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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× 4 microstrip patch antenna
array. A 2 × 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
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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], bothOFDMandDFT-s-OFDMwith
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].

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 × 4 array of microstrip patch antennas, where a
2 × 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:

• 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;

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

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

• 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.

II. 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 anNb = 4,
N antennas

= 16 PCOA transmitter, where Nb is the number of
branches and N antennas is the number of antennas, a wireless
channel model, and a receiver which is equipped with a single
antenna.

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 sb(t).
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 sb(t) 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, sb(t). Thus, the QDA
decomposition presents low complexity, with only a small

initial buffering overhead. Considering a buffer that can
hold N samples samples, and an OFDM signal with passband
Bpassband, it is shown in [18] that the initial overhead, T initial,
is given by T initial

= N samples/Bpassband. For N samples
=

1024 and Bpassband = 3 MHz, which is the minimum 5G
value [27], it follows that the maximum latency is T initial

=

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 sb(t) is amplified by an SMPA, repre-
sented by the memoryless nonlinear function pb(·). It follows
that yb(t) = pb (sb(t)) is the SMPA output signal, which
is then filtered by a band-pass filter (BPF), with transfer
function Hb(f ). With Yb(f ) being the frequency-domain
representation of yb(t), Ub(f ) = Yb(f )Hb(f ), where Ub(f )
is the frequency-domain representation of the BPF output
signal.

Each ub(t) signal is split by a four-way uniform splitter,
resulting in four equal output signals, where the ith is denoted
by ubi(t), and i = {1, 2, 3, 4}. Then, each ubi(t) has a phase
shift applied to it, as a part of the beamforming strategy,
resulting in the respective qbi(t) 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 ubi(t).

Then, each set of four qbi(t) signals are assigned to a
2 × 2 subarray. The array thus transmits a total of N antennas

qbi(t) signals through its Nb 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) =

√
βx(t), where β 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, fc, 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.

effective multipath components. Nevertheless, QDA paired
with the proposed PCOA system is an evolution of QDAwith
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 Nb = 4 branches
and N antennas

= 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 9.75-11.25GHz 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 Nb splitters are
utilized, to avoid having Nb = N antennas. 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 PCOAoperation alignswith 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

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%.

III. 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, III-C, III-D, and III-E, respec-
tively. These results serve as the basis for the initial sizings,
in Section IV.

A. INPUT SIGNALS
Noting that ωc = 2π fc, each sb(t) signal is given by

sb(t) = Ab cos (ωct + ϑb) , (1)

where Ab, ϑb are the per-branch amplitude and initial
phase, respectively. It is important to note that different
Ab 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, Ab = 0 V, and
when it is ON, Ab 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 beON. The relationship between theAb values
and the component scalings is presented in Subsection III-B.

B. SMPAs
Each pb(·) function is defined as yb(t) = pb (sb (t)) =

α1bsb (t)+ α2bs2b (t)+ α3bs3b (t), where α1b is the per-branch
small-signal gain, and α2b, α3b 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 10MHz, quasi-
static operation at the PA level can be assumed, allowing
memory effects to be neglected [39].
Through sb(t) in (1) and considering the fact that

2 cos(x) cos(y) = cos(x − y)+ cos(x + y), it follows that

yb(t) = A0b + A1b cos (ωct + ϑb)

+ A2b cos (2ωct + 2ϑb)+ A3b cos (3ωct + 3ϑb) , (2)

where the coefficients A0b up to A3b are given by

A0b = A2b =
α2bA2b
2

, A1b = α1bAb +
3α3bA3b

4
,

A3b =
α3bA3b
4

. (3)

As expected, yb(t) exhibits harmonics and gain compres-
sion at the fundamental frequency (see (2)). Ideally, in a linear
PA, the voltage gain at the fundamental frequency,Gvb, would
be α1b. In this work, all SMPA output powers and gains only
consider the fundamental frequency term in (2). As such, fc is
omitted from the notation.When considering (1), (2), and (3),
it can be concluded that the voltage gain is

Gvb =
A1b
Ab

=
α1bAb +

3α3bA3b
4

Ab
= α1b +

3α3bA2b
4

, (4)

where it is important to highlight that α1b > 0, α2b ≥ 0,
and α3b ≤ 0 [37]. Consequently, Gvb is monotonically
decreasing with respect to Ab (see (4)). Thus, the relationship
between sb(t) in (1) and yb(t) in (2) is only considered for
0 < Ab ≤ Amax

b , where Amax
b is the maximizer of A1b.

To find an expression for Amax
b , A1b is differentiated with

respect to Ab, and the result is set equal to zero, resulting in
Amax
b =

√
−4α1b/(9α3b).

Considering (4), it can be seen that the voltage gain atAmax
b ,

denoted by Gmin
vb , is given by Gmin

vb =
2
3α1b. Since G

min
vb > 0,

this lets us conclude that Gvb > 0 for all 0 < Ab ≤ Amax
b .

Since the maximum value for A1b, denoted by Asat1b , is given
by Asat1b = Amax

b Gmin
vb , the complete relationship between A1b

and Ab can be expressed as

A1b =

{
AbGvb, 0 < Ab ≤ Amax

b

Asat1b , Ab > Amax
b .

(5)

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 A1b values are related to a
reference amplitude value, denoted by Aref1 . It is thus possible
to define them in terms of their vectors of A1b values, A1 ∈

R4×1, where each A1b value is expressed as a fraction of Aref1 .
Denoting the BAS, BPS, and EAS A1 vectors as ABAS

1 , ABPS
1 ,

and AEAS
1 , respectively, it follows that

ABAS
1 =

[
ABAS,ref1

8
ABAS,ref1

4
ABAS,ref1

2 ABAS,ref1

]T
,

ABPS
1 =

[
ABPS,ref1
2
√
2

ABPS,ref1
2

ABPS,ref1√
2

ABPS,ref1

]T
,

AEAS
1 =

[
AEAS,ref1 AEAS,ref1 AEAS,ref1 AEAS,ref1

]T
, (6)

where ABAS,ref1 , ABPS,ref1 , and AEAS,ref1 are the BAS, BPS, and
EAS Aref1 values, respectively.

Lastly, it is important to note that yb(t) 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, ub(t)
is only formed by a sinusoidal signal, with frequency fc.
At the circuit level, the SMPA’s output matching network
is the BPF [9]. Therefore, Hb(f ) is known to be high-Q,
where Q is the quality factor. This means that it has a
narrow bandwidth when compared to fc [9]. Throughout the
remainder of Section III and the entirety of Section IV, it is
assumed that all Hb(f ) are ideal BPFs with a unitary gain in
their passband. Then, in Section V, the Hb(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, ϕ and θ 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 σ ,
and its width, length, and height are denoted by W , L, and
hc, respectively. The substrate is an (εr , µr ) dielectric with
height h. The ground plane is made of the same metal as
the top patch, with a width and length denoted by Wg and
Lg, respectively. The following results assume that hc ≪ λ,
where λ is the free-space wavelength, h ≪ λ, Wg =

Lg = ∞ m, and that there is a coaxial feed at (xf , 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 εr ≫ 1, the fields concentrate mostly
in the substrate. Based on this, εreff is the εr 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

εreff =
εr + 1

2
+
εr − 1

2

√
W

W + 12h
, (7)

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

Leff = L + 21L, 1L ≈ c1h

(
εreff +

3
10

) (W
h + c2

)
(
εreff − c3

) (W
h +

8
10

) , (8)

where 1L is the effective length increase for each side, c1 =

0.412, c2 = 0.264, and c3 = 0.258. The resonant frequency,
denoted by fr , is the frequency for which the microstrip patch
antenna presents zero reactance in its input impedance, Zin.
According to [40], it is given by

fr =
c0

2Leff
√
εr
, (9)

where c0 is the speed of light in a vacuum. In [41], approx-
imate versions of the normalized amplitude beam patterns,
denoted by BA (θ, ϕ), are presented for the microstrip patch
antenna along two planes. Namely, the upper xz half-plane,
where ϕ = 0° ∨ ϕ = 180°, θ ∈ [0°, 90°], and the upper yz
half-plane, where ϕ = 90° ∨ ϕ = 270°, θ ∈ [0°, 90°]. In this
work, BA (θ, ϕ) is defined as

BA (θ, ϕ) =
|E (θ, ϕ)|

max (|E (θ, ϕ)|)
, (10)

where E (θ, ϕ) is the radiated electric field. Denoting as
BxzAm (θ) and B

yz
Am (θ) the microstrip patch antenna normalized

amplitude beam pattern along the upper xz and yz half-planes,
respectively, it follows that

BxzAm (θ) =

∣∣∣∣cos(kL sin (θ)
2

)∣∣∣∣ ,
ByzAm (θ) =

∣∣∣∣ 2 cos (θ)
kW sin (θ)

sin
(
kW sin (θ)

2

)∣∣∣∣ , (11)

where k = 2π/λ is the wavenumber. It follows that, for the
lower xz and yz half-planes, where θ ∈ ]90°, 180°],BxzAm (θ) =

ByzAm (θ) = 0.

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

BarrayA (θ, ϕ) = |AF (θ, ϕ)|BantennaA (θ, ϕ) , (12)

where BarrayA (θ, ϕ) is the normalized amplitude beam pattern
for the array and BantennaA (θ, ϕ) is the normalized amplitude
beam pattern for an individual array antenna (all antennas are
assumed to be equal).Moreover, |AF (θ, ϕ)| is the normalized
array factor, defined as [42] and [43]

|AF (θ, ϕ)| =

∣∣aT (θ, ϕ)w (θ, ϕ)∣∣
max

(∣∣aT (θ, ϕ)w (θ, ϕ)∣∣) , (13)

where aT (θ, ϕ) is the steering vector, encompassing the
phase shifts introduced by the channel, and w (θ, ϕ) is
the beamforming weights vector. Thus, if |AF (θ, ϕ)| is
known, the normalized array beam patterns can then be
obtained for any antenna. Since isotropic antennas verify
BantennaA (θ, ϕ) = 1, by definition, isotropic antenna arrays
verify BarrayA (θ, ϕ) = |AF (θ, ϕ)|.

Each subarray is an Ms × Ns uniform planar array (UPA),
lying on the xy plane, with horizontal and vertical antenna
spacings denoted by δxs and δys, respectively. In Fig. 3,
anM×N UPAof generic elements, lying on the xy plane, with
horizontal and vertical element spacings denoted by δx and δy,
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 = Ns, δx = δxs, and δy = δys.

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 ws ∈ CMsNs×1. Equal amplitude weights are considered,
due to the uniform splitting of the ub(t) signals. For the
phases, progressive phase shifts [41] are considered along
both x and y directions, denoted by φxs and φys, respectively.
Thus, ws as a function of the phase shifts, ws

(
φxs, φys

)
,

VOLUME 14, 2026 71085



M. Diacu et al.: Efficient RF Power Amplification and Combination Over-the-Air

is given by

ws
(
φxs, φys

)
=



ej((1−1)φxs+(1−1)φys)

· · ·

ej((Ms−1)φxs+(1−1)φys)

· · ·

ej((1−1)φxs+(Ns−1)φys)

· · ·

ej((Ms−1)φxs+(Ns−1)φys)


, (14)

where it can be seen that it corresponds to maximum-ratio
transmission (MRT) [43] without the normalization factor.
Considering ws

(
φxs, φys

)
in (14), the LoS channel model

of Table 1, and ψxs = kδxs sin (θ) cos (ϕ) + φxs, ψys =

kδys sin (θ) sin (ϕ) + φys, it is possible to conclude that
the normalized subarray-level array factor,

∣∣AFs (ψxs, ψys)∣∣,
is given by [42]

∣∣AFs (ψxs, ψys)∣∣ =
1

MsNs

∣∣∣∣∣∣
sin
(
Msψxs

2

)
sin
(
Nsψys
2

)
sin
(
ψxs
2

)
sin
(
ψys
2

)
∣∣∣∣∣∣ , (15)

where it can be noted that its maximum is achieved when(
ψxs, ψys

)
= (0°, 0°). Since ψxs depends on φxs and ψys

depends on φys, it is possible to steer the maximum to the
direction (ϕmax

s , θmax
s ), by setting φxs and φys to

φxs = −kδxs sin
(
θmax
s

)
cos

(
ϕmax
s

)
,

φys = −kδys sin
(
θmax
s

)
sin
(
ϕmax
s

)
. (16)

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, |AFr (θ, ϕ)|, lets us find the normalized beam patterns
for any subarray. Since Nb = 4, the array is a 2 × 2 UPA
of subarrays. The array is considered to be lying on the xy
plane, with horizontal and vertical element spacings denoted
by δxr and δyr, respectively. Thus, it corresponds to Fig. 3
when considering that the elements are subarrays, M = 2,
N = 2, δx = δxr, and δy = δyr. 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 ub(t) signals (Nb = 4). Considering yb(t) as defined
in (2), each signal ub(t) can be expressed as

ub(t) = A1b cos (ωct + ϑub) ⇔

ub(t) = ArbAc cos (ωct + ϑub) , (17)

where ϑub is the phase after Hb(f ), and A1b is decomposed
into a constant value between all branches, Ac, and a
per-branch scaling factor, Arb, such that A1b = ArbAc.
Assuming ϑu1 = ϑu2 = ϑu3 = ϑu4 = ϑu, it follows that

ub(t) = Arbu(t), where u(t) = Ac cos (ωct + ϑu) is a common
signal to all branches. Thus, at the array level, this scenario
can be seen as the transmission of u(t) with the per-branch
amplitude weights Arb applied in wr ∈ C4×1, the array-level
beamforming weights vector [42]. Furthermore, the array-
level amplitude weights vector,Ar ∈ R4×1, containing theArb
weights, verifiesAr = A1/Ac. This means that the component
scalings affect the array beamforming, since the Ar and A1
vectors are directly proportional. For the phases, progressive
phase shifts [41] along the x and y directions, denoted as
φxr and φyr, respectively, are considered. By defining the
vector encompassing the applied phase shifts as ϕr ∈ R4×1,
it follows that Ar and ϕr are given by

Ar =


Ar(1,1)
Ar(2,1)
Ar(1,2)
Ar(2,2)

 , ϕr =


ej((1−1)φxr+(1−1)φyr)

ej((2−1)φxr+(1−1)φyr)

ej((1−1)φxr+(2−1)φyr)

ej((2−1)φxr+(2−1)φyr)

 , (18)

respectively, where the notation Arb = Ar(m,n) denotes that
the bth branch is assigned to the element with indices (m, n).
Consequently, wr as a function of Ar and ϕr is given by

wr(Ar,ϕr) =


Ar(1,1)ej((1−1)φxr+(1−1)φyr)

Ar(2,1)ej((2−1)φxr+(1−1)φyr)

Ar(1,2)ej((1−1)φxr+(2−1)φyr)

Ar(2,2)ej((2−1)φxr+(2−1)φyr)

 . (19)

Considering wr(Ar,ϕr) in (19), the LoS chanel model
of Table 1, and ψxr = kδxr sin (θ) cos (ϕ) + φxr,
ψyr = kδyr sin (θ) sin (ϕ) + φyr, it is possible to determine∣∣AFr (ψxr, ψyr)∣∣. However, a closed-form solution is not
available for an arbitraryAr, leading to

∣∣AFr (ψxr, ψyr)∣∣ being
expressed as [41]

|AFr| =

∣∣∣∑2
n=1

∑2
m=1 Ar(m,n)e

j((m−1)ψxr+(n−1)ψyr)
∣∣∣∑2

n=1
∑2

m=1 Ar(m,n)
, (20)

where it can be noted that its maximum value is also achieved
when

(
ψxr, ψyr

)
= (0°, 0°), since this is when the Ar(m,n)

terms sum in-phase. Thus, steering the maximum to the
direction (ϕmax

r , θmax
r ) does not depend onAr, and can be done

by setting φxr and φyr to

φxr = −kδxr sin
(
θmax
r

)
cos

(
ϕmax
r

)
,

φyr = −kδyr sin
(
θmax
r

)
sin
(
ϕmax
r

)
. (21)

Considering (12),
∣∣AFs (ψxs, ψys)∣∣ as defined in (15), and∣∣AFr (ψxr, ψyr)∣∣ as defined in (20), it can be concluded that∣∣AFt(ψxr, ψyr, ψxs, ψys)∣∣ = |AFr| |AFs| , (22)

where
∣∣AFt(ψxr, ψyr, ψxs, ψys)∣∣ is the normalized complete

array factor. This allows the normalized complete amplitude
beam pattern, BAt(ψxr, ψyr, ψxs, ψys), to be determined
for any antenna by considering (12) once again, with∣∣AFt(ψxr, ψyr, ψxs, ψys)∣∣ 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 A1b values. Since, for operation below
Amax
b , A1b = AbGvb (see (5)), it follows that each branch has

two degrees of freedom in order to obtain the necessary A1b
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 = A2, where Z is
the impedance, which is assumed to be purely resistive [44].
Moreover, it is important to note that a generic power gain,
Gp, and voltage gain, Gv, are related through [37]

Gp =
Zin
Zout

G2
v

⇔ 10 log10
(
Gp
)

= 20 log10 (Gv)+ 10 log10

(
Zin
Zout

)
,

(23)

where Zout is the output impedance. The considered sizing
strategy assumes operation below Amax

b , that all Zin =

Zout = Z0, and starts with determining the power of each
SMPA output signal yb(t), at fc, denoted by Pyb. This is
done considering Ptotaly , the total SMPA output power at fc,
presented in Table 1, and the component scalings (see (6)).
Due to the ideal BPFs, the ub(t) signal powers, denoted by
Pub, verifyPub = Pyb. Then, theα1b,α2b, andα3b coefficients
of each nonlinear SMPA function are determined. This is
done by considering that the Pyb values are close to the
per-branch saturation powers [19], denoted by Psat1b , and that
Gp1 = Gp2 = Gp3 = Gp4, where Gpb is the power version of
Gvb (see (23)). Lastly, the necessary per-branch input signal
powers, Psb, are then determined, based on Pyb and Gpb.
Since the A1b values define the component scalings, at the

amplitude level (see (6)), it follows that the Pyb values define
the component scalings, at the power level. Analogously,
they can be defined in terms of their vectors of Pyb values,
Py ∈ R4×1, where each Pyb is expressed as a fraction of the
reference power, Prefy . Denoting the BAS, BPS, and EAS Py
vectors as PBAS

y , PBPS
y , and PEAS

y , respectively, it follows that

PBAS
y =

[
PBAS,refy

64
PBAS,refy

16
PBAS,refy

4 PBAS,refy

]T
,

PBPS
y =

[
PBPS,refy

8
PBPS,refy

4
PBPS,refy

2 PBPS,refy

]T
,

PEAS
y =

[
PEAS,refy PEAS,refy PEAS,refy PEAS,refy

]T
, (24)

where PBAS,refy , PBPS,refy , and PEAS,refy are the reference power
values for BAS, BPS, and EAS, respectively. Noting that
Py = [Py1 Py2 Py3 Py4]T and Py1 + Py2 + Py3 + Py4 =

Ptotaly , it follows that PBAS,refy = (64/85)Ptotaly , PBPS,refy =

(8/15)Ptotaly , and PEAS,refy = Ptotaly /4.

Importantly, Gvb does not depend on α2b (see (4)). This
conclusion also holds for Gpb (see (23)), which allows us
to conclude that, in this context, α2b is less important, with
the focus being the determination of α3b for a given α1b and
Pyb. Since the input amplitude of each branch, Ab, is constant
(see (1)), the resulting A1b also is, through (5). Consequently,
the value of Pyb is also constant, allowing each branch SMPA
to be optimized for maximum efficiency, as was done in [19].
There, considering per-branch class E SMPAs, it is shown that
each SMPA achieves its maximum PAEwhen operating close
to the respective Psat1b .

It is important to note that, at Psat1b , the associated power
gain is Gmin

pb , the power version of Gmin
vb . Considering that

Gmin
vb =

2
3α1b and (23), it can be concluded thatG

min
pb presents

a gain compression of cmax
f ≈ 3.52 dB, when compared

to the ideal per-branch power gain, Gideal
pb = 20 log10 (α1b),

always assumed to be expressed in dB. Comparatively, at the
1-dB compression point, cf = 1 dB. Accordingly, the
sizing strategy is to obtain all Pyb at cf < cmax

f dB of
gain compression, where cf is the compression factor, and
cmax
f is the maximum cf . Operation at close to Psat1b thus
corresponds to setting cf close to cmax

f . By definition, cf dB
of gain compression means that Gpb = Gideal

pb − cf , with Gpb
expressed in dB. Considering both, it can be written that

20 log10(Gvb) = 20 log10 (α1b)− cf

⇔ α3b =

4

(
10

Gidealpb −cf
20 − 10

Gidealpb
20

)

6PybZout10
−Gidealpb +cf

10

, (25)

with Gvb defined in (4), and where it is noted that A21b =

A2bG
2
vb, along with G

ideal
pb − cf = 20 log10(Gvb), allowing α3b

to be expressed only in terms of Gideal
pb , cf , Pyb, and Zout .

The input signal power values, Psb, are determined by
noting that Psb = Pyb/Gpb, with Gpb in linear units. It can
be noted that the SMPA model coefficients, α1b, α2b, and
α3b, can also be expressed through Gideal

pb , 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, sbt (t) = Ab cos (ω1t) + Ab cos (ω2t).
The resulting per-branch input amplitudes for the IIP2 and
IIP3, denoted by AIIP2b and AIIP3b, respectively, are given
by [9]

AIIP2b ≈

∣∣∣∣α1bα2b
∣∣∣∣ , AIIP3b ≈

√
4
3

∣∣∣∣α1bα3b
∣∣∣∣. (26)

For Ptotaly = 1 W, Zin = Zout = Z0 = 50 Ω, along
with Gideal

pb = 16 dB, PIIP2 = 50 dBm, and cf = 2 dB,
Table 2 shows the initial sizing for the SMPA coefficients,
Pyb, and Psb, for BAS, BPS, and EAS. Furthermore, Fig. 4
shows the relationship between Pyb and Psb for the resulting
pb(·) 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.

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

The PIIP2b and PIIP3b are the power version of AIIP2b and
AIIP3b, respectively. TheGideal

pb and PIIP2b 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 Pyb values approximately 0.57 to
0.58 dB below Psat1b . Thus, the considered cf value satisfies the
sizing goals. Also pertaining to the operating points, in Fig. 4,
it can be seen that all of them verifyGpb = 14 dB, as intended.
This is concluded by noting that Gpb = Pyb − Psb, when Gpb
is expressed in dB and Pyb, Psb in dBm. Considering the b =

4 branch as an example, Gp4 = Py4 −Ps4 = (27.27− 13.27)
dBm = 14 dB.

B. MICROSTRIP PATCH ANTENNAS
The rectangular microstrip patch antenna sizing strategy aims
to determine W , L, and xf , such that fr = fc and Zin = Z0,
assuming that εr and h are known. The hc, σ , Wg, and Lg
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. ForW , a value which leads to high radiation
efficiencies is given by [40]

W =
c0
2fc

√
2

εr + 1
=
λc

2

√
2

εr + 1
, (27)

where λc = c0/fc. In order to fulfill fr = fc, the
necessary Leff is given in (9). Considering (8), it follows that
L = Leff − 21L. Lastly, the necessary xf is determined, such
that Zin = Z0. For µr = 1, Zin is given in [41], allowing us to

write

Zin =
90ε2rL

2

(εr − 1)W 2 sin
2
(πxf
L

)
⇔

xf =
L
π
arcsin

(√
Zin (εr − 1)W 2

90L2ε2r

)
. (28)

For fc = 3.5 GHz, Zin = Z0 = 50 Ω (see Table 1), along
with a substrate such that εr = 2.55 and h = 856.55 µ
m, it follows that W = 32.15 mm, L = 25.95 mm, and
xf = 3.86 mm. A low εr value is desirable in order to obtain a
high radiation efficiency [40], [41]. Accordingly, the Rogers
RO4725JXR substrate is chosen, due to its low εr and loss
tangent, tan

(
δloss

)
= 2.2 × 10−3. The h value previously

presented corresponds to h = λc/100. This decision is
based on the fact that, in [40], 3λc/1000 ≤ h ≤ λc/20 is
presented as common in microstrip patch antenna design.
The theoretical functions BxzPm(θ ) and ByzPm(θ ), which are
the power versions of BxzAm(θ ) and B

yz
Am(θ ), respectively, are

shown in Subsection V-A. In general, a given BP(θ, ϕ) and
the associated BA(θ, ϕ) verify BP(θ, ϕ) = B2A(θ, ϕ).

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 specifyingMs,Ns, δxs, and δys. Due to the low fc value (see
Table 1), only Ms = Ns = 2 is considered, to minimize the
array’s area. Furthermore, δxs = δys = δs is assumed.
The sizing strategy consists of graphically evaluating the

BPs (θ, ϕ) = |AFs (θ, ϕ)|2 along the xz plane, denoted by
BxzPs (θ, ϕ). This is done for antenna spacings δs between
0.5λc and λc, ws

(
φxs, φys

)
as defined in (14), and two

steering directions, namely (ϕmax
s , θmax

s ) = (0°, 0°) and
(ϕmax

s , θmax
s ) = (0°, 30°). The steering directions chosen are

based on the sector coverage (see Table 1). Results along the
yz plane are not shown, since, by using isotropic antennas,
BxzPs (θ, ϕ) steered at (ϕmax

s , θmax
s ) is equal to ByzPs (θ, ϕ)

steered at (ϕmax
s + 90°, θmax

s ).
Fig. 5 shows the BxzPs (θ, ϕ), steered at (ϕmax

s , θmax
s ) =

(0°, 0°) (a) and (ϕmax
s , θmax

s ) = (0°, 30°) (b). Note that
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the elevation values increase along the counterclockwise
direction, as indicated by the arrows next to θ = 0°. In both
Figs. 5(a) and 5(b), it can be seen that increasing δs 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 δs = λc in Fig. 5(a) and δs ≥ 0.7λc
in Fig. 5(b). As a consequence, a spacing δs = 0.6λc
is chosen, which allows for a narrower main beam while
avoiding excessively prominent side-lobes.

FIGURE 5. Power beam patterns of the isotropic antenna subarrays,
in the xz plane, for antenna spacingsbetween 0.6λc and λc , when steered
at broadside (a) and to (0°, 30°) (b).

D. ARRAY
The Ms = Ns = 2 and δs = 0.6λc isotropic antenna
subarrays from Subsection IV-C are now the array-level
elements. Furthermore, assuming δxr = δyr = δr leaves δr
as the only degree of freedom for the array sizing. The array
sizing strategy is thus to graphically evaluate the BPt (θ, ϕ) =

B2At (θ, ϕ) along the xz plane, denoted by BxzPt (θ, ϕ). This is
done for δr values between λc and 2λc, BPS, wr

(
Ar,ϕr

)
as

defined in (19), and two steering directions, (ϕmax, θmax) =

(0°, 0°) and (ϕmax, θmax) = (0°, 30°). It is assumed that
ϕmax
s = ϕmax

r = ϕmax and θmax
s = θmax

r = θmax. For
brevity, results along the yz plane are not shown. The δr values
considered take into account that the elements are subarrays,
avoiding overlaps.

While the ϕr are equal for all scalings, the Ar are not.
Since Ar = A1/Ac, the BAS, BPS, and EAS Ar vectors,
denoted by ABAS

r , ABPS
r , and AEAS

r , respectively, can be
defined analogously to the ABAS

1 , ABPS
1 , and AEAS

1 in (6),

resulting in

ABAS
r =

[
ABAS,refr

8
ABAS,refr

4
ABAS,refr

2 ABAS,refr

]T
,

ABPS
r =

[
ABPS,refr
2
√
2

ABPS,refr
2

ABPS,refr√
2

ABPS,refr

]T
,

AEAS
r =

[
AEAS,refr AEAS,refr AEAS,refr AEAS,refr

]T
, (29)

where ABAS,refr , ABPS,refr , and AEAS,refr are the reference
amplitude values for BAS, BPS, and EAS, respectively. All
A1b under EAS verify A1b = Ac, thus, A

EAS,ref
r = 1.

The ABAS,refr and ABPS,refr values are defined such that∥∥ABAS
r

∥∥2 =
∥∥ABPS

r

∥∥2 =
∥∥AEAS

r

∥∥2, resulting in ABAS,refr =

(8/85)
√
85
∥∥AEAS

r

∥∥ and ABPS,refr = (2/15)
√
30
∥∥AEAS

r

∥∥.
Fig. 6 shows the resulting BxzPt (θ, ϕ) for BPS, steered at

(ϕmax, θmax) = (0°, 0°) (a) and (ϕmax, θmax) = (0°, 30°) (b).
In both Figs. 6(a) and 6(b), it can be seen that increasing
δr always leads to a narrower main beam. However, the
side-lobes no longer become monotonically more prominent
by increasing δr. 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 δr = 1.2λc 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 δr = λc.

FIGURE 6. Power beam patterns for arrays with 2 × 2, 0.6λc -spaced
isotropic antenna subarrays, in the xz plane, for BPS, subarray spacings
between λc and 2λc , 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, andV-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 rectangularmicrostrip patch antennas. The initial
sizing consists of the values outlined in Subsection IV-B,
along with hc = 35.56 µm, σ = 5.96 × 107 S/m, and
Wg = Lg = λc = 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 BxzPm(θ, ϕ) (a) and B

yz
Pm(θ, ϕ) (b). It can be seen that

the simulated (initial sizing) and theoretical results differ,
especially for θ values which are substantially different from
θ = 0°. This discrepancy is expected, since the theoretical
analysis assumesWg = Lg = ∞ m [41].

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
∣∣S1,1∣∣ for the initial and

adjusted microstrip patch antenna sizings. It can be seen that
the initial sizing results in an fr which is very close to fc.
However, at fc, 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∣∣ < −20 dB.
This means that the microstrip patch antenna sizing needs

to be adjusted. Accordingly, L and xf are altered, such that
L = 25.97 mm and xf = 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

∣∣S1,1∣∣ with
the adjusted sizing, shown in Fig. 8, now verifies

∣∣S1,1∣∣ =

−46.47 dB at fc.
A given BxzPm(θ, ϕ) relates to the gain function Gxzm(θ, ϕ)

through Gxzm(θ, ϕ) = Gxz0mB
xz
Pm(θ, ϕ) [41], where G

xz
0m is the

FIGURE 8. Simulated input reflection coefficient of the microstrip patch
antenna, for the initial and adjusted sizings.

maximum gain in the xz plane. Analogously, Gyzm(θ, ϕ) =

Gyz0mB
yz
Pm(θ, ϕ), where G

yz
0m is the maximum gain in the yz

plane. The initially sized microstrip patch antenna verifies
Gxz0m = 6.95 dBi, achieved at θ = 2°, Gyz0m = 6.94 dBi,
achieved at θ = 0°, and presents a radiation efficiency, ηradm ,
of 77.36%. The microstrip patch antenna with the adjusted
sizing verifies Gxz0m = 6.94 dBi, achieved at θ = 1°,
Gyz0m = 6.93 dBi, achieved at θ = 0°, and ηradm = 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 Wgt = Lgt = 342.62 mm,
where Wgt and Lgt 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,
δ, it follows that δ = 51.39 mm when considering the δs and
δr sizings, in Subsections IV-C and IV-D, respectively.

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

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 (ϕmax, θmax) = (0°, 0°). The notation
∣∣Sk,l ∣∣ denotes the

S-parameter from the lth to the kth antenna, where k =

{1, 2, . . . , 16}, l = {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), wheremod is the
modulo operation. The antenna index l 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,l ∣∣, with k ̸= l, represent interactions
between the antennas through mutual coupling [40], [41].
It can be seen in Fig. 9(a) that the array-level fr deviates
from fc, and that min(

∣∣Sk,k ∣∣) = − 13.18 dB, deviating
significantly from the adjusted microstrip patch antenna
results in Subsection V-A. By adjusting the L and xf for all
antennas to L = 26.69 mm and xf = 5 mm, respectively, the
resulting S-parameters are shown in Fig. 9(b), where fr = fc
is now verified. Furthermore, min(

∣∣Sk,k ∣∣) = −23.47 dB at
fc, and max(

∣∣Sk,k ∣∣) = −20.49 dB at fc, representing a good
match.

Fig. 10 shows the simulated array gain functions Gt(θ, ϕ)
in the xz plane, Gxzt (θ, ϕ), when steered at (ϕmax, θmax) =

(0°, 0°) (a) and (ϕmax, θmax) = (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 (ϕmax, θmax) as Gsteering

t , it is shown
in (a) and (b) that EAS is the best option, always offering
the highest Gsteering

t , 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 (ϕmax, θmax) = (0°, 30°). This is due to the behavior of
the microstrip patch antenna xz-plane power beam pattern,
BxzPm(θ, ϕ), which introduces attenuation outside of (ϕ, θ) =

(0°, 0°), as can be seen in Fig. 7(a).

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).

The array radiation efficiency, ηradt , is estimated through
ηradt = Gt(θ, ϕ)/(Dt(θ, ϕ)) [41], where Dt(θ, ϕ) is the array
directivity function. The initially sized array, when steered
at (ϕmax, θmax) = (0°, 0°), presents ηradt values of 78.34%,
78.67%, and 78.86%, for BAS, BPS, and EAS, respectively.
For steering at (ϕmax, θmax) = (0°, 30°), ηradt values of
81.25%, 81.13%, and 81.10% are obtained, for BAS, BPS,
and EAS, respectively. With the adjusted sizing, ηradt values
of 79.15%, 79.49%, and 79.68%, are obtained, for BAS,
BPS, and EAS, respectively, when steered at (ϕmax, θmax) =

(0°, 0°). For steering at (ϕmax, θmax) = (0°, 30°), ηradt 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, Zin = Zout = Z0 = 50 Ω is followed, and the
noise modeling considers a temperature of 300 K (26.85 °C).

All input signals sb(t) verify ϑb = 0° and their amplitudes
are set based on the Psb values in Table 2. The coefficients of
the SMPA nonlinear functions pb(·) are the ones specified in
Table 2, where the Gideal

pb 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 Hb(f ) being second-order Butterworth
(ϵ = 1) transfer functions, centered at fc = 3.5 GHz,
with a bandwidth of 100 MHz. All PCOA insertion losses
are modeled by introducing 1 dB of insertion loss to each
ub(t) signal. The uniform splitters are assumed to be ideal
Wilkinson power dividers, with a reference impedance of
Z0 = 50 Ω. The adjusted array model in Subsection V-B
is imported as the transmitting array, with noise modeling
being considered. For the channel, β = (λc/(4πd))2 [43],
where d is the distance between the transmitter and receiver,
and a noise power spectral density (PSD) of -160 dBm/Hz
(10−19 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 Pyb, Ptotaly , and effective
isotropic radiated power (EIRP) values at the steering
direction, EIRP(θmax, ϕmax), for the three scalings, the initial
and adjusted SMPAs, along with steering at (ϕmax, θmax) =

(0°, 0°) and (ϕmax, θmax) = (0°, 30°). The initial simulations
consider the PIIP3 values in Table 2, and are only presented
for (ϕmax, θmax) = (0°, 0°). From these, it can be seen
that the Pyb 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 fc, Ptotaly = 30 dBm
(see Table 1). This is attributed to the fact that mutual
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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 IIP3 values, when steered at broadside and to (0°, 30°).

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 Zin associated to the array’s
antennas [41]. Accordingly, the SMPA sizings (PIIP3b values)
are adjusted such that (24) and Ptotaly = 30 dBm are
simultaneously verified for (ϕmax, θmax) = (0°, 0°).

Denoting as PIIP3 ∈ R4×1 the vector containing the PIIP3b
values, it follows that PBAS

IIP3 , P
BPS
IIP3, and P

EAS
IIP3 are the PIIP3

for BAS, BPS, and EAS, respectively. The adjusted PIIP3b
values can thus be expressed as PBAS

IIP3 = [2.91 8.98 15.84
21.91]T dBm, for BAS, PBPS

IIP3 = [10.91 13.94 17.30 20.33]T

dBm, for BPS, and PEAS
IIP3 = [16.91 16.90 16.91 16.91]T

dBm, for EAS, respectively. Considering these values,
Table 3 shows that for (ϕmax, θmax) = (0°, 0°), (24) and
Ptotaly = 30 dBm are both, in fact, verified, for all scalings.
However, the results deviate once again for (ϕmax, θmax) =

(0°, 30°), since the antenna-level active Zin values depend
on the applied phase shifts [41]. Considering the adjusted
results, it can be seen that from (ϕmax, θmax) = (0°, 0°) to
(ϕmax, θmax) = (0°, 30°), the EIRP values decrease and the
Ptotaly values increase, representing a decrease in the system-
level efficiency. Unless stated otherwise, the Psb values

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 sb(t) (a) and the correspond-
ing received signals r(t) (b) for BPS, d = 6 m, when steered
at (ϕmax, θmax) = (0°, 0°) and (ϕmax, θmax) = (0°, 30°). The
distance is chosen such d > dFF , where dFF is the Fraunhofer
distance, given by dFF = (2/λc)D2

a [41], with Da being the
largest dimension of the antenna structure. Considering the
Wgt and Lgt values in Subsection V-B, it follows that dFF =

5.48m. The sb(t) signals do not depend on (ϕmax, θmax), 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 = 6m, and the receiver microstrip patch antenna gain in the
xz plane of 6.93 dBi for θ = 0°, the predicted and simulated
r(t) signal power, Pr , can be compared. For (ϕmax, θmax) =

(0°, 0°) Pr = −5.95 dBm is predicted, and Pr = −5.96 dBm
is measured. For (ϕmax, θmax) = (0°, 30°), Pr = −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.

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 Pr = −6.75 dBm is measured. Both sets of
Pr values validate the OTA combination performed in PCOA.
Fig. 12 shows the simulated PCOA xz-plane array gain

function Gxzt (θ, ϕ), for BAS, BPS, and EAS, when steered at
(ϕmax, θmax) = (0°, 0°) (a) and (ϕmax, θmax) = (0°, 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 Pxzr (θ, ϕ), for BAS (a), BPS (b),
and EAS (c), d = 6 m to d = 600 m, when
steered at (ϕmax, θmax) = (0°, 0°) and (ϕmax, θmax) =

(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 (ϕmax, θmax) = (0°, 0°) is insufficient to mitigate
the per-branch RF power variations when the transmission

is steered to other directions (due to mutual coupling).
As such, a compensation strategy is presented, which is able
to simultaneously fulfill (24) and Ptotaly = 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, Psb, such that (24) and Ptotaly = 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
Psb values do change according to the steering direction.
However, they remain constant for a given direction.

For the steering directions given by ϕmax
= 0° ∨ ϕmax

=

180°, θmax
= {0°, 3°, . . . , 30°} (thus within the xz plane),

the difference between the uncompensated and compensated
EIRP(θmax, ϕmax) values (in dBm) is determined, denoted
by1EIRP(θmax, ϕmax). Similarly, the difference between the
uncompensated and compensated Gt(θmax, ϕmax) values (in
dB) is determined, denoted by 1Gt(θmax, ϕmax).

Fig. 15 presents the resulting 1EIRP(θmax, ϕmax) and
1Gt(θmax, ϕmax) values, for BPS and the aforementioned
21 steering directions. It can be noted that both the
1EIRP(θmax, ϕmax) and 1Gt(θmax, ϕmax) values are small,
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with the 1Gt(θmax, ϕmax) 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.

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 ηradt values as high as 81.42%, and

∣∣Sn,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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