization or bandwidth, which is not suitable
in many applications, e.g., E-band satellite communication. Actually, there is always a
tradeoff between the layer amount of the transmitarray and its gain bandwidth. It is very
challenging to improve the bandwidth of a dual-layer transmitarray for conformal appli-
cations. The element consists of five pairs of partly overlapped metallic striplines with
different lengths printed on two layers of a dielectric substrate, which can provide tightly
coupled Huygens resonances with nearly total transmission and full transmission phase
coverage in a wide bandwidth. A cylindrically conformal transmitarray at 78 GHz is de-
signed, fabricated and measured. Continuous phase compensation of 360° is achieved by
tuning the lengths of the striplines, reducing phase errors of the array architecture. The

3-dB bandwidth can fully cover the E-band spectrum.

The third contribution is the improvement of electronic beam scanning transmitar-
ray. Most of the currently reported reconfigurable transmitarray elements have more than
three metallic layers with several metallic vias. Such configurations may lead to complex
fabrication and package processes, which could affect the performance of transmitarrays.

Hence, it is highly desirable to design dual-layer reconfigurable transmitarray elements

[10]
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without metallic vias, which can also facilitate the design of large-size arrays at higher
frequencies. The developed Huygens element is composed of two metallic crosses which
enables a near non-reflection response. Moreover, the element can achieve a 1-bit phase
compensation with low transmission loss by controlling two PIN diodes on the element.
Compared with many other reconfigurable transmitarray elements using multi-layer struc-
tures with metallic vias, the proposed reconfigurable Huygens element has a simpler con-
figuration and a simpler biasing network, and it is not affected by multi-layer alignment
errors. By employing the dual-layer reconfigurable Huygens element, a novel electronic
beam scanning transmitarray antenna is developed. Although the structure of the pro-
posed element is simpler, the performance of the transmitarray is comparable to or even

better than those of mostly reported beam scanning transmitarray antennas.

1.4 Thesis Organization

This thesis is organised as follows:

* Chapter I: This chapter presents the background and motivation of the research

problem and the main contributions of this work.

* Chapter 2: This chapter presents a detailed literature review on low RCS antennas,

wideband conformal transmitarrays and reconfigurable transmitarrays.

* Chapter 3: This chapter presents a low RCS transmitarray using phase controllable
AFST elements. The element consists of asymmetrical resonators with resistors
to obtain an absorption-transmission-absorption response. The transmission phase
within the transmission band can be controlled by rotating the AFST elements,
achieving a 1-bit phase change. A low-RCS transmitarray using the developed
elements is designed, fabricated and measured. Compared with a reference trans-
mitarray, the radiation performance of the low-RCS one is almost unchanged with

a realized gain of 24.4 dBi. Significant RCS reductions have been realized for dual

[i1]
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polarizations of the impinging EM waves. The 10 dB RCS reduction bandwidths

are 18 % and 14 % for the lower and upper absorption bands, respectively.

Chapter 4: This chapter presents a wideband conformal transmitarray employing
dual-layer tightly coupled Huygens elements for E-band high data rate communica-
tion. The element consists of five pairs of partly overlapped metallic striplines with
different lengths printed on two layers of a dielectric substrate, which can provide
tightly coupled Huygens resonances with nearly total transmission and full trans-
mission phase coverage in a wide bandwidth. To validate the design concept, a
cylindrically conformal transmitarray at 78 GHz is designed, fabricated and mea-
sured. Continuous phase compensation of 360° is achieved by tuning the lengths
of the striplines, reducing phase errors of the array architecture. Good agreement
between the measured and simulated results is found, showing a peak measured
realized gain of 26.6 dBi with an aperture efficiency of 35.9 % and measured 3-dB
bandwidth of 20.4 % from 71 to 87 GHz, fully covering the E-band spectrum from
71 to 86 GHz.

Chapter 5: This chapter presents a Ku-band electronic 2-D beam scanning transmi-
tarray employing a new reconfigurable dual-layer Huygens element. The Huygens
element consists of two metallic crosses printed on two layers of a dielectric sub-
strate. A 1-bit phase compensation with low transmission loss is achieved by con-
trolling two PIN diodes integrated on the element. Compared with many other re-
configurable transmitarray elements using multi-layer structures with metallic vias,
the developed reconfigurable Huygens element has a simpler biasing network and
is not affected by multi-layer alignment errors. This particularly facilitates large
aperture array at higher frequencies. To validate the design concept, a transmitarray
prototype at 13 GHz is designed and fabricated. The measured results agree well
with the simulated ones, showing 2-D scanning beams within £50° in E-plane and

+40° in H-plane. A maximum realized gain of 18.4 dBi is obtained.

[i2]
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* Chapter 6: This chapter concludes the thesis by summarizing the achievements of
the work. Future work and plans to further develop this research topic are also

discussed.

[13]






Literature Review

2.1 High-Gain Low-RCS Antennas

High-gain antennas are essential to achieving long-distance communications in space
and terrestrial systems. In order to obtain high gains, a large antenna aperture is required,
but this increases the scattering area as well, which would normally lead to high RCS

unfortunately.

Recently, many efforts have been devoted to high-gain and low-RCS antennas using
metasurface [20,21], superstrate layers [22—24] to absorb the impinging waves or artificial
magnetic conductors (AMCs) [25,26] to deviate the impinging waves. In [20], a low RCS

patch antenna based on a holographic metasurface is proposed, as shown in Fig. 2.1.

[15]
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Figure 2.1: A low RCS and high-gain patch antenna based on a holographic metasurface
[20]. (a) Element configuration of the holographic metasurface. (b) Configuration of the
low RCS and high-gain patch antenna.

As a parasitic structure of the antenna, the holographic metasurface can effectively
increase the antenna radiation aperture; thus, a relatively high gain is obtained. At the
same time, the holographic metasurface has the ability to transform a propagating wave
into a surface wave. Therefore, the backscattering is greatly reduced, resulting in a low
monostatic RCS. In [22], a slot antenna arrays with wideband RCS reduction employing
a periodic resistive surface in front of the radiating apertures is proposed, as shown in Fig.
2.2. It is shown that a remarkable reduction of the monostatic and bistatic RCS of the
proposed structures for normal and oblique incidence waves can be accomplished over a

frequency band as wide as two octaves.

[16]
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Figure 2.2: A slot antenna arrays with wideband RCS reduction [22]. (a) Frequency
responses of the element. (b) Exploded view of 4 x4 microstrip slot antenna array.

In [25],a method for wideband RCS reduction by designing checkerboard surfaces
using strategically placed AMCs is proposed. The cross frame and folded cross dipoles
are chosen as the patterns of two AMC:s, the prototype of the checkerboard surface (com-

prised of the two AMCs) is shown in Fig. 2.3.

Since reflectarrays and transmitarrays can achieve high gains without using complex

[17]
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and lossy feed networks, they have been widely hailed as competitive high gain antenna

candidates. Some effective methods have been utilized to reduce the RCS of reflectarrays.

.
Mt

l”

(b)

Figure 2.3: (a) Geometry of periodic AMC structure patterns [25]. (b) One period of the
square checkerboard surface.

:<;>:

Figure 2.4: Periodic element of reflectarray element [27].
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These methods can be classified into three types. The first one is to replace the ground
plane of the reflectarray with a bandstop FSS [27]. The bandstop FSS behaves as a normal
ground plane within the operating band while being transparent for the impinging waves at
the out-of-band frequencies, as shown in Fig. 2.4. However, in practice, the FSS-backed
reflectarray antenna is not suitable to be mounted on a application platform, because the
transmitted out-of-band waves may cause interference for the back-side systems, such as

the transceiver system or other circuits, or even damaging [28].

P y
3D-bandstop
FSS ™
Eccosorb
FGM-125

PEC Backplane

Capacitive patches for
phase shifting

- _w» 3D-Bandstop FSS
A

Commercial Absorber
FGM-125

PEC Backplane

(b)

Figure 2.5: (a) Configuration of absorptive frequency-selective reflection structure ele-
ment. (b) The prototype of the low-RCS reflectarray [29].
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Furthermore, by placing an absorptive material behind the bandstop-FSS-backed re-
flectarray, the impinging EM waves at the out-of-band frequencies can be absorbed [29],
as shown in Fig. 2.5. The FSS-backed reflectarray with absorptive material structure
can be seen as a PEC within the operating band, while behaving as an absorber at the

out-of-band frequencies.

(b)

Figure 2.6: (a) Configuration of the band-notched absorber element. (b) Configuration of
the low-RCS transmitarray unit cell. (c) Photograph of the low-RCS reflectarray antenna
[30].

The second method is to combine a reflectarray with a frequency selective rasorber
(FSR) to achieve RCS reduction [31]. In [31], by placing the FSR structure between the
reflectarray and feed horn, the incident waves fed by horn antenna can be transmitted

with low loss in the operating band while RCS is significantly reduced at out-of-band

[20]
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frequencies. The FSR is able to absorb the impinging waves at out-of-band frequencies
while maintain the transmission performance, which can be seen as a combination of an

antenna radome and an absorber [32-34].

The third method is to employ a band-notched absorber and a dielectric lens [30],
as shown in Fig. 2.6. The band-notched absorber can provide an absorption-reflection-
absorption frequency response. It can create a reflection band with low losses within
a wide absorption band which is achieved by employing resistors instead of absorptive
materials to consume the impinging EM waves besides the reflection band. In addition, a
dielectric lens is placed on top of the band-notched absorber to achieve the required phase

compensation.

2.2 Wideband Conformal Transmitarrays

Conformal transmitarrays are developed for various mounting applications, e.g., satel-
lites, aircrafts and UAVs. They can provide high gains with adapting the aerodynamic
requirements of the mounting platforms. The conformal transmitarray antennas are also
composed of transmission element array and an illuminating feed source similar with the
planar transmitarray antennas. A highly-focused beam can be converted from a low-gain
spherical beam radiated from the feed source by individually designed the transmission

phase of each element on the aperture of the transmitarray.

A conformal transmitarray is designed to adapt the shape of a mounting platform,
which can be a part of the platform surface and accommodate a feeding antenna placed
behind the transmitarray to utilize platform space better without destroying its aerody-
namic performance. Based on the current fabrication technologies, metallic ink can be
printed directly on a curved structure. However, it is very expensive and technically dif-
ficult for multi-layer metal printing on curved surfaces. Thus, one of the most practical
and cost-efficient methods to realize a conformal transmitarray is to employ very thin
transmitarray elements with a thickness of less than 0.5 mm and then bend the thin planar

transmitarray based on a desired shape.

1]
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Figure 2.7: (a) Top view and (b) side view of the square perforated element. (c) The
geometry of cylindrical perforated concave transmitarray. (d) The geometry of cylindrical
perforated convex transmitarray [35].
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Figure 2.8: (a) OFF state, (b) ON state, (c) layer stackup of the unit cell. (d) Transmitarray
structure [36].
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Recently, Some reported research efforts have been demonstrated to conformal trans-
mitarrays [35-40]. Concave and convex cylindrically conformal transmitarrays were de-
signed based on cylindrical perforated dielectric sheet [35], as shown in Fig. 2.7. A
conformal transmitarray was designed consisting of three planar sub-transmitarrays [36],
as shown in Fig. 2.8. A cylindrically conformal transmitarray employing four-layer cas-

caded elements was designed [40], as shown in Fig. 2.9.
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Figure 2.9: (a) Curved 4-layer transmission element and its transmission phases. (b)
Cylindrically conformal transmitarray with a feed horn antenna [40].

However, these conformal transmitarrays above are not implemented. By bending an

23]
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ultrathin planar transmitarray based on a desired shape, a cylindrically conformal trans-
mitarray employing ultra-thin triple-layer slot elements was developed with a peak gain
of 19.6 dBi, an aperture efficiency of 25.1 % and 3 dB gain bandwidth of 6.7 % [37], as

shown in Fig. 2.10.
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Figure 2.10: (a) Top view and (b) side view of the ultra-thin triple-layer slot element. (c)
3-D view of the cylindrically conformal transmitarray antenna [37].

As shown in Fig. 2.11, a high-efficiency cylindrically conformal transmitarray was
developed employing dual-layer ultrathin Huygens elements with a gain of 20.6 dBi, a 47
% aperture efficiency and 3 dB gain bandwidth of 3.7 % (9.83-10.2 GHz) [39]. In [37,39],
the bandwidth of the conformal transmitarrays are limited, which are not suitable for
many platforms and wireless communication systems. For example, to support hundred
gigabits-per-second (Gbps) to terabits-per-second (Tbps) data rates required by the 6G

networks, their antennas must provide enough bandwidth.

[24]
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Figure 2.11: (a) Top and bottom layers; (b) 3-D structure of the dual-layer Huygens
element. (c) High-efficiency dual-layer conformal transmitarray structure [39].

In [38], an ultrawideband cylindrically conformal transmitarray was proposed em-
ploying connected slot-bowtie elements with true-time delay lines achieving a realized
gain of from 12.0 dBi to 20.2 dBi and an aperture efficiency of from 39 % to 76 % in the
operating band from 8.5 GHz to 17 GHz, as shown in Fig. 2.12. However, the slot-bowtie
and true-time delay line of an element of the ultrawideband transmitarray are vertically
connected by soldering, which may result in manufacture difficulties, alignment errors

especially at higher frequencies and degraded aerodynamic performance.

According to the above literature review, it can be found that it is highly desired to
develop wideband conformal dual-layer transmitarray to support high data rate and aero-
dynamic requirements with reduced alignment errors. It should be noted that there are
some reported planar dual-layer transmitarrays using malta-cross elements with metallic

vias [41] shown in Fig. 2.13 (a) or patch elements with metallic vias [42].

5]
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(b)

Figure 2.12: (a) Curve wideband element. (b) Cylindrically conformal transmitarray with
a log-periodic dipole feed antenna [38].

Top view

Side view

(b)

Figure 2.13: The configurations of (a) the dual-layer malta-cross element with metallic
vias [41] and (b) the dual-layer CP element without metallic vias [43].

[26]
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However, the metallic vias increase the transmitarray complexity and make the aper-
ture surface fragile and difficult to bend. Without inserting metallic vias, planar dual-layer
transmitarray elements can achieve full phase range by rotating the elements for circular
polarization, but this approach is not suitable for linear polarization because of the polar-

ization mismatch with the elements rotated [43], as shown in Fig. 2.13 (b).

Figure 2.14: The configuration of a dual-layer Huygens element [44].

Furthermore, some planar dual-layer transmitarrays without metallic vias are to em-
ploy dual-layer Huygens elements [44—47]. An antisymmetric dual-layer Huygens el-
ement [44] is shown in Fig. 2.14. The Huygens elements can provide a nearly total
transmission and full phase coverage when the electric and magnetic responses are bal-
anced, which is beneficial to design high-efficiency transmitarrays. However, most of
their bandwidths are very limited. Only the transmitarray in [47] can provide the 3-dB

bandwidth of 15.7 % but are not suitable for conformal applications.

There have been many reported efforts to enhance the bandwidth of planar transmi-
tarrays. In [48], a triple-layer FSS element printed on three dielectric substrates separated
by two air spacers is proposed for a wideband transmitarray with 1-dB gain bandwidth
of 16.8 % as shown in Fig. 2.15 (a). In [49], a wideband transmitarray with 1-dB gain
bandwidth of 16 % is developed employing two identical triple-layer FSSs separated by
an air spacer as shown in Fig. 2.15 (b). Actually, there is always a tradeoff between

the thickness of the transmitarray and its gain bandwidth. Thus, it is very challenging to

27]
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improve the bandwidth of a dual-layer transmitarray for conformal applications.
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Figure 2.15: The configurations of (a) a triple-layer transmitarray element [48] and (b) a

six-layer transmitarray element [49].

2.3 Reconfigurable Transmitarrays for Beam Scan-

ning

Electronic beam scanning transmitarrays have attracted substantial attention due to

their wide applications in satellite communications, imaging systems and automotive

radars. Compared to phased arrays using transmission line based feeding networks, re-

28]
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configurable transmitarrays [10, 13, 50—62] have spatial feeding architecture, which can
achieve excellent 2-D beam steering and/or shaped beam with less cost and loss, espe-
cially at millimeter-wave or higher bands. The beam scanning is realized by indepen-
dently controlling the reflection or transmission phases of the elements on the apertures

using PIN diodes, MEMS switches or varactor diodes.

Active microstrip patch p-i-n diode
Pl eI

M
M2 ROM[_}g\ﬁlm dyi d, ‘,Bias line |h
T th,
M".? '* d-l-. o -
Ground plane . hr

Passive microstrip patch

[ SR

Figure 2.16: 1-bit electronically reconfigurable element [14]. (a) Side view. Top view of
an element with (b) 1 biasing line, or (c) 10 biasing lines.

In the last two decades, many electronically beam scanning transmitarrays have been
reported. A typical method is to use reconfigurable receiver-transmitter (Rx-Tx) ele-
ments [?,?,50-59]. These elements usually consist of three parts: a receive (Rx) unit,
an electronically controlled phase shifter, and a transmit (Tx) unit. In a Rx-Tx element,
metallic vias are usually placed to transmit EM waves between the Rx and Tx units.
Moreover, additional substrate layers are needed for direct current (DC) biasing networks

to control the phase shifters. As a result, the configuration of a reconfigurable Rx-Tx
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element usually contains more than three metallic layers with multiple metallic vias. For
example, in [52], [55], and [57], the reconfigurable elements have 4 layers with 18 vias, 6

layers with 7 vias, and 5 layers with 6 vias, respectively.

l Incident LP wave

Stacked patches

1807 phase shifter

Taconic RF-35
Ssmm — RO4403 film
Taconic RF-60 0.1 mm

0.635 mm

1-bit CP patch

Taconic RF-35
3.18mm

l Outgoing CP wave
(a)

(b) (©)

Figure 2.17: (a) CP transmitarray element architecture [57]. (b) Receiver unit. (c) Trans-
mitter unit.

As shown in Fig. 2.16, the element stack-up consists of four metal layers: receiver
unit, biasing lines, ground plane and transmitter unit [14]. Two PIN diodes are integrated
on the receiver unit of each element to control its transmission phase. Finally, a 15.8 %
fractional bandwidth and a maximum gain of 22.7 dBi at broadside were achieved. Also
as depicted in Fig. 2.17, using receiver-transmitter approach with integrating two PIN
diodes on transmitter patch, a linearly polarized (LP) incidence wave was transformed

into a circularly polarized (CP) outgoing wave, and beam steering at angle of +45° was

[30]
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achieved [57]. As shown in Fig. 2.18, receiver-transmitter approach is still used for
reconfigurable realization, and varactor diodes are integrated in the middle phase shifters

[13].

1|NCIDENT WavES

Patch antenna = A Two differential

bridged-T phase shifters

Differential
proximity
coupling
Varactor diodes
Duroid 6002
1.524 mm

s DC blocking

. capacitors
Duroid 6006 for varactor
0.635 mm biasing
Ground Plane
Duroid 6006
0.635 mm * )
| Aperture coupling
| for the differential
\ transmission lines
?‘;;’f o0z , Differential
z a mm microstrip

y - ‘ g . . transmission
K < f Patch antenna lines
- l OUTGOING WAVES
Figure 2.18: Reconfigurable element design [13].

Another method to achieve beam scanning transmitarrays is to employ FSS based
reconfigurable elements. These elements utilize mutual coupling between multiple layers
to transmit electromagnetic waves through the aperture surfaces without metallic vias.
In [60], a reconfigurable transmitarray element consisting of four layers printed on two
substrates can achieve 1-bit phase shift by controlling two PIN diodes integrated in the
element as shown in Fig. 2.19 (a). In [61], a five-layer cascaded FSS element can achieve
360° continuous phase coverage with three varactor diodes on each layer as shown in Fig.
2.19 (b). In [62], a five stacked layers of square-slot FSS element loaded with two varactor
diodes on each layer is proposed to achieve 440° phase range at fixed frequency as shown
in Fig. 2.19 (c). The phase compensation provided by these elements is achieved by

varying their resonant frequencies.
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Figure 2.19: (a) A 4-layer reconfigurable element integrated with two PIN diodes [60].
(b) A 5-layer FSS element integrated with 3 varactor diodes on each layer [61]. (c) A
five stacked layers of square-slot FSS element integrated with 2 varactor diodes on each

layer [62].
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According to the above literature review, it can be found that most of the currently
reported reconfigurable transmitarray elements have more than three metallic layers with
several metallic vias. Such configurations may lead to complex fabrication and pack-
age processes, which could affect the performance of transmitarrays. For example, for a
2-bit reconfigurable transmitarray using 6-layer elements with 7 vias at 29 GHz reported
in [55], 51 elements were found faulty, which could be due to the fabrication inaccuracies.
Hence, it is highly desirable to design dual-layer reconfigurable transmitarray elements
without metallic vias, which can also facilitate the design of large-size arrays at higher
frequencies. Actually, electronic beam-scanning transmitarrays based on dual-layer re-

configurable elements have been rarely reported.
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Low RCS Transmitarray

3.1 Introduction

High-gain antennas are essential to achieving long-distance communications in space
and terrestrial systems. In order to obtain high gains, a large antenna aperture is required,
but this increases the scattering area as well, which would normally lead to high RCS
unfortunately. Consequently, it is a major challenge to design an antenna with both high-
gain and low-RCS properties. Since reflectarrays and transmitarrays can achieve high
gains without using complex and lossy feed networks, they have been widely hailed as
competitive high gain antenna candidates. Compared to reflectarrays, transmitarrays do

not have the issue of feed blockage [1-3].

B
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To this end, there have been substantial advances in various types of transmitarrays,
e.g., wideband transmitarrays [49, 63, 64] and beam steering transmitarrays [50, 65, 66].
To author’s best knowledge, there has been no reported method for reducing the RCS of
transmitarrays without affecting their radiation performance. In order to fill this technol-
ogy gap, a phase controllable AFST element is developed and applied to a low-RCS trans-
mitarray in this work. The AFST structure [67], also known as frequency-selective rasor-
ber [32], absorptive/transmissive FSS [68] or bandpass frequency-selective absorber [69],
has the property of absorption-transmission-absorption for the scattering parameters. It
should be noted that the currently reported AFST elements have the same transmission
phases, focusing on periodic surface designs. However, for transmitarray designs, the
elements need to provide a digital or continuous phase change to achieve collimated or
shaped beams. Actually, it is very challenging to manipulate the phase response of the
AFST elements as the phase response is usually related to the element’s absorption and

transmission performance.

W

G
2 fo + Af (Absorption band)
_______ e 2
Focus > v > fo (Operating band)
fo S, ||
......... — >
[ e fo — Af (Absorption band)
{-.. 1.

Figure 3.1: Conceptual depiction of a low RCS transmitarray.

In this chapter, a low RCS transmitarray is presented using phase controllable AFST
elements. The element consists of asymmetrical resonators with resistors to obtain an
absorption-transmission-absorption response. The transmission phase within the trans-
mission band can be controlled by rotating the AFST elements, achieving a 1-bit phase

change. A low-RCS transmitarray using the developed elements is designed, fabricated
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and measured. Compared with a reference transmitarray, the radiation performance of
the low-RCS one is almost unchanged with a realized gain of 24.4 dBi. Significant RCS
reductions have been realized for dual polarizations of the impinging EM waves. The 10
dB RCS reduction bandwidths are 18 % and 14 % for the lower and upper absorption

bands, respectively.

The design concept schematic of the proposed low RCS transmitarray is shown in
Fig. 3.1. For an incident EM wave of frequency fy, it behaves transparent with total
transmission. Moreover, the transmitted waves can be transformed from a spherical EM
waves to a plane EM waves by using a specific transmission phase distribution. For the
lower frequency band fy-A f and the upper frequency band fy+A f, it acts as an absorber

with good absorption performance.

3.2 Phase Controllable AFST Element

3.2.1 AFST Element

To create a transmission band within a wide absorption band, the key idea is to make
the absorptive layer become transparent to EM waves in transmission band by utilizing a
dual circular ring on the top layer and a circular slot on the bottom layer, which are both

equivalent to parallel LC resonators for the incident wave vertical to the substrate [31].

The configuration of the proposed AFST element is illustrated in Fig. 3.2. It consists
of two dielectric substrates separated by an air spacer. Top and bottom metallic layers
are printed on top and bottom substrate layers, respectively. It is seen from Fig. 3.2
(a) that the top layer is a dual circular ring connected by four metallic strips. Resistors
are embedded on the metallic striplines to achieve the absorption performance at certain
frequencies. As shown in Fig. 3.2 (b), the bottom layer is a bandpass FSS consisting of
a circular slot. The structure of the resultant AFST structure after integration is shown in

Fig. 3.2 (c). The parameter values are as follows: R;, =2.19 mm, R,,; = 2.69 mm, r =

Ed
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3.24 mm, w; =031 mm, we =03 mm, ! =3mm, D =12mm, H =5.5 mm, h =0.5 mm,

the lumped resistors are 200 €.

(c) (d)

Figure 3.2: Configuration of the AFST element. Top view of (a) top layer and (b) bottom
layer. (c) 3D view and (d) side view of the AFST element.

04

YDSO

=254

Frequency (GHz)

Figure 3.3: Transmission and reflection magnitudes of the AFST unit cell.
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The AFST element is analyzed in a periodic boundary condition by EM simulation
software HFSS. As shown in Fig. 3.3, the AFST element can provide a transmission band
with less than 1 dB transmission loss from 12.1 GHz to 12.6 GHz and two wide absorption
bands besides the transmission band. The lower absorption band has the reflection and
transmission losses of larger than 10 dB from 6.8 GHz to 11.0 GHz, corresponding to a
fractional absorption bandwidth of 47 %. The upper absorption band has the reflection
and transmission losses of larger than 10 dB from 13.5 GHz to 18.8 GHz, corresponding

to a fractional absorption bandwidth of 33 %.

3.2.2 Phase Controllable AFST Element Using Asymmetric Config-

uration

/

(b) (c)

Figure 3.4: Configuration of the phase controllable AFST element. (a) Top side of the
first substrate. (b) Top or bottom side of the second substrate. (c) HFSS model of the
phase controllable AFST element.
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In order to control the transmission phase within the transmission band, phase control-
lable AFST unit cell is proposed based on the AFST structure in 3.2.1. The configuration
of the proposed phase controllable AFST element is shown in Fig. 3.4. It consists of two
substrates, which are separated by air. It is seen from Fig. 3.4 (a) that the top side of the
first substrate has a dual circular ring connected by four metallic strips. Resistors are sol-
dered between these metallic strips. An arched strip is printed on the inner circular ring.
This metallic layer is named as Layer 1. The metal on the bottom side of this substrate

has been removed. The top and bottom sides of the second substrate are the same.

Each side is composed of an outer metallic circular ring and an inner metallic split
circular ring as shown in Fig. 3.4 (b). These two metallic layers are named as Layers
2 and 3, respectively. These two identical layers are used to achieve a sufficient phase
change range and a high transmission coefficient which will be shown in 3.2.4. The first
and the second substrates are Rogers RO4350 substrate (relative permittivity of 3.66 and
loss tangent of 0.004) and Arlon AD270 substrate (relative permittivity of 2.7 and loss

tangent of 0.0023), respectively.

3.2.3 Equivalent Circuit Model of Phase Controllable AFST Element

To illustrate the mechanism of the phase controllable AFST element, its equivalent
circuit model is shown in Fig. 3.5. It should be mentioned that Z;, Z> and Z, are the
characteristic impedances of the first substrate, the second substrate and the free space,
respectively. 6, s, and 6, are the electrical lengths corresponding to the thicknesses of

the first substrate, the second substrate and the free space, respectively.

The outer circular ring and the inner ring with an arched metallic strip on Layer 1
are modeled as a parallel LC' circuit consisting of L4 and a series L;C'. The four metal-
lic strips embedded with four lumped resistors are equivalent to L5 R series circuits. On
Layer 2 or 3, the outer circular ring and the inner ring with a split are modeled as series
connections of LyCy and L3C5, respectively. The two series circuits are paralleled with

each other. They perform as a bandpass FSS. In order to achieve a minimum insertion

[40]
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loss, the parallel LC' circuits on Layers 1, 2 and 3 should be designed to have an over-
lapped passband. In the two bands at two sides of the passband, Layer 1 has two series
LC frequencies, and Layer 2 or 3 (bandpass FSS) performs as a ground plane for Layer
1 to absorb the incidence waves. Thus, two absorption bands are achieved with very low
transmission and reflection coefficients. For the developed structure, the resistors will not
affect the transmission efficiency in the transmission band while only providing absorp-

tion at the bands beside the transmission band.

Lixg) Zo
TG

Port 1
Port 2

Layer | Layer 2 Layer 3

Figure 3.5: Equivalent circuit of the phase controllable AFST element.

Simulated transmission and reflection coefficients of the equivalent circuit can be ob-
tained from the circuit simulation software ADS. In this work, we aim to achieve a pass-
band at 12.5 GHz and two absorption bands at the two sides of the passband. Please be
noted that although the equivalent circuits for x- and y-polarized waves have the same
topology, some of the elements have different values to account for the structure asym-

metry.

To this end, the values of equivalent inductances, capacitances and resistances are
optimized as follows: Zy =377 ), Z, =197 Q, Z5 =229 (), 6y = 75° at 12.5 GHz, 0, =
7.5° at 12.5 GHz, 6, = 67.5° at 12.5 GHz, R =200 (2, Ly, = 1.18 nH for x-polarization,
Ly, = 1.07 nH for y-polarization, L, = 3.36 nH, L3, = 3.56 nH for x-polarization, L3,
= 2.57 nH for y-polarization, L4 = 0.82 nH, L5 = 1.13 nH, C} = 0.065 pF, C5, = 0.114

pF for x-polarization, Cy, = 0.078 pF for y-polarization, C5 = 0.036 pF. The simulated

[41]
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scattering parameters are shown in Fig. 3.6. These results will be compared with the EM

simulations and discussed in 3.2.4.

3.2.4 Implementation of the Phase Controllable AFST Element

Based on the circuit analysis of the phase controllable AFST element, its 3D model is
analyzed in a periodic boundary condition by EM simulation software HFSS with either
an x- or y-polarized incidence wave. The reason to simulate the element under two polar-

izations is to calculate the performance of the element and its 90° rotated counterpart.

As shown in Fig. 3.4, it can be observed that the resonant length for the incidence
wave of x and y polarizations are different for this element due to the arched metallic strip
on Layer 1 and splits on the inner circular rings on Layers 2 and 3. The additional arched
metallic strip on Layer 1 has an effect on the x-polarized incidence wave, increasing
its electrical length. The splits on the inner rings of Layers 2 and 3 reduce the electri-
cal length for the y-polarized incidence wave. The combined effects make the electrical
length for y-polarized incidence wave shorter than that for the x-polarized one. Therefore,
the y-polarized incidence wave has a higher resonant frequency. According to the design
specifications, the dimensions of the element are optimized as follows: R;, = 2.15 mm,
Ry = 2.65 mm, r;, = 2.58 mm, r,,; = 3.97 mm, w; = 0.31 mm, wy = 0.6 mm, [ = 3.18
mm, 8 = 120°, d; = 0.5 mm, ds = 0.95 mm, d; = 0.2mm, d, = 1.79 mm, D = 12.26 mm,

H =5 mm, h; =0.5 mm, hy = 4.5 mm, the lumped resistors are 200 (2.

The EM simulated results are compared with the circuit results. Port 2 corresponds to
the position of the feed source of the transmitarray discussed later and Port 1 corresponds
to the position of the radar. As this 2-port network is reciprocal, Si5 is equal to Ssy,
so only Sy is given in Figs. 3.6 (a) and 3.6 (b). As found in Fig. 3.6 (a), the element
resonates at two adjacent frequency points for the illumination waves of two polarizations,
respectively. There is an overlapped passband from 12.35 GHz to 12.60 GHz with an
insertion loss less than 3 dB. During this passband, the transmission phase difference

between the two polarizations is about 180° as shown in Fig. 3.6 (b). Therefore, for
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Figure 3.6: Simulated results of the phase controllable AFST element. (a) Simulated
transmission magnitudes. (b) Simulated transmission phases. (c) Simulated reflection

magnitudes.
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an incidence wave with a given polarization (either x or y), a 1-bit phase change can be

achieved by rotating the element by 90°.
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Figure 3.7: Simulated transmission coefficients of the phase controllable AFST element
with Layer 3 removed. (a) Magnitudes. (b) Phases.

These two identical layers Layer 2 and Layer 3 are utilized to achieve enough phase
shift between x and y polarizations while maintaining high transmission in the operating
band. If Layer 3 is removed from the phase controllable AFST element, its simulated
results are shown below in Fig. 3.7. The transmission magnitudes are reduced from -1.6
dB to -4.5 dB at 12.5 GHz for both polarizations. Furthermore, the transmission phase

difference between x and y polarizations is reduced from 180° to 78°.
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Figure 3.8: The schematic of the Low RCS transmitarray antenna.

To realize RCS reduction of the transmitarray, the input reflection coefficients of the
elements under both x and y polarized waves need to be lower than -10 dB within the
absorption bands. As shown in Fig. 3.8, the RCS is the ratio of backscatter power density
reflected by the transmitarray in the direction of the radar to the power density intercepted
by the transmitarray. The RCS is related to the reflection coefficients of the transmitarray

unit cell looking from Port 1 side, which are given in Fig. 3.6 (c) and Fig. 3.9.
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Figure 3.9: Simulated reflection magnitudes of the phase controllable AFST element
without resistors.

As seen from Fig. 3.6 (c), the input reflection coefficients for the waves radiated
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from Port 1 (radar’s position) are lower than -10 dB from 10 GHz to 15 GHz for x and y
polarizations. Therefore, a very small amount of the EM waves impinging on the aperture
is reflected. As a comparison, the element with resistors replaced by short striplines is
also simulated using HFSS, which has similar transmission performance as the AFST
elements in the transmission band. However, only at a single frequency point of 12.5
GHz as shown in Fig. 3.9, the overlapped input reflection coefficient for the impinging
waves of two polarizations from Port 1 is lower than -10 dB. At other frequency points,

high reflections for either or both polarizations are observed, which can result in high

RCS.

3.3 Low RCS Transmitarray Antenna

3.3.1 Low RCS Transmitarray Prototype Design and Implementa-

tion

A low-RCS transmitarray prototype is designed at 12.5 GHz using the developed
phase controllable AFST elements as shown in Fig. 3.10. Another prototype using the
elements with resistors replaced by short striplines is also developed as a reference trans-
mitarray for comparisons. It should be noted that the elements without resistors will no
longer possess the absorptive properties outside of the transmission band. However, it
can still achieve the 1-bit phase change in the transmission band. Therefore, it can be
used as a reference for the RCS comparison. Similar comparison method is used in [30],
where a reference reflectarray is set up by using a metallic plane to replace a band-notched

absorber.

The low-RCS transmitarray and reference transmitarray have the same aperture size
of 245 mm x 245 mm (10Ax10\), which consists of 400 square-patch elements. A
linearly polarized standard gain horn with a gain of 13.5 dB at 12.5 GHz is chosen as

the feed antenna for both transmitarrays. The distance between the feeding horn and
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(a)

= Layer2 & 3

Figure 3.10: The prototype of the proposed low-RCS transmitarray. (a) Schematic of low-
RCS transmitarray with a feed horn antenna. (b) Exploded view of the proposed low-RCS
transmitarray.

the transmitting surface is 138mm to ensure a 10 dB illumination amplitude taper from
the center to the edge of transmitarray aperture. The required transmission phase for
each element of both transmitarrays for a broadside beam is calculated as shown in Fig.
3.11. Based on the transmission phase distribution, the low-RCS transmitarray and the
reference one are designed by utilizing the phase controllable AFST elements and the

elements without resistors, respectively.

The photos of the fabricated low-RCS transmitarray prototype are given in Fig. 3.12.
As shown in the insets of Fig. 3.12, some of the elements are rotated by 90° to achieve

the transmission phase change of 180°.
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Figure 3.11: Calculated transmission phase distribution of low-RCS transmitarray and
reference transmitarray.

Figure 3.12: Photographs of the fabricated low-RCS transmitarray. (a) Front side. (b)
Back side.
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3.3.2 Numerical and Experimental Results of the Low RCS Trans-

mitarray Antenna

The simulated and measured input reflection coefficients of the proposed low-RCS
transmitarray and the reference one are all below -10 dB from 11.9 GHz to 12.9 GHz, as
shown in Fig. 3.13. The input reflection coefficients are with respect to the feeding gain
horn port and describe the ratio of reflected power to input power for the antenna. As
shown in Fig. 3.8, it is defined as how much of the incident power at the input feeding
port is reflected. It is related to the input impedance looking from the feeding port of the

gain horn.

—#— [ ow RCS TA-sim Reference TA-sim

- & - LowRCSTA-mea - - - Reference TA-mea

-10

(feeding gain horn port)

&
o
]

Input reflection coefficient (dB)

11.9 12.1 123 12.5 12.7 12.9
Frequency (GHz)

Figure 3.13: Simulated and measured reflection coefficients of low-RCS transmitarray
and reference transmitarray.

The simulated and measured radiation patterns of the low-RCS transmitarray and the
reference one at 12.5 GHz are compared. Their E-plane and H-plane are shown in Figs.
3.14 (a) and 3.14 (b), respectively. The simulated and measured realized gains and aper-
ture efficiencies versus frequency for the two transmitarrays are given in Fig. 3.14 (c) and
3.14 (d), respectively. As seen from these figures, the simulated and measured radiation
patterns agree reasonably well for each array. There is a 0.1 GHz frequency shift for the
simulated and measured realized gains for both arrays. This can be due to the limitation

of our workstation to simulate this electrically large size array or fabrication errors. The
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Figure 3.14: Radiation patterns and realized gains versus frequency of low-RCS trans-
mitarray and reference transmitarray. (a) E-plane radiation patterns at 12.5 GHz. (b)

H-plane radiation patterns at 12.5 GHz. (c) Realized gains versus frequency. (d) Aperture
efficiencies versus frequency.
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Figure 3.14: Radiation patterns and realized gains versus frequency of low-RCS trans-
mitarray and reference transmitarray. (a) E-plane radiation patterns at 12.5 GHz. (b)
H-plane radiation patterns at 12.5 GHz. (c) Realized gains versus frequency. (d) Aperture
efficiencies versus frequency.

measured in-band 3-dB gain bandwidth is 6 % for the proposed low-RCS transmitarray.
Furthermore, the measured patterns of the two transmitarrays agree very well with each
other. The measured peak realized gains and aperture efficiencies of the low-RCS trans-
mitarray and the reference one are 24.4 dBi (21.0 %) and 24.5 dBi (21.5 %) at 12.5 GHz,
respectively. It indicates that the proposed phase controllable AFST elements with re-
sistors have a negligible effect on the directivities and efficiencies of the antenna, which
is because the induced currents passing through the lossy resistors are very small in the

transmission band.

The RCS reduction performance is evaluated by comparing the RCS of the proposed
low-RCS transmitarray with the reference one. The monostatic RCS of the two trans-
mitarrays under normal and oblique incidence waves is measured. It is noted that both
feed antennas of transmitarrays are terminated with matched loads during the measure-
ment. The simulated and measured monostatic RCS are shown in Fig. 3.15 under normal
impinging waves. Reasonably good agreement can be found. The discrepancies can be
mostly attributed to the fabrication tolerance, multilayer alignment inaccuracies and mea-

surement errors.

As shown in Fig. 3.15, under the normal impinging wave, the measured monostatic
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RCS has more than 10 dB reduction for both polarizations from 10 to 12 GHz (18 %)
and from 13 to 15 GHz (14 %). 1deally, the RCS performance for the two polarizations
should be close to each other. However, due to the chamber’s unequal response to the
two polarizations, there are some discrepancies between the RCS reduction for two polar-
izations. For the operating band (transmission band) round 12.5 GHz, the RCS for both
transmitarrays are very low. This is because the impinging EM waves can pass through

the transmitarray aperture and focus back to the feed horn with matched loads.
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Figure 3.15: Monostatic RCS of low-RCS transmitarray and reference transmitarray un-
der normal impinging wave. (a) Vertical polarization. (b) Horizontal polarization.
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The RCS performance is also examined for oblique impinging angles which increases

up to 45° for the horizontal polarization as shown in Fig. 3.16. Compared to the reference

transmitarray, there is a remarkable RCS reduction at the out-of-band frequencies for the

low-RCS one. It has shown that the proposed low-RCS transmitarray has achieved the

RCS reduction under wide-angle impinging waves. A comparison of relevant transmitar-

ray, reflectarray and patch antenna is shown in Table 3.1.
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Figure 3.16: Measured monostatic RCS of two transmitarrays under wide-angle oblique
impinging waves. (a) Reference transmitarray. (b) Low-RCS transmitarray.

Table 3.1: Comparison of Relevant Transmitarray (TA), Reflectarrays (RAs) or Patch

Antenna
[30] [29] [20] This Work
Theory RA RA Patch TA
Freq. (GHz) 10.0 7.1 10.2 12.5
Operating Band (GHz) 9-10.5 6.8-7.7 | 9.7-10.7 | 11.9-12.9
Thickness 1.37\ 0.42) 0.10A 0.42)\
7-9.2 2-4.5 10-12
RCSR Bandwidth (GHz) | 10 4B | (G10dB: 15 o 5| (10 dB):
10.5-13 9.1-10.8 13-15
(>5dB) (>8dB) (>10dB)
Gain 22.0dBi | 23.3dBi | 10.0dBi | 24.4 dBi
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3.4 Summary

A phase controllable AFST element is proposed to obtain an absorption-transmission-
absorption scattering response, which consists of asymmetrical resonators integrated with
resistors. A 1-bit phase change within the transmission band is achieved by rotating the
elements. By utilizing the phase controllable AFST elements, a low-RCS transmitarray is
designed, fabricated and measured. Compared with the reference transmitarray, the low-
RCS one has a comparable realized gain. Meanwhile, significant RCS reductions have
been achieved at lower and upper absorption bands outside the transmission band under

normal and wide-angle oblique impinging waves for dual polarizations.
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Wideband Conformal Transmitarray

4.1 Introduction

Transmitarray antennas have attracted increasing attention in long-distance commu-
nications for space and terrestrial wireless systems due to their merits of high gain, low
cost and flexible radiation performance, which can be a good antenna candidate for the
5G and beyond wireless networks with the requirements of high gain and low cost at mm-
wave and THz bands [19]. Compared with the ground-based 5G wireless networks, the
6G networks are based on the integration of both terrestrial networks and space networks
to provide a 3-D coverage for people and vehicles [70]. Due to the high path loss at

mm-wave and THz bands, an airborne layer above the stratosphere needs to be deployed
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to bridge wireless communication links between terrestrial and satellite platforms. For
delivering the airborne layer, UAVs can be considered as one of the best candidates due

to their high mobility and low cost.

Conventional transmitarray antennas are not suitable for UAVs as they would pro-
trude from UAVs fuselage, which results in degraded motor performance and energy effi-
ciency. To overcome this issue, conformal transmitarray antennas are developed to adapt
the mounting platform shapes in order to achieve their aerodynamic requirements, which
can be a part of the platform surface and accommodate a feeding antenna placed be-
hind the transmitarray to utilize platform space better without destroying its aerodynamic
performance. Some reported research efforts have been demonstrated to conformal trans-

mitarrays [35—40].

()

Figure 4.1: Configuration of the simple dual-layer Huygens element. (a) Top view. (b)
Bottom view. (c¢) 3D view.

Based on the current fabrication technology, metallic ink can be printed on a curved
structure. However, the implementation of metal printing on curved surface is very ex-

pensive and technically difficult. Thus, one of the feasible methods to realize a confor-
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mal transmitarray is to bend an ultrathin planar transmitarray based on a desired shape.
By using this realization method, two cylindrically conformal transmitarray were de-
veloped [37,39] with limited bandwidth which are not suitable for many platforms and
wireless communication systems. An ultrawideband cylindrically conformal transmitar-
ray was proposed employing connected slot-bowtie elements with true-time delay lines
achieving an operating band from 8.5 to 17 GHz [38]. However, its elements are ver-
tically connected by soldering, which may result in manufacture difficulties, alignment
errors especially at higher frequencies and degraded aerodynamic performance. Thus, it
can be found that it is highly desired to develop wideband conformal dual-layer transmi-

tarray to support high data rate and aerodynamic requirements with reduced alignment
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Figure 4.2: Transmission coefficients of the simple dual-layer Huygens element.

Over the E-band of 71-76 and 81-86 GHz (gigabyte wireless spectrum), the atmo-
spheric absorption rate is relatively low, providing the capability of long-distance gigabyte
point-to-point wireless services. The wide bandwidth and the low atmospheric absorption
at E-band have spurred many applications and innovations for 5G and 6G wireless com-
munication systems. Thus, in this chapter, a wideband conformal transmitarray employ-
ing dual-layer tightly coupled Huygens elements at E-band is developed. The element

consists of five pairs of partly overlapped metallic striplines with different lengths printed
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on two layers of a dielectric substrate, which can provide tightly coupled Huygens res-
onances with nearly total transmission and full transmission phase coverage in a wide
bandwidth. To validate the design concept, a cylindrically conformal transmitarray at 78
GHz is designed, fabricated and measured. Continuous phase compensation of 360° on
the aperture is achieved by tuning the lengths of the striplines, reducing phase errors of
the array architecture. Good agreement between the measured and simulated results is
found, showing a peak measured realized gain of 26.6 dBi with an aperture efficiency of

35.9 % at 78.5 GHz and measured 3-dB bandwidth of 20.4 % from 71 GHz to 87 GHz.

4.2 Wideband Dual-Layer Huygens Element

To design a wideband transmitarray, both wide magnitude bandwidth and wide phase
bandwidth are required for the elements on the aperture of the transmitarray. This means
the transmission loss of each element should be less than 3 dB in a wideband; the trans-
mission phase coverage of each element should be at least nearly 360° in a wideband;
the transmission phase difference between arbitrary two elements on the aperture of the
transmitarray should be stable in a wideband. For this target, a dual-layer tightly coupled

Huygens element is proposed.

4.2.1 Dual-Layer Huygens Element

A Huygens resonance consists of orthogonally induced electric and magnetic currents
which are in-phase. The balanced condition between electric and magnetic responses can
result in a total transmission and zero reflection which are beneficial to a high-efficiency
transmitarray design. A simple realization of a dual-layer Huygens element is using a
pair of partly overlapped metallic striplines printed on two layers of a dielectric substrate
as shown in Fig. 4.1. The dielectric substrate is Rogers RT/duroid 5880 with relative
permittivity of 2.2, dielectric loss tangent of 0.009, and thickness i of 0.508 mm. The top

layer is symmetric to the bottom layer along y-axis. The parameter values are as follows:
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p=2.401 mm, /; = 1.655 mm, d; = 1.073 mm, e; = (p + d;)/2 — [; and w = 0.075 mm.
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Figure 4.3: (a) Equivalent circuit model of the simple dual-layer Huygens element. (b)
Even mode decomposed circuit. (¢) Odd mode decomposed circuit. The values of the
parameters are as follows: L. =3.26 nH, L, =2.73 nH, C; = 1.89 fF. C; = 0.55 {F, Z; =
377, 7 =254,0=60.58°and R =1.77 ).

A simple way to illustrate the simple dual-layer Huygens element is using an equiv-

alent circuit model, as shown in Fig. 4.3 (a). Under x-polarized incidence waves, an
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electric current on the metallic striplines of the top or bottom layer is induced, which is
represented by an inductance, L. A series capacitance (' exists between two neighboring
metallic striplines of the top or bottom layer. The dielectric substrate is represented by
a transmission line with the impedance of Z and the electrical length of . A coupling
capacitance also exists between the two metallic striplines of top and bottom layers, rep-

resented by a capacitance (5. The equivalent circuit shown in Fig. 4.3 (a) are further split

to emphasize longitudinal symmetries of the structure.
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Figure 4.4: Induced surface currents on top and bottom layers of the simple dual-layer

Huygens element in a time period T.
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The longitudinal symmetry allows an even-odd mode decomposition of the structure.
The equivalent circuit model of the even and odd mode decomposed circuits are shown
in Fig. 4.3 (b) and 4.3 (c). In the even mode, the coupling capacitance C'y has no contri-
butions due to open circuit termination at the longitudinal symmetry plane, as shown in
Fig. 4.3 (b). This even mode can provide an electric current for the dual-layer Huygens
resonance. As shown in Fig. 4.3 (c¢), in the odd mode, the coupling capacitance C'; causes
the displacement current between the two metallic striplines of the top and bottom lay-
ers. This odd mode can provide a magnetic current for the dual-layer Huygens resonance.
Moreover, the transmission and reflection coefficients of the simple dual-layer Huygens

element can be obtained using the superposition of those of the even and odd modes:

S even S O

Spy = ( 1, ;L 1, dd) (4.12)
S even ~ S o0

S < 1, 5 11, dd) (4.1b)

The element is simulated using master/slave boundary conditions and Floquet ports
of 3D EM simulation software HFSS. As shown in Fig. 4.2, its transmission loss is less

than 2.7 dB and transmission phase coverage is about 360°from 50 GHz to 90 GHz. The
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equivalent circuit model shown in Fig. 4.3 (a) is used to reproduce the full-wave response
of the element configuration. Using 4.1a and 4.1b, various lumped circuit elements (i.e.
L., L,, Cy, Cy, Zy, Z, 6 and R) are determined using numerical optimization to match

the full-wave response of the element.
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Figure 4.6: Transmission coefficients of the simple dual-layer Huygens element with
different values of scale factor k. (a) Magnitudes. (b) Phases.

When the element is illuminated by an x-polarized wave, currents will be induced on

the metallic striplines on both layers of the element. The induced surface currents on top
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and bottom layers of the simple dual-layer Huygens element at 76 GHz are shown in Fig.
4.4. The currents on top and bottom layers are named as %, and 7,4, respectively. As
shown in Fig. 4.4, the directions of 7., and ;,,, are the same in the first and third quarters
of one time period T, providing an electric current along x-axis. In the second and fourth
quarters of T, the directions of i,, and i,,,, are opposite. Moreover, the electric fields of
the dual-layer Huygens element on xoz-plane at t = 0 or t = T/2 are shown in Fig. 4.5
(a). Based on ip = 5%—’?, the electric fields between top and bottom layers at t = 0 and
t = T/2 can provide displacement currents i between top and bottom layers at t = -T/4
(3T/4) and t = T/4, respectively. As shown in Fig. 4.5 (b), the displacement currents with
the opposite currents on top and bottom layers can provide a current loop which can be

equivalent to a magnetic current with a time delay of T/4.

) | b) o p

Figure 4.7: Configuration of the dual-layer tightly coupled Huygens element. (a) Top
view. (b) Bottom view. (c) 3D view.

Thus, the orthogonally induced electric and magnetic currents appear simultaneously,
exciting a Huygens resonance in the element. The length of the metallic stripline, /1, along

x-axis controls the resonant frequency of the Huygens resonance, and the length of the
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overlapped part of the metallic stripline, d;, provides fine tuning to achieve the balanced

condition of a Huygens resonance.

Multiplying parameters [, l5, I3, di, do and d3 by a scale factor k, respectively, the
transmission coefficients of the simple dual-layer Huygens element with different values
of k from 0.7 to 1.0 are shown in Fig. 4.6. It can be seen that the transmission loss of
the element are not less than 3 dB; the transmission phase coverage are not at least nearly
360°; the transmission phase difference corresponding to an arbitrary k variation are not
stable from 71 GHz to 86 GHz. Thus, this simple dual-layer Huygens element are not

suitable for a wideband transmitarray design.

4.2.2 Dual-Layer Tightly Coupled Huygens Element
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Figure 4.8: Transmission coefficients of the dual-layer tightly coupled Huygens element.

To achieve the transmission loss of less than 3 dB, the transmission phase coverage of
nearly 360° and stable transmission phase difference corresponding to an arbitrary param-
eter variation in a wideband, a dual-layer tightly coupled Huygens element is proposed.
The configuration of the element is demonstrated in Fig. 4.7. It consists of five pairs of

partly overlapped metallic striplines, a 57, two S5 and two S3 symmetric to x-axis, with
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different lengths printed on two layers of a dielectric substrate. The dielectric substrate is

the same as that of the simple dual-layer Huygens element. The top layer is symmetric

to the bottom layer along y-axis, and both top and bottom layers are symmetric to x-axis.

The parameter values are as follows: p = 2.401 mm, /; = 1.655 mm, [, = 1.366 mm, I3 =

1.138 mm, d; = 1.073 mm, dy = 0.868 mm, d3 =0.723 mm, €123 = (p+ di123)/2 — l123

and w = 0.075 mm.
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Figure 4.9: Induced surface current distributions on top and bottom layers of the dual-

layer tighly coupled Huygens element at 71 GHz.

The proposed element is simulated using master/slave boundary conditions and Flo-

quet ports of 3D EM simulation software HFSS. The simulated transmission coefficients
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of the dual-layer tightly coupled Huygens element are shown in Fig. 4.8. It is seen from
Fig. 4.8 that the transmission loss is less than 2.5 dB and the phase variation range is 725°

from 50 to 90 GHz for the dual-layer tightly coupled Huygens element.
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Figure 4.10: Induced surface current distributions on top and bottom layers of the dual-
layer tighly coupled Huygens element at 78.5 GHz.

Compared to the simple dual-layer Huygens element, the dual-layer tightly coupled
Huygens element based on multiple Huygens resonances significantly reduces the trans-
mission loss and greatly improves the transmission phase coverage, due to their coupling
capacitance between each neighboring pair of metallic striplines. With the amount of the

metallic striplines increased, the bandwidth of the Huygens element can be improved.
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However, when the amount of the striplines is larger than five pairs, this improvement
would be minute and the structure complexity would also be increased. Therefore, the
dual-layer tightly coupled Huygens element with five pairs of metallic striplines is chosen

for a wideband transmitarray design.
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Figure 4.11: Induced surface current distributions on top and bottom layers of the dual-
layer tighly coupled Huygens element at 86 GHz.

An x-polarized normal incident plane wave is used to illuminate the element. The
simulated surface currents on the top and bottom layers of the dual-layer tightly coupled
Huygens element at 71 GHz, 78.5 GHz and 86 GHz are shown in Figs. 4.9,4.10 and 4.11,

respectively.
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Figure 4.12: Transmission coefficients of the dual-layer tightly coupled Huygens element
with different values of scale factor k. (a) Magnitudes. (b) Phases.

As shown in Fig. 4.9, the currents are mainly induced on the longest metallic striplines
S, of top and bottom layers at 71 GHz. The directions of the currents on the striplines
Sp of top and bottom layers are the same leading to an equivalent electric dipole in the
first and third quarters of time period T. The directions of the currents on the striplines S,
of top and bottom layers are opposite in the second and fourth quarters of T, providing a
current loop in the overlapped areas of the two striplines S; along x-axis on the two layers
of the substrate. This current loop can be equivalent to a magnetic response dipole with a

time delay of a quarter of T. Thus, the orthogonally induced electric and magnetic dipoles
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appear simultaneously, which means a Huygens resonance is excited in the element at 71

GHz.

Table 4.1: Transmission Losses and Phase Coverages of the Dual-Layer Tightly Coupled
Huygens Element at Different Frequencies

Frequency 71 GHz 73 GHz 75 GHz
Phase coverage = 297° 328° 349°
Max. tran. loss 1.3dB 12dB 1.1dB

Frequency 77GHz 79 GHz 81 GHz
Phase coverage = 374° 432° 521°
Max. tran. loss 1.1dB  1.0dB 2.4dB

Frequency 83GHz 85GHz 87 GHz

Phase coverage  592° 617° 601°
Max. tran. loss 2.2dB 1.8dB 1.3dB

As shown in Fig. 4.10, the currents are mainly induced on the metallic striplines S,
and S5 of top and bottom layers at 78.5 GHz. In the first and third quarters of T, the
directions of the currents on the striplines S; and S, of top layer are opposite as those
on the corresponding striplines 57 and Sy of bottom layer providing three current loops
which can be equivalent to three magnetic dipoles with time delays of a quarter of T. The
directions of the currents on the striplines S; and S of top layer are the same as those
on the corresponding striplines S; and S, of bottom layer leading to three equivalent
electric dipoles in the second and fourth quarters of T. Thus, three Huygens resonances
are excited in the element at 78.5 GHz. Please be noted that the radiation directions of
the three Huygens resonances are the same as -z direction, although the directions of the

currents on the striplines S; and S5 on each layer are different.

As shown in Fig. 4.11, the currents are mainly induced on the metallic striplines S
and S3 of top and bottom layers at 86 GHz. The directions of the currents on the striplines
S, and S3 of top layer are the same as those on the corresponding striplines S, and S3 of
bottom layer leading to four equivalent electric dipoles in the first and third quarters of

T. In the second and fourth quarters of T, the directions of the currents on the striplines
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Sy and S3 of top layer are opposite as those on the corresponding striplines Sy and S3
of bottom layer providing four current loops which can be equivalent to four magnetic
dipoles with time delays of a quarter of T. Similarly, four Huygens resonances radiating

at -z direction are excited in the element at 86 GHz.
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Figure 4.13: Cylindrically conformal transmitarray antenna: (a) 3D view; (b) schematic of
front view. (c¢) The No. of the scale factor £ distributions on a quarter of the transmitarray.

In conclusion, multiple pairs of metallic striplines with different lengths in the ele-
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ment can provide multiple Huygens resonances with low transmission losses in a wide
operating band from 71 GHz to 86 GHz. The lengths of the metallic striplines, S, S; and
S5, along x-axis are [y, [ and [3, respectively, which control the resonant frequencies of
each Huygens resonance. The lengths of the overlapped parts of the striplines, S, S; and
Ss, along x-axis on each layer are d;, dy and ds, respectively, which provide fine tuning

to achieve the balanced condition of multiple Huygens resonances.

Zoom-in of transmitarray

Figure 4.14: Photographs of the fabricated wideband conformal transmitarray antenna.

Multiplying parameters [4, lo, I3, di, do and d3 by a scale factor k respectively, the
simulated transmission coefficients of the proposed element with different values of &

from 0.7 to 1.0 are shown in Fig. 4.12. The maximum transmission losses and phase
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Table 4.2: Transmission Losses and Phases of the Dual-Layer Tightly Coupled Huygens
Element with Different Values of Scale Factor K at 78 GHz

No. k Tran. loss Tran. phase | No. k Tran. loss Tran. phase
1 0900 04dB -398° 33 0836 04dB -275°
2 0889 0.2dB -386° 34 0832 04dB -263°
3 0872 0.1dB -361° 35 0.824 03dB -238°
4 0854 03dB -325° 36 0811 0.2dB -199°
5 0836 04dB -275° 37 0.785 0.7dB -150°
6 0816 0.2dB -213° 38 0954 0.8dB -447°
7 0774 09dB -138° 39 0.880 0.1dB -374°
8 0914 05dB -412° 40 0.840 0.5dB -287°
9 0889 0.2dB -386° 41 0816 0.2dB -213°
10 0.880 0.1dB -374° 42 0812 0.2dB -202°
11 0.865 0.1dB -349° 43 0.802 0.3dB -178°
12 0.849 04dB -312° 44 0.775 09dB -139°
13 0832 04dB -263° 45 0956 0.8dB -449°
14 0811 0.2dB -199° 46 0.890 0.2dB -387°
15 0758 1.0dB -125° 47 0.849 04dB -312°
16 0900 04dB -398° 48 0.821 0.2dB -228°
17 0872 0.1dB -361° 49 0.779 0.8dB -142°
18 0.865 0.1dB -349° 50 0.765 09dB -130°
19 0854 0.3dB -325° 51 0970 0.6dB -465°
20 0.840 0.5dB -287° 52 0932 0.7dB -427°
21 0824 03dB -238° 53 0.883 0.2dB -378°
22 0.801 03dB -176° 54 0.850 03dB -315°
23 0966 0.7dB -460° 55 0.825 03dB -241°
24 0.880 0.1dB -374° 56 0.789 0.6dB -155°
25 0854 03dB -325° 57 0923 0.6dB -419°
26 0.849 04dB -312° 58 0910 0.5dB -408°
27 0.840 0.5dB -287° 59 0.889 0.2dB -386°
28 0.828 0.3dB -251° 60 0.863 0.2dB -345°
29 0811 0.2dB -199° 61 0.843 04dB -296°
30 0.773 09dB -137° 62 0.823 0.2dB -234°
31 0925 0.7dB -421° 63 0792 0.6dB -159°
32 0859 0.2dB -337° 64 0939 0.8dB -433°
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coverages of the element at different frequencies are shown in Table 4.1. From 71 GHz to
87 GHz, the maximum transmission loss is less than 2.4 dB and the phase coverage is over
300°. In summary, the dual-layer tighly coupled Huygens element with different values
of scale factor £ can provide over 300° continuous phase coverage when transmission loss

is less than 2.4 dB from 71 GHz to 87 GHz.

4.3 Wideband Conformal Transmitarray Antenna

4.3.1 Wideband Conformal Transmitarray Prototype Design and

Implementation
0
=)
o
Z -10
=
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2
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S -204
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~
-40

Frequency (GHz)

Figure 4.15: Measured and simulated reflection magnitudes of the wideband conformal
transmitarray antenna.

To verify the feasibility of the dual-layer tightly coupled Huygens element, a cylindri-
cally conformal transmitarray is designed with 1616 = 256 elements, as shown in Figs.
4.13 (a) and 4.13 (b). A standard gain horn LB-12-15-A from A-INFO is placed at the

focal point with -10 dB aperture edge illumination. The focal length is 43.4 mm. The gain
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Figure 4.16: Measured and simulated realized gain patterns of the wideband conformal
transmitarray antenna in E and H planes at different frequencies. (a) 72 GHz. (b) 74 GHz.

(c) 76 GHz. (d) 78 GHz. (e) 80 GHz. (f) 82 GHz. (g) 84 GHz. (h) 86 GHz.
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Figure 4.16: Measured and simulated realized gain patterns of the wideband conformal
transmitarray antenna in E and H planes at different frequencies. (a) 72 GHz. (b) 74 GHz.

(c) 76 GHz. (d) 78 GHz. (e) 80 GHz. (f) 82 GHz. (g) 84 GHz. (h) 86 GHz.
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of LB-12-15-A from the data sheet is 15.65 dB at 78 GHz. The phase compensations of
the transmitarray are achieved by varying the scale factor £ of each element on the aper-
ture. Due to the conformal transmitarray symmetrical to both x- and y-axises, the scale
factors k£ and simulated transmission coefficients of the elements on a quarter of whole

conformal transmitarray at 78 GHz are shown in Fig. 4.13 (c) and Table 4.2.
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Figure 4.16: Measured and simulated realized gain patterns of the wideband conformal
transmitarray antenna in E and H planes at different frequencies. (a) 72 GHz. (b) 74 GHz.
(c) 76 GHz. (d) 78 GHz. (e) 80 GHz. (f) 82 GHz. (g) 84 GHz. (h) 86 GHz.

It can be seen from Table 4.2 that the transmission losses of all elements of the con-
formal transmitarray are less than 0.9 dB which is beneficial to achieve a high-efficiency

transmitarray, and continuous transmission phase compensation of 360° is achieved to
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reduce the phase errors of the array.

A planar transmitarray is fabricated and bent to adapt the cylindrical prototype as
shown in Fig. 4.13. The fabricated prototype of wideband conformal transmitarray an-
tenna is shown in Fig. 4.14. The far-field radiation pattens of the transmitarray are mea-
sured using a compact range antenna measurement system at University of Technology

Sydney, Australia.

4.3.2 Numerical and Experimental Results of the Wideband Confor-

mal Transmitarray Antenna

Table 4.3: Comparison Between Reported Transmitarray Antennas

Ref [37] [39] [46] [47] [71] This work
Configuration 3-layer 2-layer 2-layer 2-layer | 2-layer with 4 vias 2-layer
Conformality | Conformal | Conformal | Planar Planar Planar Conformal

Frequency 25.0 GHz 10.0 GHz | 9.3 GHz | 26.2 GHz 21.0 GHz 78.5 GHz

Gain 19.6 dBi 20.6dBi | 19.6dBi | 30.7 dBi 30.0 dBi 26.6 dBi
Aperture eff. 25.1 % 47.0 % 27.8 % 42.2 % 40.0 % 359 %

3-dB BW 6.7 % 3.7 % 4.3 % 15.7 % 9.6 %* 20.4 %

As shown in Fig. 4.15, the measured and simulated input reflection coefficients of
the antenna are below -10 dB from 70 GHz to 87 GHz. The measured and simulated
normalized realized gain patterns of the wideband conformal transmitarray antenna in E
plane and H plane at different frequencies are plotted in Fig. 4.16. It can be seen that all
side lobe levels (SLLs) are greater than 10 dB from 72 GHz to 86 GHz. The measured
and simulated realized gains and aperture efficiencies of the wideband conformal trans-
mitarray antenna versus frequencies from 70 GHz to 87 GHz are shown in Fig. 4.17. The
measured results shown a peak realized gain of 26.6 dB with an aperture efficiency of
35.9 % at 78.5 GHz. The measured 3-dB bandwidth is 20.4 % from 71 GHz to 87 GHz,
fully covering the proposed E-band spectrum from 71 to 86 GHz. The phase error on the
aperture and the transmission loss of the element are two main factors for decreasing aper-

ture efficiency. Therefore, there are two methods to increase the aperture efficiency of the
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Figure 4.17: Measured and simulated realized gains and aperture efficiencies of the wide-
band conformal transmitarray antenna versus frequencies.

wideband conformal transmitarray: reducing the transmission loss of the transmitarray

element and reducing the element size to reduce the phase error on the aperture.

A comparison between this work and other reported conformal, dual-layer or wide-
band transmitarrays is presented in Table 4.3. It can be found that the proposed work
employs simple array elements, i.e. 2-layer Huygens configuration without any metallic
vias, to achieve a wider bandwidth for conformal applications in E-band high data rate

wireless communication systems.

4.4 Summary

A wideband conformal transmitarray employing dual-layer tightly coupled Huygens
elements is proposed for E-band high data rate communication in the paper. The element
consists of five pairs of partly overlapped metallic striplines with different lengths printed
on two layers of a dielectric substrate, which can provide tightly coupled Huygens res-

onances with nearly total transmission and full transmission phase coverage in a wide
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bandwidth. To validate the design concept, a cylindrically conformal transmitarray at 78
GHz is designed, fabricated and measured. Continuous phase compensation of 360° is
achieved by tuning the lengths of the strips, reducing phase errors of the array architec-
ture. Good agreement between the measured and simulated results is found, showing a
peak measured realized gain of 26.6 dBi with an aperture efficiency of 35.9 % at 78.5
GHz and measured 3-dB bandwidth of 20.4 % from 71 to 87 GHz, fully covering the

proposed E-band spectrum from 71 to 86 GHz.

[]






Reconfigurable transmitarray

5.1 Introduction

Space-fed arrays, i.e., reflectarrays and transmitarrays, have become more and more
attractive since they are able to achieve high gains for many applications, e.g., satellite
communications, imaging systems and automotive radars. The spatial feeding networks
employed by reflectarrays and transmitarrays have lower loss and cost compared with
transmission line based feeding networks employed by phased arrays. The beam scan-
ning of the space-fed arrays can be realized by independently controlling the reflection or
transmission phases of the elements on the apertures using PIN didoes, MEMS switches

or varactor didoes.

[31]
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According to the above literature review in Section 2.3, it can be found that most of
the currently reported reconfigurable transmitarray elements have more than three metal-
lic layers with several metallic vias. Such configurations may lead to complex fabrication
and package processes, which could affect the performance of transmitarrays. For exam-
ple, for a 2-bit reconfigurable transmitarray using 6-layer elements with 7 vias at 29 GHz
reported in [55], 51 elements were found faulty, which could be due to the fabrication in-
accuracies. Hence, it is highly desirable to design dual-layer reconfigurable transmitarray
elements without metallic vias, which can also facilitate the design of large-size arrays at

higher frequencies.

It should be noted that there are some published dual-layer transmitarray elements
using rotated split-ring elements [43], malta-cross elements with metallic vias [41], or
patch elements with metallic vias [42]. In those structures, however, the metallic vias
increase the element complexity. Furthermore, some dual-layer Huygens elements are
reported for transmitarrays [39,44—47]. One particular advantage of Huygens elements is
that a nearly total transmission, zero reflection and full phase coverage can be achieved
when the electric and magnetic responses are balanced. This can lead to high efficiency
transmitarrays. It should be noted that the above-mentioned dual-layer transmitarray ele-
ments are all passive ones and there is no electronic control of their transmission phases.
Actually, electronic beam-scanning transmitarrays based on dual-layer reconfigurable el-

ements have been rarely reported.

In this chapter, a Ku-band electronic 2-D beam scanning transmitarray employing a
new reconfigurable dual-layer Huygens element is developed. The Huygens element con-
sists of two metallic crosses printed on two layers of a dielectric substrate, respectively. A
1-bit phase compensation with low transmission loss is achieved by controlling two PIN
diodes integrated on the element. Compared with many other reconfigurable transmitar-
ray elements using multi-layer structures with metallic vias, the proposed reconfigurable
Huygens element has much simpler configuration and biasing network, and it is not af-
fected by multi-layer alignment errors. This particularly facilitates large aperture array

development at higher frequencies. To validate the design concept, a transmitarray pro-
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totype with the proposed element at 13 GHz is designed and fabricated. The measured
results agree well with the simulated ones, showing 2-D scanning beams within £50° in

E-plane and +40° in H-plane. A maximum realized gain of 18.4 dBi is obtained.

5.2 1-Bit Reconfigurable Dual-Layer Huygens Ele-

ment

In order to electronically control the beams of a transmitarray for 2-D beam scanning,
the transmission phase of each transmitarray element should be controlled independently.
In this section, a 1-bit reconfigurable dual-layer Huygens element is developed using PIN

diodes.

5.2.1 Dual-Layer Huygens Element Design

(a)

Figure 5.1: Configuration of the dual-layer Huygens element. (a) Top view. (b) Bottom
view. (c) 3D view.
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The configuration of the proposed dual-layer Huygens element is demonstrated in
Fig. 5.1. It consists of two metallic crosses printed on two layers of a dielectric substrate
(Rogers RT/duroid 5880, ¢, = 2.2, tand = 0.009, h = 3.175 mm). These two metallic
crosses are symmetric to x-axis. The lengths of the total metallic strip and the overlapped
part of the strips along x-axis on each layer are (a+b) and 2a, respectively. The other
parameters are p = 12.24 mm, a = 1.71 mm, b = 6.12 mm, w = 0.49 mm, d = 0.69 mm

and [ =2 mm.
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Figure 5.2: Transmission coefficients of the dual-layer Huygens element under the inci-
dence waves with different angles.

The element is simulated using master/slave boundary conditions and Floquet ports
of 3D EM simulation software HFSS. An incident x-polarized plane wave is used to il-
luminate the element. The simulated transmission coefficients of the dual-layer Huygens
element under the incidence waves with different angles are shown in Fig. 5.2. It is seen
that the transmission loss is less than 2.1 dB and the phase variation range is 320° from 11
to 15 GHz for the element under the incidence waves with angles from 0° to 30°. There
are two peaks of transmission magnitude reaching -0.17 dB at 13.0 GHz and -0.08 dB at
13.8 GHz, respectively. It can also be seen from Fig. 5.2 that the element has stable trans-
mission performance under the incidence waves with different angles, which is beneficial

to a transmitarray design.
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Based on the Huygens theory, a Huygens resonance can be excited with a total trans-
mission when the orthogonally induced electric and magnetic currents are in-phase [72,
73]. The electric and magnetic surface currents can be characterized by the electric sur-
face admittance (Y,,) and magnetic surface impedance (Z,,) corresponding to a specific
polarization of incidence EM wave. The electric admittance and magnetic impedance of
the Huygens surface can be extracted from the reflection and transmission coefficients as

follows [74]

21— T — R)
Y., = 5.1
71+ T+ R) (5.12)
B 2n(1 =T+ R)
U = s (5.1b)

where 7) is the wave impedance of free space, 7' is the transmission coefficient and R is the
reflection coefficient. It has been demonstrated that a total transmission can be achieved
if the normalized electric surface admittance and magnetic surface impedance are purely

imaginary and equal as given below

st
Yesn = (5.2)
n

Based on (5.1a) and (5.1b), the simulated Y7 and Z,,; /1 of the dual-layer Huygens
element at two transmission peaks are Y,,n = 2.87 — j0.03 and Z,,,s/n = 1.53 — j0.03
at 13.0 GHz; Y.,n = 0.01 — 51.95 and Z,,s/n = —;1.95 at 13.8 GHz. It shows that
the imaginary parts of the normalized electric surface admittance and magnetic surface
impedance are equal and their real parts are near zero at 13.0 GHz and 13.8 GHz. Thus,
at these two frequency points, quasi Huygens resonances are achieved with very small

transmission loss.

When the element is illuminated by an x-polarized wave, currents will be induced
on the metallic crosses on both layers of the dielectric substrate. The simulated surface

currents of the dual-layer Huygens element at 13 GHz are shown in Fig. 5.3. The currents
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on top and bottom substrate layers are named as ¢,,;, and %;,,,, respectively. As shown in
Fig. 5.3, the directions of %, and 7;,,, are opposite in the first and third quarters of one time
period T, providing a current loop in the overlapped areas of the two strips along x-axis on
the two layers of the substrate. This current loop can be equivalent to a magnetic current
with a time delay of T/4 [73,74]. In the second and fourth quarters of T, the directions
of i,, and 7;,,, are the same leading to an electric current. Thus, the orthogonally induced
electric and magnetic currents appear simultaneously, exciting a Huygens resonance in

the element.
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Figure 5.3: Simulated current distributions on top and bottom layers of the dual-layer

Huygens element.
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5.2.2 Parametric Study

A few parameters are found to play important roles in generating the Huygens reso-
nance. A parametric study is conducted. When one parameter is varied, the others remain
stable. The transmission coefficients of the dual-layer Huygens element with different

values of parameter a are shown in Fig. 5.4.
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Figure 5.4: Transmission coefficients of the dual-layer Huygens element with different
values of parameter a. (a) Magnitudes. (b) Phases.
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It is noticed that the transmission loss and the phase range are dependent by a. This
means the overlapped part of metallic strips along x-axis affects significantly the Huygens
resonance. When a = 0 (no overlapped part) or a = 3.42 mm (too long overlapped part),
the Huygens resonance cannot be excited as the phase coverage is very small or/and the

transmission loss is very high in the band.
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Figure 5.5: Transmission coefficients of the dual-layer Huygens element with different
values of parameter /. (a) Magnitudes. (b) Phases.

The transmission coefficients of the element with different values of parameter [ are
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shown in Fig. 5.5. It can be found that the operating frequency and transmission loss of
the element are affected by [, thus low transmission loss and desired operating frequency

can be achieved by tuning /.

The transmission magnitudes of the element for different thickness h of the dielectric
substrate are shown in Fig. 5.6. It is seen that the transmission loss of the element is
significantly affected by h, which means the thickness of the dielectric substrate affects

significantly the Huygens resonance.

Overall, the Huygens resonance depends on the induced current loop in relation to

two parameters a and h. In this work, the thickness of the element is chosen as 3.175mm.

|S,,| (dB)

2201 —— h=235mm
— h=3.175mm
— h =4 mm
-25 . . .
11 12 13 14 15

Frequency (GHz)

Figure 5.6: Transmission magnitudes of the dual-layer Huygens element with different
thickness h of the dielectric substrate.

5.2.3 PIN Diodes: Experimental Characterization and Modeling

To electronically control the transmission phase of the dual-layer Huygens element,
the surface-mount PIN diodes MA4AGP907 (switching speed: 2 ns at 10 GHz) fabricated
by M/A-Com are employed. A PIN diode MA4AGP907 has been mounted in series on
a microstrip line of a fixture shown in Fig. 5.7 (a) and measured by a vector network

analyzer (VNA) from 100 MHz to 20 GHz. The system is calibrated using the standard
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Figure 5.7: (a) Fabricated fixture for the experimental characterization of the PIN diode.
Equivalent models of the PIN diode under (b) forward bias; (c) reverse bias.

short-open-load-thru (SOLT) calibration of the VNA firstly and a multiline TRL calibra-
tion [75] secondly to shift the reference planes to an appropriate place on the microstrip

lines of the fixture. The S-parameters of the fixture are written as

Sll 512 513
S=|Su Sxn Sy (5.1)
531 532 S33

where the first 2 ports are connected to the reference planes obtained by TRL calibra-
tion, and the third port is connected to the diode. Then the S-parameters of the fixture

embedded with the diode are given by [76]:

Sll 512 SIS
Sm = - (S33 - X_l)_l [831 S32} (52)
521 522 SZS

where X, S and S;, denote the S-parameters of the diode, the fixture and the fixture em-
bedded with the diode, respectively. Besides, Sy, can be obtained after TRL calibration,

and S can be obtained by EM simulation.

As a result, the diode can be de-embedded by (5.2). To minimize the inconsistency
effects of the PIN diode, three PIN diodes MA4AGP907 were measured under forward
bias (/y = 10 mA) and reverse bias (V, = -5 V). The de-embedded results of the didoes

[50]
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Figure 5.8: De-embedded and fitted results of the PIN diode under (a) forward bias; (b)
reverse bias.
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Figure 5.9: S-parameters of the equivalent circuits of the PIN diode.

under forward bias and reverse bias from 100 MHz to 20 GHz are shown in Figs. 5.8
(a) and 5.8 (b), respectively. The de-embedded results are fitted to two commonly used
equivalent circuit models of a PIN diode shown in Figs. 5.7 (b) and 5.7 (c), and the
extracted parameters are as follows: B¢ =3.5 (2, Ly =0.055 nH, C; = 0.42 pF, R, =200
k2, L, = 0.66 nH, C,. = 0.027 pF. The S-parameters of the extracted equivalent circuit

b1




CHAPTER 5. RECONFIGURABLE TRANSMITARRAY

models of the PIN diode under forward bias and reverse bias from 100 MHz to 20 GHz

are shown in Fig. 5.9.

5.2.4 Reconfigurable Dual-Layer Huygens Element with PIN Diodes

In order to electronically control the radiated beams of a transmitarray for 2-D beam
scanning, the transmission phase of each transmitarray element should be controlled in-
dependently. As illustrated in Fig. 5.10, a reconfigurable Huygens element is developed
based on the dual-layer Huygens element presented in 5.2.1. It is printed on two layers of

the same Rogers RT/duroid 5880 dielectric substrate.

Two PIN diodes are integrated in these two metallic crosses respectively to achieve
1-bit phase compensation. By using the extracted equivalent circuit models of the PIN
diode, the dimensions of the reconfigurable element are changed slightly to achieve 1-bit
phase change with a high transmission. The dimensions are as follows: p = 12.24 mm, a
=171 mm, b=6.12 mm, w = 0.49 mm, d = 0.77 mm, [ = 5.86 mm, & = 0.35 mm, w, =

0.15 mm, l, = 1.51 mm, {; = 0.74 mm, wy = 0.35 mm, {; = 0.89 mm, w; = 0.46 mm.

As shown in Figs. 5.10 (a), 5.10 (b) and 5.10 (c), two biasing lines along y-axis are
connected to the two ends of the metallic strip along x-axis on each layer of the substrate
to control the diode, and an inductor is embedded in each biasing line to isolate the DC
source of the control board from the RF signals. According to the current distributions of
the dual-layer Huygens element shown in Fig. 5.3, these two PIN diodes are located at
the places where the currents through the metallic crosses are small. In this way, the extra

loss from the PIN didoes can be minimized.

These two PIN diodes on the element are switched on or off at the same time. The
working states of the element are named as ON or OFF states when these two PIN diodes
are under forward or reverse biasing voltages, respectively. For different working states,
the resonant lengths of the element are different, leading to different transmission phases.
By selecting appropriate parameter &£ which is the positions of these two diodes, a 1-bit

phase shift with a high transmission is achieved between ON and OFF states.
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5.2. 1-BIT RECONFIGURABLE DUAL-LAYER HUYGENS ELEMENT

Figure 5.10: Configurations of the 1-bit reconfigurable dual-layer Huygens element. (a)
Top view; (b) bottom view; (c) 3D view of the element with 4 biasing lines. (d) Top view;
(e) bottom view of the element with 20 biasing lines. (f) Top view of a part of the whole
transmitarray.
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Figure 5.11: Transmission coefficients of the reconfigurable dual-layer Huygens element
with 4 or 20 biasing lines under ON and OFF states. (a) Magnitudes. (b) Phases.

By utilizing periodic boundary conditions of the full-wave simulation software CST,
the reconfigurable dual-layer Huygens element is simulated. The frequency response of
the reconfigurable element with 4 biasing lines is shown in Table 5.1 and Fig. 5.11. It
is seen that a phase difference of 180° between ON and OFF states of the element with
4 biasing lines is achieved at 13 GHz, and the transmission loss is lower than 1 dB at 13

GHz.

When employing the reconfigurable Huygens element to form a transmitarray, differ-
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Table 5.1: Transmission Magnitudes and Phases of the 1-Bit Dual-Layer Huygens Ele-
ment with Four Biasing Lines at 13 GHz

State | PIN 1/PIN 2 | Magnitudes | Phase
ON ON/ON -0.65dB | -353°
OFF | OFF/OFF -1.02dB | -173°

ent number of biasing lines [Fig. 5.10 (f)], i.e., 4, 8, 12, 16, 20, will be printed on the
elements located at different positions of the transmitarray. In order to evaluate the effects
of the biasing lines on frequency responses of the element, the simulation of the recon-
figurable elements with 20 biasing lines [Figs. 5.10 (d) and 5.10 (e)] under ON and OFF
states have been performed as plotted in Fig. 5.11. It is seen that the transmission phase
differences between two states and the transmission magnitudes of the elements with 4
and 20 biasing lines are nearly the same, which demonstrates that the DC biasing lines
have little influence on the elements. This is mainly due to the fact that the biasing lines
are perpendicular to the electric field polarization. Additionally, the biasing lines are very

thin and embedded with inductors.

5.3 Reconfigurable Transmitarray Antenna

5.3.1 Reconfigurable Transmitarray Prototype Design

Due to the limited budget, a reconfigurable transmitarray with 10x 10 elements is de-
signed. The phase distributions on a planar transmitarray satisfy the following expression

2
A()Om,n = Lf (Lm,n - Fm,n : TAO - LO) (53)
C

where Ayp,, , is the phase difference between the geometric centers of the element (1, n)
and the transmitarray aperture, m or n is the number of the element along x- or y-axis, f
is the operating frequency, c is the light speed in free space, L, , is the distance between

the phase center of the focal source and the geometric center of the element (m,n) on the
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aperture, 7, , is the position vector of the element (m,n), 7y is the desired direction of

the radiated pencil beam, and L, is the focal length, as shown in Fig. 5.12 (a).

% + -F}]‘}1E'E'E

| E-polarization

Scanning-control
board

(b)

Figure 5.12: (a) Schematic diagram of the phase compensation for a radiated beam in a
desired direction. (b) The 10x 10 reconfigurable transmitarray with its scanning-control
board.
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Ideally, a continuous phase range of 360° is desired for each transmitarray element.
As this is not feasible for a reconfigurable element with PIN diodes, a discrete phase com-
pensation is utilized to approximate the ideal transmission phases with a resolution de-
pending on the number of the available phase states in the element. The element described
in 5.2.4 provides two phase states, thus the phase distributions ph,,, ,, of the reconfigurable

transmitarray are defined as follow

P = 0% if —90° < App,, < 90%; (5.4)
180°, otherwise.

The 10x 10 reconfigurable transmitarray prototype based on the proposed element
with a biasing network is shown in Fig. 5.12 (b), which can be seen as two 10x5-element
sub-arrays symmetric to x-axis. The aperture size of the transmitarray is 122 mm x 122
mm. Because the two PIN diodes on any element work under the same state at the same
time, the biasing lines of these two PIN diodes can be connected and controlled by one
DC source path. Thus, the 10x10-element transmitarray contains 100 independent paths
of DC sources to control the transmission phase of each element. These DC bias paths

are controlled by a field-programmable gate array (FPGA) based controlling board.

The simulated scanning beams of the developed reconfigurable transmitarray in E-
and H-planes are shown in Figs. 5.13 (a) and 5.13 (b), respectively. It is seen that the
simulated gain decreases as the scanning angle increases. The scanning loss at 50° is
3.0 dB in E-plane and the scanning loss at 40° is 4.0 dB in H-plane. The SLLs of most
scanned beams are better than -9 dB, only the SLL of the scanned beam at 40° in H-plane
is -7 dB. There is the difference in beam scanning angles of E- and H-planes due to the

single-polarization of the beam scanning transmitarray.

Please note that the biasing networks of the previous reported works are always real-
ized with metallic vias. In this work, the biasing lines of the planar array are printed on
the two sides of the substrate layer, and the biasing networks do not have any metallic

vias, leading to a simple and low cost design. This layout would be beneficial for arrays
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working at higher mm-wave bands.
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Figure 5.13: Simulated radiation patterns for different scan angles at 13 GHz in (a) E-
plane and in (b) H-plane.

5.3.2 Fabricated Prototype and Experimental Implementation

The fabricated 100-element reconfigurable transmitarray is shown in Fig. 5.14 (a),
which contains 200 PIN diodes and 400 inductors. The experimental setup is shown in

Fig. 5.14 (b). A linearly-polarized standard gain horn antenna LB-75-10- from A-INFO
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with a 12 dBi gain at 13 GHz is placed at the focal point with a -10 dB aperture edge

illumination. The focal length is 91 mm, and the F/D ratio is 0.74.

Zoom-in of RTA Lo

Bias lines PIN diodes

Frame
~4

FPGA
control
board

(b)

Figure 5.14: Photographs of (a) the fabricated reconfigurable transmitarray antenna (RTA)
prototype and (b) the experimental setup of the RTA mounted in the anechoic chamber.

The FPGA control board is fixed below the reconfigurable transmitarray by a sup-

porting frame. The FPGA control board contains 100 DC biasing paths which drive the

[%]
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whole 10x 10 elements with a 10 mA bias current or -5 V bias voltage per element. 100
LED lights are connected in series with the 100 DC biasing paths, respectively, in order to
show the working status of the transmitarray intuitively. Six insulation-displacement con-
tact (IDC) cables are used to connect the DC power supply from the FPGA control board
to the diodes on the transmitarray. By using a digital I/O USB module, the control signals

for 2-D beam scanning are provided to the FPGA control board from the computer.

The far-field radiation pattens of the electronically reconfigurable transmitarray an-
tenna are measured using a Microwave Vision Group (MVG) compact range antenna

measurement system located at University of Technology Sydney, Ultimo, Australia.

5.3.3 Numerical and Experimental Results of the Reconfigurable

Transmitarray Antenna
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Frequency (GHz)

Figure 5.15: Measured and simulated input reflection magnitudes of the transmitarray
radiating towards boresight.

As shown in Fig. 5.15, the input reflection coefficients for the boresight radiation

pattern of the reconfigurable transmitarray are below -10 dB from 12 GHz to 14 GHz.
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The input reflection coefficients for other beam scanning angles are also all below -10 dB,

which are not shown here for brevity.
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Figure 5.16: (a) Measured and simulated boresight radiation patterns in E and H planes
at 12.8 GHz. (b) Measured and simulated realized gains in boresight direction versus
frequencies.

The measured and simulated boresight radiation patterns of the transmitarray in E-
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plane (xoz) and H-plane (yoz) at 12.8 GHz are shown in Fig. 5.16 (a). Good agreement
between the simulated and measured results is observed. The measured SSL is below
-15 dB in both planes. The measured and simulated realized gains in boresight direction
versus frequencies are shown in Fig. 5.16 (b). The measured and simulated maximum
gains are 18.4 dBi1 at 12.8 GHz and 19.5 dBi at 13 GHz, respectively. The measured

aperture efficiency is 20.2 %.
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Figure 5.17: Measured radiation patterns for different scanning angles at 12.8 GHz in (a)
E plane and (b) H plane.
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There is a frequency shift of 0.2 GHz and a gain difference of 1.1 dB between the
measured and simulated peak gains at boresight direction. This can be due to the follow-
ing reasons. Firstly, there could be variations across the properties of the 200 PIN diodes
from what we have measured and characterized. Secondly, there could be some fabrica-
tion errors during the implementation of the transmitarray and its mounting frame. The
measured 3 dB gain bandwidth of the transmitarray is 1.2 GHz from 12.2 GHz to 13.4
GHz, which is 9.4 % at 12.8 GHz.

As shown in Figs. 5.17 (a) and 5.17 (b), the measured radiation patterns of the scanned
beams at 12.8 GHz are from 0° to 50° in the E-plane and from 0° to 40° in the H-plane,
respectively. The measured peak gains and SLLs of the scanned beams in E- and H-planes
at 12.8 GHz and the simulated values at 13 GHz are shown in Tables 5.2 and 5.3. It is
seen that the measured gain decreases as the scanning angle increases. The scanning loss
at 50° is 4.2 dB in E-plane and the scanning loss at 40° is 3.4 dB in H-plane. The SLLs
of most scanned beams are better than -9 dB, only the SLLs of the scanned beams at 30°

in E-plane and 40° in H-plane are around -7 dB.

Table 5.2: Beam Scanning Performance of the Reconfigurable Transmitarray in E Plane

Scan Angle 0° 10° 20° 30° 40° 50°

. . Mea. 184 18.1 174 162 164 142
Gain (dBi)

Sim. 19.5 193 183 17.8 17.8 16.5

Mea. 114 159 153 7.0 102 9.1

Sim. 14.0 132 99 93 95 93

SLL (dB)

Table 5.3: Beam Scanning Performance of the Reconfigurable Transmitarray in H Plane

Scan Angle 0° 10° 20° 30° 40°
. .. Mea. 184 18.1 17.5 16.1 15.0
Gain (dBi)
Sim. 19.5 193 183 17.6 15.5
Mea. 196 119 11.0 94 73
SLL (dB)

Sim. 16.1 9.7 122 92 70

The measured cross-polarization radiation patterns for several scanning angles at 12.8
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Table 5.4: Comparison Between the Reconfigurable Transmitarray Antennas

Ref. [50] [52] [53] [55] This work
Theory Rx-Tx Rx-Tx Rx-Tx Rx-Tx Huygens
Layer No. 4 4 4 6 2
Via No. 5 18 3 7 None
Diode No. 2 2 2 4 2
Frequency 9.8 GHz 13.5 GHz 12.5 GHz 29.0 GHz 12.8 GHz
Array size 20x20 16x16 16x16 14x14 10x 10
Gain 22.7 dBi 21.4 dBi 17.0 dBi 19.8 dBi 18.4 dBi
Aperture eff. 16.0 % 14.7 % 14.0 % 15.9 % 20.2 %
3-dB gain
bandwidth 15.8 % 13.3 % 9.6 % 16.2 % 9.4 %
Scanning angle | 40° (2.8dB) | 60°(3.6dB) | 50° (5.8 dB) 60° (5.0 dB) 50° (4.2 dB)
and loss x70° (7.6 dB) | xnon shown | x50°(5.7dB) | x60°(5.0dB) | x40° (3.4 dB)

GHz in E- and H-planes are shown in Fig. 5.18. It can be seen that the measured cross-
polarized gain levels are all below 0 dB, which means they are at least 15 dB lower than
the co-polarization. The measured cross-polarized gain levels for other scanning angles
are all below 0 dB. They are not shown here for brevity.

10

0° in E-plane 0° in H-plane
= 20° in E-plane 20° in H-plane
40° in E-plane ====40° in H-plane

Realized Gain Pattern (dB)

Angle (deg)

Figure 5.18: Measured cross-polarization radiation patterns for different scanning angles
at 12.8 GHz in E and H planes.

A comparison between other reconfigurable transmitarrays and the developed one is

presented in Table 5.4. It can be seen from the table that the proposed work employs much
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simpler array elements, i.e. 2-layer Huygens configuration without any metallic vias. As
a comparison, the other array elements have at least four metallic layers and many vias.
Although the structure of the proposed element is simpler, the performance of the array
is comparable to or even better than those of other arrays, e.g., the aperture efficiency
of this work is 20.2 %.The proposed dual-layer reconfigurable Huygens element without
metallic vias is particular suitable for larger-size beam scanning transmitarrays at higher
frequency bands. If the aperture size of the reconfigurable transmitarray is larger, a better
beam scanning performance with a larger beam scanning range, lower scanning losses

and higher SLLs can be achieved.

5.4 Summary

A novel electronic beam scanning transmitarray employing dual-layer reconfigurable
Huygens element is reported in this paper. The Huygens element is composed of two
metallic crosses which enables a near non-reflection response. Moreover, the element can
achieve a 1-bit phase compensation with low transmission loss by controlling two PIN
diodes on the element. A reconfigurable transmitarray with a simple biasing network is
designed and fabricated for the experimental verification. The measured maximum gain
in the boresight direction is 18.4 dBi with an aperture efficiency of 20.2 %, and the 3-dB
gain bandwidth is 9.4 %. The 2-D electronic beam scanning of +50° in E plane and +40°

in H plane is achieved.
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Conclusions and Future Work

6.1 Conclusions

This thesis focused on the advancement of the transmitarrays associated with novel
designs or methods to meet the demands for the future wireless systems. Firstly, the
background of transmitarray antennas is briefly introduced. Motivated by challenges for
current reported literature of transmitarrays, three transmitarray techniques are presented
and investigated. The advances of the developed transmitarrays are summarized as fol-

lows:

To solve the tradeoff between high gain and low RCS properties, a low RCS trans-

mitarray is developed using phase controllable AFST elements. The element consists of
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asymmetrical resonators with resistors to obtain an absorption-transmission-absorption
response. The transmission phase within the transmission band can be controlled by ro-
tating the AFST elements, achieving a 1-bit phase change. Compared with a reference
transmitarray, the radiation performance of the low-RCS one is almost unchanged, and
there is a remarkable RCS reduction at the out-of-band frequencies for the low-RCS one.
It has shown that the low-RCS transmitarray has achieved the RCS reduction under wide-

angle impinging waves.

To develop a wideband conformal antenna with supporting high data rate and aerody-
namic requirements with reduced alignment errors, a wideband conformal transmitarray
employing dual-layer Huygens element is developed. The element consists of five pairs
of partly overlapped metallic striplines with different lengths printed on two layers of a
dielectric substrate, which can provide tightly coupled Huygens resonances with nearly
total transmission and full transmission phase coverage in a wide bandwidth. Then a
cylindrically conformal transmitarray at 78 GHz is designed, fabricated and measured.
Continuous phase compensation of 360° is achieved by tuning the lengths of the strips,
reducing phase errors of the array architecture. Good agreement between the measured
and simulated results is found, showing a high measured aperture efficiency and measured

3-dB bandwidth fully covering the E-band spectrum.

To achieve good 2-D beam scanning with simple structure of reconfigurable transmi-
tarrays, an electronic 2-D beam scanning transmitarray employing a new reconfigurable
dual-layer Huygens element is developed in this paper. The Huygens element consists
of two metallic crosses printed on two layers of a dielectric substrate respectively, which
enables a near non-reflection Huygens resonance. A 1-bit phase compensation with low
transmission loss is realized by controlling two PIN diodes on the element. Compared
with many other reconfigurable transmitarray elements using multi-layer structures with
metallic vias, the proposed reconfigurable Huygens element has much simpler configu-
ration and biasing network, and it is not affected by multi-layer alignment errors. This
particularly facilitates large aperture array development at higher frequencies. By em-

ploying dual-layer reconfigurable Huygens element, a novel electronic beam scanning
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transmitarray is developed. Although the structure of the proposed element is simpler,
the performance of the transmitarray is comparable to or even better than those of mostly

reported transmitarrays.

6.2 Future Work

Several advanced transmitarray designs and methods have been developed in this the-

sis, and there are some interesting directions to work on in the future:

1. Based on the 1-bit reconfigurable transmitarray in Chapter 5, beam synthesis meth-

ods for multibeam and beam forming, can be studied.

2. In Chapter 5, a reconfigurable transmitarray at 12.8 GHz has been developed and
implemented. For 5G and beyond wireless communication systems, reconfigurable trans-
mitarrays at millimeter-wave and higher frequency bands will be a research focus with

great application values.

3. In Chapter 5, a 1-bit reconfigurable transmitarray for 2-D beam scanning has been
realized. However, compared with 1-bit reconfigurable transmitarrays, more-bit reconfig-
urable transmitarrays are more attractive with less phase errors resulting in better beam

scanning performance.

4. Low-RCS reconfigurable transmitarrays can significantly reduce the RCS of the ar-
rays with electronic 2-D beam scanning characteristics, which is very valuable for antenna

stealth and communication security in future wireless communication systems.
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