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The high gain beam steering antennas are widely used in 5G wireless mobile communications, radio frequency (RF)
wireless power transmission, and satellite communications. In order to obtain high gain and beam steering characteristics,
traditionally, antennas of the same type as phased array antennas, reflectarray antennas, and parabolic antennas have
been designed. The transmitarray (TA) has attracted more and more interest from researchers due to its low profile,
affordable cost, lower losses, low design complexity, and ease of fabrication. These have become popular solutions due to
their remarkable applications, for instance, in biomedical systems (Brain and Breast Cancer Detection), civil and military
radar systems, imaging systems, satellite communications, direct broadcasting services, and 6G/5G communication
systems, etc.
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| 1. Introduction

The high gain beam steering antennas are widely used in 5G wireless mobile communications, radio frequency (RF)
wireless power transmission, and satellite communications WEE |n order to obtain high gain and beam steering
characteristics, traditionally, antennas of the same type as phased array antennas, reflectarray antennas, and parabolic
antennas have been designed 4Bl However, these types of antennas have some disadvantages despite their excellent
characteristics since the parabolic antenna and the dielectric lens antenna have a curved shape (i.e., non-planar
structures), are expensive, and difficult to manufacture. In addition, a planar phased array antenna with high gain
characteristics in the millimeter-wave band may have a complex feeding structure with losses that might influence the
antenna’s overall radio performance.

Transmitarrays also considered as lens arrays or lenses were first presented in ! by achieving control on EM waves. A
lens antenna was proposed in 8 with a characteristic change that can control the wavefront of transmitted and reflected
electromagnetic waves. Using a simple microwave lens antenna to attach two patch antennas with a center probe to
transfer electromagnetic (EM) energy, the configuration was able to perform characteristics of scanning and focusing of an
EM beam by microwave lens antenna. Microwave lenses obtained more interest when researchers achieved a better
understanding of planar antennas and microstrip patch antennas [&. Transmitarray uses a simple Snell’s law for working
operation, which causes a narrow bandwidth and time-consuming structures. All dielectric and all metal structures are
adopted to improve their capabilities for these disadvantages. All dielectric structures are widely utilized for transmitarrays
due to their high transmittance, low cost, easy fabrication, and lightweight qualities P12 TA structures develop with all
dielectric materials, while a genetic algorithm (GA) and practical swarm optimization algorithm (PSO) are applied to
optimize each pillar unit cell 184 The integrated optimization strategy increases design reliability while freeing up
human effort and time. Furthermore, in order to achieve wideband characteristics, the optimizing goal is to design a
rectangular area to accommodate the source antenna’s shifting phase center. As researchers develop all dielectric TA
designs, 3D printing technology can easily fabricate designs and provides advantages of being lightweight, low cost, and
easy to fabricate.

All dielectric TAs have some disadvantages as compared to all metal TAs such as high profile, low machining accuracy,
and electromagnetic properties of high power microwave applications 22, Furthermore, for some applications, TAs are
utilized in harsh working environments such as space. In these conditions, TAs without dielectric materials adapt to
environmental conditions better than dielectric materials and reduce fabrication cost. Dielectric materials are not
appropriate for high frequencies, whereas metals have low-frequency electromagnetic effects on high frequencies. Many
studies have been proposed in the literature for all metal transmitarrays 28IIL7MA8IA9] NMost of them adopt the multilayer



method to obtain 360 degrees phase shift and low losses amplitude. Many improvements deliver for all metal TAs but their
bandwidth is still relatively low.

The transmitarray (TA) has attracted more and more interest from researchers due to its low profile, affordable cost, lower
losses, low design complexity, and ease of fabrication. These have become popular solutions due to their remarkable
applications, for instance, in biomedical systems (Brain and Breast Cancer Detection), civil and military radar systems,
imaging systems, satellite communications, direct broadcasting services, and 6G/5G communication systems, etc. [22[21]
(22123][241[25][26] * Transmitarrays (TAs) are primarily composed of several discrete unitary elements, and special feed
sources (horn antenna, microstrip patch antennas, or other UWB antennas) are used to illuminate EM waves. They also
used multilayer frequency selective surfaces, meta-materials, and metasurfaces 2128129 There are various dynamic
technologies exploited to enable the reconfigurable characteristics of TAs. Reconfigurable features perform electronic
beam forming or beam steering, frequency tuning, and the control of polarization by solid-state electronics devices such
as using PIN diodes BYBLE2 yaractors B3 MEMS (micro-electromechanical systems) switches 24, tunable dielectric
substance liquid crystals B3B38l microfluidic systems BZ, and graphene (8. All these components have dynamic
performance with respect to their advantages and disadvantages; PIN diodes and varactors are commonly used in solid-
state devices available for lower radio frequencies up to 40 GHz B249 |n recent years, substantial advancements have
been made in the development and implementation of reconfigurable technology for antennas and other solid-state
devices.

Versatile communication systems and radars have upsurged the demand for reconfigurable devices and components.
MEMS switches are reliable in operation but not an economical solution as compared to the diodes. However, these face
challenges of wear and tear of the mechanical part. Therefore, liquid crystal and graphene are exotic solutions for high
frequencies, particularly for terahertz (THz) frequencies. There are many applications of liquid crystal- and graphene-
based transmitarrays reported in the literature 41421431 They are feasible for phase integration, their small size and low
biasing complexity at lower to higher frequencies. Due to their advantage of being able to vary the transmission phase
change freely, most of the beam forming/beam steering reconfigurable transmitarrays are designed by the former method.
However, there is a disadvantage of the overall radio performance of the transmitarray antenna that may deteriorate due
to its complexity of implementation or the additional loss of active elements. The latter method structurally changes the
wavefront shape of the source antenna electrically or mechanically and has the advantage of structurally fixing the TA.
However, there is a disadvantage of a large motor for arrays as mentioned in “4145146][47][48]

Significant research has been conducted in recent years “9BABLG2I3] A transmitarray antenna has been implemented
with a source antenna (horn, microstrip patch antenna) and a planar array. The working principle of a transmitarray
antenna uses a high transmittance and a transmission phase change characteristic of more than 360 degrees to control
the wavefront of the source antenna. This type of transmitarray antenna is a high gain antenna and is beam forming,
beam steering, and multi-beam BABSISE |t is designed as a beam control system such as PIN diodes, varactors, MEMS
systems, and microfluids. These reconfigurable devices can be used in many applications. In order to perform beam
forming/beam steering in the desired direction, it can be roughly divided into two methods. The total wavefront of the
transmitarray antenna can be calculated as the sum of the wavefront of the source antenna and the wavefront of the
plane wave passing through the transmitarray. This point is used to implement beam steering by a transmitarray with
variable transmission phase change or when the wavefront shape of the source antenna is applied.

| 2. Beam Steering/Beam Forming Principle of Transmitarray

The transmitarray antenna is an antenna that is capable of modifying the radiation pattern of a directional antenna such as
a patch antenna or a horn antenna. A transmitarray has the capability of adjusting the wavefront of the source antenna
and the incident wave. By using a structure that can adjust the size and phase of the incident wave, the transmission
antenna can be used in various fields such as beam steering, beam focusing, and polarization control. Figure 1 shows a
typical radiation model of a transmission antenna composed of a source antenna and a transmitarray. A transmitarray is
formed by a feed, which is labeled as a source antenna where the source antenna is placed at a distance F from
transmitarray. Focal distance (F) is calculated as a tradeoff between spillover losses and an increase in gain, aperture
efficiency, and other parameters. The source antenna illuminated by incident wave to the first part of the array is called the
receiver. The receiver is directly connected to group of phase shifters to control the beam wave front in the required
direction. The other end of the phase shifters are coupled with a transmitter layer, which produces a phase shift in the
incident wave that works in transmitter mode. The phase shifter of each unit cell provides yn path difference to the source
point to obtain the desired scan angle 8. As shown in Figure 1, the direction of the incident wave is determined by
radiation controlled by the transmission phase of the transmitarray. Transmitarrays are generally composed of several
resonant unit cells with a spatial periodicity that forms a planar arrangement.
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Figure 1. Generic radiation model of transmitarray antenna.

The principle of beam forming/beam steering transmitarrays is reported in BABEISABAGLIEZ] There are incident EM waves
generated from a feed source that passes through a transmitarray made up of nth (n = 0, 1, ...) elements of periodicity of
“a” and produces phase change ¢, shown in Equation (1).

On = Kon As+ @q
(1)

where ke=211/)\q is the propagation constant of the free space-waves. As is the path difference between the nth and (n +
1th) elements after they pass through the transmitarray. As is defined here for the deflection angle 6 of the transmitted
wave with element dimensions a that is the path difference with the deflection angle As = a.sinB. Now researchers can
write the phase change as @, = @p+1 — @n.
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Equations (2) and (3) demonstrate that if researchers define the deflection angle 0, researchers can calculate the phase
change Ag from Equation (2). Thus, both equations show inter-dependent relations for each other €3], Similarly, the
design and implementation of beam switching in arrays using a butler matrix have also been reported [B41651(66]

Transmitarray unit cells are usually designed based on microstrip patches, meta-materials EZ4E8] and frequency selective
surfaces (FSS) 979 The microstrip patch metasurface of the unit cell and its permeation characteristics are shown in
[, The unit cell comprises of four dielectrics and five circular metal patches, and the equivalent circuit model can be
expressed by series inductance and parallel capacitance in the passband. The transmission characteristics of the



metasurface can be controlled by the radius (a) of the metal circular patch and the transmittance and transmission phase
of the circular microstrip patch array transmitarray at 5.8 GHz. In this case, the size (W) of the square unit cell is 20 mm
(0.38 Ag), the dielectric constant (gr) and thickness (h) of the dielectric substrate are 2.2 and 3.2 mm, respectively. From 1
mm to 9.1 mm, a transmittance of 0.8 or more and a change in transmission phase of about 400 degrees can be obtained.
A high gain transmission antenna using a metasurface composed of 10 x 10 circular patch array unit cells is presented.
The total size of the transmitarray is 200 mm (about 4 Ap), and the distance between the source antenna and the

metasurface is 50 mm (about 1 Ag).

The total wavefront of the transmitarray antenna can be conceptually expressed as the sum of the wavefront of the source
antenna and the transmission phase of the transmitarray, as illustrated in Figure 2. When the focal source antenna and
transmitarray antenna are fixed for phase implementing high gain and shape of the wavefront, a straight line is
demonstrated in Figure 2a. The focal source antenna is fixed, whereas phase change is implemented by an active
transmitarray in Figure 2b. A high gain variable phase change is achieved in this scenario by changing the wavefront of
the active transmitarray. It is illustrated in Figure 3 that the wavefront of the transmitarray antenna is fixed through the
change in the wavefront shape of the source antenna using the phase transformation surface that helps to implement the
change of phase and achieve the high gain steering transmitarray. Aperture efficiency is an important performance
indicator of a transmitarray antenna. Aperture efficiency (n,) is defined in terms of the taper efficiency (n), spillover
efficiency (ns), polarization efficiency (1), transmission efficiency (nyan), phase efficiency (npn), and random surface as in
Equation (4). It can be calculated as the product of the error efficiency (n,) 2.
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Figure 2. Conceptual diagram of the wavefront of (a) fixed beam transmitarray and fixed source antenna (b) active

transmitarray with fix source and variable phase shift of TA.
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Figure 3. (a) Conceptual diagram of the wavefront of fixed beam transmitarray and variable source antenna; (b) phase
variation concept of fixed transmitarray and variable source antenna.

Here, the efficiencies that mainly affect the aperture efficiency of the transmitarray antenna are the taper efficiency and
the spillover efficiency. These two efficiencies are determined by the size and spacing of the source antenna and the
metasurface. Taper and spillover efficiencies are related to the uniformity and amount of power reaching the metasurface
from the source antenna, respectively, and are calculated by Equations (5) and (6).
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where S and P,,4 are the area of the metasurface and the radiation power of the source antenna, respectively. It is vital to
determine the source antenna, the distance between the source antennas and the plane array (F), and the size (D) of the
transmitarray to optimize the aperture efficiency of the transmitted antenna using the TA.

When the distance between the source antenna and the plane array is short, the spillover efficiency is high but the taper
efficiency is low. Conversely, if F becomes longer, taper efficiency is high but spillover efficiency is lower. In addition, as
the size of the transmitarray increases, the spillover efficiency is high but the taper efficiency decreases. Therefore, to
maximize the aperture efficiency of the transmit antenna, it is necessary to optimize F/D. Maximum numerical aperture
efficiency and the optimum gain of the source antenna following various F/D are shown in %2, In this case the gain of the
source antenna has become relatively low, the maximum value of the aperture efficiency decreases, but the distance F
with maximum efficiency is reduced and a low-profile transmitarray antenna can be designed. In addition, a source
antenna with a high gain may be applied to secure the maximum aperture efficiency, for example, when a patch antenna
having a gain of 7.5 dBi is applied to a transmission antenna as a source antenna, the maximum aperture efficiency is
about 62%, and F/D can be designed to 0.2.

| 3. Beam Steering/Beam Forming Using Reconfigurable Components

Several studies are available in the literature ZBIZAISIZGIIAIEIZNEY 5 demonstrate the operations and functions of
transmitarray beam steering. These are realised by utilizing different reconfigurable devices, materials, element designs,
and operational parameters. However, every structure needs a requisite to obtain the beam steering/beam forming of the
transmitarray antenna. Each transmitarray unit cell must acquire a transmission phase that can be tuned (varied) up to
360 degrees. Moreover, the transmission coefficient should remain constant throughout the operational bandwidth. This



section focuses on demonstrating the electronically reconfigurable beam of transmitarray, transmission phase distribution
on the transmitarray surface, and the phase shift of each unit cell. Reconfigurable beam steering can be achieved with
different techniques. The most prominent one is electronic control accomplished, which is achieved by loading one or
more active devices into the resonant elements designed on the unit cell such as (PIN diodes, varactors, and MEMS
switches). Other techniques are on the utilization of tunable materials (liquid crystal, microfluidic systems). There is a
detail Summary of beam steering reconfigurable transmitarrays with PIN diodes is presents in Table 1.

Table 1. Summary of beam steering reconfigurable transmitarrays with PIN diodes.

Unit Cell Phase Frequency L Phase Gain Ap_er_t ure Band Beam .
Ref. Technique Control (GH2) Polarization Range (dBi) Efficiency Width Scanning
q Device 9 (%) Capacity
+ o
7 PCBstacked o\ jiode 5.4 LP, CP 1-B1T 17 285 g5  S0°EandH
patch plane
- +60°
(23] O-U slot PIN diode 29 cP 1-BIT 285 9.5 1469 60°EandH
patches plane
- +60°
e double O-slot o\ ioge 29 LP 2-B1T 1938 15.9 1629 80" EandH
patches plane
[z microstrip . } 1.9% +40° E and H
Vivaldi PIN diode 13.6 LP 1-B1T 22.3 25.6 (1-dB) plane
+ o
79 coupledslot  PIN diode 125 LP 1-B1T 17 14 9.6% _sopgzzd H
. 200
o Squarering o giode 5.75 cP 1-BIT 14 _ 250 *S0°EandH
patch plane
+50°
ey Handlshape o\ ige 12.5 LP 1-BIT 17 14 969 o0 EandH
coupling slot plane
C-shaped
-+ o
821 probe-fed PIN diode 121 LP 1-BIT 221 22.2 169  60°EandH
plane
patch
. o o
sy spliteireular gy diode 5 LP 1BIT 168 18.4 17%  *40° Eand H
rings (1-dB) plane
multilayer +50° E and H
(&4 annular ring PIN diode 14 LP 1-B1T 20.4 334 33% -
plane
patches

3.1. PIN Diodes

The author of [Z8] proposed a 2-BIT electronically reconfigurable beam steering transmitarray unit cell. A reconfigurable
transmitarray unit cell is composed of six metal layers. The transmitter patch has an O shape slot, and two PIN diodes are
mounted to the microstrip patch element. The receiver patch has etched on another O slot patch connected to a
transmitter patch with a metallic via that transfer electromagnetic energy to the transmitter. This unit cell achieves 10.1-
12.1% 3 dB transmission bandwidth. This entry is further extended in F4I7 to validate the array parameters of this
technique. There are two transmitarrays of 14 x 14 and 20 x 20, reported as switchable circular and linear polarization.
These are 1-bit and 2-bit phase resolution variable (tunable) unit cells. There are two and four PIN diodes mounted that
allow transmission phase control for each design, respectively. The 1-bit prototype reconfigurable unit cell's measured
gain is 20.8 dBi with a 3 dB transmission bandwidth of 14.6% at 29 GHz. The 2-bit design has a measured gain of 19.8
dBi with a 3 dB bandwidth of 16.2% at 29 GHz.

Moreover, a novel reconfigurable Yagi-Vivaldi transmitarray structure was reported in 87 for beam steering of the
transmitarray at Ku-band. This reconfigurable transmitarray (RTA) primarily focused on a wide bandwidth and beam
scanning at Ku-band. The RTA unit cell contains a tightly coupled microstrip. A Vivaldi antenna based on the transmitter
and a Yagi antenna structure etched on it behaves as a transmitter. A pair of anti-parallel diodes are mounted on a slot-
line to the microstrip phase shifter to obtain 180° phase shift with the current reversal mechanism shown in Figure 4. It
achieves 14% 1 dB bandwidth of a reconfigurable transmitarray with peak gain 22.3 dBi at 13.6 GHz. The RTA realized
25.6% aperture efficiency with +60 degrees scan angle for both E-plane and H-plane. Two novel linearly polarized
reconfigurable design transmitarrays have been investigated with PIN diode at Ku-band in 873 An asymmetric dipole
element PIN diode-based reconfigurable transmitarray is presented in 2. This novel design has been investigated as a 1-
bit dual-band linearly polarized reconfigurable transmitarray at Ku-band, as shown in Figure 5. This element has an active



dipole for the receiver and an asymmetric passive dipole for the transmitter 1-bit transmission phase shift, obtained by
integrating two diodes on an active patch in the reverse direction with the current reversal mechanism. To reduce the
impact of diode resistance and improve insertion loss, two parasitic bypass dipoles alongside the main patches can be
added. The dual-polarization parameter is realized by orthogonal interconnecting for the transmitter and receiver. A 10 x
10 elements array is designed, manufactured, and tested. It achieves measured aperture efficiency of 22.6% with a peak
gain of 18.3 dB at 12.2 GHz. The 2D beam steering feature correspondence realized in a test environment with a

scanning angle covers +50 degrees. The maximum measured E-Plane and H-plane losses are 2.9 dB and 3.5 dB,
respectively, as shown in Figure 5c.
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Figure 4. (a) Geometry of Vivaldi reconfigurable transmitarray with WIAM metasurface; (b) fabricated 1 x 16 subarray
prototype (reprinted with permission of 28, Copyright 2021 Xiao, Y., et al.).
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Figure 5. Geometry of 3 x 3 1 bit RTA element with biasing circuit; (a—f) exploded view, top view; (g) measures radiation
pattern of E-plane and H-plane, respectively (reprinted with permission of B2, Copyright 2021 Kozlov, D., et al.).

Another novel C-band design of a transmitarray is discussed in 2, and some other applications of this array are explored
in [BAII8SII86] A C-band square ring patch with proximity coupled U-shape resonator transmitarray is proposed. A prototype
of a 1-bit beam steering 10 x 10 transmitarray with performance is presented. A prototype of a square ring patch with a
proximity coupled U-shape resonator with good/bad effects is also demonstrated. The dual-polarized beam scanning
effect is experimentally verified in the test setup. The maximum measured gain of the proposed transmitarray is 12 dBi,
corresponding to maximum scan loss that reaches 2 dB with a scan angle of +30 degrees.

Furthermore, a novel architecture of a reconfigurable coupling slot transmitarray is mentioned in B: a prototype of a 1-bit
electronically reconfigurable transmitarray for Ku-band. Two orthogonal H-shape slots were integrated on patches that act
as transmitter and receiver, respectively. Electromagnetic energy was transmitted by coupling a transmit line in between
slot patches. Diodes were mounted on the coupling line to realize the electronic phase control in an anti-parallel direction
to produce 180° phase difference. The oblique incidence performance of the elements was maintained by sub-wavelength
element spacing Ag/3. A 16 x 16 element 12.5 GHz reconfigurable transmitarray was designed and tested. The maximum
gain of 17.0 dBi corresponds to an aperture efficiency of 14.0% presented in experimental results. The H-shape coupling



slot transmitarray realizes a beam scanning angle within +50 degrees for E- and H-planes. The 3 dB gain bandwidth
retains 9.6% in the measured results.

This work is further improved in 82: a 16 x 16 elements reconfigurable transmitarray is proposed in this entry. The
transmitter is designed as a C-shape feed probe placed beneath a rectangular patch to obtain the feathers of broad
bandwidth and lower insertion loss. The receiver of the transmitarray is a U-shaped slot etched on a simple rectangular
patch. To induce a reverse current path, two PIN diodes are symmetrically placed on the feed probe of the unit cell shown
in Figure 6. The minimum measured insertion loss is realized at 0.47 dB for each phase state with 16% of 3 dB broad
bandwidth achieved by stepped impedance matching performance. There are 256 elements in the feed shape probe
transmitarray with 512 PIN diodes used in its manufacturing and testing. The maximum peak gain is 22.1 dBi at 12.5 GHz
with an aperture efficiency of 21.2%. The 3 dB insertion bandwidth is realized at 12.3% with electronic beam scanning
performance of +60 degrees for two-dimensional H- and E-planes, respectively. This novel reconfigurable transmitarray is
a good solution for many applications in wireless communication systems.
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Figure 6. (a) Exploded view of the proposed unit cell; (b) simulated results of transmission magnitude and phase shift
(reprinted with permission of (82, Copyright 2020 Wang, M., et al.).

Another advanced technique structure of a transmitarray is reported in 3! with a polarization rotation unit cell. Two split
circles are connected with two narrow strips with pin diodes mounted in between them. Polarization control structures
sandwich the PIN diode loaded with a transmitter and receiver. The air gap is presented between the transmitter and
receiver to mount diodes on patches easily, and bias circuits are etched on the polarization control structure. The phase
difference 180° is achieved for two outgoing polarized waves for 0 and 180 degree phase states. The polarization control
structure reduces the blocking effect of dc-bias lines and improves the aperture efficiency of the structure. A 16 x 16 1-bit
transmitarray is designed, fabricated, and tested in a test setup. Two-dimensional electronic beams scanning of +40
degrees is realized by the polarization rotation element. The maximum measure 3 dB and 1 dB insertion loss of 45% and
17% are obtained, respectively, at 5.5 GHz. The aperture efficiency of the polarization rotation transmitarray is 18.4%.

In B4 the authors have presented a 10 x 10 elements 1-bit reconfigurable transmitarray (RTA) with linear polarization at
Ku-band. This transmitarray has the ability of beam steering for a wide range of frequencies. The reported unit cell
consists of multiple-layer circular rings and substrates. Every element of the RTA has the capability to electronically
control phase shift path difference for 0 and 180 states. The 3 dB gain bandwidth of the structure lies at 33% (12.5 GHz—
17.5 GHz) at 15 GHz frequency. The effective aperture efficiency of the annular rings RTA is achieved up to 33.64% at 15
GHz. From 14 GHz to 17 GHz, two-dimensional beam steering with +60 degrees may be realized.

3.2. Varactor Diodes

The entry also presents the reconfigurable transmitarray (RTA) made up of varactors to accomplish beam forming/beam
steering [B7B8IBA0NGI2] v/aractor diodes are the best solution for continuous tuning by using electronic switches.
Varactor diodes are mature technology; they are economical, have low insertion losses, can be modeled easily, and have
voltage control switches. There are a wide range of diodes that can be used related to applications shown in Figure 7. It
is important to choose the varactor diode that offers the best performance for many applications. A varactor diode
capacitance ratio is defined as Cna/Cin, meaning a large capacitance ratio results in a wide range of tuning capacitance.
There is a detail Summary of beam steering reconfigurable transmitarrays with varactor diodes shown in Table 2.
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Figure 7. (a) Layer stack view of proposed unit cell, (b) layout view, (c) 3D view, (d) top layer, (e) bottom layer (reprinted
with permission of [23l. Copyright 2019 Frank, M., et al.).

Table 2. Summary of beam steering reconfigurable transmitarrays with varactor diodes.

Unit Cell Phase Frequency L Phase Gain  Aperture Band Bearn_
Ref  technique Control (GH2) Polarization  ponge  (dBi) Efficiency Width ~ Sreering
q Device 9 y Capacity
+| o
31 stacked layers val:actor 24.6 LP 360° B B 1 GHz +50° E and
diode H plane
compact o 1. R
4 yaractorbased ~ VATactor 5.6 LP 360% 1 4157 33.3 16.79s 00" EandH
. diode BIT plane
phase shifters
+ o
[95] FSS varactor 5.2 LP 480°  20.2 _ 13%  30°Eand
diode H plane
. .
[96] integrated leaky val:actor 48 LP 400° 15.6 24 9% +45° E and
wave diode H plane

A varactor diode reconfigurable transmitarray (VD-RTA) is presented in 2423l for beam steering performance. Each
element of the transmitarray is composed of four substrate Rogger RO4350B double sided layers, shown in Figure 7.
One pair can be tuned for 180° phase shift control, and a whole pair of unit cells duplicated to earn 360° phase shift. The
electronic phase control of the element is obtained by loading each layer with varactor diodes. A theoretical 3 dB
bandwidth of the unit cell is 1 GHz at 24.6, as mentioned in this entry, but it reveals that the insertion loss of this entry
achieves -5 dB. Experimental results show that 3 dB insertion losses are quite high up to =12 dB for this transmitarray.
Furthermore, this work is extended in B3 and an array of 6 x 6 elements of the abovementioned transmitarray is
fabricated. This RTA has the experimental performance of beam scanning capability £50 degrees at 24.6 GHz in both the
H-plane and E-plane.

Anocther novel varactor diode and pin diode base phase shifter transmitarray design is reported in B4, A wideband
varactor diode and pin diode base phase shifter reconfigurable transmitter gives continuous phase shift control at 5.8
GHz. This multilayer element structure transmitter (Tx) comprises an H-slot rectangular patch integrated with two diodes.
A varactor diode is mounted on the receiver layer to build a 180° analog phase shifter combined with pin diodes to acquire
360° electronic phase shift. Theoretical transmission insertion loss includes 0.85 dB to 1.24 dB at 5.8 GHz frequency. A 3
dB bandwidth is obtained up to 17% of the required frequency. A 16 x 16 elements prototype of the transmitarray is
designed, fabricated, and measured result tested. A maximum peak gain of 23.7 dBi at 5.8 GHz is achieved using the



varactor diode-based phase shifter transmitarray. The 2D transmitarray beam scanning performances are maintained for
+60 degrees elevation and azimuth planes.

In addition, a frequency selective surface (FSS) varactor diode reconfigurable transmitarray with 2D beam scanning ability
is reported in [251, Each layer of the FSS loaded with a varactor diode enables beam scanning of the main beam of the
original radiation pattern in both the E-plane and H-plane. A five-layer 5 x 5 FSS transmitarray integrated with varactor
diodes coupled with a horn antenna feed network has been verified with theoretical and experimental results. Two
simulated and fabricated models are developed with a peak gain of 20.2 dBi and 19.9 dBi, respectively, at 5.8 GHz
frequency. Experimental results of 2D beam steering are realized approximately +30 degrees in both the azimuth and
elevation planes. The proposed RTA shows the potential for use in applications with better economical fabrication cost
compared to the most direct alternative beam steering approaches.

A detailed case study has been presented in [28] of the practical constraints of two-dimensional beam steering using a
varactor diode-based meta-material at micro and mm-wave frequencies. The practical impacts of the varactor diode
utilized with a meta-material-based RTA are deeply observed, as shown in Figure 8.
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Figure 8. (a) FSS proposed unit cell; (b) equivalent circuit diagram (reprinted with permission of [28. Copyright 2021 Reis,
J.R., etal).

Four prototypes are developed on different frequencies, including 5, 14, 28, and 60 GHz, to understand the effect of
internal resistance Rs and internal inductance Ls of varactor diodes. It is concluded from the above study that internal
resistance Rs have various impacts on RTAs. On the other hand, internal inductance Ls affects the proposed TA's
bandwidth and operational frequency band response. As internal inductance Ls increases, higher frequencies shift
towards lower frequencies, increasing the bandwidth of the reported elements. These result in a reduction in the overall
phase shift accomplished by multilayers of unit cells that may have the impact of reducing the scanning range of TAs to
perform beam steering with a transmitarray.
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