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Abstract—This letter addresses measurement-based coupling
emulation of power amplifier (PA) arrays with more than four
elements, enabling scalable characterization of multiantenna
transmitters (TXs). A refined estimation procedure for driver
gain is proposed, improving the convergence stability and accu-
racy over prior methods, while also addressing the estimation
of the involved load reflection coefficients. Measurements with
up to 16-PA arrays demonstrate reliable error convergence
and accurate S-parameter recovery, while we also confirm the
anti-symmetric variation of the load reflection coefficient with
beamforming angle. The results show a reduced branch-to-
branch injection-error variance compared to prior art methods,
further supporting the scalability of the proposed estimator.
Furthermore, combined far-field adjacent-channel power ratio
(ACPR) and error vector magnitude (EVM) metrics for a phased-
array TX exhibit the expected symmetry versus beam angle
and reveal direction-dependent nonlinearity, validating realis-
tic array-level radiated performance after spatial combining.
Notably, this work also integrates a SG-NR compliant waveform
for the first time in a coupling-emulation framework, paving the
way for efficient modeling and linearization of next-generation
wireless TXs under load modulation.

Index Terms—S5G, 6G, active array transmitters (TXs), cou-
pling emulation, load modulation, load pulling, power amplifier
(PA).

I. INTRODUCTION

NHANCING sustainability and energy efficiency is a

key objective as wireless networks evolve toward 6G
[1], [2]. Transmitter (TX) power amplifiers (PAs) account
for a significant share of total power consumption, making
accurate modeling and optimization essential for energy-
efficient massive MIMO and beamforming systems [3], [4].
Traditional approaches, such as transistor-level modeling and
load—pull techniques [5], [6], allow rapid design exploration
but fail to capture nonlinear effects such as trapping and
memory phenomena, particularly under broadband or
modulated signals [7].
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Measurement-based emulation frameworks address these
limitations. The active load—pull method in [8] introduced
PA coupling emulation, but validation was limited to three-
element arrays and narrowband signals. Successful emulation
was later demonstrated for Doherty architectures in [9],
being, however, constrained to two-element setups only while
also lacking detailed convergence analysis and wideband,
5G-NR-compliant signals. More recently, Mengozzi et al. [10]
demonstrated emulation for a 2 X2 active array with modulated
signals (four elements in total), further extending validation. In
parallel, FIR-based least-square (LS) estimation was proposed
n [11], but applied only to reflection/transmission coefficient
extraction in active load-pull, without extension to full array
emulation or driver-gain estimation. Recent advances in load-
modulation-aware modeling [12] and linearization [13] further
underline the need for accurate coupling emulation in 5G and
beyond.

In this work, we extend the prior emulation framework of
[8] and [9] with several key contributions. First, we exper-
imentally demonstrate, for the first time, coupling emulation
in arrays with more than four elements, enabling scalable mod-
eling of larger multiantenna systems. Second, we introduce an
enhanced procedure for estimating the driver gain, improving
convergence stability and accuracy; a similar approach is
also applied to load-reflection coefficient estimation. Third,
we demonstrate error convergence and S-parameter recovery
for an eight-PA configuration, together with complementary
16-PA results showing reduced branch-to-branch injection-
error spread, thus supporting improved scalability of the
proposed estimator framework. Fourth, we compare our esti-
mates of the driver gain and load reflection coefficient with
earlier FFT-based methods, showing improved consistency and
reliability. Fifth, we validate the anti-symmetric behavior of
the load reflection coefficient versus beamforming angle in a
four-PA setup, supported by per-PA adjacent-channel power
ratio (ACPR) as well as far-field ACPR and error vector mag-
nitude (EVM) measurements, confirming physically consistent
array-level behavior. Notably, this is the first demonstration
of coupling emulation using a 5G-NR compliant wideband
waveform, offering a robust and scalable platform for accurate
modeling and linearization of complex multiantenna TXs in
next-generation wireless networks.

II. METHODS

The coupling-emulation framework builds on the itera-
tive measurement-based method proposed in [8] and [9],
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Fig. 1. (a) Conceptual block diagram of the emulated PA array, represent-
ing the effective coupled behavior achieved through the emulation process.
(b) Simplified block diagram of the actual measurement setup used to realize
and characterize the emulated array in (a).

enabling accurate reproduction of mutual coupling effects in
active antenna arrays using a single device-under-test (DUT).
Fig. 1(a) illustrates a conceptual K-element array with primary
inputs xjg, outputs by, reflected waves ay, and secondary
injections xp;, where the subscripts 1, 2 follow two-port
network notation while the subscript k identifies the kth PA
branch. Fig. 1(b) shows the actual measurement setup to
emulate the PA array in Fig. 1(a). Throughout this section,

= 0,1,...,N — 1 denotes the discrete-time sample index
for a segment of N samples. The superscript i represents the
current iteration of the emulation.

When properly designed and deployed, the emulation itera-
tively converges toward steady-state coupled behavior without
requiring physical construction of the full system. During each
iteration 7, the DUT is sequentially excited to emulate the out-
put of each array element, with a fixed primary excitation xj
and an iteratively updated secondary injection xy; hence, the
DUT input power remains constant and output-power varia-
tions across iterations are small and do not affect convergence.

A. Iterative Emulation Algorithm

At initialization (i = 0), the secondary input signals are set
to x(z(,){)[n] = 0 for all k, assuming isolated PAs. For iteration
i > 1, assuming frequency-flat coupling, the desired incident

wave at branch k is updated as

(22 desired [I’l] Z Skjb(le D [I’l] (l)
j=1

where Sy; is the complex coupling coefficient from branch
J to branch k. The secondary injection is then updated in
the frequency domain as X;’,z Lf]1= A(z’,i desired LS ] /GAE)[ f1, where
Xé’Z[f] and Agz’desired[f] are the Fourier transforms of the
corresponding time-domain signals, and GA,(f) [f1 is the Fourier
transform of the driver-gain estimate (4) from Section II-B.
Xé’,z[ f] is then converted to time domain, and applied to
the DUT along with x(’)[n] after which the measured a(zi,z[n]
and b;’i[n] are recorded for the next iteration. We note that
despite the frequency-flat coupling model assumed here, the
framework itself can be generalized to frequency-dependent
coupling via extending (1) to a time-domain convolutional

model.
Convergence at iteration i is monitored using two normal-
ized mean squared-error (NMSE) metrics. The iteration stabil-
lty metric is NMSE(I 9= ||a(2111 desired (21k éisuedl|2/”a(2111,desired”2’
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and the injection accuracy metric is NMSE(Zi’k) = ||a(2",2’Glesired -
a(zl,zll2 / IIa(zl,z desireall’+ Iterations continue until both metrics reach

a converged state.

B. Proposed Convolution-Based Driver Gain Estimation

To capture the dynamic memory effects within the iterative
procedure in Section II-A, the gain of the driver (assumed
predominantly linear) for branch k at iteration i is modeled as
an FIR filter of length M, taps, where the driver and DUT
are dimensioned such that the driver operates well within its
linear region. The time-domain model is thus of the form

a3 [n] =

Z g [m] x5 [n—ml + € [n] )

where g(’)[m] are the filter taps and e,(f)[n] is the residual. In
matrix form, this can be expressed as

)= XY+ g

with ag{g [@2[0],..., a0 [N-111T, g = [g[0],..., g [M,~
7, e = '>[0],..., VIN =117, and X{) is the N x M,
(Toephtz) convolution matrix constructed from time-shifted
samples of xé’,l[n]. The LS estimate can then be written as

A H DH (i
o = (xyxy) " xgag, @

This LS-based estimation is more stable and accurate than
the FFT-based methods used in [8] and [9]. And more impor-
tantly, the improved numerical conditioning is critical for
scalability: as the array size grows and coupling levels span a
wider dynamic range, bin-wise FFT ratios become increas-
ingly ill-conditioned. The proposed LS-based convolutional
estimator removes this bottleneck and thereby enables reliable
extension of coupling emulation beyond small arrays.

C. Proposed Load Reflection Coefficient Estimation

To assess and estimate the load reflection coefficient, espe-
cially in the phased-array context, we propose to model it
as an FIR filter of length Mr. In the time domain, for
branch k at iteration i, the reflected wave satisfies b(zllz[n] =
Ml h(')[ 1a8[n — m] + v\’[n], where h{’[m] are the FIR
taps and vk )[n] denotes the res1dual Using a matrix formula-
tion identical to that in Section II-B, this relation can be written
compactly as b}) = ASTY, + v{’, where I', collects the FIR
taps and A(Zk is the corresponding convolution matrix formed
from time-shifted samples of a(’) [7], constructed in the same
manner as X(’,Z in (3). The load- reﬁectlon estimate then follows
directly from a LSs solution, as I‘(Ll)k = ATAD) AN

We note that this estimation is independent of the coupling
emulation process.

III. RF MEASUREMENTS

All measurements are conducted on the RF WebLab plat-
form [14], assuming a K x 1 phased-array TX with 4/2
spacing. The setup uses NI PXIe-5646R/5645R vector sig-
nal transceivers (VSTs) at 2.14 GHz to generate excitation
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Fig. 2. Convergence of error metrics for the 8-PA case at beamforming angle 6 = 0°. (a) NMSE(I[’k) for iteration stability. (b) NMSE(ZI”‘) for injection accuracy.
(c) Magnitude of the estimated coupling coefficients |S e, showing successful S-parameter recovery.
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Fig. 3. Comparison of estimation methods at beamforming angle 6 = 0° with M, = 5 (driver gain) and Mr = 10 (load reflection). (a) NMSEg’k) convergence
with the proposed LS-based driver gain estimation versus the two FFT-based variants, FFT-I (single averaged gain) and FFT-II (bin-wise division with selective
averaging of outliers) for K = 2. (b) Proposed LS-based estimate of [['z| for K = 4. (¢) FFT-based estimate of [['z| for K = 4.

and apply controlled load modulation. Broadband, essentially
linear driver amplifiers with isolators protect the chain, and
directional couplers enable calibrated wave measurements.
The DUT is a 6-W GaN PA (CGH40006TB) on a standard
test board, with calibration performed using short/open/load
standards and power-meter alignment at the DUT connectors.
Unless otherwise stated, the emulation runs for Nj., = 10,
and the PA array size is varied as K € {2,4,8,16}. The
excitation is a 5G-NR-compliant OFDM waveform [30-MHz
modulation bandwidth, 30-kHz subcarrier spacing (SCS)]
with oversampling and windowing. In all results, we use
M, = 5 taps for driver-gain estimation (Section II-B) and
Mr = 10 taps for load-reflection estimation (Section II-C).
Further platform and calibration details are as in [8], [9], and
[14].

To emulate antenna coupling, we adopt a geometric
distance-based model [12], [13], [15], where the nearest-
neighbor S-parameter [e.g., |S 2] 0.42 in Fig. 2(c)]
corresponds to about —7.5dB, representing strong adjacent-
antenna interaction. All errors and estimates are evaluated over
3% signal bandwidth (90 MHz) to ensure sufficient dynamic
range and capture adjacent channel regions. We first assess
scalability for K = 8 under a matched-array assumption
for S-parameter verification. Fig. 2 shows iteration stabil-
ity NMSE(I”k) [Fig. 2(a)] and injection accuracy NMSEg’k)
[Fig. 2(b)], both of which decay and stabilize, confirming
reliable convergence. In Fig. 2(c), the magnitudes of selected
estimated S-parameters are shown. The recovery is highly
accurate for |S12exls IS 13estl and [S1aeqls While |S 74| and
IS 18.est| deviate slightly due to their very low values being more
noise-sensitive. These results thus well confirm the scalability
of the framework to larger arrays.

We next evaluate the proposed LS-based convolutional
driver-gain estimation with K = 2. The conventional FFT

Iteration

(@)

Iteration

(b)

Fig. 4. Injection accuracy NMSEg‘k) across PA branches for the case with
K =16 PAs. (a) FFT-II shows a larger performance spread. (b) Proposed LS
shows stable performance and lower steady-state variance.

approach diverges at certain bins unless averaging is applied,
so two variants are tested. FFT-I uses a single averaged gain,
while FFT-II applies bin-wise division with selective averaging
of outliers. As shown in Fig. 3(a), FFT-II is more stable
than FFT-1, but both converge more slowly and less smoothly.
In contrast, the proposed time-domain LS method converges
faster and more consistently, showing greater robustness
to memory effects and wideband excitations with fewer
iterations.

For K = 4, Fig. 3(b) shows the proposed LS-based esti-
mate of |['z|, which is noticeably smoother across frequency
compared to the FFT-based frequency-bin division estimate
in Fig. 3(c). The LS approach avoids the noise amplification
observed in the FFT method, producing stable load trajecto-
ries. To further illustrate scalability, Fig. 4 compares FFT-II
and LS-based driver-gain estimation for K = 16 using the
injection-accuracy metric NMSE(Z”k) as defined in Section II-A.
While the best-branch accuracies are similar, FFT-II exhibits a
much larger error variance across branches, whereas the pro-
posed LS approach remains stable and uniform, highlighting
its importance for reliable extension of coupling emulation to
larger PA arrays.
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Finally, the spatial behavior of the four-PA array is assessed
as a function of the beamforming angle 6, with the spatial
combining performed numerically. Fig. 5 shows that the
average LS-estimate of |['z| [Fig. 5(a)] is symmetric, while
that of /'y [Fig. 5(b)] is anti-symmetric with respect to 6, as
expected for a uniform linear array of identical PAs under
reciprocal coupling. This anti-symmetry propagates to the
ACPR trends [Fig. 5(c)], resulting in anti-symmetric nonlin-
ear distortion across beamforming directions. For reference,
the baseline ACPR;-o prior to emulation remains constant,
as expected, across user angles at —26.8 dB. In addition to
per-PA results, Fig. 6 shows the spatially combined far-
field ACPR and EVM versus user angle 6 for the K = 4
array. Both metrics exhibit the expected symmetric behavior
with respect to 6, consistent with array reciprocity and sym-
metric load-modulation patterns. At the same time, a clear
direction-dependent nonlinearity is observed, with the worst
ACPR/EVM near broadside and progressively improved per-
formance at larger scan angles. This confirms that the proposed
coupling-emulation framework yields not only physically con-
sistent branch-level behavior but also realistic array-level
radiated performance after spatial combining. These spa-
tial patterns further validate that the proposed emulation
framework accurately reproduces the physical load modu-
lation dynamics and nonlinear interactions in multiantenna
configurations.

IV. CONCLUSION

This letter presents an enhanced PA array emulation frame-
work that scales existing measurement techniques to larger
antenna arrays while incorporating 5G-NR signals for realis-
tic evaluations. The proposed LS-based estimation of driver
gain and load reflection coefficients improves convergence
stability and accuracy over previously published methods.

arrays.
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