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ABSTRACT Energy efficiency (EE) and consumption have become critical concerns for mobile
telecommunications operators, where the radio access network (RAN) accounts for the majority of the
energy consumption. In 4G, 5G, and upcoming 6G systems, the multicarrier waveforms employed, such
as orthogonal frequency-division multiplexing (OFDM), pose significant RAN EE challenges due to
their high peak-to-average power ratios (PAPRs), imposing strict transmitter-level linearity requirements.
However, RF power amplifiers (PAs) display a trade-off between their linearity and efficiency. This
work explores power combination over-the-air (PCOA), where four constant-envelope components are
individually amplified by switched-mode PAs (SMPAs) and transmitted by a 4 x 4 microstrip patch antenna
array. A 2 x 2 subarray is allocated to each component, and beamforming is used to combine them at
the channel level, minimizing circuit-based power combiner insertion losses. Analytical, optimized sizing
strategies are presented for the SMPAs, at the system level, and for the array. Moreover, a high-level PCOA
model is developed to simulate the impact of the component-level scalings, PA sizings, noise, insertion
losses, array mutual coupling, mutual coupling compensation strategy, steering direction, and path loss on
the PCOA system performance. For all scalings, it is shown that PCOA is correctly performed to any steering
direction within a sector, introduces array gain, and reduces the interference to neighboring systems, with
the array presenting radiation efficiencies as high as 81.4%. This suggests that the PCOA technique can play
a key role in addressing the EE-linearity trade-off in upcoming 6G systems.

INDEX TERMS Antenna arrays, beamforming, energy efficiency, mutual coupling, orthogonal frequency-
division multiplexing, microstrip patch antenna, peak-to-average power ratio, power amplifier, power
combination over-the-air, RF.

I. INTRODUCTION

Energy efficiency (EE) and consumption have become
critical concerns for mobile telecommunications operators.
This can be attributed to environmental commitments, such

The associate editor coordinating the review of this manuscript and

approving it for publication was Tae Wook Kim

as achieving “‘net zero” emissions [1], along with the fact
that energy costs represent a major operational expenditure
(OPEX) [2]. In [1], it was shown that the radio access network
(RAN) accounts for 76% of the total energy consumption,
showing that the it is the dominant target for EE optimization.
To this effect, metrics such as the waste factor have been
recently proposed for quantifying EE in RANs [3].
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In this work, systems which use waveforms based on
orthogonal frequency-division multiplexing (OFDM) are
considered. This includes 4G, 5G, and upcoming 6G systems.
In particular, OFDM with a cyclic prefix (CP) is used in both
4G [4] and 5G [5], meanwhile discrete Fourier transform-
spread-OFDM (DFT-s-OFDM) with a CP is only used in
5G [5]. According to [6], both OFDM and DFT-s-OFDM with
CPs will continue to be used in 6G. While these waveforms
offer high spectral efficiencies (SEs) and resilience to
multipath fading [7], they also feature high peak-to-average
power ratios (PAPRs) [7], [8]. This last property makes
it challenging to achieve high-performance communication
while also having an energy-efficient RAN. On one hand, the
high-PAPR waveforms impose strict amplification linearity
requirements on the RAN’s transmitters, to avoid increasing
the bit error rates (BERs) [9], [10]. On the other hand,
RF power amplifiers (PAs) display a trade-off between their
linearity and efficiency, while being the most important factor
in the transmitter EE [9]. Consequently, single-branch static-
supply architectures which transmit high-PAPR waveforms
must use transconductance PAs, which are linear but highly
inefficient. Moreover, since the entire waveform must be
within the linear amplification region, the PA is operated
at an output power back-off (OBO), further lowering its
efficiency [9], [11].

Multiple-branch PAs (MBPAs) have been shown to
be more successful at efficiently amplifying high-PAPR
waveforms [11]. Two main types of MBPA can be identified.
Firstly, solutions such as the Doherty PA [12], [13], [14],
where the high-PAPR waveform is split among multiple
parallel PAs. Secondly, solutions such as the outphasing
PA, also known as the linear amplification with nonlinear
components (LINC) PA [15], [16], [17], and the quantized
digital amplification (QDA) system [18], [19], [20]. These
decompose the high-PAPR waveform into constant-envelope
components, which are individually amplified by a per-
branch PA. Both types need to combine the amplified
components, to obtain the output signal. This can be
achieved by employing circuit-based power combiners (the
conventional approach) or by considering over-the-air (OTA)
combination, where beamforming is utilized to perform
channel-level component combination [21]. This is shown
in [19] and [22], for QDA and outphasing, respectively.
There also exist single-branch solutions for more efficienctly
amplifying high-PAPR signals, such as the envelope tracking
(ET) technique, where the supply voltage follows the
envelope of the high-PAPR waveform [23].

Between the aforementioned techniques, QDA is particu-
larly promising. This is because it exhibits a low complexity,
does not require the use of digital pre-distortion (DPD),
employs highly-efficient switched-mode PAs (SMPAs), and
all components are in-phase [18], [19], [20]. Conversely,
the Doherty [13], [14] and outphasing [16], [17] PAs often
rely on DPD for linearization, which is known to massively
increase the complexity and decrease the efficiency [24].
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Furthermore, ET PAs [23] and most Doherty PAs [12]
employ transconductance PAs, which are less efficient than
SMPAs [9], [11]. Even though SMPAs can also be used in
outphasing [16], [17], high outphasing angles vastly decrease
the efficiency [15]. There exist variants which can reduce this
angle [16], [17], [22], [25], however, the out-of-phase sum
is intrinsic to outphasing techniques. Moreover, it is shown
in [23] that the ET PA supply has a bandwidth “a few times
larger” than the modulated signal, which can be a major
issue in wideband contexts, and that the envelope shaping can
greatly increase the complexity.

In this work, the power combination over-the-air (PCOA)
system introduced in [26] is further explored. A four-
branch architecture is considered, where a constant-envelope
component is assigned to each branch. Each component is
then individually amplified a per-branch SMPA. Due to the
constant-envelope components, SMPA nonlinearities [9] are
not a concern. The amplified components are transmitted
by a 4 x 4 array of microstrip patch antennas, where a
2 x 2 subarray is allocated to each component. Since OTA
combination is performed [21], the use of power combiners
is minimized. This, along with the use of SMPAs, means that
a very high system-level efficiency is expected, provided that
it is also based on an efficient transmitting array. This work
constitutes an extension of [26], where the main contributions
can be summarized as follows:

o Exploration of three different amplitude distributions
at the SMPA outputs, which are referred to as the
“component scalings’;

« Analytical, optimized sizing strategies for the SMPAs,
at the system level, and array, considering different
subarray and array-level antenna spacings;

o Microstrip patch antenna and array-level modeling,
considering a commercially available substrate, copper
as the conductor, and, for the array, mutual coupling;

o Microstrip patch antenna and array-level performance
results,including radiation efficiency analysis;

o PCOA performance results, for different steering direc-
tions, considering noise, path loss, array mutual cou-
pling, a mutual coupling compensation strategy, and
insertion losses.

For all component scalings, it is shown that the PCOA
technique correctly and efficiently combines the constant-
envelope components, to any steering direction within
a sector. It is also shown that the component scalings
significantly affect the PCOA performance. Lastly, it is
shown that the array presents radiation efficiencies as high
as 81.42%.

The remainder of this work is organized into five
sections. Section II presents the considered signal decompo-
sition, PCOA architecture, and the main PCOA parameters.
Section III presents the theoretical analysis for the input
signals, SMPAs, microstrip patch antennas, subarrays, and for
the complete array. Section IV presents the sizing strategies
and resulting initial configurations for the previously outlined
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PCOA components. Section V presents the considered mod-
els, adjusted sizings and simulated results for the microstrip
patch antennas, array, and PCOA system. Section VI presents
the conclusions.

Il. ARCHITECTURE AND PCOA SYSTEM
CHARACTERIZATION

In this section, an overview of the considered signal decom-
position and complete communication system is presented,
along with the main parameters considered. As shown in
Fig. 1, this communication system is comprised of an N, = 4,
Nantennas — 16 PCOA transmitter, where N, is the number of
branches and N3M13s g the number of antennas, a wireless
channel model, and a receiver which is equipped with a single
antenna.
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FIGURE 1. High-level diagram of the PCOA transmitter, wireless channel
model, and receiver equipped with a single antenna.

The bth PCOA branch, where b = {1, 2, 3,4}, has an
associated constant-envelope input signal, denoted by sp(¢).
In this work, the PCOA transmitter is not paired with a
signal decomposition scheme. Thus, it is assumed that the
high-PAPR waveform is decomposed into the s(f) signals
and the signal decomposition is not shown in Fig. 1. While
the PCOA technique can be used to transmit the components
generated by outphasing [15], [16], [17] and QDA [18],
[19], [20], throughout the remainder of this work, a QDA
decomposition is assumed. This is due to the advantages
outlined in Section I.

In [18], [19], and [20], the QDA decomposition is
presented in detail, from which, a brief summary follows.
First, the high-PAPR signal (such as OFDM) samples are
buffered, to estimate the maximum amplitude of the frame
samples. Once the buffer is initially filled, for each new
sample, the oldest is removed. All remaining operations
solely consider the current sample and estimated maximum
frame amplitude value. After undergoing a rectangular to
polar form conversion, the sample amplitude is quantized
by a normalized quantizer. Based on the quantization bits,
each branch is set as ON or OFF. The common phase for
all branches is calculated within the polar conversion. Lastly,
the components are written by digital-to-analog converters
(DACs). They can be written at an intermediate frequency
and mixed up, or written by RF DACs at the carrier
frequency. When at the carrier frequency, these components
constitude the PCOA input signals, sp(#). Thus, the QDA
decomposition presents low complexity, with only a small
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initial buffering overhead. Considering a buffer that can
hold N%2™Ples samples, and an OFDM signal with passband
pPassband 3¢ 45 shown in [18] that the initial overhead, 7™ital,
is given by Tinitial _ Arsamples / ppassband R prsamples
1024 and BP*Pad = 3 MHz, which is the minimum 5G
value [27], it follows that the maximum latency is 72l —
0.34 ms. This is within the most stringent 5G latency
specification, namely < 0.5 ms [28]. All DSP operations
of the QDA decomposition are performed at baseband, and
can be easily implemented through a field programmable gate
array (FPGA).

Each branch signal s;(¢) is amplified by an SMPA, repre-
sented by the memoryless nonlinear function py(-). It follows
that yp(r) = pp (sp(?)) is the SMPA output signal, which
is then filtered by a band-pass filter (BPF), with transfer
function Hp(f). With Y,(f) being the frequency-domain
representation of yp(¢), Up(f) = Yp(f)Hp(f), where Up(f)
is the frequency-domain representation of the BPF output
signal.

Each uy(¢) signal is split by a four-way uniform splitter,
resulting in four equal output signals, where the ith is denoted
by upi(t), and i = {1, 2, 3, 4}. Then, each u;;(¢) has a phase
shift applied to it, as a part of the beamforming strategy,
resulting in the respective gp;(¢#) signal. It is important
to note that all theoretical analysis and simulation results
assume ideal splitters and ideal, non-quantized phase shifters.
Furthermore, while in Fig. 1 the phase shifters appear as one
monolithic block, this is for simplicity. It is also assumed that
there exists individual phase control for each up;(?).

Then, each set of four gp;(f) signals are assigned to a
2 x 2 subarray. The array thus transmits a total of N2ntennas
qpi(t) signals through its N, subarrays. The signal x(t) is
the combined (far-field) array output signal, which is then
affected by the additive white Gaussian noise (AWGN)
channel, under line-of-sight (LoS) conditions. Consequently,
z(t) = «/Bx(t), where B is the channel gain, and r(t) = z(t)+
n(t), where r(t) is the received signal, and n(t) is the channel
noise. Thus, a multiple-input, single-output (MISO) context
is considered, with no further processing at the receiver (RX)
level.

Table 1 summarizes the main PCOA architecture parame-
ters considered. The carrier operating frequency, f, is within
the 5G frequency range 1 (FR1), and is compliant with
the latest 5G RAN specification [27]. The three considered
component scalings are equal amplitude scaling (EAS),
binary amplitude scaling (BAS), and binary power scaling
(BPS). BPS is the main focus of this work, with selected
results being presented for all three scalings.

Multipath (fading) channels are not considered in this
work. This is justified by the fact that LoS channels can
be realistically considered in communication scenarios with
uncrewed aerial vehicles (UAVs) or with satellites, where
EE is critical. These are scenarios where the proposed
highly-efficient PCOA technique can be employed. More-
over, it can be seen in Subsection V-C that the resulting
PCOA system is highly directive, substantially reducing the
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TABLE 1. Summary of the main PCOA architecture parameters.

[ Parameter [ Value |
Operating frequency, f 3.5 GHz, band “n78” [27]
Total SMPA output power at f, PL°*#! | 30 dBm (1 W)

Characteristic impedance, Zy 50 ©2

Sector coverage 60° (+30°)
Component scalings BAS, BPS, EAS
Channel description AWGN and LoS

effective multipath components. Nevertheless, QDA paired
with the proposed PCOA system is an evolution of QDA with
combination over-the-air (QDA-CoA) that considers only one
transmission antenna per RF component. The QDA-CoA
performance considering OFDM signals and Rayleigh fading
channels is presented in [19]. There, it is shown that the
system is robust to phase errors betwen components of
up to 4°, in those conditions. Thus, fading channels do
not not disrupt the coherent over-the-air combination of
the components. It should be also noted that if accurate
channel state information (CSI) is available, the applied phase
shifts can be adjusted to counteract the introduced phase
mismatches, preserving the in-phase combination [19].

It should also be highlighted that due to the highly
directive PCOA transmission (see Subsection V-C), one
can expect approximately equal Doppler spreads for each
component, since they will have similar angles-of-departure.
Therefore, although not considered in this work, Doppler
spreads associated to common mobility profiles can be
easily corrected by the conventional frequency estimation
algorithms.

The high PCOA EE is justified by the fact that all
transmissions blocks in Fig. 1 can be efficiently implemented.
For the antenna array, since the focus of this work is
the theoretical analysis and simulation-based validation of
the OTA combination and array properties, an energy-
efficient array is designed. The antenna array is shown in
Subsection V-B to achieve radiation efficiencies as high as
81.42%. For the phase shifters, due to the N, = 4 branches
and N3nennas — 16 antennas, hardware-based phase shifters
have to be employed. In the literature, several low-loss digital
phase shifters are encountered, such as [29], [30], and [31].
These minimize the PCOA complexity, making it very low,
and discretize the steering directions. In [29], 2-bit digital
phase shifter for the 9.75-11.25 GHz band presented < 0.5 dB
of insertion loss. In [30], a 4-bit digital phase shifter presented
1.4 dB of insertion loss at 8 GHz. In [31], a 5-bit digital
phase shifter presented 3.26 dB of insertion loss at 2 GHz. For
the splitters, their usage is minimized. Only N}, splitters are
utilized, to avoid having Nj, = N33 While transformer-
based splitters are known to present several efficiency-related
issues [32], efficient Wilkinson splitters can be employed,
aided by the fact that the PCOA operation aligns with the ideal
Wilkinson conditions. Namely, uniform splitting and zero
phase difference between the output ports [33] are followed
within all PCOA branches. In [34], a modified Wilkinson
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combiner/divider was implemented with an insertion loss
< 0.2 dB, from 0.3 to 2.8 GHz. In [35], X-band Wilkinson
splitters were implemented with 0.2 dB of dissipative
loss. In [36], a broadband folded Wilkinson splitter was
implemented (reducing the area by 50%) with 2 dB of
insertion loss, from 15 to 45 GHz. For the SMPAs, these
are known to be highly energy-efficient [9]. In [20], QDA
class E SMPAs operating at 880 MHz achieved power-added
efficiencies (PAEs) from 63.4% to 69.7%. In [19], QDA class
E SMPAs operating between 5.13 GHz and 5.38 GHz were
simulated at the circuit level, and achieved PAEs from 64.6%
to 73.9%.

Ill. THEORETICAL ANALYSIS

In this section, the input signals, SMPAs, microstrip patch
antennas, subarrays, and the array are theoretically analyzed,
in Subsections III-A, III-B, II-C, II-D, and II-E, respec-
tively. These results serve as the basis for the initial sizings,
in Section IV.

A. INPUT SIGNALS
Noting that w. = 27f,, each s, (¢) signal is given by

sp(1) = Ap cos (wet + Dp) (1

where Ap, ¥ are the per-branch amplitude and initial
phase, respectively. It is important to note that different
Ay values can be used to reconstruct the high-PAPR signal
envelope, without compromising on the constant-envelope
property [11]. This is achieved by considering that each bth
branch can be OFF or ON. When it is OFF, A, = 0V, and
when it is ON, A, has a constant, non-zero value. This is
employed in the QDA decomposition [18], [19], [20], and
allows the combined amplitude to be varied by selectively
toggling the branches ON and OFF. In this work, all branches
are assumed to be ON. The relationship between the A, values
and the component scalings is presented in Subsection I1I-B.

B. SMPAs

Each pp(-) function is defined as y,(r) = pp (sp (1)) =
apsy (1) + az;,si ")+ agbsi (1), where o1 is the per-branch
small-signal gain, and oy, ar3p are the per-branch second and
third-order distortion coefficients, respectively [37]. While
in implementation SMPAs are strongly nonlinear [9] and
can often exhibit memory effects [38], when considering
deployment within the PCOA transmitter, the proposed
model is not an oversimplification. This is due to two key
reasons. Firstly, considering the input signals as defined in
Subsection III-A, each SMPA is either OFF, or ON at a
constant operating point, dictated by the component scaling.
This results in a linear amplification characteristic, where
the SMPA nonlinearities have a negligible impact. This
model includes the main nonlinear impairments, namely
gain compression and harmonics [37], allowing the PCOA
robustness with respect to the nonlinear SMPA effects to
be demonstrated in Subsection V-C. Secondly, while the
PCOA architecture does not compensate for memory effects,
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the constant, single-tone components allow a quasi-static
operation to be assumed for the PCOA system. This is due to
the fact that, for signals with bandwidths up to 10 MHz, quasi-
static operation at the PA level can be assumed, allowing
memory effects to be neglected [39].

Through s,(¢) in (1) and considering the fact that
2 cos(x) cos(y) = cos(x — y) + cos(x + y), it follows that

yu(t) = Aop + A1p cO8 (wct + V)
+ App cos Quwet + 29p) + Azp cos Bwet + 39), (2)

where the coefficients Ao, up to A3y are given by

Olsz2 30531,143
Agp = Agp = > b A = aipAp + 7 Y
3
aspAj
= . 3
3b 2 3)

As expected, y,(¢) exhibits harmonics and gain compres-
sion at the fundamental frequency (see (2)). Ideally, in a linear
PA, the voltage gain at the fundamental frequency, G,;,, would
be a1p. In this work, all SMPA output powers and gains only
consider the fundamental frequency term in (2). As such, f. is
omitted from the notation. When considering (1), (2), and (3),
it can be concluded that the voltage gain is

3Ol3bA3
Al apAp+ —5t 3a3pA?
Ap

Ap 4

Gw )

where it is important to highlight that a1, > 0, app > 0,
and a3, < 0 [37]. Consequently, G, is monotonically
decreasing with respect to A, (see (4)). Thus, the relationship
between s,(¢) in (1) and y,(¢) in (2) is only considered for
0 < Ap < AP™, where AJ™ is the maximizer of Ayp.
To find an expression for AJ™*, Ay, is differentiated with
respect to Ap, and the result is set equal to zero, resulting in
AT = /e, [0,

Considering (4), it can be seen that the voltage gain at A",
denoted by G{f}}“, is given by G‘J}jn = %on p- Since G‘J}jn > 0,
this lets us conclude that G,;, > 0 for all 0 < A, < A,
Since the maximum value for A1, denoted by AT};, is given
by A} = AP™GI", the complete relationship between Ay,
and A, can be expressed as

< max
Ay = {ﬁff”” 2< A = 5)
b > b > Ab .

As mentioned in Section I, the component scalings repre-
sent different amplitude distributions at the SMPA outputs.
More specifically, BAS, BPS, and EAS each represent
different ways in which the Aj, values are related to a
reference amplitude value, denoted by Arlef. It is thus possible
to define them in terms of their vectors of Ay, values, A| €
R**! where each Ay, value is expressed as a fraction of Aﬁef.

Denoting the BAS, BPS, and EAS A vectors as A?AS, A?PS,
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and A?AS, respectively, it follows that

T
ABAS _ A][SAS,rel' AIIBAS,ref A}]SAS,ref BAS,ref
! 8 7 7 A ’

All?)PS _ [AIBPS,ref Al]SPS,ref AIISPS,ref ABPS,ref

T
i A

. T
AEAS [ ABAS el 4BASef 4EAS ref AI]EAS,ref] . (®)

where APAST! ABPSTEl ang ABASIT are the BAS, BPS, and

EAS Arlef values, respectively.

Lastly, it is important to note that y(¢) in (2) is expected to
feature intense harmonic distortion, due to the sizing strategy,
which is presented in Subsection IV-A. The BPF aims to
filter the harmonics and the DC offset, so that, ideally, u(¢)
is only formed by a sinusoidal signal, with frequency f..
At the circuit level, the SMPA’s output matching network
is the BPF [9]. Therefore, Hy(f) is known to be high-Q,
where Q is the quality factor. This means that it has a
narrow bandwidth when compared to f, [9]. Throughout the
remainder of Section III and the entirety of Section IV, it is
assumed that all Hy(f) are ideal BPFs with a unitary gain in
their passband. Then, in Section V, the Hj(f) considered for
modeling and simulation purposes are presented.

C. MICROSTRIP PATCH ANTENNAS

In this work, rectangular microstrip patch antennas are
considered. According to [40] and [41], they consist of three
layers, namely the top patch, substrate, and ground plane.
This is shown in Fig. 2, which presents the considered
microstrip patch antenna diagram, orientation and coordinate
systems. Moreover, in Fig. 2, ¢ and 0 are the azimuth and
elevation angles, respectively, and r is a generic position
vector.

FIGURE 2. Rectangular microstrip patch antenna diagram, along with the
consideredorientation and coordinate systems.

The top patch is made of a metal with conductivity o,
and its width, length, and height are denoted by W, L, and
h¢, respectively. The substrate is an (e, ) dielectric with
height 4. The ground plane is made of the same metal as
the top patch, with a width and length denoted by W, and
Ly, respectively. The following results assume that . < A,
where A is the free-space wavelength, h <« A, W, =
L, = oo m, and that there is a coaxial feed at (xr,0) m
[40], [41].

According to [40], due to the finite L and W, the fields
at the top patch’s edges fringe outward. Thus, the electric
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fields are distributed among the substrate and the surrounding
air. For W > h and ¢, > 1, the fields concentrate mostly
in the substrate. Based on this, ¢, is the ¢, of a third,
homogeneous dielectric, such that its electrical characteristics
match the mixed-dielectric scenario. For W > h, and at low
frequencies, it follows that

& +1

o1l W )
2 2 W + 124’

and as the frequency increases, ¢, approaches &,. Elec-
trically, the top patch appears wider than its physical
dimensions, due to the fringing [40]. As such, L.y is the
effective L when fringing is taken into account, being given
by [41]

Ereff =

(8reff + %) (% + cz)
(erar = 3) (% + )

where AL is the effective length increase for each side, ¢; =
0.412, ¢ = 0.264, and c3 = 0.258. The resonant frequency,
denoted by f;, is the frequency for which the microstrip patch
antenna presents zero reactance in its input impedance, Z;,.
According to [40], it is given by

Ir

AL =~ c1h

Ly = L+2AL, ®)

NG
where ¢ is the speed of light in a vacuum. In [41], approx-
imate versions of the normalized amplitude beam patterns,
denoted by By (0, ¢), are presented for the microstrip patch
antenna along two planes. Namely, the upper xz half-plane,
where ¢ = 0° v ¢ = 180°, 8 € [0°,90°], and the upper yz
half-plane, where ¢ = 90° v ¢ = 270°, 8 € [0°, 90°]. In this
work, Ba (0, ¢) is defined as

©))

IE (6, ¢)|
max (|E (0, )])’
where E (0, ¢) is the radiated electric field. Denoting as
Bﬁn (0) and Bffm (6) the microstrip patch antenna normalized
amplitude beam pattern along the upper xz and yz half-planes,
respectively, it follows that

By (0) = ‘cos (@) ,

2cos (@) . (kW sin(6)
sin
kW sin (6) 2
where k = 27 /) is the wavenumber. It follows that, for the
lower xz and yz half-planes, where 6 € 190°, 180"],szm 0) =
By (0) = 0.

Ba(0,9) = (10)

B (0) = ‘ . 31D

D. SUBARRAYS

The results which follow assume subarrays with isotropic
antennas. This is motivated by the pattern multiplication
theorem, which states that [41], [42]

By™ (0,¢) = |AF (0, 9)| BY""™ (0, 9),  (12)
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where Bzmly (6, ¢) is the normalized amplitude beam pattern
for the array and B{""™ (6, ¢) is the normalized amplitude
beam pattern for an individual array antenna (all antennas are
assumed to be equal). Moreover, |AF (6, ¢)| is the normalized
array factor, defined as [42] and [43]

la” 0. 0)w (0, 9)|

|AF (6, )| = max ([a (0, p)w (0, 9)

(13)

3

where a’ (6, ¢) is the steering vector, encompassing the
phase shifts introduced by the channel, and w (6, ¢) is
the beamforming weights vector. Thus, if |AF (0, ¢)| is
known, the normalized array beam patterns can then be
obtained for any antenna. Since isotropic antennas verify
Bf}‘me““a (8, ¢) = 1, by definition, isotropic antenna arrays
verify B, (6, ¢) = |AF (0, ¢)|.

Each subarray is an Mg x Ng uniform planar array (UPA),
lying on the xy plane, with horizontal and vertical antenna
spacings denoted by d,s and dys, respectively. In Fig. 3,
an M x N UPA of generic elements, lying on the xy plane, with
horizontal and vertical element spacings denoted by 6, and 4y,
respectively, is shown. This lets us conclude that the subarrays
correspond to Fig. 3, when considering that the elements are
isotropic antennas, M = Ms, N = N, 8y = 0yxs, and 8y = Jys.

N)
)

FIGURE 3. UPA with generic elements, along with distinct horizontal and
vertical element spacings. The considered UPA orientation and coordinate
systems arealso presented.

It should also be noted that, in Fig. 3, r is a generic position
vector, and the notation (m, n) denotes element indexing, not
xy coordinates. Thus, the subarray antenna (1,1), considered
as the reference antenna, is situated at the origin.

To determine the array factor, it is first necessary to define
the subarray-level beamforming weights vector [42], denoted
by wy € C¥sNsx1 Equal amplitude weights are considered,
due to the uniform splitting of the uy(r) signals. For the
phases, progressive phase shifts [41] are considered along
both x and y directions, denoted by ¢, and ¢s, respectively.
Thus, ws as a function of the phase shifts, wg (G, Pys),
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is given by

[ g ((=Déet(1-Dys) ]

o ((Ms—Dpxs+(1=1)ys)
Ws (¢xm ¢ys) = s ) (14)
ei((171)¢.¥s+(N571)¢ys)

o (M= D s +Ns—Débys)

where it can be seen that it corresponds to maximum-ratio
transmission (MRT) [43] without the normalization factor.
Considering w (¢ys, @ys) in (14), the LoS channel model
of Table 1, and Yxs = kéyxssin(0)cos (¢) + bus, Yys =
kéys sin (0) sin (¢) + ¢ys, it is possible to conclude that
the normalized subarray-level array factor, ‘AFs (Wxs, wys)

is given by [42]

1 |sin (Msép”) sin (%)
’AFS (Wxs, 1/fys)| N MgNs sin (%) sin (%)
where it can be noted that its maximum is achieved when

(Kﬁxs, lﬁys) = (0°,0°). Since ¥y depends on ¢, and Yy,
depends on ¢y, it is possible to steer the maximum to the
direction ("™, 6;"%), by setting ¢,s and ¢y to

S

Pxs = —kys sin (07"*) cos (™),
Bys = —kdys sin (07™) sin (p") . (16)

s

., (15)

E. ARRAY

The results which follow assume that all subarrays are equal.
As a consequence, we can recursively apply (12). Namely,
each subarray is now seen as an array-level element [42].
This means that determining the array-level normalized array
factor, |AF; (6, ¢)|, lets us find the normalized beam patterns
for any subarray. Since N, = 4, the array is a 2 x 2 UPA
of subarrays. The array is considered to be lying on the xy
plane, with horizontal and vertical element spacings denoted
by 8, and dyr, respectively. Thus, it corresponds to Fig. 3
when considering that the elements are subarrays, M = 2,
N = 2, 8y = &, and 8y = §y;. Furthermore, the element
indexing in Fig. 3 is also considered, where the element (1,1)
is taken as the reference.

In conventional MISO array analysis, it is assumed that
each element is excited by the same input signal, before
applying beamforming [43]. However, this is not the case of
the proposed PCOA transmitter. The array-level input signals
are the uy(t) signals (Np = 4). Considering y,(¢) as defined
in (2), each signal up(¢) can be expressed as

up(t) = Ap cos (oct + Oup) &

up(t) = AmpAc cos (wet + Vup) (17
where 9, is the phase after Hy(f), and A is decomposed
into a constant value between all branches, A., and a

per-branch scaling factor, Ay, such that Ay, = ApAc.
Assuming 9,1 = thp = %3 = hu = U, it follows that
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up(t) = Appu(t), where u(t) = A, cos (w.t + 9,) is acommon
signal to all branches. Thus, at the array level, this scenario
can be seen as the transmission of u(#) with the per-branch
amplitude weights Ay, applied in w, € C**!, the array-level
beamforming weights vector [42]. Furthermore, the array-
level amplitude weights vector, A, € R**!, containing the A
weights, verifies A = A1 /A.. This means that the component
scalings affect the array beamforming, since the A; and A
vectors are directly proportional. For the phases, progressive
phase shifts [41] along the x and y directions, denoted as
¢xr and @y, respectively, are considered. By defining the
vector encompassing the applied phase shifts as ¢, € R**!,
it follows that A; and ¢, are given by

G ((A=Dger+(1=Dibyr)

AL i(2—1 1-1
A = Ar2,1) b = @/ (2=Du+(1=Dy) as)
"TlAany |0 T (=D +2=Dpye) |
Ar2,2) @ (2=Ddu+2—1)yr)

respectively, where the notation Ay, = Agn,n) denotes that
the bth branch is assigned to the element with indices (m, n).
Consequently, w; as a function of A; and ¢, is given by

Ar1.1ye/ (1= Dgart(1=Dtr)
Ara, 1 (2= Ddu+(1=Déty)
Ax1 2@ (1= D= Dyr)
Ara, 2@l (2= Ddar+2= D)

wiAr, ¢p) = 19)

Considering wi(Ar, ¢,) in (19), the LoS chanel model
of Table 1, and v,y = k&ysin(f)cos(¢) + @y,
Yyr = kdyesin (0) sin (@) + ¢y, it is possible to determine
|AF; (Yxr, ¥yr)|. However, a closed-form solution is not
available for an arbitrary A, leading to | AF; (Vrxr, ¥ryr) | being
expressed as [41]

‘Zizl Zizl Ar(m,n)ej((m_l)%r‘r(n_l)]//yr)

2 2
Zn:l Zm:l Al‘(mw")

where it can be noted that its maximum value is also achieved
when (1//,“, ‘ﬁyr) = (0°,0°), since this is when the A,
terms sum in-phase. Thus, steering the maximum to the
direction (¢"**, 6"*) does not depend on A, and can be done
by setting ¢y, and ¢y, to

|AF,| = . (20

Gur = —kSyr sin (01"™) cos (),
Pyr = —kBye sin (6*) sin (¢"™) . 2D

T

Considering (12), |AFg (1//‘xs, 1//y5)| as defined in (15), and
|AFr (Kﬁxr, Wyr) | as defined in (20), it can be concluded that

|AF(Yrar, Yyr, Vs, Yys)| = |AF;| [AF|, (22)

where |AFt(wxr, Yy, Vs, Wys)| is the normalized complete
array factor. This allows the normalized complete amplitude
beam pattern, Ba((Vxr, Yyr, Yxs, Yys), to be determined
for any antenna by considering (12) once again, with
|AFt(1/fxr, Yyrs VYixs, wys)‘ as the array factor.
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IV. INITIAL SIZINGS AND OPTIMIZATIONS

In this section, the initial sizings for the SMPAs, microstrip
patch antennas, subarrays, and array are determined, in
Subsections IV-A, IV-B, IV-C, and IV-D, respectively. These
values are then used for the initial simulations, in Section V.

A. SMPAs

As seen in Subsection III-B, the component scalings are
defined in terms of the Ay, values. Since, for operation below
AP, Ay = ApGyp (see (5)), it follows that each branch has
two degrees of freedom in order to obtain the necessary Ay
value. The following analysis is expressed in terms of signal
power, P. For a sinusoidal signal, the relationship between
its P and amplitude, A, is given by (2Z)P = A%, where Z is
the impedance, which is assumed to be purely resistive [44].
Moreover, it is important to note that a generic power gain,
G, and voltage gain, G,, are related through [37]

Zin 2
G, = G
P Zout ’
Zin
< 10log (Gp) = 201logy, (Gy) + 101og; )
out
(23)

where Z,,; is the output impedance. The considered sizing
strategy assumes operation below A%, that all Z;, =
Zow = Zp, and starts with determining the power of each
SMPA output signal y,(¢), at f;, denoted by Py,. This is
done considering P;O‘a], the total SMPA output power at f,
presented in Table 1, and the component scalings (see (6)).
Due to the ideal BPFs, the u(¢) signal powers, denoted by
Pyp, verify P, = Pyp. Then, the o1, a2p, and a3, coefficients
of each nonlinear SMPA function are determined. This is
done by considering that the Py, values are close to the
per-branch saturation powers [19], denoted by PT,‘;, and that
Gp1 = Gp2 = Gp3 = Gpa, where Gy, is the power version of
G,p (see (23)). Lastly, the necessary per-branch input signal
powers, Py, are then determined, based on Py, and Gpp.
Since the A1, values define the component scalings, at the
amplitude level (see (6)), it follows that the Py;, values define
the component scalings, at the power level. Analogously,
they can be defined in terms of their vectors of Py, values,
Py, e R**! where each Py, is expressed as a fraction of the
reference power, P;ef. Denoting the BAS, BPS, and EAS P,

vectors as PEAS, P?PS, and PEAS, respectively, it follows that

BAS;ref pBAS.ref pBAS,ref T
PBAS _ | P Py Pt BAS ref
y P y ’

64 16 1
T
PBPS _ I:PEPS,ref P?PS,ref P}‘/SPS,ref PBPS,ref:I ,
y 3 1 2 y
EAS __ [pEAS,ref pEAS;ref pEASref pEAS.ref]7
P = [P} Py Py Py 1. @

where PEAS’ref, P;?Ps*ref, and PlyEAS’ref are the reference power

values for BAS, BPS, and EAS, respectively. Noting that

Py = [Pyl Pyy Py3 Py4]T andPyl + Py + Py3 + Py =

PRl it follows that PEASTEl = (64/85)piowl, pBPS.ef
total EAS,ref __ ptotal

(8/15)Py™, and Py = Pye/4.
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Importantly, G, does not depend on oy, (see (4)). This
conclusion also holds for G, (see (23)), which allows us
to conclude that, in this context, ayp is less important, with
the focus being the determination of a3 for a given «1; and
Pyp. Since the input amplitude of each branch, A, is constant
(see (1)), the resulting A1, also is, through (5). Consequently,
the value of Py, is also constant, allowing each branch SMPA
to be optimized for maximum efficiency, as was done in [19].
There, considering per-branch class E SMPA, it is shown that
each SMPA achieves its maximum PAE when operating close
to the respective P}

It is important to note that, at Psfl‘,‘, the associated power

min

gain is Gg‘bin, the power version of GJ}". Considering that

GL‘E“ = %al » and (23), it can be concluded that G“}j“ presents
a gain compression of c}m‘x ~ 3.52 dB, when compared
to the ideal per-branch power gain, G;‘}fal = 201log;, (o1p),
always assumed to be expressed in dB. Comparatively, at the
1-dB compression point, ¢ = 1 dB. Accordingly, the
sizing strategy is to obtain all Py, at ¢f < c}“a" dB of
gain compression, where ¢y is the compression factor, and
¢f®* is the maximum cy. Operation at close to Pj} thus
corresponds to setting ¢y close to ¢;***. By definition, ¢s dB
of gain compression means that G, = G;dbeal — ¢f, with Gy,
expressed in dB. Considering both, it can be written that

201ogo(Gyp) = 201log( (@1p) — cf

Gideal —er Gidea]
4(10 2t 1075 )
, (25)

ideal | .
-G e

6Py Zout 107 10

& o3p =

with G,, defined in (4), and where it is noted that A%b =
A} Gy, along with G — ¢ = 201og;o(Gyp), allowing a3y
to be expressed only in terms of G[ij}fal, ¢, Pyp, and Zy;.

The input signal power values, Py, are determined by
noting that Py, = Pyp/Gpp, With Gy, in linear units. It can
be noted that the SMPA model coefficients, a1p, aop, and
a3p, can also be expressed through G;)%eal, along with the
per-branch second-order input intercept point (IIP2) and the
third-order input intercept point (IIP3). For the PCOA input
signals defined in (1), intermodulation distortion (IMD) is
not a concern. The IIP2 and IIP3 arise when considering a
two-tone input signal, sp;(t) = Ap cos (w1t) + Ap cos (wat).
The resulting per-branch input amplitudes for the IIP2 and
IIP3, denoted by Ajpzp and Ajpsp, respectively, are given
by [9]

4

q1p X1p
Appop ~ ‘—‘ . Appp R 3
azp

A3p

3 (26)

For Ptf)tal =1W, Zy, = Zow = Zo = 50 Q, along

with Gi¢! = 16 dB, Pyp, = 50 dBm, and ¢; = 2 dB,
Table 2 shows the initial sizing for the SMPA coefficients,
Pyp, and Pg, for BAS, BPS, and EAS. Furthermore, Fig. 4
shows the relationship between Py, and Py, for the resulting
pp(-) functions, only for BPS.
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TABLE 2. Initial sizings for the per-branch SMPA coefficients, fundamental-frequency output power, and input power, considering BAS, BPS, and EAS.

&mnng[ b[ Pw(dBm)[ Py;, (dBm) [(g#“(dn)[ Pipap (dBm) [PHP%(dBm)‘
1] 329 10.71 16 50 357
2| 273 16.73 16 50 9.59
BAS 13| 875 275 16 50 15.62
4| 1477 28.77 16 50 21.64
T | 424 18.24 16 30 .11
BPS 2| 725 21.25 16 50 14.12
3 | 1026 24.26 16 50 17.13
4| 1327 27.27 16 50 20.14
11998 23.08 16 50 16.85
EAS 21998 23.98 16 50 16.85
31998 23.98 16 50 16.85
4] 998 23.98 16 50 16.85
V== ] 1 write
b =2 13.27 dBm, 27.27 dBm)
» o=3 5(10.26 dBm, 24.26 dBm) 1 9082L2 xf
E g0 |e-Tdeal 5(7.25 dBm, 21.25 dBm) Ziy = ———— sin (—) &
% - (4 24 dBm, 18.24 dBm) ( - 1) W2 L
215 e
= . Zin (Sr - 1) W2
10 Xf = — arcsin —o | (28)
T 90L-¢x
§1O -5 0 5 10 15 20 25
Py, (dBm)

FIGURE 4. SMPA fundamental frequency output power as a function of
the input power, for each branch, BPS, and the coefficients inTable 2.

The Pjpap and Pypp3p are the power version of Ajpyp, and
Ajip3p, respectively. The Gi‘}fal and Py;pyp values are not a part
of the sizing strategy, and feasible values are instead chosen.

It can be seen in Fig. 4 that the operating points, indicated
by the squares, feature Py, values approximately 0.57 to
0.58 dB below Psle,;t. Thus, the considered ¢f value satisfies the
sizing goals. Also pertaining to the operating points, in Fig. 4,
it can be seen that all of them verify G, = 14 dB, as intended.
This is concluded by noting that G, = Py, — Pg, when Gy,
is expressed in dB and Py, Py, in dBm. Considering the b =
4 branch as an example, Gp4 = Pys — Pyy = (27.27 —13.27)
dBm = 14 dB.

B. MICROSTRIP PATCH ANTENNAS
The rectangular microstrip patch antenna sizing strategy aims
to determine W, L, and x¢, such that f, = f. and Z;, = Z,
assuming that &, and & are known. The h¢, o, W, and L,
values are not considered as a part of the initial sizing strategy,
and are specified in Subsection V-A.

The following results assume the conditions presented in
Subsection III-C. For W, a value which leads to high radiation
efficiencies is given by [40]

Zﬁ\/sr—i—l \/sr—i—l

where A co/fe- In order to fulfill f;, fe, the
necessary Ly is given in (9). Considering (8), it follows that
L = L,y —2AL. Lastly, the necessary xy is determined, such
that Z;, = Zy. For u, = 1, Z;;, is given in [41], allowing us to

27)
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For f, = 3.5 GHz, Z;;, = Zy = 50 2 (see Table 1), along
with a substrate such that ¢, = 2.55 and h = 856.55 u
m, it follows that W = 32.15 mm, L = 25.95 mm, and
xr = 3.86 mm. A low ¢, value is desirable in order to obtain a
high radiation efficiency [40], [41]. Accordingly, the Rogers
RO4725JXR substrate is chosen, due to its low &, and loss
tangent, tan(SlOSS) = 2.2 x 1073. The & value previously
presented corresponds to 7 = A./100. This decision is
based on the fact that, in [40], 31./1000 < h < A./20 is
presented as common in microstrip patch antenna design.
The theoretical functions B’;,%(@) and B} < . (0), which are
the power versions of Bfm(e) and Bffm(e) respectlvely, are
shown in Subsection V-A. In general, a given Bp(@, ¢) and
the associated B4(6, ¢) verify Bp(0, ¢) = B5(0, ¢).

C. SUBARRAYS

Isotropic antenna subarrays are considered, since the pattern
multiplication theorem (see (12)) shows that the antenna and
array sizing can be performed independently. As outlined in
Subsection III-D, the isotropic antenna subarrays are defined
by specifying M, Ny, 8xs, and dys. Due to the low £, value (see
Table 1), only My = Ny = 2 is considered, to minimize the
array’s area. Furthermore, dys = §ys = &5 is assumed.

The sizing strategy consists of graphically evaluating the
Bps (0, ¢) = |AF (0, (,a)|2 along the xz plane, denoted by
By, (0, ¢). This is done for antenna spacings 8 between
0.5%c and Ac, Ws (@rs. Pys) as defined in (14), and two
steering directions, namely (@, 9% (0°,0°) and
(%%, ") = (0°, 30°). The steering directions chosen are
based on the sector coverage (see Table 1). Results along the
vz plane are not shown, since, by using isotropic antennas
By, (0, ¢) steered at (o™, 0") is equal to B . (0, 9)
steered at ("™ + 90°, Gmax .

Fig. 5 shows the By (6, ¢), steered at (¢, ") =
(0°,0°) (a) and ((,omax Qma" (0°,30°) (b). Note that
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the elevation values increase along the counterclockwise
direction, as indicated by the arrows next to & = 0°. In both
Figs. 5(a) and 5(b), it can be seen that increasing Js leads
to a narrower main beam, along with more prominent side-
lobes. Moreover, the side-lobes in Fig. 5(b) are much more
prominent than in Fig. 5(a). It can be noted that grating
lobes [41] appear for 6s = A, in Fig. 5(a) and 65 > 0.7A,
in Fig. 5(b). As a consequence, a spacing s = 0.6\,
is chosen, which allows for a narrower main beam while
avoiding excessively prominent side-lobes.

Bps(0,¢), vz plane, (o™, 07%) = (0,0) deg
—~0=0°

0dB

-10dB 60°

-20 dB

-30dB*- 90°

120°

(a)
Bpy(0, ), w2 plane, (9", 6) = (0,30) deg
+—60=0°

0dB —ds = 0.5\,

3, = 0.6),
60° |4, = 0.7,
—3, = 0.8\,
5, = 0.9),
0= A

-10dB 60°

-20 dB

-30dB- 90° 90°

120°

(b)

FIGURE 5. Power beam patterns of the isotropic antenna subarrays,
in the xz plane, for antenna spacingsbetween 0.61¢ and ¢, when steered
at broadside (a) and to (0°, 30°) (b).

D. ARRAY

The M = Ny = 2 and §; = 0.6A. isotropic antenna
subarrays from Subsection IV-C are now the array-level
elements. Furthermore, assuming 8,y = 8,y = & leaves &,
as the only degree of freedom for the array sizing. The array
sizing strategy is thus to graphically evaluate the Bp (0, ¢) =
B3, (0, ¢) along the xz plane, denoted by Bf (6, ¢). This is
done for §; values between A, and 2X., BPS, w; (Ar, gbr) as
defined in (19), and two steering directions, (¢™#*, M%) =
(0°,0°) and (™M, 0ma) = (0°,30°). It is assumed that
(p;‘nax — (p;'nax — (pmax and Qsmax — Qrmax — @maX_ For
brevity, results along the yz plane are not shown. The §; values
considered take into account that the elements are subarrays,
avoiding overlaps.

While the ¢, are equal for all scalings, the A, are not.
Since A, = A1/A., the BAS, BPS, and EAS A, vectors,
denoted by A?AS, A?PS, and AFAS, respectively, can be
defined analogously to the A]?AS, A?P S, and A]1EAS in (6),
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resulting in

T
ABAS _ A]]_BAS,ref A]]_BAS,ref APAS,ref ABAS,ref
r 8 4 2 r

ABPS _ I:A?Ps,rcf A:SPS,rcf APPS,rcf BPS,ref]T
r Zﬂ 2 \/E T )
T
AEAS [ AEAS.ref 4EASef oEAS ref AFAS,ref] . (9)

where ABASTel - ABPSrel ©ond AEASTl are the reference
amplitude values for BAS, BPS, and EAS, respectively. All
Ap under BAS verify Aj, = A, thus, AEAS™ — 1.
The APAS™ and AfPS’ref values are defined such that
[ AP = [APS]” = AP, resulting in APAS™T =
(8/85)/85|AEAS | and AP = (2/15)v/30|AEAS .

Fig. 6 shows the resulting By, (0, ¢) for BPS, steered at
(™™, 0™%) = (07, 0°) (a) and (¢™*, ™) = (07, 30°) (b).
In both Figs. 6(a) and 6(b), it can be seen that increasing
d; always leads to a narrower main beam. However, the
side-lobes no longer become monotonically more prominent
by increasing &;. Moreover, the side-lobes are much more
prominent in Fig. 6(b) than in Fig. 6(a). It can be noted
that grating lobes are no longer verified, in any of the cases.
Consequently, the spacing §; = 1.2A. is chosen, allowing for
a slightly narrower main beam in Figs. 6(a) and 6(b), along
with less prominent side-lobes in Fig. 6(a), when compared
to 6y = Ac.

Bp(0.¢), = plane, (",0) = (0,0) deg

0dB

-10dB 60°

-20 dB

-30dB*- 90°

120°

Bri(0, ), w2 plane, (p,6"*) = (0,30) deg

co=0°
0dB 30° 30° :
-0dB}  60° o 60° | 4,
20 dB \ I =
-30d8! 90° @ 0
&
120° N 120°
150° 150°
180°
(b)

FIGURE 6. Power beam patterns for arrays with 2 x 2, 0.61c-spaced
isotropic antenna subarrays, in the xz plane, for BPS, subarray spacings
between A¢ and 21, when steered at broadside (a) and to (0°, 30°) (b).

V. MODELING AND SIMULATION

In this section, the microstrip patch antennas, array, and
PCOA system are modeled and simulated, in Subsec-
tions V-A, V-B, and V-C, respectively. Based on the simulated
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results, the initial sizings are adjusted, in order to meet the
specified goals.

A. MICROSTRIP PATCH ANTENNAS

The MATLAB" Antenna Designer is used to model and
simulate the rectangular microstrip patch antennas. The initial
sizing consists of the values outlined in Subsection IV-B,
along with h. = 35.56 um, ¢ = 5.96 x 107 S/m, and
We = Ly = A = 85.66 mm. All subsequent microstrip
patch antenna and array models assume that the substrate has
the same width and length as the ground plane.

Fig. 7 shows the theoretical and simulated power beam
patterns By, (6, ¢) (a) and By, (6, @) (b). It can be seen that
the simulated (initial sizing) and theoretical results differ,
especially for 6 values which are substantially different from
6 = 0°. This discrepancy is expected, since the theoretical
analysis assumes W, = L, = com [41].

Bpw (0, ¢), xz plane
«—0=0°

30°

0dB

-10dB}  60°
-20 dB
-30dB" 90°
120° 120°
150° 150°
180°
(a)
Bpw(0, ), yz plane
—0=0°
0dB 30 ’ 30
L N
-10dBF  60° / \
-20 dB K )
-30dB" 90° — 90°
120° 120°
150° 150°
180°
(b)

FIGURE 7. Theoretical and simulated power beam patterns for the
microstrip patch antenna, in the xz (a) and yz (b) planes.

Fig. 8 shows the S-parameter |Sl,1| for the initial and
adjusted microstrip patch antenna sizings. It can be seen that
the initial sizing results in an f, which is very close to f.
However, at f,, the input reflection coefficient is |S1,1| =
—14.83 dB. Although this value might be acceptable,
in this work, we consider that good match is defined as
|Sn.n| < —20dB.

This means that the microstrip patch antenna sizing needs
to be adjusted. Accordingly, L and x; are altered, such that
L = 25.97 mm and x; = 4.75 mm. It can be seen in Fig. 7
that the initial and adjusted designs results in very similar
beam patterns. More importantly, the simulated |S 1,1| with
the adjusted sizing, shown in Fig. 8, now verifies |S1,1| =
—46.47 dB at f..

A given B, (0, @) relates to the gain function GX(6, ¢)
through Gi2(0, ¢) = Gy Bpi, (0, @) [41], where Gy is the
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FIGURE 8. Simulated input reflection coefficient of the microstrip patch
antenna, for the initial and adjusted sizings.

maximum gain in the xz plane. Analogously, Gy (6, ¢) =
G'(V);B%Zﬁl(e, ¢), where G(y)fn is the maximum gain in the yz
plane. The initially sized microstrip patch antenna verifies
Gy = 6.95 dBi, achieved at § = 2°, G, = 6.94 dBi,
achieved at 8 = 0°, and presents a radiation efficiency, nﬁd,
of 77.36%. The microstrip patch antenna with the adjusted
sizing verifies Gy, = 6.94 dBi, achieved at 6§ = 1°,

Gy, = 6.93 dBi, achieved at = 0°, and 1! = 77.05%.

B. ARRAY
For brevity, the array-level results only consider the xz plane.
The MATLAB" Antenna Array Designer is used to model
and simulate the rectangular microstrip patch antenna arrays.
The initial array design considers Wy = Ly = 342.62 mm,
where W and Ly are the array’s ground plane width and
length, along with the adjusted microstrip patch antenna,
designed in Subsection V-A. For the initial antenna spacing,
8, it follows that § = 51.39 mm when considering the &5 and
dr sizings, in Subsections I'V-C and I'V-D, respectively.

Fig. 9 shows the simulated S-parameters, for the initial (a)
and adjusted (b) array sizing, considering BPS and steering

—[S1,1] —[S0,10| Y
— | S2.2| —[S11.11
-20 S3,3] —|S12.12]

— S| —|S13.3]

S-parameters (dB)
B
o

6 5,15
—[S77| —|S16.16l
L 1S58l = <[Skal |
6017‘59'0‘ j
;
0 ko e A Y N O B
3.2 3.3 34 3.5 3.6 3.7 3.8
[ (GHz)
()
0 T
—|S1,1] —I[S10.10]
_‘SEQ‘_‘Sllll‘
m. [S33] —|S12.12]
2 201504 —ISuasl
4 —185,5| — 1414
E ‘Sﬁ.ﬁ‘_“qliﬁ)‘
£ A0N— |57 — IS0l
< | }Sﬁﬁ} [Shal ‘
X 4—15, {
(=9 I 1
A —60; ]
!
80 \ . \ \ . \ \
3.2 3.3 3.4 3.5 3.6 3.7 3.8
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FIGURE 9. Simulated S-parameters for the initial (a) and adjusted
(b) array sizing, considering BPS and steering at broadside.
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at (M, 9M¥) = (0°,0°). The notation |Sk,1‘ denotes the
S-parameter from the /th to the kth antenna, where k =
{1,2,...,16}, I = {1,2,...,16}. The antenna index k
relates to the (m, n) notation presented in Fig. 3 through m =
floor((k—1)/4)+1,n = 4—((k—1) mod 4), where mod is the
modulo operation. The antenna index [/ follows analogously.
A total of 256 S-parameters exist, 16 of which are of the
form |Sk,k , representing input reflection coefficients, and
the remaining 240 |Sk’ 1|, with k& # [, represent interactions
between the antennas through mutual coupling [40], [41].
It can be seen in Fig. 9(a) that the array-level f, deviates
from f., and that min(|Sgx|) = — 13.18 dB, deviating
significantly from the adjusted microstrip patch antenna
results in Subsection V-A. By adjusting the L and xy for all
antennas to L = 26.69 mm and x; = 5 mm, respectively, the
resulting S-parameters are shown in Fig. 9(b), where f, = f,
is now verified. Furthermore, min(‘Sk,k|) = —23.47 dB at
[z, and max( ]Sk,kb = —20.49 dB at f,, representing a good
match.

Fig. 10 shows the simulated array gain functions G(60, ¢)
in the xz plane, G{*(6, ¢), when steered at (p™?*, 6™M%) =
(0°,0°) (a) and (™, 0™y = (0°,30°) (b), considering
BAS, BPS, and EAS. From this figure, it can be seen that the
results with the initial and adjusted designs are very similar.
Denoting the gain at (o™, ™) as Gfteermg, it is shown
in (a) and (b) that EAS is the best option, always offering
the highest G{“""¢, followed by BPS, with BAS always
offering the lowest value. It can also be noted that grating
lobes are not present in any configuration. In Fig. 10(b),
it can be seen that the maximum gain values are not achieved
at (M, 9™y = (0°, 30°). This is due to the behavior of
the microstrip patch antenna xz-plane power beam pattern,
Bp;, (6, ), which introduces attenuation outside of (¢, 6) =
(0°,0°), as can be seen in Fig. 7(a).

Gi(0,9), zz plane, (@™, ™) = (0,0) deg
~0=0°
30° 30°

18 dBi ~\
SdBl[ 60° (\‘

-2 dBi

12081l 90° Q2

120° 120°

150° 150°
180°

(a)
Gi(0,9), xz plane, (™, §25) = (0,30) deg

«—0=0°
30° 30°

17 dBi —BAs

N _BPS
60° [ \_< 60° | EAS
\ ) —BAS

/ \ —BPS

N\ / EAS

90° N

7 dBi

-3 dBi

-13 dBi

120° 120°

150° 150°
180°

(b)
FIGURE 10. Simulated gain functions for the arrays, in the xz plane, for
BAS, BPS, and EAS, when steered at broadside (a) and to (0°, 30°) (b).
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The array radiation efficiency, n{ad, is estimated through

n{ad = G0, ¢)/ (DO, p)) [41], where D0, ¢) is the array
directivity function. The initially sized array, when steered
at (M, M)y = (0°, 0°), presents n{ad values of 78.34%,
78.67%, and 78.86%, for BAS, BPS, and EAS, respectively.
For steering at (M, 6™ma%) = (0°, 30°), n{ad values of
81.25%, 81.13%, and 81.10% are obtained, for BAS, BPS,
and EAS, respectively. With the adjusted sizing, i values
of 79.15%, 79.49%, and 79.68%, are obtained, for BAS,
BPS, and EAS, respectively, when steered at (™%, M%) =
(0°, 0°). For steering at (™%, 6™M¥) = (0°, 30°), n{ad values
of 81.42%, 81.34%, and 81.35% are obtained, for BAS, BPS,
and EAS, respectively.

C. PCOA SYSTEM

The architecture in Fig. 1 is implemented in the MATLAB"
Simulink environment. Similarly to Subsection V-B, the
PCOA-level results only consider the xz plane. Whenever
applicable, Z;, = Z,s = Zo = 50  is followed, and the
noise modeling considers a temperature of 300 K (26.85 °C).

All input signals sp(#) verify ¢, = 0° and their amplitudes
are set based on the Py, values in Table 2. The coefficients of
the SMPA nonlinear functions pp(-) are the ones specified in
Table 2, where the Gi‘}fal values are interpreted as available
gain. SMPA-level noise modeling is considered, with a
noise figure (NF) of 3 dB. The BPFs are modeled as T
networks, with the Hy(f) being second-order Butterworth
(¢ = 1) transfer functions, centered at f, = 3.5 GHz,
with a bandwidth of 100 MHz. All PCOA insertion losses
are modeled by introducing 1 dB of insertion loss to each
up(t) signal. The uniform splitters are assumed to be ideal
Wilkinson power dividers, with a reference impedance of
Zy = 50 Q. The adjusted array model in Subsection V-B
is imported as the transmitting array, with noise modeling
being considered. For the channel, 8 = (A./ (4 d))? [43],
where d is the distance between the transmitter and receiver,
and a noise power spectral density (PSD) of -160 dBm/Hz
(10~ W/Hz) are considered. The adjusted microstrip patch
antenna model in Subsection V-A is imported as the receiver
antenna, with noise modeling also being considered. Thus,
the array and receive microstrip patch antennas are linearly
polarized [41]. Furthermore, their models are based on
full-wave electromagnetic analysis. Perfect receiver-level
alignment is always assumed.

Table 3 shows the simulated Pyp, , and effective
isotropic radiated power (EIRP) values at the steering
direction, EIRP(6™#* | ™#X) for the three scalings, the initial
and adjusted SMPAs, along with steering at (™%, ™M) =
(0°,0°) and (™, 6™@) = (0°, 30°). The initial simulations
consider the Pyp3 values in Table 2, and are only presented
for (oM, 9™m¥) = (0°,0°). From these, it can be seen
that the Py, values never follow the scaling definitions
in (24). The error is significant for BAS and BPS, and
slight for EAS. Furthermore, all scalings deviate from the
intended total SMPA output power at f,, P;,Oml = 30 dBm
(see Table 1). This is attributed to the fact that mutual

Ptotal
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TABLE 3. Simulated per-branch SMPA fundamental frequency output powers, total SMPA output power, and EIRP at the steering direction for PCOA

under BAS, BPS, and EAS, the initial and adjusted 1IP3 values, when steered at broadside and to (0°, 30°).

Configuration | (¢™, ™) (°) | P,; (dBm) [ Py, (dBm) | Py3 (dBm) | Py4 (dBm) | PP (dBm) [ EIRP(§™, ™) (dBm) |
BAS initial 0.0) 11.06 17.05 22.64 28.64 29.90 4477

BPS initial (0,0) 18.34 21.34 24.17 27.17 29.94 45.98

EAS initial 0,0) 23.95 23.95 23.94 23.95 29.97 46.57

BAS adjusted | (0,0) 10.71 1673 2275 2877 30 443

BPS adjusted | (0,0) 18.24 21.25 24.26 27.27 30 46.01

EAS adjusted | (0,0) 23.98 23.98 23.98 23.98 30 46.59

BAS adjusted | (0,30) 11.80 17.39 23.09 2936 30.56 4405

BPS adjusted | (0,30) 18.92 21.84 24.71 27.82 30.54 4522

EAS adjusted | (0,30) 24.55 24.49 24.53 24.49 30.54 45.78

FIGURE 11. Simulated input signals (a) and received signals (b) in the
time domain, for PCOA under BPS and a distance of 6 m, when steered
atbroadside and to (0°, 30°).

coupling influences the active Z;, associated to the array’s
antennas [41]. Accordingly, the SMPA sizings (Pj;p3p values)
are adjusted such that (24) and P;"tal 30 dBm are
simultaneously verified for (™, 6™%) = (0°, 0°).
Denoting as Pjp3 € R**! the vector containing the Pjp3p
values, it follows that P?,‘ﬁg’ s P,Bﬁg, and P%g are the Pyp3
for BAS, BPS, and EAS, respectively. The adjusted Pjp3p
values can thus be expressed as Pg?; =[291 8.98 15.84
21.911" dBm, for BAS,P?Igg = [10.91 13.94 17.30 20.33]7
dBm, for BPS, and PEAS = [16.91 16.90 16.91 16.91]"
dBm, for EAS, respectively. Considering these values,
Table 3 shows that for (p™®*,6™#) = (0°,0°), (24) and
Ptv"tall = 30 dBm are both, in fact, verified, for all scalings.
However, the results deviate once again for (¢, §™M%%) =
(0°, 30°), since the antenna-level active Z;, values depend
on the applied phase shifts [41]. Considering the adjusted
results, it can be seen that from (¢™#*, §™M*) = (0°, 0°) to
(pMmaX 9MaXy = (0°, 30°), the EIRP values decrease and the
P;Otal values increase, representing a decrease in the system-
level efficiency. Unless stated otherwise, the Pg, values
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FIGURE 12. Simulated gain functions for the array, in the xz plane, for

PCOA under BAS, BPS, and EAS, when steered at broadside (a) and to
(0°,30°) (b).

presented in Table 2 are considered for the following PCOA
simulations.

Fig. 11 shows the input signals s5(#) (a) and the correspond-
ing received signals r(¢) (b) for BPS, d = 6 m, when steered
at (™M, 6M¥) = (0°, 0°) and (™, 6M¥) = (0°, 30°). The
distance is chosen such d > drp, where dpp is the Fraunhofer
distance, given by dpp = (2/A.)D? [41], with D, being the
largest dimension of the antenna structure. Considering the
Wet and Ly values in Subsection V-B, it follows that dpp =
5.48 m. The sp(¢) signals do not depend on (¢™?*, §™3*), thus,
only one set is presented in Fig. 11(a). In Fig. 11(b), it can be
seen that the PCOA process is correctly performed, by the
reception of one distortion-free sinusoidal signal, for each
steering scenario. Considering the EIRP values in Table 3,
d = 6 m, and the receiver microstrip patch antenna gain in the
xz plane of 6.93 dBi for & = 0°, the predicted and simulated
r(t) signal power, P,, can be compared. For (o™, M%) =
(0°,0°) P, = —5.95 dBm is predicted, and P, = —5.96 dBm
is measured. For (9™, 9™3%) = (0°, 30°), P, = —6.74 dBm
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FIGURE 13. Simulated RX power heatmaps for PCOA under BAS (a), BPS (b), and EAS (c), in the xz plane, considering distances from 6 m to

600 m, when steered at broadside.
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FIGURE 14. Simulated RX power heatmaps for PCOA under BAS (a), BPS (b), and EAS (c), in the xz plane, considering distances from 6 m to

600 m, when steered to (0°, 30°).

is predicted, and P, = —6.75 dBm is measured. Both sets of
P, values validate the OTA combination performed in PCOA.

Fig. 12 shows the simulated PCOA xz-plane array gain
function G{*(0, ¢), for BAS, BPS, and EAS, when steered at
(™™, 0™%) = (0°, 0°) (a) and (™, 6™*) = (07, 30°) (b).
The same conclusions hold as for Fig. 10, since the results are
very similar.

Figs. 13 and 14 present the xz-plane received power
heatmaps, denoted by P%(0, ¢), for BAS (a), BPS (b),
and EAS (¢), d = 6 mto d = 600 m, when
steered at (pM¥,0™M*) = (0°,0°) and (p™¥,0™¥*) =
(0°,30°), respectively. In all cases, it can be seen that
the power is mostly concentrated in the main beam, and
rapidly decreases with misalignment, distance, or both. Thus,
very little inference is presented to neighboring systems.
Combined with the high array radiation efficiency values (see
Subsection V-B), we can conclude that the proposed PCOA
technique excels at efficiently directing the intended signal
power to the receiver.

Lastly, while the presented PCOA system is shown to
correctly and efficiently perform the OTA combination of the
components, it is also shown in Table 3 that adjusting the
SMPAs for (p™*, ™M2%) = (0°, 0°) is insufficient to mitigate
the per-branch RF power variations when the transmission
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is steered to other directions (due to mutual coupling).
As such, a compensation strategy is presented, which is able
to simultaneously fulfill (24) and P;Otal = 30 dBm, across the
full sector.

The proposed compensation strategy is, for each steering
direction within a discrete set, to calibrate the input power
values, Py, such that (24) and P;O‘al = 30 dBm are once
again verified. The key reason for discretizing the steering
directions is that the resulting compensation has a very low
complexity, since the calibrated input power values can then
be stored in lookup tables (LUTs). With this approach, the
Py, values do change according to the steering direction.
However, they remain constant for a given direction.

For the steering directions given by ¢™* = 0° v ™ =
180°, oM = {0°,3°,...,30°} (thus within the xz plane),
the difference between the uncompensated and compensated
EIRP(6™#*, ™3} values (in dBm) is determined, denoted
by AEIRP(6™2*, ¢™3%) Similarly, the difference between the
uncompensated and compensated Gy(6™#*, p™?*) values (in
dB) is determined, denoted by AGy (6™, p™a%).

Fig. 15 presents the resulting AEIRP(6™2%, ¢™#) and
AG{(O™, ™M) values, for BPS and the aforementioned
21 steering directions. It can be noted that both the
AEIRP(H™* ™M) and AG(0™**, ™) values are small,
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with the AG{(O™*, ™) values in particular being
extremely small. Thus, the most impactful consequence of
mutual coupling within PCOA is the alteration of the total
SMPA output power, the scaling distortion plays a very minor
role.

06 ‘ ‘ : : ; 0.06
& @ = 0 deg > P = 180 deg .\ 0.04
~ 04 e =
5 ’ g
S \ E
gho2r N\ T ’
s =
E of 3
<

0.2

gmax (deg)

FIGURE 15. Simulated difference between the uncompensated and
compensated EIRP values, along with the difference between the
uncompensated and compensated array gain values, for PCOA under BPS,
and the 21 steering directions within the sector.

VI. CONCLUSION

In this work, we further explored the multi-branch PCOA
transmitter architecture, where three different scalings were
considered for the branches. The proposed OTA combination
helps minimize the circuit-based power combiner insertion
losses, and the constant-envelope components allow us
to use highly-efficient SMPAs. We theoretically analyze
and design the different PCOA blocks, present optimized
SMPA (at the system level) and array sizings, and explore
detailed microstrip patch antenna and array modeling, with a
comercially available substrate and copper as the conductor.

For all scalings, it is shown that the proposed PCOA
system correctly and efficiently combines the different
sinusoidal components, to any steering direction within the
sector. Notable points include the introduction of array
gain, very low interference to neighbouring systems, and
the architectural minimization of insertion losses. The final
array presents 7/ values as high as 81.42%, and |S,,’n| <
—20 dB is verified for all antennas. Importantly, the array and
SMPA sizings in the PCOA system need to take into account
the impact of mutual coupling between the array antennas.
Despite the sizing adjustments, it is shown that steering the
transmission through the applied phase shifts decreases the
system-level efficiency and can distort the RF-level branch
powers. However, a low-complexity, simple compensation
strategy is presented, which shows the that mutual coupling
effects have a small impact.

From the different scalings, EAS is shown to result in
the best array-level performance, closely followed by BPS,
with BAS being significantly more disadvantageous than
both. Thus, future works evaluating the EAS and BPS
PCOA system with a signal decomposition scheme, along
with addressing memory effects and the beam squinting
phenomenon in wideband contexts are key steps toward a
complete, next-generation compliant transmitter architecture
that can feature a high EE.
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