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summary

Polarimetric Phased Antenna Arrays (PPAA) are widely used in many applications ranging from cellular
and satellite communications to automotive and weather radars. To operate the phased array adaptively
for the generation of multiple polarization states, the gain and phase of each antenna element (or each
port in case of multiport antennas), so called the beamforming weights, have to be optimized. The
optimization is performed based on the defined pattern goals and constraints such as the co- and
cross- polarization gains and maximum side-lobe levels. By all means, the optimization of complex
beamforming weights depends on the architecture of the phased array. Since a PPAA might consist
of thousands of antennas, low-cost architectures, requiring a lower number of RF chains, are studied
by the researchers through element polarization optimization techniques. Although low-cost solutions
considerably lower the cost and complexity of a PPAA, they deteriorate the polarimetric performance
of the array due to the lack of optimization studies considering polarimetry.

In this thesis, optimization strategies for low-cost PPAAs are discussed. It is found that the state of
the art optimization algorithms limit the operation of a low-cost PPAA to two polarization states, and the
polarimetric performance of the array deteriorates substantially for any other polarization state. How-
ever, the synthesis of more polarization states from a single array may be demanded for performance
enhancement. A new optimization algorithm, mainly using convex optimization, is proposed to extend
the capabilities of a low-cost PPAA to three polarizations with a minimal trade-off in the remaining two
polarizations. It is shown that for a 16 by 16 ideal planar low-cost PPAA, the EIRP of an arbitrary third
polarization (in addition to H and V) can be improved by 3 dB with a negligible loss in H and V, compared
to the state of the art algorithms. Moreover, the low-cost PPAA is simplified even further through sub-
arraying. A new subarrayed architecture, built on the low-cost topology, is proposed along with a novel
optimization strategy to further lower the cost of a PPAA. It is shown that with only a 1 dB loss of EIRP
in H and V, a low-cost PPAA can be subarrayed. Lastly, the pattern synthesis problem for low-cost
PPAAs is discussed. To maintain polarization purity and the overall pattern shape, the cross-polarized
field is also subjected to shaping constraints. The joint pattern and polarization synthesis are explained
for the dual-polarized and low-cost architecture, full-wave simulations are integrated into the optimiza-
tion, and effectiveness of the proposed algorithms are verified. It is shown that for a 13 by 13 array, the
co-polarized field can be shaped with a maximum ripple size of +1 dB, and the cross-polarized field
can be suppressed more than 40 dB with respect to the mask shape.
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Introduction

1.1. Motivation

In modern wireless systems, active polarimetric phased array antennas (PPAA) are widely used to re-
ceive and transmit waves with the desired direction, polarization, and shape. As active phased arrays
do not need to be mechanically rotated, they attract the attention of various domains, such as telecom-
munications, weather radars, automotive radars, and tracking. By properly adjusting the amplitudes
and phases of the antennas in the array, beamforming can be performed. In many scenarios, the trans-
mitted beam is expected to have a certain and adjustable polarization state with minimal leakage to
other polarization states, which can be used for classifying targets or enhancing the quality of service.

In weather radar applications, polarimetric information is used to classify precipitation particles
based on their sizes, shapes, and orientations [1]. Generally, weather sensing is performed through
the transmission of two orthogonal polarization states: horizontal (H) and vertical (V) polarizations. The
H and V directions correspond to the angular unit vectors in a spherical coordinate grid. By alternately
transmitting H and V, the polarimetric scattering matrix (S) can be generated, whose diagonal elements
show the power of each polarimetric channel. Using the S matrix, differential reflectivity (Zpg) and the
correlation coefficient (pgy) can be estimated, which can then be used for particle classification. An
important thing to consider in the measurements is the purity of the synthesized beam; If the trans-
mitted beam has low purity (e.g., high cross-polarization levels), there will be polarimetric bias in the
measurements, resulting in off-diagonal elements of S to have high values and poor classification of
the particles. In addition to weather radars, polarimetric information is used in automotive radars for tar-
get classification. By exploiting polarimetric measurements, road surfaces can be identified and traffic
signs can be detected in any weather condition, assisting the autonomous drive.

Although sensing of precipitation particles is usually performed by alternately transmitting the H and
V polarizations, obtaining all possible polarimetric information requires the retrieval of nine degrees of
freedom. To retrieve nine degrees of freedom, at least three different polarization states must be trans-
mitted in an alternating fashion [2]. This method is referred to as 3Pol1D in the weather radar literature
[3-5]. Compared with the traditional methods, 3Pol1D allowed better estimation of rainfall rates, classi-
fication of hydrometeors with lower ambiguity, and robustness to measurement errors. Although it has
many advantages, 3Pol1D is not widely used in weather radars as it requires complex hardware and a
measurement scheme. As explained, for the utilization of 3Pol1D, a phased antenna array is expected
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1.1. Motivation 2

to be agile for at least three different polarization states while still maintaining the polarization purity
and the required gain for the wireless link.

In addition to sensing applications, the synthesis of multiple polarization states is also useful for
telecommunications. In communications, attention is given to increasing the capacity of a wireless
link and using the spectrum as efficiently as possible at the same time. According to Shannon-Hartley
Theorem, the capacity of a wireless link can be given as follows: C' = B - loga(1 + SNR), where C
represents the capacity, B is the bandwidth of the wireless link, and SN R is the signal-to-noise ratio
of the channel. Since the spectrum is a limited resource and SN R of the channel is an independent
variable, increasing the capacity of a channel is not trivial. By exploiting polarization diversity, two
orthogonal polarizations can be transmitted, and the capacity of the channel can be doubled without
increasing the bandwidth:

C = B {logs(1 + SNRy) + loga(1 + SNRy)} (1.1)

In fact, recent theoretical studies have also shown that channel capacity can be further tripled by trans-
mitting three different electric field vectors [6].

A particular interest for the use of three polarization states is in dealing with transmitter and receiver
misalignment in a dynamic communication link. When the transmitter and receiver are not aligned with
each other, a polarization mismatch occurs, the received power decreases considerably, and the signal
might not even be detected. In such a scenario, a tri-polarized antenna system can align the transmitter
to the receiver through a dynamic feedback system through signal processing. Therefore, there is a
clear need for the synthesis of at least three different polarization states as is demanded by several
applications.

Although modern PPAAs have polarization agility (can synthesize three or more polarizations), they
are complex and expensive, motivating the need for the synthesis of three polarization states without
employing complex dual-polarized elements. By employing dual-polarized antenna elements across
the array, polarization agility and purity can be easily achieved. Although employing dual-polarized el-
ements might seem to be a straightforward solution, they need to be excited from at least two different
ports independently, meaning that each port of an antenna element requires separate radiofrequency
(RF) components, such as pre-drivers, low noise amplifiers, analog to digital converters, and corre-
sponding matching circuitries at high frequencies. Despite the many examples of such arrays, they are
costly, hard to calibrate, and generate a lot of heat because of the large number of RF components.
An example of such a complex RF architecture can be seen in Fig. 1.1, where the circuit diagram of a
single module of a polarization agile receiver is presented [7].

Control Vdd
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Figure 1.1: RF architecture of a polarization agile 256-element Ku-Band SATCOM receiver
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1.2. Problem Formulation

As demanded by several different applications, there is a clear need for the synthesis of multiple, specif-
ically three (e.g. three: H, V, and circular or slant), polarization states by the same array. As stated
above, through the use of a dual-polarized array, any desired polarization can be synthesized as there
is full amplitude and phase control on each port. However, this requires that each antenna port employs
a separate RF chain along with separate RF components, resulting in complex hardware. Recently,
an element polarization optimization technique was proposed in [8], which significantly reduces the
complexity of the array by combining the H, V ports of each dual-polarized element into a single RF
chain (see Fig. 1.2b). The fixed phase shift (or time delay) at the V-port of an element determines
its polarization state. Comparing Fig. 1.2a (conventional&complex RF architecture) and Fig. 1.2b, it
can be seen that the number of RF components nearly reduces to half, significantly decreasing the
complexity and cost of the array. For PCB-based phased arrays with beamformer integrated circuits
(IC), the required number of chips will be half of the conventional architecture.
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Figure 1.2: Polarimetric phased array architectures: (a) conventional, (b) low-cost with optimally polarized elements (RF/FE: RF
front-end, p1, ...pN are fixed).

The optimization framework proposed in [8] demonstrated that by optimizing fixed phase shifters at
V-ports, and digital weights in baseband, two (H and V) polarizations can be generated by the low-cost
topology in Fig. 1.2b, with similar gain, side-lobe, and cross-polarization performance of the conven-
tional topology in Fig. 1.2a. The work in [8] demonstrated that the performance of the low-cost topology
significantly deteriorates when a third (e.g., slant, circular) polarization is tried to be synthesized, as the
array is not reconfigurable in the analog domain (phase shifts are fixed). It is found that the optimiza-
tion framework demonstrated in [8] results in a considerable loss of directivity and Effective Isotropic
Radiated Power (EIRP) for the third polarization state. The reasons for the significant loss of EIRP are
constraints on the Side-Lobe Levels (SLL) and cross-polarization requirements (expected to be less
than —45 dB for purity) inside the main-lobe. To satisfy these requirements, the optimization algorithm
applies a taper on the beamforming weights, considerably reducing the EIRP and the range of the
PPAA. To avoid this, a phase-only beamforming approach (applying full power at each port with opti-
mized phases) could have been preferred, but that would further limit the freedom of already low-cost
topology, and SLL&cross-polarization constraints would not be met. Therefore, there is a need for an
optimization strategy that can make the low-cost topology in Fig. 1.2b synthesize a third polarization
(in addition to H and V) without a significant loss of EIRP and meeting the required constraints at the
same time.
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Although the low-cost architecture reduces the cost of the PPAA by a large amount compared to
the conventional architecture, complexity in Fig. 1.2b is still considerably high. In regular phased
arrays with single-port antennas, it is common practice to divide the array into subarrays and lower the
number of RF chains. Despite the optimization of subarrayed architectures being a trending research
topic, its application to PPAAs is not common. Therefore, a novel optimization strategy is needed to
decompose a PPAA into subarrays, which can lower the cost of the low-cost PPAA further. However,
as the beamforming capabilities of the array will weaken after subarraying, polarimetric performance
has to be maintained. The optimization algorithm has to preserve the polarimetric performance of the
subarrayed architecture with a little compromise compared to the performance of the low-cost topology
in Fig. 1.2b and the conventional dual-polarized architecture.

In addition to the cost and complexity of a phased array, pattern synthesis is a frequently faced
problem in phased arrays. Despite the use of a shaped pattern is common for conventional phased
arrays, its implementation to PPAAs is not widespread. Most of the current optimization algorithms that
are trying to jointly synthesize pattern and polarization cannot maintain the purity of the polarization for
a shaped beam. Besides, there is no application of it to low-cost PPAAs. Consequently, an optimization
algorithm that is adaptable to low-cost PPAAs and capable of maintaining polarization purity is required
for the joint pattern shaping and polarization synthesis.

Furthermore, mutual coupling effects are generally ignored in most of the studies regarding shaping,
polarization synthesis, and subarraying. However, performing the optimization without coupling effects
might considerably deteriorate the performance when the array is excited with those weights. Therefore,
coupling effects must be included in all optimizations to avoid deterioration of polarimetric performance.

1.3. Scope of Research

The scope of this research is primarily based on novel optimization strategies to achieve PPAAs with
low-cost topologies, such as the one shown in Fig. 1.2b. Other possible ways of generating a low-cost
PPAA could be utilizing polarization switches or through tiling of the array with subarrays. Polarization
switches that enable the alteration of the port used at a specific instant are not considered within the
scope of this thesis, as the novelty is primarily on the optimization rather than the design. Tiling of the
aperture through subarrays has been considered in this work with several constraints. Itis assumed that
the tile sizes and shapes are fixed, and the optimization variables are the orientations and placements
of the tiles, along with the complex beamforming weights.

Another important topic covered within the scope of this work is the shaping of the transmitted
wave while considering the polarization requirements. Shaping of the transmitted wave is widely used,
especially in radar applications. The beam shaping intends to impinge an equal amount of power on
each target so that the classification of the targets can be accurate. Throughout beam shaping, tiling
is not considered, and the array is assumed to have the low-cost topology shown in Fig. 1.2b. Unlike
the most of literature, shaping of the beam pattern is performed solely on the elevation plane, and the
steering of the shaped pattern is performed on the azimuthal plane.

Although coupling effects are mostly considered inside optimization algorithms, all the other nonlin-
earities regarding the circuitry and RF components are neglected in this thesis. For instance, beam-
forming IC outputs are assumed to be ideal, losses due to the feeding circuitry and RF components are
neglected, and distortions due to amplitude-phase coupling are not considered.

Through the derivations and simulations, 1D and 2D planar arrays are considered; conformal and
3D arrays are not discussed within the scope of this work. However, with slight adjustments in the field
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equations, optimization strategies can be generalized to any array or antenna element type.

1.4. Literature Review

The problem of pattern and polarization synthesis in active-phased arrays is a hot research topic. Al-
though there are some algorithms for polarization synthesis, it has been found that the algorithms are
primarily based on pattern synthesis without considering the polarization requirements. Studies that
consider polarization synthesis can be grouped according to the complexity of the architecture that
they require from the array. In other words, some of the algorithms utilize single-polarized antennas
with a single RF chain per element, whereas some algorithms require complex dual or tri-polarized
architectures with at least two RF chains per element. In addition to polarization requirements, few
works consider pattern shaping and polarization synthesis jointly; however, they require dual-polarized
antenna elements.

1.4.1. Single-Polarized Antenna Elements

In this section, algorithms that are based on the usage of single-polarized antenna elements, and there-
fore a single RF chain per element, are examined. These studies demonstrate that, in general, PPAAs
with single-optimally polarized elements can synthesize at most two polarization states with acceptable
polarimetric performance. It is found that studies employ different algorithms, such as convex optimiza-
tion, numerical algorithms, genetic algorithms, and iterative algorithms. As the problem dealt with can
be put into a convex format, convex optimization is widely used across studies. In fact, compared to
other algorithms, convex optimization approaches to the optimal solution faster. This is why, as part of
the optimization framework, convex optimization is preferred in [8] after finding the polarization states
of the individual elements. However, as detailed in Section 1.2, their algorithm can only be used to
synthesize H and V with acceptable polarimetric performance, since it results in a considerable EIRP
loss for any third polarization.

In addition to polarization synthesis, convex optimization is further used for pattern shaping in [9].
To deal with the pattern and polarization requirements jointly, semidefinite relaxation (SDR) has been
used. It must be noted that SDR does not necessarily find the optimal solution to the problem, but
rather attains a suboptimal solution satisfying the constraints of the system. The strategy presented in
[9] is to suppress cross-polarization below —30 dB and shape the co-polarized component, resulting in
an overall field close to the shaped co-polarized component. However, the algorithm presented in [9]
is limited to a single linear polarization.

A numerical pattern synthesis algorithm has been implemented in [10] that iteratively searches for
a beamformer until the cross-polarization and purity requirements are met. This algorithm does not
employ dual-polarized elements, making the array low-cost, and it searches for the ideal boundaries
(main-lobe and side-lobe regions) itself; unlike convex optimization algorithms, where boundaries have
to be set by the user through a direct search. The disadvantage of the algorithm is that the synthesized
polarization depends on the polarization of the antenna element, meaning that the array can synthesize
only a single polarization without reconfiguring the antenna.

A novel rotation and phase optimization technique is presented in [11], where planar antenna ele-
ments are physically rotated (see Fig. 1.3) and excited for joint pattern and polarization synthesis. As
it does not require a complicated feed network, a phase-only beamforming approach is preferred. To
jointly solve for the rotation angles and phases, particle swarm optimization (PSO) is used. It must be
noted that, unlike any of the previous cases, mutual coupling between elements will change as they
are rotated, which is taken care of by integrating full-wave simulations into the optimization problem.
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After rotations are updated at each step, active element patterns (AEP) are re-simulated and updated.
The objective function of PSO contains the weighted sum of non-linear terms regarding the shape of
the pattern and polarization purity, making it complex. Although the suggested algorithm uses single-
polarized antennas, it can be used to synthesize any polarization. However, once the array is optimized,
it cannot be used to synthesize any other polarization as the element orientations will be fixed. More-
over, physically rotating elements complicates the manufacturing process (increasing the array cost),
and the optimization process takes a couple of hours.

Figure 1.3: Physically rotated patch antennas

1.4.2. Dual &Tri-Polarized Antenna Elements

Contrary to the previous section, studies that are explained in this part are polarization agile, but they
require the use of dual-polarized elements with at least two RF chains, or they require complex element
designs. Unlike [8], where the objective function is based on maximizing the gain of the co-polarized
component, [12] uses the objective function of the convex problem to perfectly meet the polarization re-
quirements. Through the relations between electric field components (E-field), constraints on the axial
ratio can be set, which can help to perfectly synthesize any linear, circular, or elliptic polarization state
with a focused beam. Similar to [12], the research in [13] suggests the use of sequential convex opti-
mizations for polarization synthesis. A sequential approach is preferred in [13] to relax the polarization
constraints and reduce the required number of antennas. The main studies considering polarization
synthesis are briefly reviewed below.

In addition to the polarization agile focused beam synthesis technique explained in [12] and [13],
pattern shaping along with polarization synthesis is explained in [14]. Constraints of the optimization
are solely used to suppress the peak SLL and arrange the axial ratio. Unlike [12], the objective function
of [14] is used to shape the pattern; however, pattern shaping constraints do not define a convex set by
nature and must be adjusted to be solved by convex optimization. To convert the problem into a convex
format, an iterative approach is preferred, where the shaping constraints are rewritten in terms of the
power pattern, and constraints in quadratic form are treated as linear through the iterations. Although
[12] and [14] suggest algorithms that can synthesize any polarization, and even synthesize the pattern,
they require dual-polarized antenna elements, increasing the complexity; similarly, [13] requires the
use of even more complex tri-polarized antenna elements.

As mentioned before, many studies have utilized convex optimization through different aspects as
a tool to solve for beamforming coefficients. [15] used linear algebra as a tool to generate the solution
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space for the problem with the aim of removing the axial ratio from the objective function and achieving
a lower peak SLL while still satisfying the polarization requirements. The beamforming weight vector
is expressed through the polarization requirement in a certain direction:

[t

where w,, is the N by 1 beamforming vector, Q is an N by (V — 1) matrix containing polarization
requirements, n is a (N — 1) by 1 coefficient vector to be solved, and | is an (IV — 1) by (N — 1) identity
matrix. Itis clear that Q has a rank of (/V — 1) whose column space spans the subspace of the excitation
domain satisfying the polarization requirements. For any coefficient vector n, polarization requirements
can be satisfied. It is claimed that with this strategy, a lower peak SLL can be obtained while perfectly
satisfying polarization requirements. However, it is observed that this method cannot be implemented in
the low-cost topology given in Fig. 1.2b, and as before, dual-polarized antenna elements are required.

w, = Q, (1.2)

An implementation of a genetic algorithm is presented in [16] for weather radars with multiple si-
multaneous transmit beams. Since the genetic algorithm can handle non-linear and non-convex con-
straints, phase-only beamforming is demonstrated, increasing the EIRP of the radar. It has been shown
that multiple beams with pre-defined locations can be generated while satisfying the cross-polarization
requirements expected from weather radars. Moreover, although the synthesis of H and V are demon-
strated in the work, the algorithm can be extended to other polarizations as the considered PPAA is
fully polarized. However, as with the previous cases, dual-polarized antenna elements are utilized.

Table 1.1: Overview of the studies considering polarization synthesis, grouped according to element polarizations.

SLL XPL
Ref. # | Beam type | Polarization type | Control Parameters . ]
constraint | constraint
[12] Focused Multiple, arbitrary Amplitude, phase v v
Dual-polarized [14] Shaped Multiple, arbitrary Amplitude, phase v v
antenna elements [15] Focused Multiple, arbitrary Amplitude, phase v v
[16] Comb-like | Multiple, arbitrary Phase v v
Tri-polarized
r-polarize [13] | Focused | Multiple, arbitrary | Amplitude, phase v v
antenna elements
[8] Focused Two, fixed Amplitude, phase v v
Single-polarized [9] Shaped S?ngle, fixed Amplitude, phase v v
antenna elements [10] Focused Single, fixed Amplitude, phase v v
[11] Shaped Single, arbitrary Rotation, phase v v
Thi F
'S ocused or Three, fixed Amplitude, phase v v
work Shaped

From the literature (see Table 1.1), it can be seen that there are many ways of synthesizing polar-
ization and pattern, and a few methods for doing it jointly. However, it is clear that achieving agility
in polarization with or without pattern synthesis requires the use of dual-polarized elements. There
are also optimization methods based on low-cost topologies (single feed per radiator); however, they
can synthesize at most two polarization states while meeting the purity and EIRP criteria. Further-
more, mutual coupling between antenna elements is generally ignored in the polarimetric optimization
procedure.
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1.5. Research Objectives

From the state of the art, it is clear that there are lacking points and challenges associated with each
technique, and the following gaps from the literature will be primarily addressed as the objective of this
research:

* Increased polarization agility: As detailed in Section 1.2, the algorithm described in [8] can
synthesize H and V polarizations without resulting in a significant EIRP loss (compared to a con-
ventional fully-polarized array) and maintaining polarization purity. However, as motivated, there
is a demand for the synthesis of a third polarization in addition to H and V. Therefore, a new
optimization strategy that will increase the directivity and EIRP of an arbitrary third polarization,
for the low-cost topology given in Fig. 1.2b, will be explained.

Subarray tiling optimization: Complexity and the cost of a phased array can be further reduced
by subarray tiling. However, tiling will further reduce the freedom in beamforming, which was
already reduced after combining both ports of the antenna into a single RF chain. Tiling will also
be included in the optimization framework, but the shape and size of the tiles will remain fixed.

Joint pattern and polarization synthesis: Pattern shaping along with polarization synthesis
will be performed. It is observed that there is a demand for pattern shaping even in the case of
polarization synthesis, especially by weather radars. Pattern synthesis for the low-cost topology
will be carried out through novel optimization methods.

* Inclusion of Coupling Effects into Optimization: Most of the studies neglect the coupling
effects between ports (and radiating surfaces) and assume isotropic radiation, which might dete-
riorate the performance of an actual PPAA. Through full-wave simulations, it will be shown that
coupling effects can be handled by including them in the optimization.

The goals of this thesis are enhancing the agility of the low-cost array, reducing the complexity of the
low-cost array even more through tiling, and jointly synthesizing pattern along with polarization using
the low-cost topology. Novel optimization strategies will be presented for each goal.

1.6. Novelties of the Thesis

To achieve the goals explained in Section 1.5, novel optimization methods and frameworks, inspired
by the state of the art, are introduced:

» Polarization State Optimization for Tri-pol Operation: A sequential approach for the optimiza-
tion of phase shifts (py, - - , px) and beamforming weights (w1, - - - ,wy) in the low-cost topology
(Fig. 1.2b) is proposed by [8]. Suggested method by [8] gives importance to H and V polariza-
tions; an adjustment is made to the proposed algorithm, and a trade-off among polarization states
is found, increasing the performance of the desired third polarization.

* Quantization of Polarization States: A different quantization method, where an optimal refer-
ence phase is iteratively found, is used to quantize continuous shifts into discrete ones, which
demonstrates that an improvement can be made compared to traditional methods.

+ Joint Subarray Tiling and Polarization Synthesis: Subarray tiling of polarimetric phased arrays
is not common in the literature, as it limits the capabilities of the array. To the best of the authors’
knowledge, there is no implementation of subarray tiling for polarization synthesis when the low-
cost topology is utilized. A novel optimization framework is devised that enables antennas in the
same tile to be excited with the same amplitude but with a different phase.

+ Shaped Pattern Synthesis with Polarimetry: As mentioned previously, shaped patterns are
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also useful for PPAA applications. Polarization purity must still be satisfied when pattern shap-
ing is performed; otherwise, the obtained measurements of precipitation particles will be biased.
Common pattern shapes used in real-life radar applications are flat-top and cosecant decaying
masks. It is observed that studies considering polarization synthesis along with a cosecant de-
caying mask jointly, do not consider the fact that cross-polarization requirements also have to
change with the mask. The algorithm suggested in this thesis takes care of this by also making
cross-polarization inside the shaped region decay with respect to the mask shape, maintaining
the required power difference between co- and cross-polarized fields.

As can be seen, the main challenge is optimizing a large number of variables and including electromag-
netic effects, like mutual coupling, within the optimization problem, which is nonlinear and nonconvex.

1.7. Thesis Outline

The thesis starts by explaining the signal model for phased arrays and the optimization procedure of
conventional fully-polarized phased arrays. The optimization algorithm for the dual-polarized architec-
ture, explained in Chapter 2, is a baseline for the strategies suggested in the later chapters, whose
polarimetric performance will serve as a benchmark to evaluate the performance of algorithms to opti-
mize the low-cost architecture. Afterwards, several strategies to optimize the low-cost architecture are
explained in Chapter 3 and compared against the state of the art. It is shown that a trade-off among
the polarization states can be obtained and exploited to enhance the performance of the low-cost archi-
tecture in the synthesis of an additional polarization state. The robustness of the suggested algorithms
against mutual coupling is shown through full-wave simulations.

A trending application in active phased arrays is to decompose the array into subarrays to lower the
cost. To the best of the authors’ knowledge, other than utilizing polarization switches, subarraying is not
implemented within the domain of polarimetric phased arrays, which is shown to even lower the cost
of the low-cost architecture. After the optimization of the low-cost architecture is performed and the
element polarization states are obtained in Chapter 3, subarray optimization is performed in Chapter
4. Several subarrayed architectures are discussed, and their performances are presented. It is shown
that with a slight deterioration in polarimetric performance, a subarrayed architecture can be used for
polarimetric arrays.

In Chapter 5, the joint pattern and polarization synthesis procedure is explained for the dual-polarized
and the low-cost architectures. Different pattern shapes are tried to be synthesized with different po-
larizations acting as co-polarization. Although pattern synthesis is a frequently encountered problem
and can be performed with different techniques, application to polarimetric arrays is not widespread. In
addition to the co-polarized field, the cross-polarized field also has to be constrained with respect to the
mask, to ensure the polarization purity. Through full-wave simulations, it is shown that joint pattern and
polarization synthesis are indeed possible for the fully-polarized architecture, and also for the low-cost
architecture with reasonable deterioration.

Finally, conclusions from the thesis and directions for future work are given in Chapter 6.



Polarimetric Arrays with
Dual-Polarized Elements

In this chapter, the theoretical background related to the examined problem will be clarified. In Section
2.1, the signal model related to antenna array theory will initially be derived for a single-polarized array
and then extended to a fully polarized PPAA. Through the signal model, the objective function and the
constraints of the optimization problem will be generated. In Section 2.2, the structure of the optimiza-
tion problem will be explained. Convex optimization will be used to solve the optimization problems,
requiring the problem to be put into a convex format.

2.1. Signal Model

Deriving the signal model for antenna arrays requires an understanding of electromagnetic wave prop-
agation. The propagation of waves in space can be described by the wave equation:

2
(V2 — é%)s(r, t)=0 (2.1)

where r = [z,y, z]T is the position vector in space, c is the speed of the wave and V is the Laplacian
operator in the rectangular coordinate system. A well-known solution for the wave equation can be
given as:

sin ¥ cos ¢
s(r,t) = edWkD ity k:—% sin® sin ¢ (2.2)
cosv

w represents the frequency of the wave in [rad/s], k is the wavenumber vector indicating the direction
of propagation, ¢ and ¢ are the elevation and azimuth angles. For phased arrays with multiple elements
on receive, each antenna will receive an incoming signal with a time delay due to the geometry of the
array. As can be seen in Fig. 2.1, the time delay between incident signals depends on the spacing
between the elements. Using (2.2), the time-delayed incident signal can be written as:

10
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Figure 2.1: Geometrical delay of signal

sr(rt) = s(rt —7) = W= =kn) _ gi(wt-wr—kn) (2.3)

(2.3) shows the term generated due to the time delay, 7. Through the narrow-band assumption (| B7| <<
2m), time delays can be represented as phase shifts:

s-(t) = s(t)e 7T (2.4)

The property in (2.4) suggests that each elementin an array receives the phase-shifted replica of the
incoming signal, where the phase shift depends on the incidence angle «}. For an array of N elements,
an N by 1 steering vector can be associated with the phase shifts between the elements:

. ) H
a(t,6) = [g1(0, @)+ gy (9,)e I (2.5)

where g;(1) represents the term arising due to the coupling effect between the antennas. The signals
received or transmitted by antennas are highly affected by the individual AEPs. Each antenna in an
array has a specific gain and phase pattern because of the electromagnetic interactions between the
feed lines and the apertures. These field interactions can be accounted for by integrating element pat-
terns into the optimization problem through expressing the steering vector in terms of complex element
patterns and phase delays jointly.

The array response to any input can be given through the beamforming coefficients to be optimized
and the steering vector given in (2.5). For a single-polarized array composed of N radiators, the far-field
pattern in spherical coordinates can be given as follows:

N
F(9,¢) =Y wnan(¥,¢) =a" (9, ¢)w (2.6)

i=1

where w is the vector containing beamforming coefficients. The previous discussion on the single-
polarized array can be extended to the fully polarized array in Fig. 1.2a, where the field components
(H, V) can be obtained through:

Fu(9,¢) = ajj (9, 9)Wn + agry (9, o)Wy (2.7)
FV(197 ¢) = a\l_/IV (197 ¢)WV + a‘l_/IH (197 ¢)WH (28)

where the second subscript denotes the port, and the first subscript denotes the resulting field (e.g.,
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aygy represents the H field due to the H port). Due to coupling effects between the H and V ports
of a dual-polarized element, cross-polarization terms (ag v, ay ) appear in the above field equations,
deteriorating the purity of the desired polarization. Although H and V fields can be expressed through
these field equations, the motivation is to synthesize an arbitrary third polarization state, which requires
a similar analytical formulation. Using the Jones transformation matrix, any arbitrary polarization can
be expressed through the H and V fields:

Feol | cos(p) sin(p)| |1 0 Fy
F.| l sin ()  cos ((p)] lO e | | Fy (29)
Foo(9,0) = cos (@) Fr (0, ) + sin (@)e " Fy (9, ¢) (2.10)
Fcr(ﬁ> ¢) = —sin ((p)FH(19> ¢) + cos ((p)e_jnFV(ﬁv (b) (211)

where ¢ is the ellipticity angle and 7 is the phase difference between the orthogonal fields. The field
expressions in (2.10) and (2.11) will be used to set up the constraints and objective function of the
optimization problem.

2.2. Convex Optimization

To optimize the complex beamforming coefficients (wy, wy ), convex optimization is used, as it is a
faster approach compared to numerical algorithms, and the problem can be put into a convex format.
A standard convex optimization problem has the form [17]:

minimize  fo()
subjectto  fi(x) <0, i=1,....,m (2.12)

The objective function (fy(«)) and all inequality constraint functions (f1(z) - - - f.(z)) have to be convex;
and equality constraints (hi(x)-- - h,(x)) have to be affine. A function is convex if the domain of the
function is a convex set and satisfies:

f0z+ (1 —=0)y) <0f(x)+(1—-0)f(y) (2.13)

for all x and y within the domain of the function, where 0 < 6 < 1. For affinity, both sides of (2.13) must
be equal. Another way to observe convexity is to check the Hessian of the function. The Hessian of a
convex function f is positive semidefinite (PSD): V2 f(x) = 0, and the Hessian of an affine function is
0: V2f(x) = 0 for all x in the domain. In Section 2.3, the problem for the dual-polarized antenna shown
in Fig. 1.2a will be formulated.

2.3. Problem Formulation for the Dual-Polarized Architecture

The performance of the phased array employing the dual-polarized architecture will be a benchmark
for the algorithm proposed in [8] and the algorithms proposed in this study. Problem formulation will
initially be performed for the dual-polarized architecture, and similar formulations will be adapted to
other architectures and algorithms.
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The optimization problem formulation is performed on a 2D discretized u-v grid, called the sin
space. When dealing with planar antenna arrays, it is a common practice to utilize the u-v grid, where
the transformation from spherical coordinates to u-v space can be performed through: « = sin cos ¢
and v = sindsin¢ (¢ represents elevation, ¢ represents azimuth angle). As there will be different
requirements for different regions of the output beam, the strategy is to divide the u-v grid into different
regions and express the constraints through the discrete points in each region (see Fig. 2.2). Fig.
2.2 illustrates the strategy on an azimuthal cut in the spherical coordinate system (transformation to u-v
space is trivial). Across the discrete points in the side-lobe region, the aim is to suppress the magnitude
of the co- and cross-polarized fields; and across the points in the main-lobe region, the cross-polarized
field should be suppressed more for the desired polarization purity, and the co-polarized field should be
maximized at the center of the region (|| F.,(9) ||2)- Yo defines the center of main-lobe, specifying the
steering angle in elevation. It is important to note that the main-lobe and side-lobe regions should not
overlap, as it might result in an infeasible problem. The density of the u-v grid (the number of points)
determines the precision of the optimized beamforming weights in terms of meeting the constraints;
a coarse grid might fail to satisfy the constraints when tested on an actual PPAA, but a very fine grid
might drastically increase the duration of the optimization because of the high number of constraints.

[IF®)Il2
[1Feo(Bo)ll21 .
1 1 190 | 1
1 1 1 1 1 >9
\ Y A Y )l_'_l
SL ML SL

Figure 2.2: Dividing the angular space into two regions at a specific azimuthal cut (ML: Main-lobe, SL: Side-lobe)

The structure of the optimization problem compatible with the dual-polarized architecture can be

written as:
min - R(Fco(ﬁ07 ¢0)> =P

Wi, ,Wy

st I(Feo(Po,d0)) =0
1Fer (9, @3)ll2 < p- 10757, V(¥i,¢i) € ML
| Fur (03,8012 < p- 10555 W(9;,6) € SL (2.14)
| Feo(Pisdi)|l2 < p- 10“2%““7 V(9:, 1) € ST
Wenllz <1, Vn=1,---,N

HWV.,nHzgl, Yn=1,---,N

As the dual-polarized architecture does not impose any limitations on the ports, optimization can be
carried out separately over the beamforming weights (wy, wy/) corresponding to separate ports. The
analytical expressions for the co- and cross-polarized fields in (2.14) can be found in (2.10), (2.11). Itis
easy to see that the format of the optimization problem given in (2.14) has the format of a standard con-
vex optimization problem in (2.12). The objective of optimization is to maximize the gain in the direction
of radiation (defined by (¥, ¢o)) for a given polarization state (¢, n). However, the [2-norm of gain in
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the radiation direction cannot be used in the objective, as it has the form: || F., (9o, ¢0) ||2=|| aZw ||o=
waa’w = wH Aw, where the Hessian is V2F,, (W) = A = 0. As Ais PSD, || F.,(Yo, ¢o) |2 is a convex
function and can be minimized; however, this will minimize the gain. Subsequently, — || F.,(Y0, ¢0) |2
is concave and can be maximized; however, this, in turn, will minimize the gain. Therefore, as detailed
in [18], R(F., (Y0, ®0)) can be used instead of || F.,(, ¢0) |2, with only the phase of the gain being
different in the radiation direction (as the suggested strategy will result in a phaseless gain).

Throughout the literature search, it is observed that expressing the problem in the form of mini-
mization is a common practice, which requires the objective function to be convex. In the examined
case, R(F.,(%0, ¢o)) is a linear function of wy and wy, (can be seen from (2.10) and (2.11)); any linear
function is convex and concave, as the strict equality condition in (2.13) holds. Moreover, maximizing
a concave function f(z) is equivalent to minimizing the negative of that function g(z) = — f(x), as g(x)
is convex. Therefore, negative of R(F., (%, ¢¢)) is minimized instead of maximizing R(F., (%, ¢0)), as
they are equivalent. It must be noted that —F., (9, ¢ ) is @ complex number with phase and simply the
real part of it is minimized instead of the [2-norm magnitude. For the real part of F.,(9, ¢o) to imitate
the [2-norm, the imaginary part (I(F., (%o, ¢0))) must be enforced to be zero, which is the first constraint
of the optimization problem. As mentioned in Section 2.2, an equality constraint has to be affine (has
to be in the form of h;(z) in (2.12)) in an optimization problem. I(F.,(, ¢0)) is a linear function and
the Hessian of it is equal to 0, hence it is an affine function.

The second constraint in (2.14) suppresses the cross-polarized field inside the main lobe. XPL is a
user-defined value that indicates by how many dB the level of cross-polarization should be lower than
that of the co-polarized field. To ensure the convexity of this constraint, a norm cone can be associated
to it. For any norm, a norm cone C has the structure [17]:

C={(zt) | [lzl<t} R (2.15)

Any set having the form of the norm cone described in (2.15) is a convex set. As the cross-polarized field
described in the constraint is a complex number, its magnitude can be obtained through the i2-norm:
| Feri lo= v/R(Feri)? + I(Fer;)2. Using the (2-norm, a second order cone (SOC) can be associated
with each of the discrete points in the main-lobe region corresponding to the cross-polarized field and
tried to be suppressed:

XPL

K = {(R(For (95, 6:)), [(Fer (93, 6:)), - 107507 ) ||| Fep(9i,4) o< p- 10757} € R? (2.16)

where K is a second-order cone in R?. Similar cones can be associated with the second and third sets
of inequality constraints in (2.14), where the purpose is to suppress the co- and cross-polarized field in
the side-lobe region. SLL., and SLL., are user-defined values that indicate by how many dB the level
of co- and cross-polarization in the side-lobe region should be lower than the gain of the co-polarized
field in the direction of radiation.

The remaining two sets of inequality constraints are used to suppress the magnitude of the beam-
forming coefficients for both ports. In a real phased array, the maximum excitation magnitude is deter-
mined by the maximum power that can be supplied to each port, which is dictated by the hardware. In
this work, the maximum amplitude that can be supplied to any of the ports is assumed to be 1. Similarly,
a second-order cone can be associated with these constraints:

U= {(R(WH,n);]I(wH,n)y ]-) | || wH,n ||2§ ]-} g R3 (217)
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The same second-order cone can also be associated with the V port weights as well. All inequality
constraints in (2.14) are in the form of a second-order cone and therefore convex, and the inequality
constraint is shown to be affine. Such an optimization problem falls under quadratic optimization prob-
lems, specifically the second-order cone program, because of the structure of the inequality constraints.
As the overall optimization problem is convex, existing libraries [19] can be used to solve it for complex
beamforming coefficients.

2.4. Performance of the Dual-Polarized Architecture

Throughout the optimizations, the simulation settings and simplifications of [8] are used. The coupling
effects between the ports are neglected (agy = ayy = 0), and the ports are assumed to radiate
isotropically. A 16 by 16 array where the elements are located half wavelength apart from each other in
the two axes is chosen for the simulations [8]. The chosen polarization states are: H (¢ = 0°, = 0°),
V (¢ = 90°,n = 0°), and LHCP (¢ = 45°,n = 90°) as the arbitrary third polarization. A discretized
u-v grid is used with a regular step size of 0.05 during optimization to relax computational complexity.
Constraints are set as: XPL= —45 dB, SLL..=SLL., = —20 dB [8], and two different scenarios are
considered: broadside radiation and steering to 45° in both elevation (¢#) and azimuthal (¢) planes,
which is us = vs = 0.5. The co-polarized directivity values are computed numerically by taking the ratio
of radiation intensity (U) in the scan direction to the average radiated power:

D, — Uo,60) _ AU (Yo, ¢o) (2.18)

Uo 2T T U9, ¢) sindddde

As mentioned in Section 2.3, the maximum allowed magnitude for each portis 1. The power allowed
at each port can be found by squaring the amplitude and dividing it by two. As the maximum allowed
magnitude is 1, the maximum allowed power per port is 0.5 W and per antenna is 1 W. However, for
the synthesis of H and V, the dual-polarized architecture does not excite the port that synthesizes the
opposite polarization (due to the ideality assumptions). Therefore, for a fair comparison with the up-
coming low-cost algorithms, the power levels obtained for H and V will be doubled. Another important
performance metric is the Effective Isotropic Radiated Power (EIRP), which shows the measured radi-
ated power in a single direction. As the antenna is assumed to be lossless and perfectly matched at
all scan angles for the examined case, EIRP can be obtained through: EIRP = Directivity - P;,.

Table 2.1: Polarimetric performance of the dual-polarized architecture

Direction (p,m) | Directivity [dBi] | Pin [W] | EIRP[dBW] | SLL_[dB]
(0,0) 25.25 203.42 48.33 -18.62
Broadside(u; = v, =0) | (90,0) 25.25 203.34 48.34 -18.65
(45,90) 25.20 205.32 48.33 -18.60
(0,0) 23.75 239.11 47 53 -17.73
Steered(u; = v; = 0.5) (90,0) 23.75 239.09 47.53 -17.74
(45,90) 23.74 239.00 47.52 -17.74

The polarimetric performance of the conventional dual-polarized architecture is shown in Table 2.1.
Convex optimization is utilized to derive the results. The absolute values of the directivities are shown,
while SLL., is normalized with respect to the maximum gain, which is aimed to be less than —20 dB.
XPL and SLL¢, are not given, as the algorithm does not excite the port synthesizing cross-polarization
for a predefined co-polarization. It should be noted that the constraints in (2.14) are not fully met even
with the conventional architecture due to the u-v grid discretization. Improving the grid resolution will
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improve the SLL results, but this will significantly increase the computational burden. Moreover, Fig.
2.3 shows the u-v plots of the co-polarized components of the three examined polarization states for
different radiation directions. It can be seen that the conventional dual-polarized architecture can easily
synthesize any desired polarization, steer the main-lobe, and suppress the side-lobes.

0

-30

-30

(d) (e) ()

Figure 2.3: Co-polarized radiation patterns in the uv-plane (normalized, in dB) with the conventional dual-polarized architecture
for a broadside [us = vs = 0] and a steered [us; = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,7 = 0°) -
broadside., (c) (¢ = 45°,n = 90°) - broadside, (d) (¢ = 0°,n = 0°) - steered, (e) (¢ = 90°,n = 0°) - steered, (f) (p = 45°,n =
90°) - steered

2.5. Full Wave Simulations

To examine the robustness of the algorithm against coupling effects between elements, a 13 by 13 (not
16 by 16 due to computational burden) planar antenna array is designed in the CST Studio Suite, where
the elements are located half a wavelength apart from each other (at 15.5 GHz). The array consists
of dual-polarized stacked patch antenna elements (see Fig. 2.4a) with two feeds per element, where
both feeds are matched to 5092 with S1; = Sz < —12 dB between 15.05 — 15.95 GHz (see Fig. 2.5).
The entire array is simulated with sequential excitation in the time domain to obtain the active element
patterns from each feed port at the center frequency of 15.5 GHz. The variation of AEPs due to the
coupling effect is shown in Fig. 2.6 for a center, edge, and corner element. Active element patterns
are obtained with a resolution of 5° in elevation and azimuth, resulting in 441 points on the u-v grid for
optimization.

The optimization is performed using the simulation settings of [8]: XPL= —45 dB, SLL., =SLL., =
—20 dB. The polarimetric performance of the planar array is shown in Table 2.2. Unlike in the previous
section, the optimization grid and the simulation grid (the grid used to obtain the performance metrics
in Table 2.2) are the same. As arbitrary precision levels cannot be selected from CST, the only finer
grid size was 1°, resulting in more than 10500 data points, which was not feasible for optimization
and resulted in significant deterioration in SLL levels when used only as the simulation grid. As the
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optimization and simulation grids are the same, it can be seen from Table 2.2 that all XPL and SLL
constraints are perfectly met for any polarization and radiation direction. Table 2.2 will serve as a
benchmark for the comparison of the algorithms in Chapter 3. It should be noted that the maximum
amplitude is normalized with respect to one, and the power stimulated to a port is calculated by squaring
the amplitude and dividing the result by two. Therefore, the maximum power that can be supplied to
the array is 169 W.

Table 2.2: Polarimetric performance of the designed fully-polarized planar array

Direction (p,1) | Gain [dBi] | Pin(W] | EIRP[dBW] | XPL[dB] | SLL.,[dB] | SLL.,[dB]
(0,0) 2449 | 168.89 | 46.77 -45.00 -20.00 -20.36
Broadside (u, = v, = 0) | (90,0) | 24.45 | 167.78 | 46.70 -45.00 -20.00 -20.00
(45,90) | 27.08 | 169.00 49.36 -45.00 -20.00 29.38
(©0,0) 2325 | 166.70 4547 -45.00 -20.00 -20.00
Steered (u, = v, = 0.5) | (90,0) | 23.27 | 167.10 4550 -45.00 -20.00 -20.00
(45,90) | 25.27 | 16829 | 46.52 -45.00 -20.00 -20.69

(a) Wideband stacked patch antenna

Figure 2.5:

S-parameters[dB]

-35

Figure 2.4: Antenna design in CST Studio Suite

15.5

Frequency [GHz]
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(b) 13 by 13 planar array

S-parameters of a single element, simulated with unit-cell boundaries in boresight
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Figure 2.6: Active element patterns obtained with full-wave simulations from the designed array
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2.6. Intermediate Conclusions

In this chapter, the signal model required to express fields is derived. Derivations are first performed for
a single-polarized array and then extended to a fully-polarized array. Afterwards, it is shown that for the
conventional fully-polarized PPAA, problem can be put into convex format and solved efficiently. Sim-
ulations are initially performed by neglecting coupling effects and assuming isotropic radiation. Finally,
the convex algorithm is performed on a planar array designed in CST Studio Suite, and supported
with full-wave simulations. It is shown that coupling effects can be included in optimization process,
and beamforming coefficients can be optimized respectively by considering the electromagnetic ef-
fects. Moreover, it has also been demonstrated that the dual-polarized architecture can synthesize any
polarization with excellent performance.



Element Polarization Optimization for
the Low-Cost Topology

The conventional fully-polarized array can perfectly synthesize any desired polarization. However, the
intention is to create a PPAA using the architecture in Fig. 1.2b, where the excitations of the ports of the
same patch differ solely by a phase. The phase difference between the ports of an element determines
the polarization state of the element. In addition to excitation amplitudes being constant across the
ports, another limiting factor is that the phase difference between the ports will be fixed after being
optimized; which means that the analog part of the array will not be reconfigurable. As will be shown,
low-cost architecture will limit the gain and EIRP of the array for each polarization: however, through
the optimization of element polarization states (p = [p; - - - pn] in Fig. 1.2b), this loss can be minimized.
Section 3.1 discusses the algorithm suggested in [8], where the optimization is performed for H and V,
and presents the simulation results. Section 3.2 discusses the suggested optimization algorithms for
the improved synthesis of 3 polarizations. Moreover, a novel quantization algorithm is also presented
for the discretization of the optimized continuous phase shifts.

3.1. Benchmark Techniques

In this section, the algorithm proposed in [8] for the optimization of beamforming weights (w1 - - - wy )
and phase shifts between the ports (p) will be explained and compared with the dual-polarized archi-
tecture. As the low-cost architecture is different than the dual-polarized architecture, (2.7) and (2.8)
need to be adjusted. Field equations for H/V polarization basis can be written as:

Fy (197 ¢) = agH (19’ (b)wH + agV (197 ¢) (wH © p) (31)
Fy(0,¢) = aily (9, 6)(Wy © p) +ai g (0, )W (3.2)

where © is the Hadamard product and represents entry-wise product of the vectors. As before, coupling
effects between the ports are neglected, and isotropic radiation is assumed:

FH (197 d)) = agH (791 ¢)WH = aH (197 (b)wH (33)

20
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Fy(9,¢) = afy (9, ¢)(wr © p) = a" (0, ¢)(Wy © p) (3:4)

The optimization problem in (2.14) can be adjusted according to the low-cost topology and field
equations (3.3), (3.4):

min  — R(Fe (Yo, ¢0)) = —p

Ww,P
s.t. H(Fco(ﬂo, qbo)) =0
[ For (93, 03)J2 < p- 107207, V(9;,¢;) € ML

| Fer (95, 60)l2 < p- 1055, (;,61) € SL (3.5)
|Feo(@i60)ll2 < - 1055, V(d,6,) € SL

lp,ll2=1, ¥Yn=1,---,N

Wenllz <1, Vn=1,---,N

With the low-cost topology, optimization will be performed under wy and p. As p is solely a phase shifter,
it has the form of a complex exponential: ||p;||2 = |[e’®i||2 = /R(p;)?2 + I(p;)? = 1, and therefore the
magnitude of it is constrained to be equal to 1 in (3.5). However, it can be proven that this constraint
does not define a convex set, and so an affine set. For a convex set C, any line segment passing
through any two points in C must also be in the set [17]: 0z; + (1 — 0)2z2 € C, where 0 < 0 < 1 and
x1,x9 € C. Letz; =1, 25 = 4, and 6§ = 0.5, where both ||z1||2 = ||z2||2 = 1 and hence in the set C:

J

N =

1
x3:9x1+(1—0)x2:§+

1 1
= ||— —q = 0. 1
lzslla = [I5 + 5ll2 = 0.707 #

It can be seen that z3, which lies between z1, x5, is not in the set C, making it nonconvex and re-
stricting affinity. Although in the upcoming chapters it will be shown that the problem can be put into
a convex format through semidefinite relaxation and joint optimization of the variables is possible, a
sequential approach is preferred in [8], where p and wy are optimized separately. Initially, H port
weights are assumed to be uniformly excited, wg = 1, and the p that would result in the least power of
cross-polarization is tried to be obtained. As the purpose is to synthesize H and V with a polarimetric
performance as close as possible to the dual-polarized architecture, the optimization of p is performed
with respect to H. However, it should be noted that optimization of p with respect to H will not deteriorate
the performance of the array when synthesizing V, since wyg can be optimized such that it multiplies
the ports with the conjugate of p, makingwy = wg ©p = p*©p = 1. When wy = 1, field expressions
in (3.3), (3.4) become:

N
Fu(9,¢) =a" (9, ¢)wy =a" (9,¢)1 =Y a:(0, ¢) (3.6)
i=1
N

where Fy (¢, ¢) is the expression of the cross-polarization with respect to H. Moreover, for the broad-
side radiation case, there is no delay between the elements of a planar array, a’(0,0) = 1 (noting
the isotropic radiation assumption), which makes the cross-polarization on the broadside simply equal
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to the sum of phase shifts: Fy(0,0) = Zf;lpi. Therefore, cross-polarization on the broadside can
theoretically be set to zero by simply constraining the sum of the fixed phase shifts to be equal to
zero. As equating the sum of complex exponentials is not a linear constraint, half of p is optimized:
q = [q1 - - - qn/2] and the remaining half is simply set to the negative of q. The indices of the elements
to be optimized and to be negated are chosen prior to optimization with a random selection-based
algorithm, as explained in [8]. The minimization problem for this stage can be written as:

min €
q

st [|Fy(9i,0i)lloe <€, V(i) (3.8)
la,llz=1, Yn=1,--- ,N/2

As explained previously, |lg,,/l= = 1 does not define an affine set, making the problem non-convex.
To solve this, the built-in fmincon function of Matlab is used [8], which is an iterative algorithm that
can solve non-linear optimization problems with constraints. Once q is obtained through (3.8), p can
be regenerated using the initially obtained index vectors. The next step is to quantize the continuous
phases into discrete levels; a minimum distance function is utilized in [8] for quantization:

fa(z,y) = \/(cosz — cosy)? + (sinz — siny)2 (3.9)

where x represents the continuous phase shifts and y represents the quantization levels. Quantization
is performed assuming two bits are available for the phase shifter and hence four quantization levels:
[—90°,0°,90°, 180°].

Element Polarization States [deg]
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(a) Element polarization states (b) Obtained co-pol: H and cross-pol: V levels, ¢ = 0 plane

Figure 3.1: Optimization of polarization states using [8]

Fig. 3.1a shows the optimized and quantized phase shifts, and Fig. 3.1b shows the corresponding
H and V fields. It can be seen that V is suppressed by approximately 20 dB in the side-lobe region, and
diverges to —co on the broadside as the sum of the elements of p is constrained to be zero. Once p
is obtained, it will be fixed and wy can be optimized for the synthesis of any desired polarization. The
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convex optimization problem for this case can be written as:

min  — R(Fco(ﬁOv ¢0)) =P

Wg

S-t- ]I(Fco(’&()a ¢0)) = O
| Fer (93, 00)|l2 < p- 107207, W(0;,¢;) € ML

(3.10)
1Fer (05,60l < p- 1075, W(0,, ¢;) € SL
| Feo@i, 80)ll2 < p- 107552, ¥(0i, ) € SL
Wenll <1, Vn=1,--- N

The field equations (3.3) and (3.4) can be used together with the desired polarization state (¢,7) to
generate F,,(¢,¢) and F..(¢, ¢) in (3.10). Similarly to the dual-polarized problem in (2.14), (3.10) is a
convex problem and existing libraries [19] are used to solve it.

Table 3.1: Polarimetric performance of the low-cost architecture with the element polarization optimization technique used in [8]

Direction (p,1) | Directivity [dBi] | Pin [W] | EIRP [dBW] | XPL [dB] | SLL,, [dB] | SLL.,[dB]
(0,0) 20.80 232.03 44 45 -43.14 -18.16 A7.27
Broadside (u, = v, = 0) | (90,0) 20.80 232.03 4445 4314 -18.16 A7.27
(45,90) 2013 153.16 41.99 -45.18 -18.18 -18.88
(0,0 20.21 235.41 43.93 -42.16 -18.15 -18.48
Steered (u, = v, = 0.5) | (90,0) 20.16 236.13 4389 43.02 1819 -16.09
(45,90) 19.38 187.10 41.96 4258 14.95 A7.67

Table 3.1 shows the polarimetric performance of the low-cost architecture optimized with the algo-
rithm suggested in [8]. When the polarimetric performance presented in Table 3.1 is compared to the
performance of the dual-polarized architecture (Table 2.1), it can be seen that the loss in directivity
for the synthesis of LHCP can be greater than 5 dB. Moreover, the loss in EIRP for H and V (on the
broadside) is around 4 dB and 6.3 dB for LHCP, which clearly motivates this work on 3-pol synthesis
with the same low-cost architecture.

3.2. 3-Pol Optimization

Section 3.1 motivated the need for a new strategy to improve the polarimetric performance of the LHCP
synthesis of the array without deteriorating the H and V performance considerably. In this section,
two new strategies for the optimization of p will be presented: Section 3.2.1 will discuss Polarization
Averaging (PA), and Section 3.2.2 will discuss Common Polarization Suppression (CPS). In addition
to the two algorithms, a new quantization technique named Lloyd-Max Quantization, differing from the
method used in [8], will be introduced in Section 3.2.3. Associated performance results for PA and
CPS, quantized with both methods, will be given in Section 3.2.4.

The flowchart for the overall synthesis procedure can be seen in Fig. 3.2. The initial step is to set the
array size and geometry, and pick the desired polarizations that the array is intended to work for. The
optimization of the element polarization states will be performed jointly with respect to these chosen
polarization states. As the problem is explained to be non-convex, fmincon will be used to optimize
p. After obtaining p, it will be quantized with two different methods: the regular quantization method
explained in Section 3.1 and the Lloyd-Max method. The last stage is simply digital beamforming
through the optimization of wy. wy will be optimized separately for different polarizations and radiation
directions.
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‘ Set the array size ‘

y

‘ Select the desired polarization(s) ‘

r

‘ Set the goal function for ‘fmincon’ ‘

y

| Obtain p |

r

‘ Quantize p ‘

l

‘ Pick one of the intended polarizations ‘

l

‘ Perform convex optimization under wy ‘

Figure 3.2: Flowchart of the overall polarimetric array synthesis procedure

3.2.1. Polarization Averaging (PA)

The strategy in PA is to consider the cross-polarization requirements of several polarizations together
in the optimization function. As before, H-ports are assumed to be uniformly excited, wy = 1, and p
is optimized. The architecture is intended to achieve good performance for three different polarization
states where two of them are H/V, and the remaining one is a linear combination of the two. It was
shown that when p is optimized with respect to one of H/V, the remaining polarization (out of H and V)
can be easily synthesized by properly optimizing wy; in the second stage. Therefore, the constraints
of this stage are based on the cross-polarization levels of one of the H/V and the third polarization:

min €
p
s.t. ||"£Fcr,1('l9i7 ¢1)7 (1 - K)FCT’}Z(ﬁia ¢Z)||oo S €, v(ﬁzv (;S’L) (311)
||an2:17 vn:]-va
0<k<l1

where F,, ; denotes the cross-polarized field with respect to one of H and V, and F, , denotes the
cross-polarized field with respect to the third polarization: LHCP. Unlike [8], the complete p is opti-
mized; therefore, the sum of the elements of p is not necessarily zero, and correspondingly the cross-
polarization of H on the broadside. It is found that enforcing the constraint ZZ-N:M% = 0 significantly
narrows down the solution set, deteriorating the polarimetric performance of the LHCP synthesis. A
slack variable « is introduced into the optimization to give importance to any desired polarization. By
varying «, cross-polarization levels can be manipulated. Through manual tuning ¢ is taken to be 0.6 as
it results in a higher H/V gain without a significant loss in LHCP.

3.2.2. Common Polarization Suppression (CPS)

The CPS method optimizes p only with respect to a single polarization state. The cross-polarization
level of a single polarization state is suppressed over the angular range. The chosen polarization state
will act as a common basis for the H, V, and LHCP, describing the name of the method. Since it is
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known that V can be synthesized with the same performance as H through the optimization of wy, the
common polarization state is chosen with respect to H and LHCP. As before, H-ports are assumed to

be uniformly excited:

min €
p

st | Formia(9i,00)||oo <€, V(Ui ;) (3.12)
||pn||2:]-a vn:laaN

where F, ;q denotes the cross-polarization of a state that is in-between the two reference cross-
polarizations. The number of constraints in (3.12) is half the number of constraints in (3.11), resulting
in a wider solution set for the optimization problem. Through direct search, the common polarization
state for H and LHCP is found to be (¢ = 27,7 = 90), which is an elliptical state.

3.2.3. Lloyd-Max Quantization

Once the continuous phase shifts are obtained through PA and CPS, they have to be quantized into
discrete levels. Along with the method in [8], the Lloyd-Max technique is used for quantization, which
is an iterative algorithm searching for the best possible set of discrete phases. Although the algorithm
naturally results in nonuniform discrete levels (unequal differences between levels), for a fair compari-
son with [8], levels are constrained to be 90° apart (assuming 2 bits are available at the phase shifter)
from each other. The flowchart for the quantization procedure can be found in Fig. 3.3.

‘ Start with 4 regular levels ‘

y

—b‘ Calculate the mid-points between levels ‘

4

N ‘ Calculate the mean of points in each region ‘

y

—‘ Check for convergence between iterations ‘
Y

r

‘ Optimal quantization levels ‘

Figure 3.3: Flowchart of the Lloyd-Max quantization procedure

The algorithm starts with four uniform levels: [—90°,0°,90°, 180°]. The middle points, which define
the border of each region, are calculated, and the continuous phases are distributed into the corre-
sponding regions. In the next step, the mean of the points inside the same region is calculated. The
calculated means are the quantization levels of that iteration. Afterward, new middle points can be
calculated with the newly computed quantization levels. The algorithm should continue until there is
a convergence between the quantization levels of consecutive iterations. The 90° difference can be
enforced after the mean points are calculated at each iteration, resulting in uniform quantization lev-
els. Compared with the regular quantization method (see (3.9)), the Lloyd-Max algorithm locates the
quantization levels where the continuous phase shifts are denser. As 90° is enforced between levels,
the only difference between the two quantization algorithms is the reference phase shift; the Lloyd-Max
algorithm computes a non-zero reference phase. In practical applications, the calculated reference
phase can be easily implemented through a transmission line of appropriate length. Then, each ele-
ment across the array can be brought to the computed polarization state by combining the reference



3.2. 3-Pol Optimization 26

transmission line with regular phase shifters. The element polarization states obtained through PA and
CPS, and quantized with two methods, can be found in Fig. 3.4. Each of the four candidate polariza-
tion states will be used in the optimization problem in (3.10), and their polarimetric performances will
be compared for the three polarizations.

Element Polarization States [deg] Element Polarization States [deg]
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X
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(a) PA - Regular Quantization (b) PA - Lloyd-Max Quantization
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6 0 28.7
4
2 -90 1187
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
X X
(c) CPS - Regular Quantization (d) CPS - Lloyd-Max Quantization

Figure 3.4: Candidate element polarization states

3.2.4. Polarimetric Performances of PA and CPS
The polarimetric performances of PA and CPS can be found in Tables 3.2 and 3.3 (same simulation
parameters with Section 2.4 and [8] are used):

Table 3.2: Polarimetric performance of the PA algorithm quantized with both methods

Quant. Direction (¢,1) | Directivity [dBi] | Pin [W] | EIRP [dBW] | XPL [dB] | SLL,, [dB] | SLL..[dB]
(0,0) 19.55 182.79 4217 -41.75 -14.68 1714
Broadside (u, = v, = 0) | (90,0) 19.55 182.79 4217 -41.75 -14.68 17.14
Reg. (45,90) 22.21 154.30 44.09 -47.98 -17.89 23.06
(0,0) 19.06 188.01 41.80 -41.38 -14.90 -15.01
Steered (u; = v, = 0.5) | (90,0) 19.14 191.50 41.96 -41.59 -14.84 -15.32
(45,90) 21.26 174.73 43.69 -48.83 A7.74 22.56
(0,0) 20.33 226.25 43.88 -42.39 -16.12 17.54
Broadside (u, = v, = 0) | (90,0) 20.33 226.25 43.88 -42.39 -16.12 17.54
Lloyd (45,90) 20.67 210.42 43.90 -44.02 17.37 -18.92
(0,0) 19.94 222.86 4342 -42.61 -16.68 -18.19
Steered (u, = v, = 0.5) | (90,0) 19.97 224.99 43.49 -42.94 -16.31 -15.54
(45,90) 20.44 229.11 44.04 -43.08 17.31 -18.82
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Table 3.3: Polarimetric performance of the CPS algorithm quantized with both methods

Quant. Direction (¢,n) | Directivity [dBi] | Pin [W] | EIRP [dBW] | XPL [dB] | SLL., [dB] | SLL.,[dB]
(0,0) 19.29 165.07 41.46 -43.32 -18.01 -16.11
Broadside (u, = v, = 0) | (90,0) 19.29 165.07 41.46 -43.32 -18.01 -16.11
Rea. (45,90) 23.01 171.81 4541 -45.60 -17.05 -20.98
(0,0) 1913 181.03 4171 4351 1425 -16.44
Steered (u, = v, = 0.5) | (90,0) 19.08 173.54 4145 -43.78 -13.73 -15.38
(45,90) 22.16 183.74 44.80 -45.16 -17.09 -20.50
(0,0) 20.22 220.64 4366 -43.41 -17.65 1779
Broadside (u, = v, = 0) | (90,0) 20.22 220.64 43.66 -43.41 -17.65 17.79
Lioyd (45,90) 21.37 220.22 44.80 -44.63 -18.27 -18.24
(0,0) 19.92 229.16 4352 -42.48 1714 1756
Steered (u, = v, = 0.5) | (90,0) 19.72 218.30 43.12 -42.90 -16.66 -17.39
(45,90) 20.73 234 51 4443 -42.04 1759 -18.64

To see the effect of optimization algorithms without the effect of quantization, the upper halves of both
Tables (showing the regular quantization of PA and CPS) can be compared to Table 3.1. It can be
seen that, in the broadside radiation case, both PA and CPS improved the EIRP in LHCP synthesis by
approximately 2 dB and 3.4 dB, respectively. This shows that introducing the LHCP constraints into the
optimization problem can enhance the performance of the array in LHCP synthesis. However, there is
a considerable EIRP loss in the H and V synthesis performance of the array, 2.3 dB for PA and 3 dB for
CPS. Moreover, the deterioration in the SLL of co- and cross-polarized fields (specifically for H and V)
should be noted; it can be seen that some of the SLL levels exceeded —15 dB. Therefore, employing
PA and CPS with regular quantization results in a relatively large trade-off for the directivity and EIRP.

When the regular and Lloyd-Max quantizations of PA are compared, from Table 3.2, it can be seen
that the LIoyd-Max quantization balances the EIRP of the three polarizations, both for the broadside and
for the steered radiation. Such a difference between the two quantization techniques was expected, as
the Lloyd-Max technique computed the reference phase of the discrete levels as 40.4° (see Fig. 3.4b)
depending on the continuous phases. Therefore, Lloyd-Max quantization of PA resulted in a superior
performance than regular quantization, as it improved the EIRP of H and V by approximately 1.7 dB
and only resulted in a 0.2 dB EIRP loss in LHCP. Comparing the Lloyd-Max quantization of PA to Table
3.1, it can be seen that the EIRP loss in H and V is only 0.5 dB, whereas the EIRP of LHCP is improved
considerably by 2 dB.

When the Lloyd-Max quantization of CPS is compared with that of the PA, it can be seen that for
broadside radiation the EIRP of H and V of CPS is only 0.2 dB less than that of the PA, but at the same
time the EIRP of LHCP of CPS is 1 dB higher than that of PA. In other words, in general, CPS outper-
formed PA due to more intelligent selection of the common polarization state to be suppressed; it has
less number of constraints and hence a wider solution set. Comparing the Lloyd-Max quantized CPS
with Table 3.1, it can be seen that the EIRP loss in H and V due to CPS is around 0.8 dB in the broad-
side, but the improvement in the EIRP of LHCP is 2.8 dB. Moreover, when the XPL and SLL levels are
considered, it can be seen that the Lloyd-Max quantized CPS maintained those levels approximately
around the same level as the algorithm in [8] (see Table 3.1). Therefore, the proposed element polar-
ization state is the one obtained with CPS and quantized with Lloyd-Max; for completeness, several
array patterns obtained via the proposed CPS technique (see Fig. 3.4) are shown in Fig. 3.5 (co-pol)
and Fig. 3.6 (cross-pol), and the corresponding H port excitation coefficients are shown in Fig. 3.7.
Indeed, it can be seen that the suggested CPS algorithm and the proposed element polarization state
can successfully steer the beam and suppress the cross-polarized field inside the main-lobe for any
radiation direction.
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Figure 3.5: Co-polarized radiation patterns in the uv-plane (normalized, in dB) with the low-cost architecture for a broadside
[us = vs = 0] and a steered [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c)
(¢ = 45°,n = 90°) - broadside, (d) (¢ = 0°,7 = 0°) - steered, (e) (¢ = 90°,n = 0°) - steered, (f) (p = 45°,7 = 90°) - steered
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Figure 3.6: Cross-polarized radiation patterns in the uv-plane (normalized, in dB) with the low-cost architecture for a broadside
[us = vs = 0] and a steered [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c)
(¢ = 45°,n = 90°) - broadside, (d) (¢ = 0°,n7 = 0°) - steered, (e) (¢ = 90°,n = 0°) - steered, (f) (p = 45°, 7 = 90°) - steered
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Figure 3.7: H-port coefficients for the low-cost architecture for a broadside [u; = vs = 0] and a steered [us = vs = 0.5] beam:
(a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c) (¢ = 45°,n = 90°) - broadside, (d) (¢ = 0°,n = 0°) -
steered, (e) (¢ = 90°,n = 0°) - steered, (f) (o = 45°,n = 90°) - steered

3.3. Full Wave Simulations

Once the algorithms are examined under ideal assumptions, such as the negligence of coupling and
bandwidth effects, full-wave simulations are performed to inspect the robustness of algorithms against
non-idealities. In Section 3.3.1, the effect of the inclusion of complex AEPs in the optimization on the
polarimetric performance of low-cost PPAA is analyzed. Furthermore, in Section 3.3.2, the effect of the
bandwidth on the polarimetric performance of the PPAA is shown.

3.3.1. Inclusion of Coupling Effects Inside the Optimization
To examine the effect of the inclusion of coupling effects inside the optimization problem, initially, full-
wave simulations are performed using the beamforming weights obtained with the ideal assumptions.
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The digital weights and the element polarization states are optimized using the CPS algorithm, subse-
quently quantized with the Lloyd-Max technique, and applied to the 13 by 13 array shown in Section
2.5:

Table 3.4: Polarimetric performance of the CPS-Lloyd Max technique, without considering coupling inside the optimization

Direction (p,1) | Gain [dBi] | Pin[W] | EIRP[dBW] | XPL[dB] | SLL,,[dB] | SLL.,[dB]
(0,0) 2210 | 128.46 | 43.18 2650 | -19.59 -19.18
Broadside (u, = v, = 0) | (90,0) | 22.04 | 12846 | 43.13 3260 | -19.66 20.02
(4590 | 2439 | 13699 | 45.76 3048 | -19.99 20.25
(0,0 20.06 93.94 39.78 19.86 | -17.96 A7.84
Steered (u, = v, = 0.5) | 90,0) 20.17 94 41 39.92 2049 | -17.80 18.21
(@590) | 22.79 | 144.16 | 44.38 2047 | -18.13 -18.66

Table 3.4 shows the polarimetric performance of the proposed CPS-Lloyd Max technique, obtained
with full-wave simulations. It can be seen that the XPL deteriorated considerably, as it exceeded the
—45 dB constraint by at least more than 15 dB for broadside radiation, and 25 dB for steered radiation
in each polarization. Therefore, the negligence of coupling effects in the optimization resulted in poor
polarimetric performance, and assured that complex AEPs obtained from full-wave simulations have
to be included in the optimization.

The algorithm in [8] (see Section 3.1) and the suggested CPS-Lloyd Max algorithm are executed with
the AEPs obtained from full-wave simulations (agy #1, avy #1, agy #0, ayy #0); Table 3.5
shows the polarimetric performance of the benchmark algorithm, and Table 3.6 shows the polarimetric
performance of the suggested CPS algorithm with Lloyd-Max quantization. It can be seen that, unlike
the performance shown in Table 3.4, both algorithms have perfectly met the XPL and SLL criteria, as
the coupling effects are considered in the optimization procedure, and u-v grids used for optimization
and simulation are the same. When Tables 2.2 and 3.5 are compared (comparing the dual-polarized
architecture and the algorithm in [8]), it can be seen that optimizing the low-cost architecture with [8]
resulted in an EIRP loss of approximately 1.2 dB in broadside H and V, and a loss of 5 dB in broadside
LHCP. Moreover, losses are more significant in the steered radiation case. When the performance
of the suggested method is considered, it can be seen that the EIRP of LHCP is improved by 1.8 dB
(compared to [8]) with a slight loss of 0.6 dB in H and almost no loss in V, which is also the case in
steered radiation.

Table 3.5: Polarimetric performance of the benchmark algorithm [8]

Direction (p,1) | Gain [dBi] | Pin[W] | EIRP[dBW] | XPL[dB] | SLL.,[dB] | SLL.,[dB]
(0,0) 2344 | 164.90 | 4561 -45.00 -20.00 -20.00
Broadside (u, = v, = 0) | (90,0) | 23.33 | 163.30 | 45.46 -45.00 -20.00 -20.00
(4590 | 2273 | 14445 | 4433 -45.00 -20.00 -20.00
(0,0 2162 | 156.51 4356 -45.00 -20.00 -20.00
Steered (u, = v, = 0.5) | (90,0) | 2157 | 156.72 | 4352 -45.00 -20.00 -20.00
(45,90) | 2169 | 143.02 | 43.24 -45.00 20.00 -20.00

Table 3.6: Polarimetric performance of the CPS-Lloyd Max technique, considering coupling inside the optimization

Direction (p,1) | Gain [dBi] | Pin[W] | EIRP[dBW] | XPL[dB] | SLL.,[dB] | SLL.,[dB]
(0,0) 2296 | 161.18 | 45.03 -45.00 -20.00 -20.00
Broadside (u, = v, = 0) | (90,0) | 23.17 | 165.16 | 4535 | -45.00 -20.00 -20.00
(4590 | 2422 | 155,51 46.14 -45.00 -20.00 -20.00
(0,0 2114 | 151.03 | 42.93 -45.00 -20.00 -20.00
Steered (u, = v, = 0.5) | (90,0) | 21.54 | 155.91 4347 -45.00 -20.00 -20.00
(45,90) | 22.97 | 156.42 | 44.41 ~45.00 20.00 -20.00
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3.3.2. Effect of Bandwidth

In the previous section, all optimizations and simulations are performed with respect to the center fre-
quency of 15.5 GHz. However, by all means, an antenna system does not operate at a single frequency,
but at a full band. The designed antenna, explained in Section 2.5, can operate at any frequency be-
tween 15.05 — 15.95 GHz. Indeed, depending on the operating frequency, the coupling effects between
the elements will change, and the distance between the antennas, in terms of wavelength, will vary. In
other words, AEPs will deviate depending on the frequency. The trivial solution to avoid the degrada-
tion of the array performance is to re-perform the optimization with the AEPs obtained at the desired
frequency. Clearly, this will ensure the XPL and SLL to be maintained at the operating frequency.
However, since the array has to operate at the entire continuous band, performing optimization at each
frequency is not a feasible approach. A straightforward solution is to use the beamforming weights
obtained at the center frequency for the entire band and examine the change in the polarimetric perfor-
mance. With this aim, AEPs from 15.75 GHz are obtained through full-wave simulations, and the previ-
ously obtained beamforming coefficients (obtained with the CPS method from 15.5 GHz) are applied to
the array. Table 3.7 illustrates the performance of the array at 15.75 GHz, excited with the coefficients
obtained at 15.5 GHz. Compared to Table 3.6, it can be seen that the EIRP levels increased, which
was expected as the spacing between the elements increased in terms of wavelength as frequency is
increased, resulting in a wider array aperture. Moreover, it can be seen that the XPL levels consider-
ably deteriorated, as the optimization is not performed with respect to 15.75 GHz; however, since XPL
levels are still lower than —33 dB, the array can be used for polarimetric measurements. Lastly, it can
be seen that SLL levels have slightly deteriorated but are still lower than —18 dB.

Table 3.7: Polarimetric performance when the array is operating at 15.75 GHz

Direction (p,1) | Gain [dBi] | Pin[W] | EIRP[dBW] | XPL[dB] | SLL_.[dB] | SLL.,[dB]
(0,0 2456 | 161.18 | 46.63 3839 | -19.26 -19.04
Broadside (u, = v, = 0) | (90,0) | 24.79 | 165.16 |  46.97 3475 | -20.15 18.92
(4590) | 2582 | 155.51 4774 3849 | -19.50 -19.85
(0,0 2232 | 151.03 4411 3310 | -18.12 -18.55
Steered (u, = v, = 0.5) | (90,0) | 22.81 | 155.91 4474 3418 | -18.80 -18.60
(4590 | 2426 | 15642 | 46.20 3744 | -18.12 -19.05

3.4. Intermediate Conclusions

In this chapter, the low-cost solution presented in [8] is extended for the enhanced synthesis of three
polarization states. It is observed that the algorithm presented in [8] can synthesize H and V with
acceptable polarimetric performance, whereas the EIRP of an arbitrary third polarization state (LHCP
in this case) decreases more than 6 dB (for a 16 by 16 ideal planar array) in broadside compared to a
fully-polarized array. To improve the EIRP of LHCP, while keeping the EIRP of H and V at an acceptable
level, PA and CPS algorithms are proposed, and their outputs are quantized with regular quantization
and Lloyd-Max quantization. It is observed that using CPS along with Lloyd-Max quantization results in
an acceptable trade-off between the performances of polarization states. For an ideal 16 by 16 planar
array, the proposed method increased the EIRP of LHCP by approximately 3 dB with a loss of 0.8
dB in H and V in broadside, compared to [8]. Moreover, the robustness of algorithms against mutual
coupling is tested. It is shown that by including electromagnetic effects in the optimization problem, the
polarimetric deterioration due to mutual coupling can be avoided. The algorithms are supported with
full-wave simulations on a 13 by 13 planar array; it is shown that the proposed algorithm improves the
EIRP of LHCP by 1.8 dB (compared to [8]) on broadside, with negligible losses in H and V.



Subarraying Through Tiling
Optimization

In this chapter, the subarraying techniques for a PPAA with the low-cost topology shown in Fig. 1.2b
will be explained. The subarraying of phased arrays with optimized tiles is a widely used technique
to lower the cost of an array. Tile shapes, sizes, and complex excitations have to be optimized for
the proper functioning of the array. Although subarraying drastically reduces the cost and complexity
of an array, it is not commonly used for PPAAs, as a conventional polarimetric array employs dual-
polarized elements, which makes subarraying impractical. However, as shown in Chapter 3, singly fed
elements can be used to create a polarimetric array with a trade-off in EIRP, making the subarraying
of polarimetric arrays convenient. In Section 4.1, the optimization of the tiling for two polarizations (H
and V) will be discussed; this discussion will show that the low-cost architecture shown in [8] can be
further made more low-cost, with negligible losses in EIRP. Section 4.2 will demonstrate the polarimetric
performance of the array when it is intended to be used for three polarizations (H, V, LHCP).

4.1. Synthesis of 2-Polarizations

Subarraying can be performed with different array architectures; however, as will be shown, different
architectures will require different optimization frameworks and problems for maintaining the highest
achievable gain and EIRP from the array. In this section, optimization of three different subarray archi-
tectures and their polarimetric performances are shown.

4.1.1. Conventional Tiling

In conventional tiling, elements belonging to the same tile are excited with the same amplitude and
phase, as shown in Fig. 4.1. As before, element polarization states will remain quantized and fixed.
Moreover, optimization of subarray size and shape will not be discussed; it is assumed that subarrays
are composed of two elements placed either horizontally or vertically. In other words, tiling of the array
surface with subarrays of two elements will be performed. A similar optimization is performed in [20],
where subarrays with two elements are used to cover the surface of the array and shape the output
beam. As [20] mainly discusses the shaping effects, it does not discuss polarization synthesis and
EIRP levels. Moreover, a steered radiation case is also not considered, where the gain and EIRP

32



41. Synthesis of 2-Polarizations 33

highly depend on the tiling of the array. In this work, tiling of the array will remain fixed across different
polarizations and steering scenarios. Therefore, initially, the tiling of the array surface will be performed
with respect to H polarization and to the element polarization state given in Fig. 3.1a. Afterward, com-
plex excitation weights for different polarizations and steering directions will be optimized with respect
to the fixed tiles and element polarization states.

Hq
V4
P1
|—'—I HZ
w v,
P2

Figure 4.1: Subarrayed low-cost architecture

The strategy in this optimization problem is to jointly optimize the tiling and the corresponding exci-
tation coefficients. As described in [20], a binary dictionary matrix T is used to hold the information of
all possible tiles, 1 indicates that the element exists in the subarray, and 0 not. Since only two elements
are allowed in a subarray, they can be either vertically or horizontally stacked; for a generic square
array of size N by N, the number of candidate tile options for vertical and horizontal tiles is (N — 1) - N.
Therefore, T is of size N2 by 2- (N — 1) - N, where each column contains the antennas in the candi-
date subarray. As the optimal tiles are yet to be chosen by the optimization algorithm, the excitation
coefficients have to be optimized for each candidate tile:

w=T-u 4.1)
FH(ﬂv ¢) :aH(ﬁ7 QZS)W = aH(197 ¢)T -u (42)
Fy(9,¢) =a" (9, ¢)(w o p) = a" (0,¢)((T-u) & p) (4.3)

where u is the excitation vector (for all candidate tiles) of size 2- (IV — 1) - N to be optimized. Each entry
in u shows the common excitation coefficient that the elements of that tile will share. However, (4.1)
does not prevent an element from being used by two different subarrays or an element from being idle.
To compensate for these, a constraint has to be imposed:

Tz =1 (4.4)

where zisa 2 - (N — 1) - N by 1 binary selection vector. The entry of z being 1 indicates that the
corresponding candidate subarray from T will be employed in the array, whereas 0 indicates the oppo-
site. In other words, z specifies antenna to subarray assignment. Moreover, z should be optimized in
a way that it is a sparse vector, as most of the entries are ideally have to be 0. However, enforcing
z; € {0,1} is not a convex constraint, hence cannot be solved using convex optimization. To convert
this problem into a convex structure, [20] used an iterative scheme and tried to make z a binary vector
through sequential convex optimizations. As z is an optimization variable, its entries can be enforced
to get close to 0 or 1 through sequential weighted summations. The optimization problem for this stage
is as follows [20]:
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st R(Feo(Vo, o)) =1
I(Feo(Po, ¢0)) =0
| For (95, d) |2 < 1072507, V(0 dx) € ML
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Vm=1,--- ,2N? — 2N

(4.5)

||uin||2 < Zin,v

where \! = ﬁ and )Y, = 1. The optimization problem in (4.5) should be computed sequentially
for a user-defined upper limit: : = 1,--- , K, which will help the selection vector z to resemble a binary
vector. The objective function improves the sparsity of z, as it resembles an [1-norm with weighted
elements, which is known to be a lower-bound for cardinality problems. Moreover, entries that are
closer to 0 are penalized more. \!, is calculated using the z~! (from the previous iteration), it is easy
to see that a smaller z: ! will result in a greater \! , penalizing the smaller entries more. 7 is just a
small regularization term, avoiding the denominator from being 0. As the objective function enforces
the sparsity of z, the obtained gain will not necessarily be maximal, which will be taken into account
in the next step. Therefore, at this stage, the imaginary part of the co-polarized radiation is enforced
to be 0 and the real part is enforced to be 1 (normalizing the magnitude to 0 dB); in Section 2.3, such
constraints are shown to be affine. As before, co-polarization in the side-lobe region, cross-polarization
in the main-lobe and side-lobe regions are suppressed through inequality constraints, which have the
form of a second-order cone and hence convex. Tz = 1 is used to cover the entire array and ensure that
none of the elements are used more than once; since it is in the form: Ax = b, it is affine. 2, ensures
that the magnitude of any entry in the selection vector does not exceed 1, which is a convex constraint.
Lastly, the magnitude of each complex excitation is constrained to be less than the corresponding entry

of the selection vector, so that a subarray that is left out (z/, ~ 0) is not excited (|| u?, ||2~ 0).

Once the optimal selection vector z satisfying the field constraints is obtained by (4.5), an excitation
vector that maximizes the gain for any polarization and radiation direction can be computed:

I’Iluil'l - R(Fco(’l?07 ¢0>) =P
s.t. ]I(Fco(ﬁ()a ¢0)) =0
1Fer(@i,60ll2 < p- 10757, ¥(2i,6) € ML

SLLcy

[ Fer(Pis @i)ll2 < p-10720, V(d;,¢:) € SL

SLLco

”Fco(l?ia(bi)HQ <p-10720 v(ﬂ“(bT) €SI
lunlla <1, Vn=1,--- ON? — 2N

(4.6)

where the equality constraint is proven to be affine and the inequality constraints are proven to be
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convex. Co- and cross-polarized fields can be computed by inserting z into (4.2) and (4.3):

Fr(9,9) =a" (0, 0)w =a" (4, ¢)T- (u© 2) (4.7)
Fy(9,¢) =a" (9, ¢)(wo p) =a" (0,)(T- (uc2)) ©p) (4.8)

It should be noted that z is fixed after solving (4.5), which means that the tiling will remain the same for
different polarization states and radiation directions.

The intention at this stage is to see the effect of subarraying on the polarimetric performance of
a low-cost array. Therefore, optimizations are performed to make the array synthesize H and V with
high performance, where the results will be compared to Table 3.1. The tiling optimization in (4.5) is
performed with respect to the field requirements of H. Afterwards, using the obtained z, optimization
of the excitation coefficients (u) are performed with respect to three polarizations and two steering
directions by solving (4.6), separately. The transformation from u to w can be made using (4.1). The
polarimetric performance of the architecture in Fig. 4.1 is shown in Table 4.1, where the simulation
settings of [8] (see Section 2.4) are used. For completeness, several H-port excitation amplitudes and
phases are shown in Fig. 4.2, where tiles can be clearly seen.

Table 4.1: Polarimetric performance of the subarrayed low-cost architecture shown in Fig. 4.1

Direction (p,1) | Directivity [dBi] | Pin [W] | EIRP[dBW] | XPL[dB] | SLL.,[dB] | SLL,,[dB]
(0,0) 20.39 162.11 4249 4314 | -16.12 17.99
Broadside(u, = v, = 0) | (90,0) 17.37 65.28 35.51 2351 1351 12.85
(5,90) 18.51 34.63 33.91 2766 | -15.88 16.63
0,0) 17.02 4258 33.31 2102 | -13.26 12.85
Steered(u, = v, = 0.5) | (90,0) 1731 59.24 35.04 2315 | -14.35 14.32
(45,90) 17.31 54.96 34.71 2536 | -14.42 1455

Amplitude Amplitude Amplitude

Amplitude
]

Phase [deg]

100
50
0
-50
-100

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

Figure 4.2: H-port coefficients for a broadside [us = vs = 0] and a steered [us; = vs = 0.5] beam: (a) (¢ = 0°,n7 = 0°) -
broadside, (b) (¢ = 90°,n = 0°) - broadside., (c) (¢ = 0°,7 = 0°) - steered, (d) (¢ = 90°,n = 0°) - steered

As can be seen in Table 4.1, the cross-polarization requirements are only sufficient for H in the broad-
side. In other polarizations and directions, cross-polarization levels considerably exceeded the con-
straints, deteriorating the polarization purity of the beam. Moreover, when the performance of conven-
tional tiling is compared to the performance of the regular low-cost architecture in Fig. 1.2b, it can be
seen that the EIRP of H in broadside dropped by 2 dB, and the other cases by more than 8 dB.
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It is observed that once tiles are optimized with respect to H and fixed, the polarimetric performance
of V drastically deteriorates; unlike the optimization performed in Section 3.1, where optimizing element
polarization states with respect to H did not deteriorate the performance of the array in V, as it could be
accounted for with digital beamforming in the final stage. To overcome this problem, a new subarray
architecture and an associated optimization strategy are proposed in Section 4.1.2.

4.1.2. Gain Shared - Phase Decoupled Tiles (GSPD)

In Section 4.1.1, it is shown that subarraying can be performed on a PPAA when each element with an
optimized polarization state is excited by a single RF chain. However, it is also shown that exciting both
antennas in the same subarray with the same amplitude and phase not only limits the EIRP, but also
deteriorates the polarization purity and side-lobe levels. To overcome this, the array architecture can
be relaxed such that the antennas in the same subarray will be excited with the same amplitude but
with a different phase. The decoupling of the phase across the subarray will give additional freedom to
the array, which can help to maintain the polarization purity without decreasing the EIRP. The proposed
RF architecture is shown in Fig. 4.3:

%%Fj

Figure 4.3: Gain Shared - Phase Decoupled (GSPD) architecture

where w represents the variable gain amplifier supplying both antennas in the same subarray, s; and
so represent the variable phase shifters of the antennas, p; and p; represent the previously optimized
fixed phase shifters (see Fig. 3.1a). The algorithm explained in Section 4.1.1 cannot be used for the
architecture in Fig. 4.3, as it does not allow antennas in the same subarray to have different phases.
To overcome this issue, an excitation synthesis algorithm explained in [21] is combined along with the
algorithm in [20]. Once the optimal tiles are obtained with (4.5), excitation coefficients are optimized
with the algorithm in [21]. The flow chart for the optimization procedure can be seen in Fig. 4.4.

As before, optimization starts with obtaining the element polarization states. The polarization states
in Fig. 3.1a are used, as the intended polarizations at this stage are H and V. In the next step, the
desired polarization is selected and the optimization problem in (4.5) is performed to obtain the optimal
tiling (z) with respect to it and the previously picked element polarization states. In this section, tiling
optimization is performed with respect to H; it will be shown that V can be synthesized with the same
polarimetric performance as H (unlike the degradation observed in conventional tiling), because of the
additional degree of freedom provided by the decoupling of phases. In the final stage, one of the
intended polarizations is picked and the optimization problem in [21] is solved using z.
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‘ Obtain element polarization states ‘

l

‘ Select the desired polarization ‘
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‘ Set the optimization problem in (4.5) ‘
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‘ Pick one of the intended polarizations ‘

|

| Perform the optimization In [21] |

Figure 4.4: Flowchart of the overall synthesis procedure for the GSPD architecture

The optimization problem in [21] can provide antenna groups with uniform excitation magnitudes
and varying phases. However, grouping has to be done prior to the process and must be an input since
the algorithm does not optimize the way elements are grouped. The optimization problem for obtaining
uniform amplitude excitation coefficients is as follows:

N/2
min - R(Feo(00.60) + 3 [W"

m=1

s.t. ]I(Fco(ﬁo, qbo)) =0
| Fur (94, ) |l2 < R(Feo(¥0, d0)) - 1075, V(9y,¢) € ML
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| Fer (B3, 60)llz2 < R(Feo(do, d0)) - 10755, ¥(d,¢1) € SL
HFco(ﬁia ¢z)||2 < R(FCO(1907 ¢0)) : 1OSL2%CD, V(ﬁia ¢z) e SL
lwnlle <1, VYn=1,--- /N

0<k<1

(4.9)

The second term in the objective function is a mixed [, /l.-norm (|- || 1, ) of subarrays with two elements,
where w™ represents the vector containing the coefficients for the m*" subarray. Minimizing the 1, /1.-
norm will force both elements of any m‘" subarray to be excited with the amplitude |w™||... However,
the [1-norm in the second term is known to enforce sparsity, which decreases the gain. Therefore,
as in the previous chapters, the first term in the objective function is included to increase the gain. A
slack variable « is introduced to relax the effect of the first term, as it is observed that antennas in the
same group are excited with different amplitudes when the two terms of the objective function are of
equal importance. Since the objective function is convex and the constraints are the same as before,
(4.9) is a convex problem and can be solved by existing libraries [19]. The polarimetric performance
of the GSPD architecture is shown in Table 4.2, where « is taken to be 0.6 by manual tuning. For
completeness, several array patterns and H-port coefficients are shown in Fig. 4.5 and Fig. 4.6.

As can be seen in Table 4.2, the suggested algorithm can maintain the XPL, SLL.,, and SLL.,. of
H and V around the same level as the architecture shown in Fig. 1.2b (see Table 3.1). However, as
expected, the performance of the architecture drops considerably for LHCP (both in terms of EIRP and
polarization purity), as the element polarization and tiling optimizations are performed with respect to
H. Moreover, comparing the EIRP levels in Tables 3.1 and 4.2, it can be seen that EIRP only drops
by 1 dB when the tiling optimization is performed through the optimization framework given in Fig. 4.4,



41. Synthesis of 2-Polarizations 38

while it was around 2 dB for H and more than 8 dB with the algorithm suggested in [20]. In other words,
the architecture shown in Fig. 4.3 resulted in a slight EIRP loss of 1 dB in H and V, while reducing the
number of gain amplifiers by half compared to Fig. 1.2b.

Table 4.2: Polarimetric performance of the subarrayed low-cost architecture shown in Fig. 4.3

Direction (¢,1) | Directivity [dBi] | Pin [W] | EIRP [dBW] | XPL [dB] | SLL,, [dB] | SLL,,[dB]
(0,0 2111 171.66 4345 4328 17.80 -18.01
Broadside (u, = v, = 0) | (90,0) 2711 171.66 4345 4328 17.80 -18.01
(45,90) 20.05 95.35 39.84 42.28 15.76 -19.15
(0,0) 20.50 175.19 42.94 4307 A752 -18.30
Steered (u, = v, = 0.5) | (90,0) 20.49 170.15 4280 4331 -16.69 -15.89
(45,90) 19.55 87.65 38.98 -42.93 -16.19 1884
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Figure 4.5: Array radiation patterns in the wv-plane (normalized, in dB) with the proposed architecture in Fig. 4.3 for a broadside
[us = vs = 0] and a scanned [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - co-pol., (b) (¢ = 90°,n = 0°) - co-pol., (c)
(¢ = 0°,m = 0°) - cross-pol., (d) (¢ = 90°,n = 0°) - cross-pol.
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Figure 4.6: H-port coefficients for a broadside [us = vs = 0] and a steered [us = vs = 0.5] beam: (a) (p = 0°,n = 0°) -
broadside, (b) (¢ = 90°,n = 0°) - broadside., (c) (¢ = 0°,7 = 0°) - steered, (d) (¢ = 90°,n = 0°) - steered
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4.1.3. Fixed Gain - Phase Decoupled Tiles (FGPD)

In the previous section, it was shown that subarraying of a PPAA is indeed possible using the archi-
tecture in Fig. 4.3 with a slight loss in EIRP. From the excitation amplitudes shown in Fig. 4.6, it can
be seen that they have almost remained the same for different polarizations and radiation directions;
in other words, polarization synthesis and beam steering are mainly performed through the phases,
whereas side-lobe suppression is controlled both by the amplitudes and phases. Considering this fact,
the architecture in Fig. 4.3 can be further simplified to have fixed-gain amplifiers as shown in Fig. 4.7.
Fixing the amplifier gain will limit the beamforming and polarization synthesis capabilities of the array;
however, it will reduce the complexity of the array by a large amount, as a variable gain amplifier re-
quires a lot of sub-components. The new beamforming weights for different polarizations and radiation
directions are obtained by multiplying the phases in Fig. 4.6 with the amplitudes given in Fig. 4.6a. The
polarimetric performance of the FGPD architecture is shown in Table 4.3. For completeness, several
array patterns are shown in Fig. 4.8.

%%j

Figure 4.7: Fixed Gain - Phase Decoupled (FGPD) architecture

Table 4.3: Polarimetric performance of the subarrayed low-cost architecture shown in Fig. 4.7

Direction (p.1) | Directivity [dBi] | Pin [W] | EIRP [dBW] | XPL [dB] | SLL., [dB] | SLL,,[dB]
(0,0) 2111 171.66 43.45 43.28 -17.80 -18.01
Broadside (u, = v, = 0) | (90,0) 2711 171.66 4345 4328 17.80 -18.01
(45,90) 19.31 171.66 41.65 16,54 15.85 1458
(0,0 20.42 171.66 4277 3454 1763 16.26
Steered (u, = v, = 0.5) | (90,0) 20.47 171.66 42.82 35.61 7.39 -16.00
(45,90) 18.65 171.66 41.00 4147 15.62 13.34

Comparing Tables 4.2 and 4.3, it can be seen that SLL..,. slightly deteriorated for steered radiation
after fixing the amplifier gain, which was expected since the amplitudes of beamforming weights have
a huge impact on side-lobe levels. When polarization purity is considered, it can be seen that XPL
levels of H and V for broadside radiation maintained at —43.28 dB as before, but deteriorated to —35
dB for steered radiation. Although —35 dB is poor compared to the —45 dB purity requirement, it is
still acceptable for weather and automotive radar applications. Moreover, the EIRP levels of the FGPD
architecture for H and V remained the same as those of the GSPD architecture, which was expected
since the amplitudes of the beamforming coefficients in Fig. 4.6 are close to each other. Since the
intention of Section 4.1 is to make the low-cost solution given in [8] even more low-cost, deterioration
in LHCP is not of concern at this point.
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Figure 4.8: Array radiation patterns in the uv-plane (normalized, in dB) with the proposed architecture in Fig. 4.7 for a broadside
[us = vs = 0] and a scanned [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - co-pol., (b) (¢ = 90°,n = 0°) - co-pol., (c)
(¢ = 0°,m = 0°) - cross-pol., (d) (¢ = 90°,n = 0°) - cross-pol.

4.2. Synthesis of 3-Polarizations

The synthesis of H and V with low-cost subarrayed phased arrays can be extended to the synthesis of an
arbitrary third polarization, LHCP. Sections 4.1.2 and 4.1.3 showed that once the element polarization
state and the tiling optimizations are performed with respect to H, polarimetric performance of array
for LHCP synthesis considerably drops. As there is a demand for the synthesis of three polarizations,
subarraying is also performed to make the GSPD architecture (see Fig. 4.3) synthesize H, V and LHCP
with improved polarimetric performance. The CPS algorithm is used to optimize the tiling of the array.
Initially, the previously obtained element polarization state in Fig. 3.4d, which was shown to yield the
best trade-off among the three polarizations, is fixed, and then the tiling optimization (see Fig. 4.4) is
performed with respect to it and the desired polarization: (¢ = 27, = 90), which was shown to act as
a common state for H and LHCP. The polarimetric performance is shown in Table 4.4, where « in (4.9)
is taken to be between 0.6-0.7 through manual tuning. For completeness, several array patterns and
H-port coefficients are shown in Fig. 4.9, Fig. 4.10, and Fig. 4.11.

Table 4.4: Polarimetric performance of the GSPD architecture for the synthesis of 3 polarizations

Direction (p,n) | Directivity [dBi] | Pin [W] | EIRP[dBW] | XPL[dB] | SLL,,[dB] | SLL,,[dB]
(0,0) 20.41 140.54 41.89 3943 | -16.04 A7.92
Broadside(u, = v, = 0) | (90,0) 20.41 14054 4189 3943 | -16.04 A7.92
(45,90) 21.56 163.63 4370 4187 | -16.56 -18.85
(0,0) 19.88 140.48 4136 3934 | -16.40 A7.73
Steered(u, = v, = 0.5) | (90,0) 19.61 129.39 4073 3969 | -1553 16,57
(45,90) 21.04 172.62 4342 3986 | -16.43 19.07

When Tables 3.3 and 4.4 are compared (to observe the effect of subarraying on the synthesis
of 3 polarizations), subarraying only resulted in a loss of 1.8 dB of EIRP in H and V (slightly more in
steered radiation) and around 1 dB in LHCP. Moreover, compared to Table 4.2, where tiling is performed
considering only the performances of H and V, the EIRP of H and V dropped by approximately 1.5
dB; however, the EIRP of LHCP is improved by approximately 4 dB. Although EIRP levels did not
deteriorate by a large amount after subarraying, XPL levels dropped to approximately —40 dB, which is
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still acceptable. In addition to XPL, there is a considerable deterioration in SLL.., of each polarization,
which is around —16 dB. In other words, it is shown that tiling can be used to enhance the performance
of H, V, and LHCP jointly at the cost of a slight deterioration in purity and side-lobe levels.
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Figure 4.9: Co-polarized radiation patterns in the uv-plane (normalized, in dB) with the GSPD architecture for a broadside
[us = vs = 0] and a steered [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c)
(¢ = 45°,7 = 90°) - broadside, (d) (¢ = 0°,7 = 0°) - steered, (e) (¢ = 90°,n = 0°) - steered, (f) (p = 45°,7 = 90°) - steered
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Figure 4.10: Cross-polarized radiation patterns in the uwv-plane (normalized, in dB) with the GSPD architecture for a broadside
[us = vs = 0] and a steered [us = vs = 0.5] beam: (a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c)
(¢ = 45°,7 = 90°) - broadside, (d) (¢ = 0°,7 = 0°) - steered, (e) (¢ = 90°,n = 0°) - steered, (f) (p = 45°, 7 = 90°) - steered
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Figure 4.11: H-port coefficients for the GSPD architecture for a broadside [us = vs = 0] and a steered [us = vs = 0.5] beam:
(a) (¢ = 0°,n = 0°) - broadside, (b) (¢ = 90°,n = 0°) - broadside., (c) (¢ = 45°,n = 90°) - broadside, (d) (¢ = 0°,n = 0°) -
steered, (e) (¢ = 90°,n = 0°) - steered, (f) (¢ = 45°,n = 90°) - steered

4.3. Intermediate Conclusions

In this chapter, subarraying of a low-cost PPAA is discussed. After element polarization states are opti-
mized and ports are combined into a single RF chain in Chapter 3, the low-cost topology in Fig. 1.2b is
made even more low-cost by subarraying. Initially, conventional subarraying optimization is performed,
where the antennas in the same subarray are excited with the same amplitude and phase. It is ob-
served that the polarimetric performance deteriorates considerably for any polarization other than H
and scanned radiation. Subsequently, a new subarray architecture (GSPD) is proposed, along with
an optimization framework, which allows antennas in the same subarray to be excited with different
phases, but with the same amplitude. Initially, optimizations are performed to operate the PPAA for
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H and V; it is found that with only a 1 dB (for an ideal 16 by 16 planar array) loss of EIRP in H and V
in broadside and in steered directions compared to [8], PPAA cost can be significantly lowered. After-
wards, it is observed that the subarray amplitudes roughly remain the same for H and V in broadside
and steered radiation. To exploit this and make the array further low-cost, variable-gain amplifiers in
the GSPD architecture are fixed, and the FGPD architecture is proposed. Fixing the amplifier gain has
been shown to result in a deterioration of cross-polarization levels for steered radiation; however, as
XPL did not exceed —35 dB, it can be used in PPAAs. Finally, the GSPD architecture is optimized for
the synthesis of three polarizations. The tiling optimization is performed with respect to the common
polarization state (as in CPS), and it is shown that with only an EIRP loss of approximately 1.5 dB in H
and V, and 1 dB in LHCP, the cost of the architecture in Fig. 1.2b can be reduced further.



Joint Pattern Shaping and
Polarization Synthesis with Convex
Relaxation

Pattern shaping is a widely used technique in phased arrays. For example, shaped beams can be used
in weather radars to relax operational burden and help the operator to analyze a wider angular region
in the elevation plane simultaneously. However, as explained before, many applications require high
polarization purity, which necessitates the joint synthesis of pattern and polarization. Although there
are many studies in the literature dealing with pattern shaping, polarization synthesis is not considered
along with it. Indeed, studies considering pattern and polarization requirements jointly, require the use
of a dual-polarized antenna element, increasing the complexity of the array. In Section 5.1, the joint
pattern and polarization synthesis will be carried out for an array employing dual-polarized elements;
in Section 5.2, the joint synthesis problem will be performed with the low-cost architecture in Fig. 1.2b
by replacing fixed phase shifters with variable phase shifters.

5.1. Pattern&Polarization Synthesis with Dual-Polarized Elements
The problem of pattern synthesis is not convex by nature, unlike the polarization synthesis with a fo-
cused beam discussed in Chapter 2. The non-convexity of the problem comes from the shaping con-
straints of the pattern. In addition to upper-bound constraints imposed to suppress side-lobes, lower-
bound constraints have to be imposed on the main-lobe for shaping. However, as can be seen from
(2.12), a convex problem in standard form does not allow lower-bound constraints. To handle such
non-convex constraints, semidefinite relaxation (SDR) can be utilized; as summarized in [22], SDR
can solve non-convex and quadratically constrained optimization problems. It must be noted that, un-
like convex optimization, the solution of SDR is not necessarily optimal with respect to the original
non-convex problem; however, it provides a highly accurate solution.

In [23], SDR is used to shape the pattern for a phased array with singly fed antennas. A similar
approach can be carried out to jointly synthesize pattern and polarization for a phased array with dual-
polarized elements. A standard SDR problem has the form [22]:

44
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)r(réiél” Tr(CX)
st Tr(AX) <b;, i=1,...,m,
Te(B;X) >,¢;, i=1,...,m, (5.1)
To(D;X) =d;, i=1,...,m,
X = 0.

where X=xxT', Tr is the trace operator and X = 0 indicates positive semidefiniteness (PSD). The field
expressions in (2.10) and (2.11) can be manipulated to express the problem in the form of (5.1):

Feoi ={cos(p)afipy ; + sin(p)e™"ail y ;W + {cos(p)ajy,; +sin(p)e™"aily ; jwy (5.2)

Feri ={~sin(p)ajiy; + cos(p)e™""aiy ;}wy + {-sin(p)ajjy; + cos(p)e "aily jwy  (5.3)

Rewriting in simpler terms:

H H
FCO,i =AF o, WH + Ay o, i WV (54)

H H
FCT,i :chnin + aVcr,in (55)

The rest of the derivations will be performed for the co-polarized field using (5.4), the same approach
can be carried out for the cross-polarized field using (5.5). (5.4) can be further expressed through a
vector product:

Wg
_ H H _aH
Feoii = |@%c0.i avcoﬂ} le] =a., ;Weo (5.6)

The constraints on the field equations can be expressed with the trace operator, as in the standard
formin (5.1), by converting them into a quadratic format. The real and imaginary parts of the fields can
be used to convert complex field expressions into real power patterns, which will result in a quadratic
form:

co,i — R(Fcoyl) ]R(aco,z) ]I(aco,z) R(WCO) = Aco.iw (57)
T [ I(Feo) I@z,)  R@5,) | [1(Weo) ’

where A, ; € RZ4N we R*VX1_ (5.7) can be used to express the radiated power in the i direction:

‘Fco,i|2 = FT IB‘co,i = WTAT 'Aco,iw = WTQco,iw (58)

co,t co,t

As Q,, ; is a real and symmetric matrix, and w is real, (5.8) can be expressed through the trace [23]:

Feoil? = W'Qeo ;W = Tr(w'Q,, ;W) = Tr(Q ,Www’) = Tr(Q,, ;W) (5.9)

where W € R*V*N which is the optimization variable. All of the constraints, to suppress cross-
polarization and side-lobes and shape the beam, will be set using (5.9). In the end of the optimization,
w will be extracted from the optimization variable W; therefore, two constraints must be imposed on W:

+ The rank of W must be forced to be 1, since theoretically W = ww?'.

+ As W is real and symmetric, and also has a single positive eigenvalue (due to W = ww?’), it must
be forced to be a PSD matrix.

The optimization problem with the SDR format and the constraints explained above is as follows:
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min - — Tr(Qeo,0W) = —

s.t. P l@ < Tr(Qco zw) < P Ug,y ( ) eML
uz +l ( g

Tr(ch,iw) S - ) 191’ ¢z S ML

(@0, W) < - (10754 v,,6) € SL (5.10)

SLLer 2
Tr(Qer W) < p- (1075) ", W(9;,04) € SL
W -0
rank(W) =1

From (5.10) it can be seen that the objective function and the first five constraints comply with the
standard form of an SDR optimization problem given in (5.1). The first constraint is used to shape
the co-polarized field inside the main-lobe, where u; represents the upper bound of the desired shape
and [; represents the lower bound. The strategy, as seen in many studies, behind beam shaping in
PPAAs is to shape the co-polarized component and suppress the cross-polarized component as much
as possible. However, that strategy may deteriorate the purity of the polarization at certain regions in
the elevation plane. For instance, when a mask with a cosecant decaying main-lobe is considered,
the main-lobe of the cross-polarized field also has to decay with a cosecant to ensure that polarization
purity is the same at each point inside the main-lobe; if the cross-polarized field is constant, then the
polarization purity will deteriorate as the difference between the orthogonal fields will decrease with the
decay of the mask. Therefore, the second constraint is set to ensure that the cross-polarized field inside
the main-lobe is lower than the mask. The third and fourth constraints are set to suppress the side-lobes
of the fields; SLL., and SLL,,. are squared as the fields are represented by the power patterns (due
to the SDR format). Moreover, as explained previously, W is constrained to be a PSD matrix, which
complies with the standard SDR form in (5.1). The final constraint is set to ensure that W resembles the
multiplication of two vectors (recall W=ww?”') and has only a single and positive eigenvalue. However,
enforcing the rank of W to be one is not convex and does not comply with the SDR format in (5.1)
and cannot be used. A possible way to overcome the rank problem is to minimize the rank of W using
the objective function, as discussed in [23] and [24]. The strategy explained in [24] is to lower the
rank of the matrix by minimizing the trace, as it is known to minimize the sum of the eigenvalues. A
good substitute for lowering the rank instead of minimizing the trace is to minimize the so called log-
det heuristic: log (det (W + él)). With the 15¢ order Taylor expansion [24], the log-det heuristic can be
represented by the following iterative minimization problem:

I‘Illvigl Tr ((Wk_1 + 5|)_1 Wk)

s.t. TI“(QCO’OW) =1
li < Tr(Qeo,iW) <y, V(04,0) € ML
ui +1; —|— l; (

Tr(Q, ;W) < ) Y(9;, ¢:) € ML (5.11)

)2, (9, ;) € SL

SLLey \ 2
Tr(Qer W) < (10 5 ) . V9, 4:) € SL
W0

Tr(Quo, W) < (107

The objective function of (5.11) is iteratively minimizing the log-det term linearized by the Taylor approx-
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imation, where ¢ is a small regularization term ensuring the stability. For the first iteration W can be set
as the identity matrix: W® = I, which will make the objective function to simply minimize the trace of
WF in the first iteration. Therefore, objective function starts by minimizing the trace of W and the rank
of it will be lowered further with the iterations. As the objective function is minimizing the rank, the peak
power radiated is normalized to 1 and all of the constraints are re-arranged with respect to it.

Once the W is optimized, w can be easily obtained. Although the rank of W is minimized, there will
be more than one non-zero eigenvalues with magnitudes much smaller than the greatest eigenvalue.
The effect of non-zero eigenvalues, other than the first one, can be removed by making a rank one
approximation: W;=c,u,uf, where o, is the greatest eigenvalue and u, is the corresponding eigen-
vector, which can be obtained through eigenvalue decomposition [23]. Similarly, the excitation vector
can be obtained:

W= /o1 (5.12)

The port excitation coefficients can be extracted from (5.12): W = [R(wx)T R(wy)? T(wg)? TI(wy)T)
(see (5.6), (5.7)). As the peak radiation power is constrained to be 0 dB, the peak excitation coefficient
magnitude is not necessarily one. Once the coefficients are obtained using (5.12), the maximum mag-
nitude can be normalized to 1.

5.1.1. Application on Linear Arrays

The synthesis procedure explained above is initially applied to a linear array. The middle column of
the 13 by 13 planar array explained in Section 2.5 is used. AEPs of elements from the middle col-
umn are used through the optimization process; therefore, all mutual coupling effects are included
(agg #1, ayy #1, agy # 0, ayyg # 0)in the optimization. The shaping is performed on
the v = 0 plane; two different masks with cosecant-decaying and flat-top main-lobes are tried to be
synthesized with the linear array. It should be noted that with the dual-polarized architecture, any po-
larization state can be selected as co-polarization and shaped, while suppressing the orthogonal cross-
polarization. However, it is observed that with the low-cost architecture, unlike solely suppressing the
cross-polarization, shaping criteria cannot be met for H and V while suppressing the cross-polarization,
as both ports have to be excited with the same amplitude. In the previous chapters, the purpose with
the low-cost architecture was to suppress the cross-polarized field and the side-lobes of both fields,
which were shown to be achievable mainly by the phases with a slight loss in EIRP. However, for
pattern synthesis, the amplitude applied to each port also plays an important role. Therefore, in this
chapter, the examined polarization states are: 45-slant (p = 45,7 = 0), 135-slant (y = 135, = 0), and
LHCP (¢ = 45,7 = 90). Ideally, to synthesize any of these polarizations, both ports would be excited
with equal amplitude, which can ease the problem of joint pattern and polarization synthesis with the
low-cost architecture.

For synthesizing a cosecant-decaying mask, the goal is to achieve a csc(6) decay for the co-polarized
field with a maximum ripple size of + 0.8 dB over the main-lobe region (0.2 < v < 0.47), cross-
polarized field is constrained to be 45 dB lower than the mask over the main-lobe, and side-lobe levels
(v < 0,v > 0.56) for both fields are constrained to be lower than —17 dB. For the flat-top mask, a ripple
size of 4+ 0.8 dB over the main-lobe region (—0.44 < v < 0.44) is allowed, cross-polarized field is con-
strained to be 45 dB lower than the mask over the main-lobe, and side-lobe levels (v < —0.72,v > 0.72)
for both fields are constrained to be lower than —17 dB.

To show the necessity for the constraining of cross-polarized field (in addition to the shaping of co-
polarized field) on polarization purity, initially, the optimization for the synthesis of a cosecant shaped
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beam is performed without the cross-polarization shaping constraints (the second inequality constraint
is removed from (5.11)). Fig.5.1 demonstrates the synthesis of a cosecant shaped beam with 45-Slant
polarization, without enforcing any constraints on the shape of cross-polarization. It can be seen that
although the co-polarized field is shaped finely, polarization purity is lower than 20 dB inside the main-
lobe, as cross-polarized field is not constrained with respect to the mask shape.
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Figure 5.1: Array radiation pattern in the v = 0 plane (normalized, in dB) for a cosecant decaying mask (without cross-
polarization shaping constraints), Co-pol: 45-Slant (¢ = 45,7 = 0).

After motivating the need for the constraining of the cross-polarized field, the optimization in (5.11)
is performed. The polarimetric performance of the dual-polarized architecture is shown in Table 5.1 for
the two different masks. Moreover, for completeness, several array patterns are shown in Fig. 5.2.

Table 5.1: Polarimetric performance of the fully-polarized linear array with pattern synthesis

Mask | (¢,7) | Pin[W] | Max Ripple [dB] | XPL [dB] | SLL., [dB] | SLL.,[dB]
(45,0) | 5.01 0.97 -44.04 -17.00 21.93
csc(d) | (135,0) | 5.41 1.03 47.99 -17.00 3361
(45,90) | 5.33 0.86 4317 A7.07 26.75
45,0) | 2.39 0.72 4274 -16.99 22.80
Flat-Top | (135,0) | 2.35 1.31 41.07 2421 -30.33
(45,90) | 3.53 6.06° 4124 1843 21.86

* Although optimization is performed for this case as well, shaping and polarization requirements could not be met
jointly. It is observed that the main-lobe is narrowing down considerably, resulting in high ripple at the edge of the
main-lobe. This can be improved by relaxing the polarization requirements or narrowing down the imposed mask.

From Fig. 5.2 it can be seen that both masks have been successfully synthesized when the co-
polarization is 45-slant. Moreover, when the cosecant decaying mask is considered, it can be seen
that the cross-polarization inside the main-lobe region is decaying with the cosecant rate, ensuring the
polarization purity. When the polarimetric performance of the algorithm is examined through Table 5.1,
it can be seen that the SLL criteria have been met for each polarization and mask type. Unlike the pre-
vious chapters, the XPL metric is measured as the difference between the co- and cross-polarization
inside the main-lobe, since the main-lobe pattern is not constant. Although the XPL criterion of —45
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dB could not be fully met, it is simulated to be less than —41 dB in the worst case, which is sufficient.
Moreover, in the examined linear array with 13 elements (where the maximum input power is 13 W),
the input power levels appeared to be low, which was expected since the algorithm applied a consid-
erable taper for shaping. Moreover, other than the synthesis of flat-top mask with LHCP being the
co-polarization, the ripple size criterion is met with slight deterioration. However, for LHCP synthesis
with a flat-top beam, there appeared to be a considerable deterioration, which is possibly due to the
angular region for the cross-polarization to be suppressed being wide.
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Figure 5.2: Array radiation patterns in the « = 0 plane (normalized, in dB) for a cosecant decaying mask and a flat-top mask,
Co-Pol: 45-Slant (p = 45,n = 0).
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5.1.2. Application on Planar Arrays

The shaping can be applied to planar arrays, where the pattern shaping can be performed on the
elevation plane, and the shaped pattern can be steered on azimuth. The strategy is to apply the same
set of coefficients as those obtained in the previous section to each column. Moreover, steering on
azimuth can be simply performed by applying progressive phase shifts to each column of the array.
The required phase shift to steer the beam to a plane defined by u = uy can be found through:

B = eI 5 mduo (5.13)

where n represents the n'" column of the array, \ is the wavelength, and d is the uniform spacing
between the columns of the array. The strategy is applied to the 13 by 13 planar array, using the
coefficients obtained for the middle column of the array in Section 5.1.1. Radiation at v, = 0 and
ug = 0.26 on azimuth are considered for the two masks:

Table 5.2: Polarimetric performance of the fully-polarized planar array with pattern synthesis

Mask Direction (¢,1) | Pin[W] | Max Ripple[dB] | XPL[dB] | SLL,.[dB] | SLL,,[dB]
(450) | 6517 0.96 30.62 | -13.51 22.86
Broadside(u, = 0) | (135,0) | 70.28 1.03 4251 13.45 34.84
esc(t) (45,90) | 69.29 0.84 3305 | -1356 26.27
@5,0) | 6517 1.04 2597 | -13.13 2319
Steered(uo = 0.26) | (135,0) | 70.28 1.02 3784 | -13.10 34.34
(45,90) | 69.29 0.95 3172 | -13.12 25.81
@5,0) | 31.13 0.92 3513 | -13.52 22.86
Broadside(u, = 0) | (135,0) | 30.59 1.25 3615 | -13.51 2851
Flat-top (45,90) | 45.95 6.28" 2992 | -1355 2185
@5,0) | 31.13 0.95 28.81 1312 2348
Steered (uo = 0.26) [ (135,0) | 30.59 1.34 3148 | -13.10 -30.09
(45,90) | 45.95 6.347 2735 | -13.09 22.65

* These values are obtained through the poor optimization mentioned in Table 5.1. They can be improved by
improving the optimization performed in the first stage.

Table 5.2 shows the polarimetric performance of the planar array for two different masks and ra-
diation directions. The maximum ripple and XPL metrics are obtained from the cut-plane on azimuth,
whereas SLL metrics are obtained from the entire side-lobe region. It can be seen that for both masks,
the maximum ripple deteriorated slightly as the beam is steered, which is negligible. Moreover, SLL... is
maintained well below —17 dB in each case. Although the beam shape is maintained in general, there
is a considerable deterioration in XPL and SLL.,. Despite XPL did not exceed —30 dB for broadside
radiation, it is simulated to be around —27 dB in several cases of steered radiation. In addition to XPL,
the SLL,, deteriorated considerably to —13 dB in each case. The reason behind the deterioration in
XPL and SLL,, is that the optimization is performed only with respect to the middle column of the pla-
nar array, and the coupling effects between the columns are not included in the optimization problem.
Moreover, no optimization is performed for the steered radiation case. To overcome this problem, a
desired mask on the entire u-v grid (instead of a single plane) could have been defined, and all anten-
nas could have been included in the optimization problem (5.11). However, defining a mask on the
entire u-v grid is not trivial, and including each antenna in the optimization problem would result in a W
matrix with 456976 ((4V)?) elements to be optimized, resulting in a huge computational burden. For
completeness, several array radiation patterns are shown in Fig. 5.3.
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(c) (d)

Figure 5.3: Array radiation patterns in the wv-plane (normalized, in dB) with the dual-polarized architecture for a broadside
[up = 0] and a scanned [ug = 0.26] beam: (a) co-pol.: (¢ = 135°,7 = 0°) - csc(f) mask, (b) co-pol.: (¢ = 135°,7 = 0°) -
Flat-top mask, (c) cross-pol.: (¢ = 135°,7 = 0°) - csc(f) mask, (d) cross-pol.: (¢ = 135°,n = 0°) - Flat-top mask

5.2. Pattern&Polarization Synthesis with the Low-Cost Architecture
A similar polarimetric pattern synthesis procedure can be performed for the low-cost architecture in Fig.
1.2b, where the ports of the same patch must be excited with the same amplitude. The optimization

problem in (5.11) can be adjusted for the low-cost architecture:

1
min Tr ((Wkl n 5|) w’“)
Wk
s.t. TI‘(QCO)QW) =1

li <Tr(Qeo,iW) < uy, V(U4,¢:) € ML

. . 2
Tr(Q, W) < % (10%)", (9,6 € ML
(5.14)

2
Tr(Qeo W) < (103L2ﬁ° ) . V(9 ¢;) € SL

SLLep \ 2
TI‘(QCTJ‘W) S (10 20 ) , v('ﬂiad)i) c SL
W0
Tr(Q,1 W) = Tr(Q,2W), n=1,--- /N,

where N, represents the number of antennas in a single column of the planar array, and Q,,1, Q,,» are:

1, ifi=n 1, ifi=n+ N,
Q1(4,i) =41, ifi=n+2N, Q2(i,i) =41, ifi=n+3N, (5.15)
0, else 0, else

The last constraint in (5.14) forces the ports of the same patch to be excited with the same amplitude.
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Since Q,,; and Q,,» are diagonal matrices, and diag(W) = [R(wy)? R(wy)? I(wg)? I(wy)?):
R(wg.n)? + Hwhn)? = Rlwy,)? + H(wy.,)?, n=1---,N, (5.16)

forcing the port coefficients of an element to differ solely by a phase. It should be noted that, unlike the
previous chapters, the quantization of the phases is not discussed.

5.2.1. Application on Linear Arrays

As in Section 5.1.1, the algorithm is initially performed on the middle column of the planar array ex-
plained in Section 2.5. A cosecant decaying mask and a flat-top mask with the properties explained in
Section 5.1.1 are tried to be synthesized for the same polarization states.

Table 5.3: Polarimetric performance of the low-cost linear array with pattern synthesis

Mask | (¢,7) | Pin[W] | Max Ripple[dB] | XPL[dB] | SLL.,[dB] | SLL.,[dB]
@50) | 5.44 0.98 4428 | -17.00 28.58
csc(d) [ (1350) | 5.28 1.03 4446 | -16.99 -30.61
(45,90) | 5.36 .41 37.02 | -17.22 25.76
@5,0) | 2.25 113 3212 | -17.64 29.39
Flat-top | (135,0) | 2.35 1.41 3789 | -24.06 37.01
(45,90) | 2.79 16.707 2064 | A7.77 19.88

* Although optimization is performed for this case as well, shaping and polarization requirements could not be met
jointly. It is observed that the main-lobe is narrowing down considerably, resulting in high ripple at the edge of the
main-lobe. This can be improved by relaxing the polarization requirements or narrowing down the imposed mask.

Table 5.3 shows the polarimetric performance of the 13 element linear array with a low-cost archi-
tecture. Compared to the dual-polarized architecture (see Table 5.1), low-cost architecture synthesized
a cosecant decaying mask with almost no deterioration using the slant polarizations as co-polarization
(see Fig. 5.4a); when LHCP is considered, a slight increase in the ripple size has occurred and a con-
siderable loss in XPL. When the flat-top mask is considered, a slight increase in the ripple size occurred
for 45, 135-slant, but XPL deteriorated considerably (see Fig. 5.4b). Although there is a considerable
loss in XPL, it did not exceed —32 dB, which is sufficient for practical applications. However, the ripple
size and XPL have considerably deteriorated when synthesizing LHCP with a flat-top shape. The rea-
son for a ripple size of 16.7 dB is that the main-lobe considerably narrowed compared to the targeted
width, resulting in a huge difference at the edge of the targeted region. Moreover, XPL is simulated to
be around —21 dB due to narrowing of the main-lobe, where co-polarization is significantly lower than
expected. The deterioration in the first five cases in Table 5.3 was expected due to the lack of freedom
of full amplitude control. Moreover, as explained, the unexpected deterioration in the last case is due
main-lobe narrowing and co-polarization intensity lowering at the edge of the targeted region.
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Figure 5.4: Array radiation patterns in the © = 0 plane (normalized, in dB) for a cosecant decaying mask and a flat-top mask,
Co-Pol: 45-Slant (¢ = 45,7 = 0).

5.2.2. Application on Planar Arrays

A similar procedure to that in Section 5.1.2 is performed to extend a low-cost linear array to a planar
array whose polarimetric performance is shown in Table 5.4. As in Section 5.1.2, the maximum ripple
metric remained at the same level as in the linear array case, SLL_,. did not exceed —20 dB, and SLL,
deteriorated to —13 dB level. As expected, XPL levels considerably deteriorated, which was the case in
the fully-polarized planar array as well. As explained, this problem could be solved by jointly optimizing
each excitation coefficient in the array; however, this will result in a huge computational burden. For
completeness, several array radiation patterns are shown in Fig. 5.5.
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Table 5.4: Polarimetric performance of the fully-polarized planar array with pattern synthesis

Mask Direction (p,1) | Pin [W] | Max Ripple[dB] | XPL[dB] | SLL.,[dB] | SLL.,[dB]
45,0y | 70.67 0.95 30.04 | -13.52 31.21
Broadside(uo = 0) | (135,0) | 68.69 1.03 35.78 | -13.45 31.04
esc(6) (45,90) | 69.72 1.23 3385 | -13.57 26.30
@5,0) | 70.67 1.03 2570 | -13.14 -30.81
Steered(uo = 0.26) | (135,0) | 68.69 1.03 3763 | -13.09 3129
(45,90) | 69.72 113 2881 13.14 26,54
@5,0) | 29.20 1.25 31.04 | -13.48 29.13
Broadside(u, = 0) | (135,0) | 30.55 1.34 3246 | -13.50 3171
Flat-top (45,90) | 36.32 16.607 2171 1354 -19.90
@5,0) | 29.20 1.25 2779 | -13.10 2817
Steered (uo = 0.26) | (135,0) | 30.55 143 -30.91 -13.09 32.19
(45,90) | 36.32 16.28" 2115 | -13.15 -19.76

* These values are obtained through the poor optimization mentioned in Table 5.3. They can be improved by

improving the optimization performed in the first stage.
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Figure 5.5: Array radiation patterns in the uwv-plane (normalized, in dB) with the dual-polarized architecture for a broadside
[up = 0] and a scanned [up = 0.26] beam: (a) co-pol.: (¢ = 45°,n = 0°) - csc(f) mask, (b) co-pol.: (p = 45°,n = 0°) - Flat-top
mask, (c) cross-pol.: (¢ = 45°,n = 0°) - csc(f) mask, (d) cross-pol.: (p = 45°,n = 0°) - Flat-top mask

5.3. Intermediate Conclusions

In this chapter, joint pattern and polarization synthesis are performed for three polarization states: 45,
135-slant, and LHCP. A cosecant decaying pattern and a flat-top pattern are synthesized while meeting
the polarization requirements. Synthesis is initially performed for the dual-polarized architecture. As the
shaping requirements are not convex, the SDR technique is used. Moreover, in addition to the shaping
and side-lobe constraints, the cross-polarization is constrained to be 45 dB lower than the mask. Unlike
the previous chapters, the cross-polarized field is also shaped as the magnitude of the co-polarized field
varies inside the main-lobe, which would deteriorate the polarization purity if the cross-polarization was
not suppressed accordingly. Afterwards, optimization is performed for the low-cost architecture in Fig.
1.2b (with variable phase shifters) by slightly adjusting the SDR algorithm. It must be noted that pattern
shaping is performed on the elevation plane, and the shaped pattern is steered on the azimuth by simply
applying progressive phase shifts to each column. As there was no optimization for the steered cases,
side-lobe levels of the co-polarized field increased by 4 dB. All optimizations are performed considering
the electromagnetic effects, where the algorithms are shown to be robust against coupling effects.



Conclusion and Recommendations for
Future Work

6.1. Conclusion

The beamforming capabilities and performance of a PPAA profoundly depend on its RF architecture,
where different architectures result in different optimization problems for the complex beamforming
coefficients. It is known that a conventional dual-polarized architecture can synthesize any polarization
with excellent performance, since there is full amplitude and phase control at each port. Although there
is no concern with the performance of the dual-polarized architecture, it requires a substantial number
of RF components to provide full amplitude and phase control at each port. A recent study by [8]
addresses this problem by proposing a low-cost architecture in which both ports of an antenna element
are excited with the same amplitude but with a different phase. The optimization strategy proposed by
[8] for the low-cost architecture is shown to result in decent performance for the synthesis of H and V,
but poor performance for the synthesis of any other polarization state.

The poor performance of the low-cost architecture for any other third polarization state develops the
first novelty of this thesis: re-optimizing the polarization states of an element, defined by the fixed phase
shift between its ports, such that the low-cost PPAA attains an acceptable polarimetric performance for
three polarizations. Two new strategies are presented in Section 3.2: PA and CPS. Once the continuous
phase shifts are obtained through the proposed methods, the phases are quantized with two different
methods: regular with a distance function and Lloyd-Max quantization. The proposed PA and CPS
methods indicated that the performance of the arbitrary third polarization, which was chosen to be LHCP,
can be improved compared to [8] with reasonable deterioration in H and V. The quantization of PA and
CPS with both methods showed that the Lloyd-Max quantized phases result in a lower deterioration
in H and V, but also a lower improvement in LHCP, compared to [8]. This was expected since Lloyd-
Max computes discrete levels based on the continuous phases. When PA and CPS are compared,
it is observed that CPS largely exceeded the performance of PA, especially for LHCP synthesis. As
Lloyd-Max quantized CPS output resulted in minimal loss in H and V, and significantly improved the
LHCP, it is observed to provide the finest element polarization states. The stability of the proposed
CPS algorithm against mutual coupling is demonstrated with full-wave simulations.

55
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An important way to reduce the cost and complexity of a phased array is to decompose it into subar-
rays. Unlike regular phased arrays, the implementation of subarrayed PPAAs is not widely discussed
in the literature, leading to the second novelty of the thesis. Since the elements of a PPAA have to
be excited by two orthogonal feeds, RF architectures employing subarrays are not commonly imple-
mented in PPAAs. However, it is shown in [8], and extended in this work, that the two feeds of an
element can be coupled into a single RF chain through a fixed phase shifter. Once the feeds of an
element are connected, neighboring elements can be subarrayed using a Wilkinson power divider. Al-
though subarray size, shape, and orientation are all widely discussed optimization parameters in the
literature for phased arrays, it is assumed that subarrays consist of two elements that can be stacked
either horizontally or vertically. In other words, the tiling of the array surface into subarrays with two
elements and the corresponding excitation coefficients for the tiles are optimized. Initially, optimiza-
tions are performed for the classical subarray architecture, where the antennas in the same subarray
are excited with the same amplitude and phase. It is shown that the polarimetric performance of PPAA
significantly degrades for synthesizing V and LHCP, and for steered radiation. To provide more de-
grees of freedom to subarrayed PPAA and minimize the deterioration compared to a regular PPAA,
a new RF architecture and a corresponding optimization strategy are proposed: GSPD architecture,
where elements in the same subarray are excited with the same amplitude but with a different phase.
Initially, optimization of tiles and the beamforming weights is performed to make the array synthesize H
and V with high performance, to show that the cost of the low-cost PPAA in [8] could be even reduced
further. It is shown that with a slight loss in EIRP and almost no deterioration from the polarization
purity and SLL criteria, the low-cost PPAA in [8] can be subarrayed. Moreover, it is realized that the
excitation amplitudes almost remained the same for the synthesis of different polarizations and steering
directions; therefore, variable gain amplifiers in GSPD are replaced with fixed gain amplifiers: FGPD
architecture, which reduced the cost of the PPAA even further. It is shown that EIRP levels remain the
same, but polarization purity considerably deteriorates for the steered radiation. Since the polarization
purity is simulated to be around 35 dB, the FGPD architecture can indeed be employed. Furthermore,
the GSPD architecture is extended for the synthesis of LHCP using the previously obtained polarization
states in Fig. 3.4d (output of CPS-Lloyd Max). It is observed that EIRP levels have slightly decreased,
and polarization purity has deteriorated to 40 dB, which is still acceptable.

Finally, polarization and pattern are jointly synthesized for the fully-polarized and low-cost PPAA.
A cosecant and a flat-top mask are synthesized with different polarizations. Although there are some
studies in the literature discussing joint polarization and pattern synthesis, to the best of the authors’
knowledge, suppression of cross-polarized field with respect to the shape of the mask is not considered.
As explained in Chapter 5, in addition to the co-polarized field, the cross-polarized field also has to be
constrained to maintain the purity of the polarization, which is another novelty of the thesis. It is shown
that the proposed method can meet the pattern shape and the polarization purity criteria, both for
conventional and low-cost PPAA. Moreover, for both cases, the pattern shaping is performed on the
elevation plane, and steering is performed on the azimuthal plane. Full-wave simulations show that the
proposed algorithm can jointly synthesize pattern and polarization with linear arrays while meeting the
constraints; however, the side-lobe levels rise when steering is performed with planar arrays, as there
is no optimization.

6.2. Recommendations for Future Work

As PPAAs become more prevalent and larger in size, cutting-edge low-cost RF architectures will be
studied and used in end products more frequently. Furthermore, PPAAs with extended beamforming
capabilities in terms of polarization and pattern synthesis will be needed. This thesis attempted to ad-
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dress these points with low-cost solutions, and several ensuing future discussion topics are as follows:

1.

In Section 3.2, two novel optimization strategies are presented to extend the capability of the low-
cost architecture to three polarizations. However, since the problem is not convex, a sequential
approach is preferred for optimization. The element polarization states and beamforming weights
could have been optimized simultaneously using a different strategy, possibly resulting in a supe-
rior polarimetric performance for the examined polarization states.

. Throughout the thesis, all the nonlinearities related to RF components and feeding circuitry are

neglected and not included in optimization. However, in a real setup, Wilkson power dividers
would be used to split the power between ports, whose coupling effects must also be included in
optimization. Moreover, beamformer ICs would be used in a real setup to provide the required
amplitude and phase, which might also require to be modeled and calibrated, as the amplitude
and phase may couple depending on the frequency.

In Chapter 4, different subarrayed RF architectures and optimization strategies are explored. For
each case, subarrays are assumed to consist of two elements, either stacked horizontally or
vertically. By examining different subarray sizes, shapes, and orientations, an array with a lower
cost or superior polarimetric performance can be obtained.

In Chapter 5, the joint pattern and polarization synthesis for conventional and low-cost PPAAs is
considered. Instead of performing the optimization for a linear array and then extending it to a
planar array, which is shown to deteriorate the performance, the beamforming coefficients could
have been directly obtained for a planar array. As this would require all elements to be considered
in the optimization problem, a different strategy than using SDR is necessary. Moreover, the
desired mask has to be defined over the entire grid.

In Chapter 5, it is noticed that the algorithm applies a considerable taper on the weights to meet
the polarization and shaping requirements, which reduces the input power of the array and the
range of the PPAA. A possible way to overcome this could be to impose a lower bound constraint
on the amplitude of beamforming weights. However, since that constraint is not convex, it is
not implemented in this thesis. Through different optimization techniques, input power can be
included in optimization along with other constraints.
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