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ABSTRACT OF THE DISSERTATION

Low-Cost and Low-Power Phased Array Architectures

for Wireless Communication and Sensing

by

Mohammadali Panahi
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Los Angeles, 2023

Professor Yuanxun Wang, Chair

This dissertation introduces new approaches for designing a low-cost, low-power, low-noise,
and highly linear phased array system for commercial wireless applications. The first approach
presents a novel liquid crystal (LC) technology-based structure to reduce the cost, power, and
weight of the phase shifter, a critical component in the phased array. LCs, controllable dielectrics
with low power consumption, low loss, and cost-effectiveness due to their fabrication using con-
ventional Liquid Crystal Display (LCD) manufacturing technology, enable phase shifting through
variations in the main microstrip line’s phase constant, loaded periodically with a variable equiv-
alent capacitance controlled by bias voltage. A systematic approach, utilizing transmission line
circuit models and periodic structure theory, is developed for efficient design optimization using
advanced design system (ADS) and HFSS softwares. The fabricated phase shifter achieves an
impressive FOM of 105.9°/dB.

In the second approach, a modified architecture for a mixer-first phased array receiver is pro-
posed, addressing the demand for high linearity and low noise in commercial wireless applications.
Instead of conventional low-noise-amplifiers (LNAs), a new time-variant transmission line (TVTL)
mixer serves as the initial stage, showcasing exceptional performance with a broadband conversion
gain of up to 4.2 dB, a low noise figure of 3 dB, and an input-referred P1dB of 12 dBm. Addition-
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ally, a low-cost, low-power LC phase shifter is integrated into the LO-path, minimizing the impact
of lossy phase shifters on receiver noise figures.

Finally, the third approach proposes a novel analog beamforming architecture for a low-cost,
low-loss, and power-efficient dual-beam phased array system, highly desirable for commercial
wireless and satellite applications. This system generates multiple concurrent, independent di-
rective beams with high gain, enabling a terminal to track and connect to multiple base stations,
facilitating flexible and broad coverage multipoint communications with improved signal-to-noise
ratios. The proposed architecture employs sub-arrays of two antenna elements fed by an orthog-
onal two-port signal combiner consisting of a 90-degree hybrid block. Each sub-array generates
two orthogonal beams, driven by a phase shifter, allowing for the formation of two sharper overall
beams and fine, independent scanning within each sub-array beam. Additionally, an optimal an-
tenna array column shift method is proposed to reduce the high side lobes introduced by sub-array
usage. Phased array pattern measurements exhibit continuous beam scanning over elevation angles
of 0° to 45° degrees and azimuth angles of 0° to 20° degrees for both right and left beams, with a

maximum gain of 20.8 dBi and Side-lobe Level (SLL) of —13.7 dB.
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Chapter 1

INTRODUCTION

A phased array antenna is a sophisticated multiple-antenna system with the remarkable ability to
enhance the radiation pattern in a specific direction while suppressing radiation in undesired direc-
tions. This unique capability allows for electronic steering of the antenna’s radiation, eliminating
the need for mechanical rotation mechanisms. Since its inception, the concept of phased arrays
has been a groundbreaking development, enabling a diverse range of applications to benefit from
its advantages.

Engineers and researchers have harnessed the power of this innovative system to achieve pre-
cise control over the directionality of the antenna. As a result, phased array antennas have become
valuable tools in various fields, including telecommunications, radar systems, satellite communi-
cations, and more. The widespread use of phased arrays has revolutionized the design and imple-
mentation of wireless communication systems, offering enhanced performance and adaptability in
modern communication networks. This chapter will explore numerous potential applications that
can capitalize on the benefits of phased array technology.

However, despite their significant advantages, the widespread adoption of phased array systems
in large-scale commercial applications faces obstacles primarily due to their high cost and com-
plexity. Overcoming this challenge necessitates a substantial reduction in the cost and complexity
of these antennas to make them more accessible for diverse commercial uses. To address this, on-
going efforts are dedicated to developing new architectures that effectively lower the complexity of
phased array systems. The goal is to create low-cost, low-power solutions that can unlock the full
potential of phased array technology across various industries and services. This thesis presents an

overview of several new approaches and architectures aimed at designing and implementing such



low-cost and low-power phased arrays.

1.1 Phased Array Background and Application

Phased arrays have a rich history of application in radar systems, where they have been used for
several decades. Radar systems, whether based on continuous wave or pulsed signals, rely on
emitting and collecting signals in a specific direction to process and extract information for object
identification. Phased array radars offer a versatile solution, allowing a single radar system to
perform surface detection and tracking as well as air detection and tracking. The electronic beam
steering capability of phased array radars far surpasses traditional radars using mechanical rotation,
providing significantly faster response times.

In the realm of telecommunications, phased arrays find extensive use in base stations to en-
hance signal coverage in specific areas while minimizing interference in others. The technology
is also employed in satellite TV systems, where phased array-based broadcasting-reception links
outperform traditional parabolic dish systems. These advantages include improved robustness in
inclement weather, smaller profile, and lower weight, making them easier to mount on walls and
roofs. The adaptive beamforming capability further enables mobile objects such as planes and
vehicles to access satellite programs.

Phased arrays have also found emerging applications in the biomedical field. In microwave
imaging, phased arrays are utilized to detect early-stage breast cancer. The method involves emit-
ting wideband impulses from an antenna array placed on the breast surface. The receiver uses
beamforming techniques to focus on the backscattered signal from malignant tumors and com-
pensate for frequency-dependent propagation effects. Microwave imaging offers higher detection
probabilities compared to X-rays or ultrasound, thanks to the significant contrast provided by the
dielectric discontinuity caused by malignant tumors. Moreover, microwave imaging is a more
cost-effective and less harmful alternative to magnetic resonance imaging (MRI) and X-rays.

The phased array application is shown in Figure 1.1. The versatile capabilities of phased ar-

ray systems have made them instrumental in various fields, ranging from radar technology and
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telecommunications to biomedical applications, paving the way for improved performance, adapt-

ability, and innovative solutions in each domain.

Figure 1.1: Phased array application.

1.2 Phased Array Principle

The principle of the phased array is depicted in Figure 1.2. It involves controlling the phase shift
of each element within the array to achieve beam steering and beamforming. The mathematical
representation of the phased array principle is commonly expressed using complex phasors. The

steered beam of the array follows the relation:

Ap(w) + ko x d x cos(f(w)) =0 (1.1)

where 6(w) is the frequency-dependent beam angle, and kg is the wavenumber at central opera-
tional frequency, d represents the separation distance of array elements, and A¢(w) is the phase

shift through the phase shifter. The array factor for an odd n-element array is calculated by:

(n=1)A¢(w) )
1
sin( —(A(z;(w)) )

sin(

AF =2 (1.2)



which shows that the gain of the array is equal to the conventional series fed N-element array,
however. the Half-Power-Beam-Width (HPBW) is increased.

Phased arrays offer significant advantages in extending the maximum range of reliable commu-
nication between transmitting and receiving systems. The distance over which reliable communi-
cation can occur depends on the maximum power transmitted in the receiver’s direction. By imple-
menting transmitter antennas using phased arrays, it becomes possible to boost the transmit power
in the desired direction while keeping the total power transmitted the same. This allows phased
array transmitters to communicate over longer distances compared to omnidirectional transmitters
for a given receiver sensitivity. Unlike omnidirectional transmitters that waste a major fraction of
radiated power and cause interference for other users, phased array transmitters focus their power
in specific directions, minimizing waste and interference, making them more efficient in congested
wireless environments.

In a receiver based on using phased arrays, the signals at the output of the array are combined
coherently to receive signals from the desired direction. The coherent combination of currents
from the antenna elements results in an output current that is n times larger than the current at each
individual antenna, leading to a signal power level at the output that is n? times larger than the
received signal. However, the noise from the receive channels is not coherent, and at the output
of the phased array, the power of noise from different channels gets combined. Consequently,
the output noise level becomes n times larger than the noise contribution of each channel n. As
a result, the noise figure of the entire system can be calculated as shown in equation 1.3. This
coherent signal combining in phased arrays provides significant signal power gain, but it also

amplifies the noise, which needs to be carefully managed in system design.

nPN o NFcharmel

1.3
n?Pg n (1.3)

NF Phased Array —
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Figure 1.2: Phased array principle.

1.3 Phased Array Architecture

Figure 1.3 illustrates the various phased array architectures based on the placement of phase
shifters. Phase shifters can be positioned at different stages of the phased array system, leading
to four distinct types: RF-phase shifting, LO-phase shifting, [F-phase shifting, and digital phased
arrays. In the upcoming sections, each of these phased array types will be discussed in detail.

In the RF phase-shifting architecture, signals from antenna elements undergo phase shifting
and RF domain combination before being down-converted to baseband through heterodyne or
homodyne mixing. This approach is traditionally more prevalent in phased array design due to
its compactness and simplified LO signal distribution, requiring only one mixer. Additionally,
it offers better interference insulation from undesired directions and filters out interferers at the
RF stage before down-conversion, reducing the stringent requirements on the mixer’s dynamic
range. However, implementing high-performance RF phase-shifters operating at RF frequencies

poses a challenge, as passive phase shifters exhibit microwave and millimeter regime losses, while
5



active phase shifters suffer from low dynamic range, crucial for operation in the presence of strong
interferers.

The general architecture of phased arrays based on LO (Local Oscillator) phase shifting in-
volves manipulating the LO signal’s phase to indirectly change the RF (Radio Frequency) signals’
phases at each channel. This approach offers advantages over other architectures that use phase
shifters on the signal path. By tuning the LO signal’s phase, the RF signal’s phase can be controlled
without the need for phase shifters on the signal path. This avoids direct impacts of phase shifter
losses, nonlinearity, and noise on the overall system performance. However, this method requires
a large number of mixers, leading to higher system complexity and power consumption compared
to phased arrays using RF stage phase shifting. The choice between LO phase shifting and RF
phase shifting depends on application-specific requirements, considering trade-offs in simplicity,
performance, and power consumption.

The general architecture of phased arrays based on IF (Intermediate Frequency) phase shifting
involves tuning the IF signal’s phase, thereby determining the RF (Radio Frequency) signal’s phase
at each channel. This method offers advantages over RF and LO phase shifting as it operates
at lower frequencies, allowing for better-performing phase shifters along the IF path, leading to
improved loss, nonlinearity, and noise performance. However, a considerable number of mixers are
still needed, contributing to system complexity and power consumption. Additionally, interference
cancellation occurs only after the IF stage, necessitating highly linear mixers to effectively handle
strong interference from undesired directions. The choice between IF phase shifting, RF phase
shifting, and LO phase shifting depends on specific application requirements, carefully considering

the trade-offs between performance, complexity, and power consumption.
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Figure 1.3: Phased array architectures.

1.4 Phase Shifter Topology

Phased arrays have been traditionally used in defense applications for several decades. However,
there are still major constraints against using them in commercial applications, and these include
their high cost, power consumption, and high hardware complexity. To use the phased array in
commercial applications, there is a need for low-cost, low-power, and low-weight tunable phase-
shifters as a key component. To compare their electrical performance, the classical figure of merit
(FOM) [1]is used as the ratio of the maximum differential phase shift and the maximum insertion

loss.
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The phase shifter topologies are shown in Figure 1.4. Phase shifters can be classified into

two categories: active and passive [2]-[3]. Active phase shifters provide gain while having more

Figure 1.4: Phase shifter topologies.

power consumption and introducing more non-linearity to the system. Vector modulators (V' M s)

are one of the most common active phase shifters, used in applications that do not require high
resolution and high dynamic range. In the vector modulator structure, the input signal is divided

by two signals with a quadrature phase in a quadrature generator (QG). Then, the amplitude of

each signal is scaled with variable gain amplifier (VG A), and finally, a combiner adds two signals

to achieve the desired phase shift [4]. Passive phase shifters can achieve more power handling for
large input signal with lower power consumption but exhibit higher insertion loss. To achieve a low
insertion loss, an optimized phase shifter topology can be implemented by different technologies of

CMOS, BiCMOS, Barium Strontium Titanate (BST), Liquid Crystal, and micro-electromechanical
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system (MEMS). Three conventional topologies are considered to design passive phase shifters,
which are reflection-type phase shifter (RTPS), loaded transmission line phase shifter (LTPS),
and switched transmission line phase shifter (STPS) [2]-[3]. The RTPS is based on a 90° hybrid
coupler connected to a load, like a varactor diode, which is varying continuously to create the
phase shift. In [5], a new switched inductor load structure is proposed to have a simple and low
power control voltage block in the RTPS with an average insertion loss of 9.5 dB at 29 GHz. RTPS
can achieve high resolution; however, varactor quality factor, Q, and loss vary across capacitance
settings, leading to insertion loss variation with the phase shift. This loss variation results in
a nonuniform amplitude distribution in phased array antennas and increases the side-lobe-level
(SLL). The LTPS topology is based on a transmission line loaded periodically with shunt or series
loads, which are tuned to obtain a phase shift. A transmission line loaded periodically with MEMS
bridge is proposed in [6], and a FOM of 150°dB was achieved. MEMS may need expensive
packaging to protect the movable MEMS bridges against the environment. In the STPS, the RF
signal propagation length is switched between delay lines of different physical lengths, which is
implemented with p-i-n diode, MOS-FET, or MEMS switches. By using an improved switching
time CMOS transistor, a low loss STPS was achieved in [7]. A drawback of the STPS is phase
resolution limitation, generated by the number of transmission lines and switches, which is in
trade-off with the insertion loss. Another way to make phase shifters based on transmission lines
is to use materials with controllable permittivity and permeability, like ferroelectric or ferrite, as a
substrate. A phase shifter implemented with a GCPW line under barium strontium titanate (BLT)
accomplished a high FOM of 221.4° dB [8]. Even though these materials lead to high FOM phase

shifters, they need a high driving voltage or power and high fabrication costs.

1.5 Overview of Thesis

This thesis introduces new phase shifter and phased array architectures aimed at reducing power
consumption, cost, and complexity in wireless communication applications. In the second chapter,

a novel structure based on liquid crystal (LC) technology is presented, achieving a high figure of
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merit (FFOM ) phase shifter operating at sub-6 G H z frequencies. The phase-shifting mechanism
relies on phase constant variation in the main microstrip line, periodically loaded by a variable
equivalent capacitance controlled through a bias voltage. A systematic design optimization ap-
proach, based on a transmission line circuit model and periodic structure theory, is developed
using ADS and H F'SS software. The fabricated phase shifter demonstrates an impressive F'O M
of 105.9°d B, reaching a maximum insertion loss of 4.35 dB, and providing a maximum phase-shift
of 461° at 4 GHz, covering the sub-6 GHz 5G band.

In the third chapter, a modified architecture for a mixer-first phased array receiver is proposed,
addressing the need for high linearity and low noise in commercial wireless applications. Replac-
ing the conventional LNA, a new time-variant transmission line (TVTL) mixer serves as the initial
stage. The MMIC TVTL chip exhibits excellent performance with up to 4.2 dB broadband con-
version gain, a low noise figure of 3 dB, and an input-referred P1dB of 12 dBm. Additionally, a
low-cost and low-power LC phase shifter is integrated into the LO-path, minimizing the impact of
lossy phase shifters on the receiver’s noise figure.

Chapter four presents a novel analog beamforming architecture for a low-cost, low-loss, and
power-efficient dual-beam phased array system, ideal for commercial wireless and satellite ap-
plications. This system generates multiple concurrent and independent directive beams with high
gain, allowing a terminal to track and connect to multiple base stations, enabling flexible and broad
coverage multipoint communications with superior signal-to-noise ratio. The proposed architec-
ture utilizes sub-arrays of two antenna elements fed by an orthogonal two-port signal combiner
consisting of a 90-degree hybrid block. Each sub-array generates two orthogonal beams, driven
by a phase shifter enabling the formation of two sharper overall beams and fine, independent scan-
ning within each sub-array beam. Additionally, the chapter introduces the optimal antenna array
column shift method to reduce high side lobes typically introduced by sub-array usage.

Finally, the last chapter concludes the thesis and highlights its main achievements.
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Chapter 2

SUB-6 GHZ HIGH FOM LIQUID CRYSTAL PHASE

SHIFTER FOR PHASED ARRAY ANTENNA

2.1 Introduction

Fifth-Generation mobile communication is just around the corner to provide high data-rate and
system capacity by using a combination of sub 6- GHz and millimeter-wave frequencies [9]-[10].
To achieve a higher gain and better signal coverage in 5G mobile communication, advanced phased
array or multi-beam antenna systems have been developed [11]-[12].

To use the phased array in commercial applications, there is a need for low-cost, low-power,
and low-weight tunable phase-shifters as a key component. The performance of different phase
shifters is summarized further in Table 2.3. To compare their electrical performance, the classical
figure of merit (FFOM) [1] is used as the ratio of the maximum differential phase shift and the

maximum insertion loss, as given in equation 2.1.

Agbmax

FOM =
ILmaac

2.1

Liquid crystals are controllable dielectrics which demonstrate large electrically controlled bire-
fringence in the microwave frequency domains. They are planar in shape, low power, low loss
and especially low cost because they are fabricated using the conventional Liquid Crystal Display
(LCD) manufacturing technology. Nematic LCs [13] are a type of tunable anisotropic dielectric
whose properties could be controlled by using surface anchoring, or an external electric or mag-

netic fields. Nematic LCs possess relatively low dielectric loss in the microwave frequency range,
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require low operation voltage, and have continuous tuning ability. They have become more and
more widely used in various microwave applications, such as phase shifters [14]-[18].

There are various designs for LC-based phase shifters, mostly in millimeter-wave frequencies.
A 2-D phased-array antenna with LC-based variable delay lines is presented in [19], and the FOM
achieved was 62.5°/dB at 17.5 GH z. A tunable liquid crystal phase shifter based on periodically
loaded CPW transmission line is proposed in [20], and the FOM achieved was 60°/dB at 20
GHz. The dielectric loss tangent of LC material decreases with an increasing frequency, and
LC’s generally exhibit their highest performance at frequencies above 10 GH z [21]. This is the
reason that most LC-based phased shifters have been proposed in the millimeter-wave frequencies;
that way, they achieve higher FOM. Even though many topologies have been well developed at
millimeter-wave frequencies, they suffer from RF loss in the frequencies lower than 10 GHz. Thus,
to design a LC-based phase shifter at low frequencies, a new topology is still necessary to reach a
high FOM in sub-6 G H z applications.

In this chapter, a novel structure for LC-based phase shifter (LCPS) is proposed, which achieves
an FOM of 105.9°/dB at 4 G H z while the insertion loss is roughly constant over the operational
bandwidth. In the previous LTPS [20], the main transmission line, with a characteristic impedance
higher than 50 €2, is loaded directly with a shunt capacitance by using one tuning stub. In the
proposed novel structure for LCPS, the lower than 50 2 microstrip line is used to have a big-
ger line width and lower ohmic loss, while the 50 input matching is implemented with a tapered
transmission line. To increase the phase shift in the proposed LCPS, the main low impedance trans-
mission line is periodically loaded with an equivalent capacitance created with two series tuning
stubs. These two stubs allow us to achieve a higher loaded capacitance compared with the directly

loading shunt capacitance with one tuning stub [20], resulting a higher FOM.
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2.2 LC Phase Shifter Theory, Design And Measurement

2.2.1 Microstrip Line LCPS structure

The proposed Microstrip line LC-based phase shifter (MLCPS) is shown in Figure 2.1. The phase
shifter structure is implemented by two glass layers as a substrate with thickness of hg, and a
Nematic liquid crystal as a tunable dielectric is contained between them with a fixed thickness
of hyc. As shown in Figure 2.1a, the MLCPS is a two-port component, which consists of a
main microstrip transmission line loaded with a shunt stub, creating a periodic structure with 80
unit-cells to reach 360° phase-shift. To match the input impedance of the periodic structure to
50 €2, a microstrip line transition is used at the MLCPS input and output. The MLCPS unit-cell
with specified dimensions is shown from top view in Figure 2.1b, and from the cross section in
Figure 2.1c. Each unit-cell consists of a copper-based main microstrip line deposited on the top-
surface of glass;, and a copper-based microstrip ground implemented on bottom-surface of glass;.
The microstrip line width and thickness is defined with 1W,,, and ¢ respectively. In each unit-cell,
the main microstrip line is connected to the red-colored microstrip line stub, which is specified
with the dimension of (¢, Wy, [,) in the direction of X, Y, and Z respectively. A green pad shown
in Figure 2.1b with the dimension of a * b, is connected to the red-colored stub on the top-surface
of glass;. This green pad has an intersection with the microstrip line G-stub deposited on the
bottom-surface of glass,, making an LC-based parallel-plate capacitance like a bridge, as shown
in Figure 2.1c with a dash line. The G-stub is used to connect the LC parallel-plate capacitance
to the main microstrip ground by using a soldered ground connection implemented on the edge of
glass;. The G-stub has a width W, a length [5s and a thickness ¢. The length of each unit-cell

P is a periodic spacing in MLCPS structure.
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(a) 80 unit-cells with impedance matching transi-

tion top-side view

(b) 10 unit-cells top-side view

(c) Cross-side view

Figure 2.1: Proposed Microstrip line LCPS structure constructed by a microstrip line periodically
loaded by a variable equivalence capacitance.

Figure 2.2 describes the usage of LC parallel-plate capacitance, shown with the dash-line in
Figure 2.1c, and how to make a variable LC capacitance for phase-shifting mechanism. The LC
material sandwiched between two copper plates as an electrode, consists of uniaxial anisotropic
molecules [22]. When the external bias voltage between the copper electrodes is zero, the LC

molecules are aligned perpendicularly to the RF field, as shown in Figure 2.2a. In this perpen-
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dicular case, the effective permittivity €.;¢ and loss tangent tan d seen by the RF field are equal
to €, and tan ¢, respectively. The LC molecules are aligned parallel to the RF field when an
external bias voltage that is larger than the saturated voltage V,; is applied between the copper
electrodes, as shown in Figure 2.2b. In this parallel case, the effective permittivity .7 and loss
tangent tan ¢ experienced by the RF field are equal to €, | and tan J|, respectively. By controlling
the external bias voltage applied to the electrodes from 0 to V,;, the effective permittivity of the
parallel-plate capacitance is changed from ¢, | to ¢, as a function of LC molecules orientation.
This mechanism results in a variable capacitance controlled by the external bias voltage. The up-
per LC capacitance electrode is connected to the main microstrip ground, which is used as the bias
voltage ground too. The lower LC capacitance electrode is connected to the main microstrip line.
Therefore, to excite the phase shifter with the bias voltage and the RF signal simultaneously, a
Bias-Tee microwave component is used to add the external bias voltage to the RF-INPUT. Thus,
the variable capacitance controlled by the bias voltage is loaded to the main transmission line and

will cause a phase shift in the phase shifter by changing the phase constant.

) —

e ) [ e R s—

— o 3 3

off = &1 Eeff = £r, I
(a) (b)

Figure 2.2: Variable capacitance shown in Figure 2.1c, is created by a sandwiched LC material
between two electrodes for applying electric field. The effective permittivity of the LC material
is changed from (a) when there is no external bias voltage, to (b) when saturated bias voltage is
applied.
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2.2.2 Microstrip Line LCPS Theory

To analyze and design the proposed MLCPS, the distributed circuit model is very useful. Each
of the MLCPS unit-cell is modeled with transmission lines and is shown in Figure 2.3. The main
microstrip transmission line shown with width IW,,, and length P, in Figure 2.1b, is modeled as a
transmission line with a characteristic impedance of Z, and an electrical length of 6° at the center
frequency of fy. The red-colored stub and G-stub are modeled as transmission lines with charac-
teristic impedance and electrical lengths of Z,, 6,°, Zss and 6,s°. The LC variable capacitance
is modeled with C¢, which varies from C)., to C,,,, when LC molecules rotate from perpendic-
ular case to parallel case. The LC' variable capacitance can be loaded directly with one stub to
the main transmission line [20]; however, it is loaded indirectly between two stubs like a bridge
in each MLCPS unit-cell, as shown in Figure 2.1-2.3. The stubs’ electrical length 65°, and 6s°,
are finally tuned in a way to see roughly capacitive admittance jw,C) from the input of loaded
stubs. These two stubs allow us to have more flexibility in design, and to reach a bigger equivalent
loaded capacitance C; from LC' variable capacitance C' ¢, resulting in a higher FOM. The unit-
cell transmission line model, shown in Figure 2.3, is simplified and modeled with lump-elements in
Figure 2.4. The loaded shunt capacitance C) varies from (', to Cy;,, when the bias voltage increased
from the minimum to the saturation voltage V,;. The ratio of maximum loaded capacitance to the
minimum loaded capacitance C,. is given in equation 2.2. This ratio is a function of parallel to
perpendicular case relative permittivity, since the other parameters in the loaded capacitance are

constant.

OT = CVlb/C’lu = gr,H/ST,J_ (2.2)
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Figure 2.3: Distributed transmission line model of the MLCPS unit-cell, assuming the variable LC
capacitance shown in Figure 2.1 and 2.2 can be representative by C'zc.

The main microstrip transmission line, defined with Z; and 6° in Figure 2.3, is modeled with
per unit length inductance L; and capacitance C;. The value of L; and C}; are driven based on the

value of 7, given by [23]

81"6
Cp =Y fo and L, = C, 72 (2.3)
Velig

in which ¢, is the effective dielectric constant of the transmission line with the characteristic
impedance Z;, shown in Figure 2.3, and v, is the free space velocity. The proposed M LCPS
is modeled with distributed lump-elements by cascading the unit-cell model represented in Fig-

ure 2.4. The input Bloch impedance of this periodically loaded line for the un-biased case is given

by [24]-[25].

Sy N
T
N d*Lf‘,:_-—"--\
-tz b
T Toccu
Vs = Cpe: Gy
P N ,/
o —: - == °

Figure 2.4: Lumped-element transmission line model of the MLCPS unit-cell shown in Figure 2.3,

assuming the input admittance shown in Figure 2.3 can be representative by a shunt capacitance
C.
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where wp is the Bragg frequency and given by [24]-[25]:

wp = 2//d* Li(d x C, + Cp) (2.5)

By using the equations (2.2), (2.4) and (2.5), the periodic length of each unit-cell d, and the

un-biased loaded capacitance C',, is determined and represented by equation (2.6) and (2.7).

Zpu

d = (2.6)
WfB\/Lt(OrLt - (Cr - 1)CtZBU2>
Cru=d ( ZZJZ - Ct) 2.7)

The phase shift per unit length is calculated from the change of phase constant experienced by

the external bias voltage [25]:

B Chw Clu
A¢=w Ltct(\/Hd*Ot \/Hd*(]t) 2.8)

2.2.3 Microstrip Line LCPS Design

To design the phase shifter proposed in Figure 2.1, the primary parameters are defined and shown
in Table 3.1. The center frequency of 4 GHz and 50 €2 input-matching with bandwidth of 500
M H z, are aimed to support the 5G applications in Sub-6 GH z channel. A glass material with
relative permittivity of 4.8 and loss tangent of 0.007 is used for MLCPS substrate. The external
bias is a function of LC material type. The relative permittivity of the used LC material is changed
from the perpendicular case (g, =2.7) to the parallel case (¢, =3.77), when the peak-to-peak
bias voltage amplitude varies from 2 to 20 V,,_,,. There is no phase shift response between OV and
2V, so the measurement is reported from 2 to 20 V,,_,,. The maximum phase shift is accomplished

in MLCPS, when a rectangular pulse with a frequency of 277 Hz is applied as an external bias.
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The LC material permittivity response depends on the external bias voltage and frequency. For
the LC material used in the proposed LCPS, the biggest phase shift response is achieved in the
measurement with the drive frequency of 277 Hz. In the proposed novel structure for LCPS, the
main microstrip line, with a characteristic impedance 7, lower than 50 €2, is used to have a bigger

line width and lower ohmic loss, improving the FOM.

Table 2.1: The Primary Specified Parameter To Design MLCPS

fo 4GHz | hg 700 pm
fs 27GHz | hie | 4 um
Zo 28 ) Erl 3.77

ZBU 16 © ErL 2.7
tan 9 | 0.005 tan 6, | 0.012
t 1.3 pm Ereff 1

The first step is to calculate the main microstrip line parameters and loaded capacitance values,
shown in Figure 2.4. By using the primary parameters given in Table 3.1 and the equation 2.3,
the per unit length inductance L; and capacitance C; are calculated. By using these calculated
values and the primary parameters given in Table 3.1, the periodic unit-cell length d, is defined
by the equations of 2.2 and 2.6. By using the calculated values of C,., L;, C';, d, and the input
Bloch impedance given in Table 3.1, the minimum loaded capacitance and the maximum loaded

capacitance will be calculated.

E-Fleld [VIM]
11000.00

Iasoo.oo X
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00  Ground

Figure 2.5: HFSS simulated magnitude of E-Field on the cross-side view shown in Figure 2.1c
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Figure 2.6: S-parameter of the proposed MLCPS versus frequency, calculated with the HFSS full-
wave simulation and ADS circuit model simulation, for the perpendicular and parallel case.

The second step, in designing the MLCPS, is finding the value of the stubs and the LC variable
capacitance C';,¢ between them, as shown in Figure 2.3. To make our design more convenient with
faster optimization in ADS software, an ideal transmission line with .5y = 1 is assumed in the
beginning for all the transmission lines. A 10 unit-cell network, which is created by cascading
the two-port circuit model shown in Figure 2.3, is used in ADS optimization. The stubs’ values
including Z,, 05°, Zas, 0cs°, and the LC variable capacitance C'y ¢, are calculated by doing the
optimization in ADS. The ADS optimization goal is to make the minimum and the maximum input
admittance Y}, equal to jwoC}, and jwyC}, , which have been calculated in the second step. The
main microstrip line characteristic impedance Z; is given in Table 3.1, and its electrical length ¢
will be calculated by 6§ = (?\—Z) * d, where d is the unit-cell length, derived in the first step. All
the parameters in the 10 unit-cell networks, created by cascading the two-port circuit model, are
now defined. These known variables are tuned in ADS to achieve the best FOM while the input
impedance is matched to Zzy;.

In the third step or final step, the ADS optimized values achieved in the second step are con-
verted in HFSS software to find the variables in Figure 2.1. By having the lines’ characteristic
impedance of Zj, Z,, and Zsg, the lines’ width and their propagation constant 3 are defined in the
HFSS model. Next, the optimized electrical lengths from the second step including 6° , #s° , and

Ocs° , are converted to the lines” dimensions P, Wg, and W respectively, based on their related
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propagation constant. The LC variable capacitance dimensions a, and b, are defined based on the

optimized C'; ¢ calculated in the second step.
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Figure 2.7: The maximum state (¢, = 3.77), state A (¢, = 3.3) and state B (¢, = 2.9) phase-shift
relative to the minimum state (¢,=2.7) , calculated with the HFSS full-wave simulation and ADS
circuit model simulation.

Table 2.2: Final Optimized Dimensions of The Proposed MLCPS

W, [25mm | Wg | 1.2 mm

P 0.95mm | g 500 pum

las 620 um | Ly | 12.2 mm

a 245 um | b 310 pm

Was | 1.9 mm | Wy, | 5.55 mm

Win | 1.1 mm | L;, | 5mm

The two-port network of 10 cascaded unit-cells, shown in Figure 2.1 (b), are optimized in
HFSS to have the highest FOM and input matching to Zp;; concurrently. To reach a full cycle
of phase shift, 360°, 80 unit-cells are implemented in the final MLCPS prototype. A microstrip
line transition with dimensions of W, and L, is used to match the input impedance of Zp; to
50 €. The input impedance of the loaded transmission line without the matching section (Zg7)
varies from 16 € to 11.7 €2, while the bias voltage changes from the minimum (2 Vp_p) to the

maximum value (20 Vp_p). The final optimized dimensions of the proposed MLCPS are given
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in Table 2.2. The HFSS simulated magnitude of E-Field on the cross-side view of MLCPS is
shown in Figure 2.5. The S-parameter of the proposed MLCPS versus frequency, calculated with
the HFSS full-wave simulation and ADS circuit model simulation, is shown in Figure 2.6. The
maximum phase shift of the proposed MLCPS versus frequency, calculated with the HFSS full-
wave simulation and ADS circuit model simulation, is shown in Figure 2.7. The insertion loss
lower than 3.95 dB and maximum phase shift of 456.2° are achieved at 4 GHz in the HFSS
simulation. The insertion loss lower than 3.35 dB and maximum phase shift of 435° are achieved

at 4 GH z in the ADS simulation.

2.2.4 Microstrip Line LCPS Measurement

The prototype of the proposed MLCPS is shown in Figure 2.8. The structures dimensions and
specifications are given in Table 3.1 and 2.2. As illustrated in Figure 2.8, the MLCPS is constructed
with two layers of glass as a substrate which are attached together in a way that hold the LC material
between them. The main microstrip line, loaded periodically with the stubs, is connected to the 50
2 SMA connector after the microstrip line impedance matching transition. A copper tape, attached
to the bottom of glass1 as a main ground, is soldered from the edge (Figure 2.8 (b)) to the glass,,
including the periodic metal G-stubs.

The measured S-parameter of the manufactured phase shifter is shown in Figure 2.9. The LC
loss varies somewhat linearly from the minimum bias to the maximum bias. The two-port device
shows a minimum insertion loss of 3.82 d B and a maximum insertion loss of 4.35 d B for different
bias states at center frequency of 4 GH z. The insertion loss at different states are between these
two values. In addition, the phase shifter prototype is well matched to 50 €2 from 3.1 GHz to 4.9
G H z, covering the 5G sub-6 band. To measure the phase-shift through the MLCPS, we have used
an RF Bias Tee component in series with the phase shifter input to simultaneously apply the RF
input and the external bias voltage. A rectangular-shaped pulse with a frequency of 277 H z is used
as an external bias voltage. The measured phase-shift in degrees at 4 GG H z versus the applied bias

voltage is shown in Figure 2.10. By increasing the peak-to-peak bias voltage from 2 to 20 Volts,
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(b) Bottom-side view

Figure 2.8: Manufactured prototype of the proposed MLCPS. (a) Top-side view including a main
microstrip transmission line loaded with a variable equivalence capacitance. (b) Bottom-side view
including a copper-tape as a main ground, which is soldered from the edge to make a connection
with the loaded periodic stubs.
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Figure 2.9: Measured S-parameters of the proposed MLCPS.

the amount of phase-shift is increased, and finally a 461° phase-shift is achieved at 20 Vp — p.
Based on the phase shifter FOM definition given in (2.1), the proposed MLCPS achieved 105.9°
/dB at 4 GHz. This MLCPS has 5.76° /mm with the tuning speed of 2 msec. To evaluate the
linearity, the two-tone test output power spectrum is measured and shown in Figure 2.11, resulting
the OIP3 of 36.1 dBm. There is not any LC-based phase shifter at such a low frequency in the
literature which to compare our design, but this result compares with phase shifters designed in the

millimeter-wave frequencies, reported in [19]-[20].
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Figure 2.10: Measured phase-shift of the proposed MLCPS versus the peak-to-peak bias voltage
at 4 GHz, which is a rectangular-shape pulse with the frequency of 277 Hz.

2.3 LC-based Phased Array Design and Measurement

In this section, an RF phase-shifting phased array system is designed and implemented, as shown
in Figure 2.12, to verify the performance of the proposed MLCPS. The phased array system in-
cludes an antenna array panel and four-phase-shifter panel, assembled behind the antenna array to
make a relative phase-shift in each RF path. The antenna array is constructed with 4 x4 aperture-
coupled patch antenna elements. By using the equations in [26], the antenna array is designed and
optimized in HFSS to cover the sub-6 GHz band, 3.7 GHz to 4.2 GHz . The aperture-coupled patch
antenna with optimized dimensions is shown in Figure 2.13a and 2.13b . The radiating patch ele-
ment is etched on the top of the antenna substrate (AD250c¢), and the microstrip 50 €2 transmission
line is etched on the bottom of the feed substrate (RO4003c). The AD250c has a dielectric constant
of 2.52 and loss tangent of 0.0015. The patch length (L,) and width (1V},) is determined to res-
onate at the operational center frequency. The coupling level is primarily determined by the length
of the coupling slot (L), and the tuning stub (L, )is used to tune the excess reactance of the
slot-coupled antenna, achieving the 50 €2 input matching. As shown in Figure 2.13c, each 4 patch
antennas are placed in Y direction with interelement spacing DY = 45.5 mm, and are uniformly
excited with the microstrip line, which make four antenna sub-arrays. The antenna sub-arrays are

placed in Z direction with spacing DZ = 45mm, creating a 4-port radiation component. The input
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matching and the radiation coupling of the 4-port antenna array are shown in Figure 2.15, resulting

in 50 €2 matched ports from 3.2 GHz to 4.4 GHz.
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Figure 2.11: Measured two-tone test power spectrum for MLCPS.

Figure 2.12: RF phase-shifting phased array pattern measurement set-up, by using a 4 x4 aperture
coupled patch antenna array and a 1x4 proposed phase shifter.
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Figure 2.13: A 4x4 aperture coupled patch antenna array. The patch antenna element designed at
4 GHz, is shown from (a) Side view, and (b) Top view with related dimensions. (c) 4 sub-arrays
placed in Z direction, is created by exciting 4 patch antenna elements placed in Y direction.

The phase shifter panel shown in Figure 2.14, includes a 1-to-4 microstrip line power divider to
feed the RF field of each phase shifter, mounted on the RO4003 board. This board has a thickness
equal to the phase shifter’s glass and is cut inside to hold the phase shifter. The ground of the phase
shifter is connected to the Rogers board ground layer with copper tape to have a shared ground.
The microstrip line on the Rogers board is connected to the phase shifter line by soldering. To

combine the RF field and bias voltage, and to control the amount of phase-shift in each phase
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shifter, four Mini-Circuits model RCBT-63+ bias tees are integrated at each RF path. The external
bias voltages are applied to each Bias Tee from four separate ports, as labeled in Figure 2.14 from
Biasl1 to Bias4. The RF-INPUT signal is divided into 4 RF-path signals and is added with the bias
voltage in the bias tee chips, to excite the phase shifter in each RF path. After being phased shifted
in each MLCPS, the four phase-shifted RF signals, Figure 2.14, are connected to the antenna array
four input ports with the coaxial cable, Figure 2.13c and Figure 2.12.

The amount of phase-shift needed to have a steered pattern to 6, is given in [27]. To find the
bias voltage for each RF pass, the phased array is calibrated by Agilent Network Analyzer (VNA).
By applying the external bias voltages in the set-up shown in Figure 2.12, the simulated and the

measured normalized radiation patterns are defined and shown in Figure 2.16, and 2.17.

Figure 2.14: The 1x4 array of the proposed MLCPS assembled on the Rogers board with a Bias
Tee chip to apply the bias voltage with RF field.

The measured radiation patterns are matched with the simulated patterns in all cases with some
discrepancies, especially in sidelobes. This is because of the dissimilarities between the phase
shifters’ performance created due to the fabrication inaccuracies, which results in a non-uniform
feeding network in the antenna array. The antenna array peak gain shows 18.1 dBi at the boresight
for the HFSS simulation and 17.3 dBi for the measurement. Nonetheless, the measured result
proves the performance of the proposed LC-based phase shifter.

The MLCPS experimental results are compared with the recent phase shifter state-of-art in
Table 2.3. As shown in Table 2.3, the proposed phase shifter achieves a high FOM of 105.9° /dB

with a full cycle of phase shift. Besides that, the proposed architecture could be integrated on the
27



PCB board which enables it to be assembled with the antenna platform. In addition, the insertion
loss variation with the phase shift is much smaller than the RTPS [5], and the accessible phase
resolution is much higher than the STPS [7]. The other parameters of the phase shifter reported in

Table 2.3 are either better than or on par with that of previously reported works.
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Figure 2.15: Input matching and mutual coupling of the 4-port aperture-coupled patch antenna
array, as shown in Figure 2.12-2.13.
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Figure 2.16: Simulated normalized radiation pattern of the phased array at 4 GHz for various
beam steering.
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Figure 2.17: Measured normalized radiation pattern of the phased array at 4 GH z.

Table 2.3: Phase Shifter State-Of-The-Art

Drive

Technology Topology Freg. Delta | Gain | FOM Fower Voltage, Area (mm?2) Ref.
(GHz) Handling (dBm)

Power
CMOS 65nm Active, VMPS ! with Gain Amplifier 25 360 | +12.2 ] < 10dBm 12mW 0.052 [4]
CMOS 65nm Passive, RTPS 2 29 360 9.5 37.9 <30dBm 0 DC power 0.23 [5]
PCB Passive, RTPS 2 407 | -44 88 >30dBm 5V 4000 [28]
MEMS on PCB Passive, STPS 3 2.7 75 -89 84 > 30 dBm N.A 400 [29]
MEMS Passive, LTPS * 30 270 | -1.8 150 > 30 dBm 16V 30 [6]
CMOS 65 nm Passive, STPS 28 360 | -6.36 | 56.6 <10dBm 1v 0.23 [7]
Ferroelectric (BLT °) | Passive, GCPW line under BLT slab 20 210 -14 | 2214 > 30 dBm 22mW 60 [8]
Ferrite on PCB Passive, Microstrip line under Ferrite 33 679.9 | -30 22.6 > 30dBm 100 KA/m 3551 [30]
Liquid Crystal Passive, Microstrip delay line 17.5 N.A -4 62.5 >30dBm 25V 350 [19]
Liquid Crystal Passive, CPW LTPS 20 90 -1.5 60 >30dBm 40V NA [20]
Liquid Crystal Passive, Microstrip LTPS 17 30 -1 30 >30dBm 20V NA [31]
Liquid Crystal Passive, Loaded Dielectric Waveguide 75 360 | -3.6 100 > 30 dBm 250 V 1125 [32]
Liquid Crystal Passive, Microstrip RTPS 35 270 -7 38.5 >30dBm 25V NA [33]
Liquid Crystal Passive, Microstrip LTPS 28.4 400 | -74 54 > 30 dBm 5V NA [34]

Liquid Crystal Passive, A novel LTPS architecture 4 461 | -4.31 | 1059 >30dBm 0 DC power, 20 Vp-p 616 This Work

Vector Modulator Phase Shifter, 2Reflection-Type Phase Shifter,
3Switched Transmission Line Phase Shifter, “Loaded Transmission Line Phase Shifter,

5Barium Strontium Titanate
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Chapter 3

TVTL MIXER-FIRST PHASED ARRAY RECEIVER FOR

SPACE FREQUENCY INTERFERENCE REJECTION

3.1 Introduction

For several decades, phased arrays have been primarily utilized in military applications; how-
ever, ongoing research is focused on proposing a low-cost, low-power, low noise and highly linear
phased array system for commercial use. Furthermore, advanced phased array or beamforming
systems have been developed to achieve higher effective isotropic radiated power (EIRP) in trans-
mitters and lower noise figures (NF) in receivers, thereby enabling higher data rates and system
capacity in wireless communications [35]. The phased array receiver has three different phase-
shifting architecture implementations categorized based on the location of the phase shifter stage
in the system: RF-path, LO-path, and IF-path [36]. Trade-offs between the three implementations
are discussed in [37]. The LO-path phase-shifting architecture is considered advantageous since
the loss, non-linearity, noise performance, and bandwidth of the phase shifters do not directly im-
pact the system performance, as they are not placed in the signal path. Additionally, the excitation
amplitude of each antenna element does not significantly vary with various phase-shift settings
since the LO-path works in saturation.

The growth of wireless traffic, due to an increase in channel bandwidth, the number of bands,
and the use of parallel receivers/transmitters in wireless communication, has resulted in both in-
band and out-of-band interference, which can significantly degrade receiver linearity and noise
performance. Strong blockers in the receiving band can also affect the linearity of the LNA in the

conventional receiver. To address these issues, a first stage of surface acoustic wave (SAW) filters
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is often used in the conventional RF-Front-End architecture to eliminate strong out-of-band block-
ers. While these filters result in good linearity, they cannot isolate in-band interference/jammer,
and their frequency is not programmable. Another approach proposed in [38]-[41] is switched
capacitor based frequency translational technique (N-path filter), which can realize tunable filters
at the price of spurious emission and low power handling.

Recently, the mixer-first receiver architecture has attracted the attention of researchers [42]-
[43]. In [44], a passive current-mode mixer-first receiver is proposed, which employs a regulated
cascode-based filtering trans-impedance amplifier immediately after the mixer. This approach im-
proves linearity for out-of-band interference and achieves a P1dB of 43 dBm, a noise figure of
5.5 dB, and a power consumption of 21.6 mWW. Conversely, the active mixer [42] offers a higher
conversion gain of 12.1d B with a high noise figure of 6.5 dB over its bandwidth, but it has a low
P1dB compression point of —5 d Bm. Therefore, both passive and active mixers have poor noise
performance and linearity, which can degrade the performance of the mixer-first receiver front-end.
The parametric-amplification mixer [45]-[46] uses nonlinear or time-varying reactance for signal
amplification or frequency conversion, providing a low-noise amplification approach. Mixer-first
receivers have recently gained attention, and devices based on parametric mixing, such as the
time-varying transmission line (TVTL), have been proposed for their low noise characteristics and
broadband behavior [47, 48]. Compared to typical low noise amplifiers, a TVTL chip typically has
a much higher P1dB of over 10 dBm, making a TVTL mixer-first receiver more robust to co-site
interferences or blockers from nearby transmitters.

This chapter introduces a new mixer-first phased array receiver that utilizes a modified linear
TVTL mixer [49] to suppress both in-band interference with a different direction of arrival (DoA)
and out-of-band interference in general. The architecture proposed in this study, shown in Fig-
ure 3.1, uses the highly linear TVTL mixer with a P1dB of 12 dBm as the first stage, resulting
in a more robust phased array receiver than the LNA-first conventional receiver. The in-band in-
terference (Blocker2) originating from a different direction than the received signal is effectively

canceled after the mixer by employing the LO-phase shifting mechanism. Meanwhile, a fixed
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Figure 3.1: Mixer-first phased array receiver architecture.

pass-band filter is used to reject out-of-band interference that shares the same direction of arrival
as the received signal (Blockerl), while the LO is tuned to maintain the input interference fre-
quency within the filter rejection band. Therefore, the proposed architecture allows the receiver
to tolerate and eliminate in-band and out-of-band spatial interference before saturating the LNA.
Additionally, since the input RF signal is not affected by the phase shifter, the proposed LO phase

shifting architecture provides better noise figure performance.

3.2 Phased Array Receiver: Design And Implementation

3.2.1 Phased Array Receiver Architecture

The proposed architecture of the phased array receiver is depicted in Figure 3.1, and its perfor-
mance is validated through the implemented demo, as illustrated in Figure 4.6. The main signal
beam, centered at f, and arriving from direction 6, is clearly defined. In-band interference, denoted
as Blocker2, is also centered at f, but arriving from a different direction #,. On the other hand,
out-of-band interference, called Blockerl, arrives from the same direction as the main signal 6.

The antenna array receives the main signal, in-band and out-of-band interference, as shown in the
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spectrum of Figure 3.1. To steer and shape the radiation pattern electronically, each antenna ele-
ment is excited with a relative phase-shift. This relative phase-shift is applied to the received signal
at each antenna element to make them coherent, resulting in a maximum signal-to-noise ratio. The
relative phase-shift (kydcosf) is a function of the incoming main signal direction of arrival 6, the
distance between antenna elements d, and the wave number at the center frequency of f;.

The performance of phased arrays can be classified based on where the relative phase-shift
is applied, such as RF-path, LO-path, and IF-path types. However, each type has its own trade-
offs. In the proposed architecture shown in Figures 3.1 and 4.6, the phase-shift stage is applied in
the LO-path to ensure that the performance of the phase shifter does not affect the receiver’s noise
figure and linearity. A lossy liquid crystal phase shifter (LCPS) [50] is used as a phase shifter in this
chapter. The LO signal is divided using a power divider and reaches the phase shifters coherently
with the same phase and amplitude. The LCPS creates a relative phase-shift in response to the input
bias voltage. The RF phase-shifted signals from the antenna elements are multiplied by the LO
phase-shifted signals in the TVTL mixer, generating coherent converted signals that are combined
in a power combiner to produce an output IF signal.

In conventional RF front-ends, the Low-Noise Amplifier (LNA) is usually utilized as the first
stage to amplify signals and enhance signal detection. However, the low linearity of the LNA-first
receiver renders it incapable of handling strong Blockerl and Blocker2 signals picked up by the
antenna element. In contrast, the proposed architecture positions a parametric mixer (TVTL) [49]
with a high input referred P1dB of 12 dBm and a noise figure of 3 dB as the first stage following
the antenna. The proposed mixer has a substantially higher P1dB (12 dBm) than a typical LNA,
thereby enabling the first-mixer phased array receiver to tolerate and eliminate strong in-band and
out-of-band spatial interference/jammer without affecting the noise figure. By converting the input
RF signal frequency to the pass-band of a fixed filter, the mixer makes them coherent by applying
the relative phase shift.

In-band interference (Blocker2) is canceled after the mixer by using the LO-phase shifting

mechanism. Out-of-band interference (Blockerl) is rejected by using the fixed pass-band filter,
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Figure 3.3: Simplified Lumped-element model of the Figure 3.2 with time-varying capacitance.

while the input frequency is tuned by the LO to always see the filter rejection band. After the
spatial interference rejection, only the main signal reaches the LNA. This means that the proposed
architecture is considered advantageous in terms of linearity. Furthermore, by using the low noise
TVTL mixer with gain as the first stage between the RF-INPUT and the IF-OUTPUT, we can
achieve low noise figure and highly linear receiver. On the other hand, the receiver noise figure
is not deteriorated by the loss of the phase shifter placed in LO-path. The liquid crystal phase
shifters are low-power and low-cost component, which does not consume the DC power. These
properties allow to achieve a linear and low power hardware to implement the phased array receiver

for wireless commercial application.

3.2.2 MMIC TVTL Mixer

The proposed receiver architecture utilizes a MMIC TVTL mixer as its first stage, which can be
seen in Figure 3.7 [49]. The TVTL circuit schematic is illustrated in Figure 3.2. This single-
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sided directly-pump TVTL mixer comprises a traveling transmission line loaded with a varactor
bridge that functions as a voltage-dependent time-varying capacitance (C’(z, t)). It should be noted
that the pump voltage (v,(z,t)), rather than the pump power, is responsible for the time-varying
capacitance of the varactor bridge, necessitating a signal and pump path that is isolated from one
another. The balanced nature of the bridge provides isolation, with the pump power modulating
the capacitance of the varactor diode without being coupled to the transmission line. The pump
is divided into two parallel splitting networks and supplies the diode bridges differentially from
both the top and bottom sides. The signal (vs(z,t)) travels along the transmission line, which is
insulated from the pump voltage, and the pump power only experiences a lossless capacitive load
when the resistive loss of the varactor diode and the energy converted to other frequencies are
negligible. To achieve the phase matching condition at only the varactor diode bridges, the pump
is initially divided by a 90-degree hybrid to create the necessary 90-degree phase shifts, and the
connections of the balun that feeds into the diode bridge in the pump path are reversed to obtain
the 180-degree phase shifts.

To comprehend the proposed TVTL’s theory and performance, the circuit schematic in Figure
3.2 is simplified using lumped elements, as shown in Figure 3.3. The traveling wave TVTL’s theory
is explained in [49], [51]. A linear and time-variant differential equation for signal voltage along
the traveling transmission line is derived by assuming |v,| < |v,| and non-distributed propagation

of the pump signal on the transmission line. This equation is given by:

0% v, (2,t) 0 [0C(z,t)vs(2,1t)
S Y — L,— Y S Y 3.1
022 ot { ot G-1)
where the voltage dependant time-varing capacitance (C’(z, t)), and the pump voltage signal is
defined by :
C'(2,t) = Cy + C1V,cos(wpt — Bpz + ¢p) (3.2)
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vp(2,t) = Vycos(wpt — Brz + ¢p) (3.3)

The solution of the time-variant equation (3.1) only exists [52], when the phase matching con-

dition in a discrete form holds with a constant phase velocity Vv, i.e:

Wy We—s We W

‘/pv B BAz B Pe—sAz B LAz B 90°

3.4)

For the TVTL chip shown in Figure 3.7, the the delay of each splitting pump path is created by
the linear progressive phase shift of 90-degree phase interval, as shown in Figure 3.2. The phase
delay of the signal through each unit with length of (Az) can be designed to observe the phase

_W_p).

matching condition ( 5“& = 5

The voltage gain of the upconverted signal under single sideband mixing condition can be

obtain [51] as :

G, = % sinh (iﬁx/ﬁsﬂpsz) (3.5)

where ¢ is the modulation index defined as £ = V,,C,/C), =z represents the length of the trans-
mission line, and f3,, 3(,+,) represent the phase constant of the signal wave and upconverted signal
wave. A larger capacitance modulation index £ or a larger ..,/ /3s can lead to a larger conversion
gain. This indicates that the conversion gain would increase with an increase in the pump voltage

or the frequency separation between w(p =+ s) and w;.

3.2.3 Liquid Crystal Phase Shifter

The proposed first-mixer phased array receiver utilizes the microstrip line liquid crystal phase
shifter (MLCPS) as a phase-shift stage, as depicted in Figure 3.1 and 4.6, which was introduced in
[50]. This phase shifter is based on a main microstrip line, periodically loaded with an equivalent

capacitance observed from shunt microstrip stubs. The dielectric material used for this loaded
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Figure 3.4: The patch antenna element geometry with optimized parameters. (a) Top-view (b)
Side-view.

capacitance is a Nematic Liquid Crystal [53], whose permittivity changes with the applied bias
voltage. This tunable dielectric creates a variable capacitance that can be loaded periodically onto
the microstrip line and can cause a phase shift by altering the transmission line phase constant.
The MLCPS design and measurement have been discussed in detail in [50]. The phase-shift stage
includes a 1-to-4 power divider, four MLCPSs, and four Bias Tee components from the RCBT-
63+ model. To achieve a desired relative phase-shift in each of the four LO-paths, a separate bias

voltage is applied to each MLCPS, as labeled in Figure 4.6 from Bias-1 to Bias-4.

3.2.4 Patch Antenna Array

To evaluate the performance of the proposed phased array architecture, a four-element patch an-
tenna array is designed and optimized using HFSS software. The optimized patch antenna element
dimensions are shown in Figure 3.4. The S-parameters of the patch antenna element are measured
and simulated, as shown in Figure 3.5, and indicate a good match to 50 Ohm at 1 GHz. The
two slots etched in patch antenna helps the antenna input matching. The antenna array consists
of four of these patch antenna elements with an inter-element spacing of d=150mm, as shown in

Figure 4.6.
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Figure 3.6: First-mixer phased array receiver implementation.

3.3 Measurement Results

This section describes the design and implementation of the LO-phase-shifting phased array to
validate the performance of the proposed mixer-first phased array receiver, as depicted in Figure 3.1
and 4.6. The implementation of the four-element phased array receiver involves the use of four
mixer chips based on TVTL technology [49], four liquid crystal phase shifters [S0] as the phase-
shift stage, and a four-element patch antenna array as the radiating component, as depicted in
Figure 3.1 and 4.6.

The Advanced Wireless Semiconductor Company (AWSC) 1lum GaAs HBT process was used
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Figure 3.7: Picture of the fabricated direct-pumped TVTL MMIC (a) Top view (b) Bottom view.

to design and fabricate this directly-pumped TVTL with planar solenoid inductors. The photo
of the designed TVTL MMIC is shown in Figure 3.7, and the chip size measures 11.56mm x
6.8mm. The TVTL mixer port-to-port isolation is shown in Figure 3.8. Within the RF input
signal frequency lower than 2 GHz, the mixer exhibits 20 dB of RF-IF isolation. When operating
at a LO signal frequency of 4 GHz, the mixer achieves 30 dB of LO-RF and LO-IF isolation.
The results of the measurements for the DP-TVTL, along with theoretical and simulation data,
are presented in Figure 3.9, which shows the double sideband (DSB) noise figure. Figure 3.10
displays the conversion gain of the MMIC versus the input power, which was measured to test its
power handling performance. The measured spectrum at the output of the direct-pumped TVTL

under the 2-tone test is shown in Figure 3.11, which is used to calculate the IIP3. As a parametric
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Figure 3.8: Measured port-to-port isolation (S-parameter) of the designed direct-pumped TVTL
with varactor biased at -5.0V.

mixer, the MMIC TVTL achieved a low noise figure of 3dB, an input referred P1dB of 12 dBm,
and an input referred third-order intercept point (IIP3) of 22.5 dBm. The P1dB can be increased
to approximately 18 dBm by optimizing the impedance matching, as shown in the third curve in
Figure 3.10. Additionally, the measured insertion loss (S21) and return loss (S11) of the TVTL
with varactor diodes biased at -5.0V indicate good matching and insertion loss up to the TVTL’s
cutoff frequency (3 GHz). The LO frequency or pump frequency used in this experiment is set at
3.2 GHz, while the RF signal is received by the patch antenna array at 1 GHz.

The performance of the proposed directly-pumped TVTL is compared to other recently pub-
lished mixers in TABLE 3.1. The Analog Device HMC334LP4E passive mixer designed based on
SiGe technology achieves a higher IIP3 of 26 dBm, but at the cost of high conversion loss (-1dB)
and poor noise figure (8dB). The active mixers proposed based on CMOS technology [54]-[55] of-
fer higher positive conversion gain, but with low IIP3 and poor noise figure. Therefore, the overall
comparison shows that the TVTL mixer in [49] has the best performance for the mixer-first phased
array receiver, as it has a high IIP3 and low noise figure.

The required bias voltages for a 1-D electronically steered phased-array antenna are provided
in TABLE 3.2. The amount of phase-shift required to steer the pattern to a desired angle, as stated
in [58], is also given. However, due to fabrication defects during the manufacturing process of
the MLCPS, the performance of the phase shifters is not identical, and the input RF signal and

40



4
=]
=
£ 3%
=
.E‘n
=
22
©
4
1t =-="Theoretical Noise Figure|
——Measured Noise Figure
- = Simulated Noise Figure
'] L 1 I 1
23525 23535 23545 23555  2.3565 23575

Frequency (GHz)
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Figure 3.11: Measured spectrum at the output of the direct-pumped TVTL under the 2-tone test,
with varactor diodes biased at -5.0V.

Table 3.1: Mixer State-Of-The-Art

Mixer _;\;[ZD}/?fl 334LP4E 2 [56] [57] [54] [55] [46] Thi£4gk]/0rk
Technology InGap SiGe PCB . 0.2um jSlN CMOS | CMOS PCB ‘ lum Ge}As
HBT GaAs Diodes® | HEMT® 65nm | 0.13um | GaAs Diodes® HBT?
RF Center Frequency (GHz) 3.85 1.65 1.1 6 35 3.1 1.9 0.9
Conversion Gain (dB) 7.6 -1 -2 1.8 18 15 10 3
NF (dB) 8.6 8 1 6 5 4.2 33 3
1IP3 (dBm) 16 26 20 N/A -3 2.5 16 22.5
DC Power (mW) 705 865 0 0 16 25.5 0 0
Pump Power (dBm) 0 0 26 21.5 14.5 2 27 31

! Mini-Circuits, MDA4-752H+, 2 Analog Device, HMC334LP4E,
3Designed Based on Parametric Amplification Theory,

output IF signal have different frequencies. Therefore, a modified method is used for phase cal-
ibration. A Digital Serial Analyzer Sampling Oscilloscope is employed to measure the relative
phase-difference between the LO-paths. The 1-to-4 power combiner used in the IF-path is re-
moved and replaced by the patch antenna array in the RF-path. The input of the power divider
is connected to an RF Signal Generator, and the four output ports are connected to the respective
TVTL RF port. The four IF output ports are connected to the Oscilloscope ports sequentially.
The Oscilloscope port connected to the first LO phase-shifting pass controlled by Biasl1 is set as
the reference port in the Oscilloscope set-up, which is designed to display the phase difference
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Table 3.2: Measured bias voltages from phase calibration to have steered pattern at (a) § = —10°,
and (b) 6 = —20°.

(a) (b)
Phase-Shift | Bias Vp-p Phase-Shift | Bias Vp-p
(deg.) Number | (V) (deg.) Number | (V)
0 1(Blue) | 2.90 0 1(Blue) | 2.90
-35 2(Red) 2.82 -69 2(Red) 3.03
-70 3(Green) | 4.31 -137 3(Green) | 5.18
-105 4(Black) | 2.98 -206(154) | 4(Black) | 3.67

between the reference port and the other ports. The bias voltages, labeled from Biasl to Bias4,
are then adjusted to achieve the relative phase difference shown in Figure 3.12 on the oscilloscope
screen. The calibrated bias voltages are listed in TABLE 3.2. The Oscilloscope screen set-up for
the phase calibration is displayed in Figure 3.12, and a steered pattern at § = 20° is achieved. The
peak antenna array gain is equal to 11.8 dBi at boresight.

The bias voltages are not increased in a sequential order, which is due to the MLCPS manu-
facturing defects. Using the bias voltage values presented in Table 3.2 and the set-up illustrated
in Figure 4.6, the far-field radiation patterns are measured and depicted in Figure 3.13 for various
phase-shift mechanisms. The phased array measurement demonstrates a continuous beam scan-
ning over the elevation angle of 0° to 20°. This outcome confirms the efficacy of the proposed

mixer-first phased array receiver architecture.
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calibrated LC-phase shifter bias voltages for § = —10° and § = —20° pattern are given in TABLE
II.
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Chapter 4

DUAL-BEAM 2D-SCANNING PHASED ARRAY

ARCHITECTURE FOR SATELLITE COMMUNICATIONS

4.1 Introduction

Satellite communication (SATCOM) is crucial for the evolving landscape of 5G and 6G telecom-
munications, providing high-speed, reliable connectivity in areas with limited terrestrial access.
SATCOM is poised to address communication needs in remote regions, supporting loT applica-
tions like autonomous vehicles, smart cities, and disaster response. As demand for high-bandwidth
communication grows, integrating SATCOM with next-gen networks will enhance global coverage
and efficiency, benefiting various industries [59]-[60].

In Low-Earth Orbit (LEO) SATCOM, a flexible ground station receiver with wide scanning
capabilities is essential. A multi-beam phased array receiver, such as the one proposed in [61]-[62],
employs beamforming to track and communicate with multiple satellites simultaneously. This
approach minimizes signal interference, increases bandwidth, and meets urgent communication
needs.

Various phased array architectures exist, including analog, hybrid, and fully digital beamform-
ing (DBF). Each has specific advantages and disadvantages, with DBF offering superior flexibility
but facing challenges like high power consumption and cost due to its need for a distinct radio
frequency chain per antenna. Hybrid beamforming (HBF) combines analog and digital elements,
reducing costs and power consumption compared to full DBF [63].

Analog beamforming, categorized as active phase shifter-based and passive network-based,

presents advantages of wide bandwidth and low power consumption. Active phase shifter-based
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Figure 4.1: Dual-beam 2D-scanning phased array architecture.

beamforming adjusts beam signals using analog components, widely used in SATCOM due to the
low cost of integrating beamforming networks (BFN) in CMOS technology. However, its cost and
complexity increase with multiple simultaneous beams.

Passive network-based beamforming involves circuits integrated into a single substrate, uti-
lizing structures like Butler matrices or Rotman lenses. Butler matrices are passive and power-
efficient, creating fixed beams, while Rotman lenses provide phase shifts for beam switching.
However, these networks face challenges with increasing antenna elements, leading to complexity
and feeding network losses.

To overcome these challenges, a new multi-beam phased array (MBPA) architecture is pro-
posed in this chapter. The scalable, low-complexity architecture achieves dual-beam 2D-scanning
phased arrays, utilizing 90-degree hybrid blocks for sub-arrays. Linear-progressive phase shifters
control in-phase and quadrature-phase signals, enabling concurrent independent beams without

dividing the aperture. To address grating lobes along the X-axis, the chapter suggests shifting
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Figure 4.2: The principle of generating orthogonal beams using 90-hybrid coupler.

antenna array columns, optimizing shifts to reduce grating lobes and maintain maximum antenna
matching bandwidth. Simulation and measurement results demonstrate the proposed architecture’s

scalability to large arrays without compromising performance.

4.2 Phased Array Architecture Theory and Design

The proposed MBPA architecture, illustrated in Figure 4.1, utilizes an N x M planar antenna array
for high gain, directive radiation, and precise signal control. It consists of a beam-forming panel,
power dividers, and antenna elements. The 90-degree hybrids in the beamforming panel generate
I/Q signals for dual-beam transmission, and the phase shifter enables versatile 2D-scanning. The
power divider enhances signal strength by summing independent beams. The MBPA excels in
creating multiple beams, offering superior coverage and signal quality. Its fast scanning capabilities
make it ideal for high-speed tracking in radar, wireless networks, and satellite communication.

In the subsequent subsection, we will delve into the theory and analysis of the MBPA architec-
ture (Figure 4.1). We’ll explore the 90-hybrid, define the planar antenna array, and derive equations
for the dual-beam far-field pattern. Additionally, we’ll address the grating lobe issue, investigating
methods like subarray shifting to eliminate it. The optimization of the shift method for grating
lobe cancellation and the calculation of normalized patterns for 8 x 8 and 64 x 64 arrays using

MATLAB will be discussed.
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4.2.1 Dual-beam principle based on 90-hybrid

Figure 4.1 depicts the beam-forming panel in a phased array system comprising /N panels feeding
N columns of an antenna array in the X direction. Each column has M antenna elements stim-
ulated by a beam-forming panel with M phase shifters and M /2 90-Hybrids. This architecture,
shown in Figure 4.1, forms an M x N antenna array by cascading simplified two-antenna elements
illustrated in Figure 4.2.

The building block in Figure 4.2 consists of a 90-hybrid coupler with coupling coefficient C'
and transmission coefficient 7', feeding two antenna elements with a 90-degree phase difference in
the X direction. This allows them to act as a sub-array within the M x N structure. The coupler
controls the phase of I and Q signals using conventional phase shifters. Exciting Portl results
in a Right beam, and Port2 results in a Le ft beam. The isolation between input ports ensures
no coupling of the dual-beam received signals. The TR module of each antenna element observes
quadrature phases, enhancing efficiency compared to using a power divider.

The same principle extends to Figure 4.1, where odd-numbered phase shifters fed by Portl
control a Right beam, and even-numbered fed by Port2 control a Le ft beam. The Right beam
scans the elevation plane along the X axis, and the Left beam scans from 6§ = 0° to § = —90°.
Both beams can ideally scan the azimuth plane along the Y axis from § = —90° to § = +90°
simultaneously. The 90-hybrid property enables independent scanning in the elevation plane for

Right and Le ft beams.

4.2.2 Antenna Array Geometry, Amplitude, Phase, and Pattern

The geometry of the M x N antenna arrays utilized in the phased architecture is depicted in
Figure 4.3. These arrays consist of N columns along the Y-axis direction, where each column
contains M antenna elements. Each pair of antenna elements that are fed by their corresponding
90-hybrid located behind them serves as a sub-array within the topology of the antenna arrays. The
separation distance between the elements along the X direction and the Y axis is denoted by d,

and d,,, respectively. Furthermore, the distance between the two-element sub-array is represented
48



[
9
9

Figure 4.3: M x N antenna arrays used in phased array architecture.

by ds.. Each column of antenna arrays is shifted along the X direction by a distance of S;. The
location of each element in the planar M x NN array is determined by its distance from the elements

in the X and Y axis, as well as the column shift along the X direction is denoted as:

Xo(m,n) = (n—1)d, + 5,
4.1)
Y.(m,n) = (m—1)d,,
where the variable m with a range of 1 to M is utilized to indicate the index of antenna elements
along the X axis, while n ranging from 1 to N represents the antenna element index along the
Y axis. Additionally, ¢ ranging from 1 to N signifies the column index shift along the X axis in
the M x N antenna arrays matrix. The presence of a 90-hybrid within the beam-forming panel

results in a consistent quadrature phase shift for both the right and left beams, with a 90-degree

orthogonality that is represented by the notation qﬁf{/ R(m, n):

/2, if misodd.
dR(m,n) = 4.2)

0, otherwise.
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/2, if miseven.
¢t (m,n) = (4.3)
0, otherwise.

The phase shifters apply a progressive relative phase shift between antenna elements, which
enables the steering of the antenna array’s left and right beams towards the specific point 6, and
¢o at a given frequency fy. This phase shift is expressed mathematically in equation (4.4). By

applying the progressive phase shift in the phase shifters, the right and left beam radiation pattern

are calculated by (4.5).
L/R j2m j2m

¢l (m,n) = —)\—Xa(m,n)uo — )\—Ya(m,n)vo...
0 0 4.4)

—l-(bZ/R(m, n),

by the following:
FYR(60,9) = [(8,0) x Y _ a™"(m )| x ...

m,n 4.5)

o[ Xa(mm) (u—ti0)+ B Yo (mom) (v—vo) + oy ™ (m.m)]
Y

The element factor or single antenna element radiation pattern is represented by f (6, ¢), and the
variables n and m are within the range of 1,2,.., N, M. The tapered amplitude for each element

L/B(m,n). The space angular factor for the array along the z-coordinate and y-

is shown by «a
coordinate are respectively denoted as u = sin(f)cos(¢) and v = sin(#)sin(¢). Additionally,
uy = sin(fy)cos(¢o) and vy = sin(y)sin(¢y) represent the space angular factor at the desired
angles. Ideally, the pointing angle of the Right beam should vary from 6, = 0° to # = 90°, while
the pointing angle of the Le ft beam should vary from 6y = 0° to 6, = —90°. Along the Y axis,

both the Right and Le ft pointing angles should ideally vary from ¢ = —90° to § = +90°.

4.2.3 Grating Lobe Cancellation

The antenna array geometry is extensively covered in 4.2.2, with element separations (d, and d,)
set to \g/2 at the central frequency f; for maximum gain and scanning angle, ensuring antenna
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input matching. In 4.2.1 and 4.2.2, pairs of antenna elements in the X direction, fed by a 90-
hybrid, act as sub-arrays within the M x N structure (Figure 4.1 and Figure 4.3). The \q/2
distance between elements results in )\ between sub-arrays in Figure 4.3, causing grating lobes
shown in Figure 4.4-4.5 for 8 and 32 x 32 patch antenna elements with zero column shifts (.5;).

Grating lobes, undesirable beams generated in antenna arrays due to large element separations
relative to the wavelength, pose challenges like reduced performance, ambiguity in angles, inter-
ference, decreased gain, and limited scanning range. In large arrays with low density or a small
number of elements, grating lobes are more pronounced, necessitating careful array design for
mitigation.

Various methods are proposed in the literature to address grating lobes, such as optimal element
shaping [64], numerical optimization techniques (e.g., PSO, G A, least square) [65]-[66], and sub-
array distortion [67]. Optimal shaping can reduce grating lobes but at the cost of bandwidth and
gain. Numerical optimization techniques optimize array geometry but may complicate feeding
networks. Sub-array distortion requires large sub-arrays and complicates feeding networks.

To counter grating lobes in this chapter, antenna array columns are shifted to reduce the gap
between sub-arrays virtually along the X axis. Optimal column shifts (.5;) are discussed in 4.2.4 to
minimize grating lobes, reduce side-lobe levels (S LL), and maintain maximum antenna matching

bandwidth.

4.2.4 Optimal Dual-Beam Phased Array Geometry

In 4.2.1-B-C, two antenna elements in the X direction, fed by a 90-degree hybrid, act as a single
sub-array with \g/2 element separation. This causes grating lobes in Figure 4.3 when element
spacing exceeds a critical dimension. To address this, a triangular lattice arrangement with opti-
mized column displacements .S; is chosen. For odd n = 1,3, ..., S; is zero; for even n = 2,4, ...,
it’s optimized to minimize grating lobes and Side-lobe Level (SLL) while maintaining maximum
matching bandwidth.

Details on antenna geometry, progressive phase shift, and radiation pattern derivation are in
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Figure 4.4: Radiation pattern for the proposed dual-beam phased array with 8 * 8 patch antenna
elements, simulated using Matlab software.

4.2.2 and equations (4.1)-(4.5). The relative phase shift for steering right and left beams (6, @)
depends on element location (X, (m,n), Y,(m,n)) in (4.4). Right and left beam patterns hinge on
element factor, amplitude tapering, phase, and location. Element location is a function of d, d,,
and S; defined by (4.1). To reduce grating lobes and maximize gain, an optimization algorithm,
employing Matlab’s random search, determines optimal element separations. This process involves
sweeping through d, d,, and S; values to find the ideal displacement for suppressing grating lobes
at various steering angles (¢, ¢¢), while maintaining desired gain levels.

For studying input matching, S-parameter, and axial ratio of the optimized antenna array ge-
ometry, Ansys-HFSS full-wave simulation uses the best dual-beam phased array performance with
gain, bandwidth, and axial ratio. Based on Matlab and HFSS simulations, the best displacement
geometry is the triangular grid with d, = d, = S; = /2.

To verify the optimum array geometry, two planar arrays with 8 x 8 and 32 x 32 elements
are optimized to cancel the grating lobe at a center frequency of 12 GHz. The Matlab-calculated
radiation pattern for various steering angles of the right and left beams are shown in Figure 4.4 and
Figure 4.5. The grating lobe appears when the column shift S; = 0 for various steering angles of
the right and left beam. By selecting the column shift equal to the distance between the elements

in the X direction (d, = 5;), the grating is canceled for various steering angles of the right and left
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Figure 4.5: Radiation pattern for the proposed dual-beam phased array with 32 x 32 patch antenna
elements, simulated using Matlab software.

beam. After comparing the radiation pattern results of the 8 x 8 and 32 x 32 antenna arrays, it can
be concluded that the proposed dual-beam phased array architecture is effective for larger arrays

with a wider scanning range.

4.3 Dual-Beam Phased Array Design, Simulation, and Measurement

To validate the proposed architecture, an 8 x 8 phased array with 64 slot-coupled patch antenna
elements is fabricated, modeled, and evaluated, as shown in Figure 4.6. The array comprises
eight columns along the X-axis, each with four sub-arrays. Each sub-array, consisting of two slot-
coupled patch antenna elements, is excited using a single 90-degree hybrid implemented with a
two-section branch line coupler on a single-layer PCB. One-to-four power dividers separately sum
the left and right beams, applying amplitude tapering. The ADAR1000 evaluation board serves as
the beamformer for phase shift. Measurement is conducted in an antenna chamber, with the array
components mounted on a rack and connected via RF cables.

In Section 4.3.1, detailed discussions cover slot-coupled patch antenna arrays, emphasizing
design, fabrication, and optimization. Sub-array architecture is explored, focusing on antenna
element placement, orientation, and overall beam-forming capabilities. Section 4.3.2 provides a

comprehensive description of the 90-degree hybrid, power divider, and ADAR1000 evaluation
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Figure 4.6: Dual-beam 8 x 8 phased array fabricated prototype.
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Figure 4.7: Proposed circular polarized patch antenna element.

board, highlighting design features and operational principles. Finally, in Section 4.3.3, results
of far-field simulation and measurement are presented and analyzed, comparing simulated and
measured performance. The proposed phased array demonstrates excellent performance, suitable

for diverse applications like wireless communication, radar, and sensing.

4.3.1 Slot-Coupled Patch Antenna Array

In the realm of satellite communication systems, there has been significant research on high-
performance wide-band circular polarized antennas [68]-[69]. This chapter introduces a four-layer
antenna design, featuring two metal layers for circular patches resonating at a central frequency
fo, H-shaped slots on the third metal layer for power coupling, and microstrip feedlines on the

fourth metal layer connected to a Wilkinson power divider. The antenna substrate is RT Duriod

54



o
T N~ e,
4
)
°E’ .............
© _ —a—521, Meas.
n_‘:’ —S,,» Meas.| |
»w |\ &£ 5 i . S11,S|m,
: 321,S|m.
-40 ' 1 L 1 1 1 L
10 10.5 11 11.5 12 12.5 13

Frequency (GHz)

Figure 4.8: The measurement and simulation S-parameter of the patch antenna array.

Table 4.1: Final optimized dimensions of slot coupled patch antenna

R, |377Tmm | L, 2.9 mm
Ly, | 1.8mm | Ly | 1.2mm
L¢ | 33mm | W | 0.3 mm
W | 024 mm | W, | 0.58 mm
Wy | 027mm | W, | 1.1 mm
dey | 1.2mm |dyo | 1.9 mm

6002, and the feeding substrate is RT Duriod 6010, chosen to reduce back-radiation and minimize
slot size. Two H-shaped slots excite orthogonal modes with equal amplitude and a 90° phase
difference for circular polarization. The MSL beneath one slot arm excites the first linear mode,
and the other arm excites the second orthogonal mode. The operating frequency and polarization
sense are determined by slot arm lengths and MSL location. The design parameters are outlined
in Figure 4.7. The antenna design process involves analyzing requirements, determining specifica-
tions, designing the patch antenna using analytical formulations, and optimizing the slot coupled
feed and antenna structure. Lastly, the Wilkinson power divider feeding network is designed on
the selected substrates.

Circularly polarized antennas emit or receive fields with a phase difference of £90 degrees be-
tween the horizontal and vertical radiation field components, with equal amplitudes. The positive

or negative phase shift determines the direction of rotation, i.e., counterclockwise (CCW or RHCP

55



10 T T

-~ Sim.
- 3-dB

Axial Ratio (dB)

0 L L 1
10 10.5 11 11.5 12 12.5 13
Frequency (GHz)

Figure 4.9: Slot-coupled patch antenna axial ratio at bore-sight versus the frequency.

— Right Hand Circular Polarization) or clockwise (CW or LHCP — Left Hand Circular Polariza-
tion), respectively. To achieve the desired UWB circular polarization, the radiation problem can be
divided into two parts: 1) radiating two orthogonal linearly polarized waves, and 2) generating in-
phase and quadrature signals over the desired frequency range. By combining the two subsystems,

an ultra-wideband circular polarization system can be created.
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Figure 4.10: Slot-coupled patch antenna axial ratio at 12 GHz versus 6.

Here, two linear H shaped slots, as shown in Figure 4.7, are placed under the radiating patch
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Figure 4.11: Fabricated 8*8 circular polarized patch antenna arrays.

to excite two orthogonal linearly polarized 7'M;; modes on the circular patch with 90° phase
difference. The slots are symmetrically oriented about the vertical diameter of the patch. Further,
the slots are offset from the center along the same diameter. This arrangement permits the use of
resonant lengths of the slots for broadband operation and yet these slots remain almost entirely
underneath the patch. This improves slot-patch coupling efficiency and one saves on substrate
space.

To achieve a 90° phase difference, the input port of a 90-degree hybrid coupler can be fed, and
its output ports can be used to feed the two H shaped slots. By switching the connections between
the quadrature hybrid and the H shaped slots, it is possible to switch between LHCP or RHCP
operation modes. In this design, a Wilkinson power divider is used, and a 90-degree microstrip
transmission line is added to one of the output ports to create I/Q signals that excite the H shaped
slots. This design allows the antenna to achieve excellent RHCP circular polarization performance.

Finally, all the design parameters of the antenna are optimized for the operating frequency band,
using HFSS full-wave simulator. Final optimized design parameters are given in Table 4.1. The
measured and simulated S-parameter of the optimized antenna element are shown in Figure 4.8,
show a wide-band S11 over the frequency range 10-12.5 GHz (13.8%). As shown in Figure 4.9,

the patch antenna has an AR < 3 dB over the wide frequency range 10.5-12.5 GHz (12.2%) at
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Figure 4.12: The panel of 90-hybrid branch-line coupler, used in phased array architecture. Dime-
nentions are in mm.

bore-sight direction. Furthermore, the results shown in Figure 4.10 show that the antenna element
offers an excellent circular angular beam-width and achieves AR < 3 dB over § = —30° : +30°
angular range in elevation at 12 GHz.

The proposed antenna array comprises an 8 X 8 arrangement of circularly polarized patch
antennas, constructed using the geometry shown in Figure 4.3. Multi-layer PCB technology is
used to fabricate the antenna array, as depicted in Figure 4.11. Each column of the array contains
M = 8 antenna elements, with a total of N = 8 columns along the X direction. Four sub-arrays are
created within each column by pairs of antenna elements that are fed by a relative hybrid located
behind them. The separation distances between the antenna elements along the X and Y axes are
defined by half wavelength at the center frequency, i.e., d, = 12mm and d,, = 12mm, respectively.
The distance between the two-element sub-arrays is dg,, = 24mm. To suppress grating lobes,
each column of the array is shifted along the X direction by a distance of S; = d, = 12mm, as
concluded in section II. To achieve a 90-degree phase shift for circular polarization, a Wilkinson
power divider with a 90-degree microstrip transmission line is implemented to excite the H shaped
slots. To connect the patch antenna to the feeding layer, a surface mount subminiature push-on
(SMP) connector with RF cable is used for each antenna element due to its smaller size compared

to the SMA connector, as shown in Figure 4.7 and 4.11.
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Figure 4.13: Measured and simulated S-parameter of 90-hybrid.

2 T
—Amp. Meas.
o - -Amp. Sim. —_
) 1.5[ |=-Phase. Meas. o
-»%-Phase. Sim. 3
Q -
e 1r
3 o5 s
E 3
3 of £
:E U URRE g
= ©
£ -0.5 i
<
A1 L 1 L 94
11 11.5 12 12.5 13

Frequency(GHz)

Figure 4.14: Measured and simulated phase and amplitude imbalance of 90-hybrid.

4.3.2 90-Hybrid, Power Divider, and Beamformer Evaluation Board

The 64 elements antenna array arranged in eight columns along the X-axis, with each column
consisting of four sub-arrays. which are excited with four 90-degree hybrids. The 90-degree hybrid
is implemented using a two-section branch line coupler on a single-layer PCB. The 90-hybrid
substrate is RT Duriod 4003 with ¢, = 3.55, thickness h = 0.81mm, and tand = 0.0027. The
designed and fabricated panel of 90-hybrid branch-line coupler is shown in Figure 4.12, including
four SMA connctorized 90-hybrids. The SMA to SMP RF cable is used to connect the 90-hybrid
and antenna elements.

The design and performance of the coupler are explained in detail in [70] based on even and odd
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Figure 4.16: Measured and simulated S-parameter of one-to-four power divider.

mode theory. The four port 90-degree hybrid branch-line coupler consists of two quarter-wave par-
allel coupled lines that are connected with two quarter-wave lines. The performance of a 90-degree
hybrid branchline coupler is characterized by several parameters, such as coupling, isolation, phase
imbalance, and amplitude imbalance. To have the wider performance for all of these parameters,
a two section branch-line coupler is optimized by using Advanced Design System (ADS) soft-
ware. The measured and simulated S-parameter of the 90-hybrid are shown in Figure 4.13. The
S-parameter shows input matching of -10 dB from 11GHz to 13GHz, and -3.47dB coupling plus
the insertion loss at 12 GHz. The measured phase and amplitude imbalance are shown Figure 4.14,

resulting phase imbalance less than 5 degrees and amplitude imbalance less than 1 dB from 11.5

GHz to 12.5 GHz.
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The one-to-four power divider in the phased array demo, depicted in Figure 4.15, is crucial for
summing left and right beams from the antenna array. It’s designed to apply amplitude tapering
between the four sub-arrays, as seen in the power divider S-parameter in Figure 4.16. The design
achieved 4 dB amplitude tapering with a difference between S21 and S31.

The ADAR1000 evaluation board, showcased in Figure 4.17, serves as a beam-former for
applying phase shifts. Operating in the X and Ku frequency bands, it features four channels for
half-duplex operation between receive and transmit modes. In receive mode, input signals combine
and output through the common RFIO pin, while in transmit mode, the RFIO input signal is split
and passed through four channels. The ADAR1000 provides a 31 dB gain adjustment range, full
360° phase adjustment in each RF channel with 6-bit resolution (2.8° steps), a 4-wire SPI for
control, and additional features such as memory for beam positions, power detectors, temperature
sensing, an integrated ADC, and programmable bias modes. This evaluation board is well-suited

for applications like phased array radar and satellite communications systems.

4.3.3 Simulation and Measurement Result

To assess the performance of the new dual-beam phased array, we constructed an 8 x 8 slot-
coupled patch phased array, shown in Figure 4.6. For measuring the 2D steering multiple beams
at the central frequency of 12 GH z, we employed a broadband standard horn antenna as a feed
source. The far-field radiation pattern was detected by the probe, positioned at a distance from
the phased array. All height-adjustable devices, including the probe, were digitally controlled
using the turntable facility. Once the array was secured on the control turntable, computed height
adjustments aligned the central axis of the standard horn antenna and the antenna array, ensuring
accurate and reliable measurement of the dual-beam phased array’s radiation pattern.

he Figure 4.18 displays the simulated and measured normalized radiation pattern of the demo
at the central frequency for azimuth scanning. The phased array scans from § = —35° to 6 =
35° in the azimuth plane (¢ = 90°), demonstrating excellent agreement between simulation and

measurement. Both beams exhibit scanning capability from ¢ = —20° to § = +20° with a Side-
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(b) ADAR1000 beam-former architecture

Figure 4.17: The ADAR1000 evaluation board used in the proposed dual-beam phased array demo
as a beam-former.
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Figure 4.19: The simulated and measured normalized scanning radiation patterns in the elevation
plane, when Right beam is directing at § = (0° and Left beam is directing at § = —20°.

Lobe Level (SLL) less than —14.3 dB.

To further assess the circular-polarized dual-beam phased array antenna, beam scanning is
performed in the elevation plane (¢ = 0°). Independent behavior of the right and left beams is
demonstrated through different steering angles, specifically § € 0°,10°,20°,30°,45°. The corre-
sponding simulated and measured normalized radiation patterns at these elevation angles are shown
in Figure 4.19, Figure 4.20, and Figure 4.21. Simulation results closely match the measurements,
confirming the accuracy and reliability of the proposed dual-beam architecture. The measurement
results reveal that the right beam can scan from ¢ = 0° to # = 45°, and the left beam from 6 = 0°

to # = —45°, with a Side-Lobe Level (SLL) less than —13.8 dB.
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Figure 4.21: The simulated and measured normalized scanning radiation patterns in the elevation
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Grating lobes commonly arise in phased arrays, especially during high-angle beam scanning.
The proposed architecture, employing a hybrid-90 and orthogonal signal sampling technique, re-
sults in significant grating lobes due to large sub-array distances, as shown in Figure 4.4 and
Figure 4.5. To address this, optimal column shifts (Si) fill the gap between sub-arrays, virtually
reducing the distance along the X axis. Measured normalized radiation patterns for azimuth and el-
evation planes indicate the absence of grating lobes at scan angles below 20° and 45°, respectively.

The optimal column shift method in a triangular lattice effectively eliminates Side-Lobe Level
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(SLL). Controlling grating lobes, the proposed phased array achieves a peak gain of 20.8 dBi at
6 = £21° in the elevation plane. Unlike conventional phased arrays, this architecture minimizes
losses from element patterns during beam scanning, suggesting its potential for diverse wireless

and satellite applications.
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Chapter 5

CONCLUSION

In conclusion, this dissertation presents novel approaches to design a cost-effective, low-power,
low-noise, and highly linear phased array system tailored for commercial wireless applications.
The second chapter introduces a new LC-based phase shifter structure to achieve a higher FOM at
sub-6 GHz frequencies, vital for 5G applications. This structure utilizes a microstrip transmission
line periodically loaded with equivalent capacitance from shunt stubs, with a comprehensive theory
developed for design optimization. The resulting phase shifter, designed at 4 GHz, exhibits an
impressive FOM of 105.9° /dB and excellent input matching from 3.7 GHz to 4.2 GHz. The
measured radiation pattern of the phased array prototype validates the efficacy of the proposed
phase shifter, with its planar shape and low-cost fabrication making it a promising candidate for
5G applications.

The third chapter proposes a modified architecture for a mixer-first phased array, achieving a
low-noise, robust receiver with superior spatial interference rejection. This architecture employs
the novel TVTL MMIC [49] as a mixer, offering high input IP3 (22 dBm) and average noise figure
(3 dB). The LO-path utilizes a low-cost LC phase shifter [50] to mitigate the lossy phase shifter’s
impact on receiver noise figure, consuming zero-DC power and making it an attractive option
for commercial applications. Measurement results of the phased array demonstrate continuous
beam scanning over the elevation angle of 0° to 20°, confirming the effectiveness of the proposed
architecture.

In the fourth chapter, a novel analog beamforming architecture is introduced for a dual-beam
2D-scanning phased array receiver. This design employs a single 90-hybrid block behind each

two antenna elements sub-array, with phase shifters at the input ports to generate simultaneous
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independent beams. The approach allows for maximum available gain for each beam without
dividing the aperture for dual-beams or multiplying the number of phase shifters, making it scalable
to larger phased arrays. The demonstration of the dual-beam 2D-scanning phased array showcases
wide-band S11 over the frequency range of 10 — 12.5 GHz and low axial ratio within 3 dB over
10.5-12.5 GHz. The phased array pattern measurement exhibits continuous beam scanning over
the elevation angle of 0° to 45° and azimuth angle of 0° to 20° for both right and left beams, with

a maximum gain of 20.8 dBi and SLL of —13.7 dB.
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