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Abstract

The evolution of Fifth Generation (5G) wireless systems is driven by the need for higher
data rates, lower latency, and improved coverage. Massive Multiple Input, Multiple Output
(MIMO) transmitter front-ends have emerged as a key enabling technology, employing
multiple parallel transmitter chains—each comprising Digital Signal Processing (DSP),
Power Amplifiers (PAs), and antenna elements—to exploit spatial multiplexing and enable
multi-user beamforming, at the cost of increased system complexity.

The PA is a critical component in each transmitter chain, as its efficiency dominates
energy consumption and its output power determines coverage. However, PA performance
is highly sensitive to load impedance. While isolators in 4G systems maintain a constant
50 2 load, their use in massive MIMO arrays is impractical due to cost, size, bandwidth, and
integration constraints. Consequently, antenna mismatches and mutual coupling introduce
dynamic load variations that degrade PA and overall system performance, motivating a
holistic system-level design approach.

The first objective of this thesis is to develop tools for system-level analysis of massive
MIMO transmitters under realistic excitation. A multidisciplinary co-simulation frame-
work integrating DSP, Radio Frequency (RF), and electromagnetic domains is proposed
to capture signal processing, PA nonlinearities, and antenna coupling within a unified
environment. Experimental validation using a four-channel fully digital MIMO transmit-
ter demonstrates accurate prediction of system-level trends. A sixteen-channel testbed is
further developed to validate design strategies and capture hardware-specific effects.

The second objective is to enable PA design under realistic system conditions. To
mitigate the computational complexity of large-scale simulations, an emulation platform
is developed that reproduces massive MIMO loading conditions using a single PA. This
approach enables efficient characterization and optimization under dynamic impedance
environments. Combined with the co-simulation framework, it supports PA design directly
at the system level rather than under idealized 50 {2 assumptions.

The third objective is to investigate the impact of precoding on PA behavior. Con-
ventional Digital Pre-Distortion (DPD) linearizes PAs using uncorrelated signals prior to
precoding, implicitly assuming invariant load conditions. However, precoding alters signal
correlation and power distribution, thereby modifying the load impedance seen by each
PA in the presence of mutual coupling, which degrades linearization performance. To ad-
dress this, an alternative architecture is explored in which precoding precedes linearization,
enabling improved robustness and reduced DPD complexity under dynamic conditions.
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Chapter 1

Introduction

1.1 Motivation

Prior to the introduction of the 5G standard, communication systems predominantly op-
erated with narrowband modulated signals (typically < 20 MHz) and commonly required
only a single RF transmit chain. In such architectures, PAs, which represent the most
power-consuming components in the transmitter chain, were conventionally designed un-
der fixed 50 €2 input and output terminations and characterized using Continuous-Wave
(CW) excitations at discrete frequency points within the operating bandwidth. Although
practical antennas do not present a constant 50 2 impedance over frequency, this mismatch
was traditionally mitigated by inserting a bulky external isolator between the PA and the
antenna. The isolator ensured that the PA output experienced an approximately constant
50 2 load, thereby preserving the validity of the conventional design assumptions.

In contrast, 5G and beyond communication systems rely on wideband modulated sig-
nals (typically > 100 MHz) in conjunction with MIMO techniques to achieve higher data
rates, reduced latency, and enhanced coverage. The implementation of MIMO systems
necessitates a high degree of integration among multiple transmitter chains in order to
satisfy size, cost, and efficiency constraints. This stringent integration requirement gener-
ally leads to the removal of external isolators following the PAs. Consequently, antenna
impedance mismatches and mutual coupling effects directly influence the instantaneous
output impedance seen by each PA.

Under these conditions, complex interactions arise among the various system build-
ing blocks, including signal correlation across transmitter paths, intrinsic PA nonlinear



behavior, antenna impedance mismatches, and mutual coupling within the array. These
interactions collectively determine the overall performance of the massive MIMO trans-
mitter. As a result, the conventional PA design methodology, which assumes fixed 50 €2
terminations and relies on CW characterization, is no longer sufficient to accurately predict
system-level behavior. Therefore, a revised PA design methodology is required, in which
the primary objective shifts from optimizing performance under idealized 50 {2 conditions
to optimizing overall system-level performance within the realistic operating environment
of a massive MIMO transmitter.

1.2 Thesis Objectives

In this thesis, a systematic methodology is developed to enhance the understanding of
massive MIMO transmitter behavior, with particular emphasis on the fully digital MIMO
architecture, and to improve the design strategies of individual transmitter building blocks
for optimizing overall system-level performance under realistic signal excitations. The fully
digital MIMO architecture is selected as the primary focus of this work because, while it
offers the highest degree of flexibility among beamforming architectures, it also introduces
additional challenges beyond those encountered in hybrid and RF beamforming systems.

To establish a comprehensive design framework, theoretical analysis, numerical simu-
lations, and hardware prototype development are jointly considered. First, constructing
a large-scale massive MIMO prototype solely for exploratory system-level investigations is
both technically challenging and economically impractical, particularly as the number of
transmitter chains increases. Therefore, an accurate and computationally efficient simu-
lation environment for a MIMO transmitter must be developed to reliably predict system
behavior during the design phase. Such a simulation platform enables controlled evaluation
of signal correlation effects, load modulation, nonlinear distortion, and precoding strategies
prior to hardware implementation.

Second, a MIMO transmitter testbed is developed to experimentally validate the pro-
posed simulation framework. By comparing simulation results with measured data, the
accuracy and limitations of the modeling assumptions can be assessed. In practice, dis-
crepancies between simulations and measurements may reveal additional phenomena that
are not captured in idealized models, since simulations typically assume identical PAs and
antenna characteristics across all channels, whereas real hardware exhibits device-to-device
variations and fabrication tolerances.

Finally, insights gained from both simulation and experimental investigations are uti-
lized to formulate an improved transmitter building block design methodology. The objec-



tive is to move beyond isolated component-level optimization and instead achieve optimal
system-level performance for fully digital massive MIMO transmitters operating under
realistic wideband and precoded signal conditions.

The objectives of this thesis are the following:

1. Development of modulated-signal-based Electromagnetic (EM)/RF/DSP co-simulation
framework for MIMO transmitter front-end and 4x4 fully digital MIMO transmitter
front-end testbed

2. Testing and analysis of uncorrelated-signal-based and precoded-signal-based PA lin-
earization architectures and techniques using various digital predistortion models on
the developed 4x4 fully digital MIMO transmitter front-end testbed

3. Development of single PA-based MIMO transmitter emulation platform for realistic
PA design and testing of massive MIMO transmitters

1.3 Thesis Outline

Chapter 2 provides the necessary theoretical and technical background to facilitate under-
standing of the subsequent chapters. It begins with an overview of various classes of PAs
traditionally designed for SISO transmitters, highlighting their operating principles and
performance trade-offs. This discussion establishes the foundation for explaining how PA
behavior can degrade when deployed in massive MIMO transmitters, where dynamic load
modulation and signal correlation effects are present. The chapter further reviews recent
PA design methodologies proposed to mitigate performance degradation in massive MIMO
systems, thereby positioning the contributions of this thesis within the current state of the
art.

Chapter 3 introduces the development of the proposed modulated-signal-based EM /RF/DSP

co-simulation framework and its experimental validation using a four-channel fully digi-
tal MIMO transmitter front-end. The structure, implementation details, and modeling
assumptions of the co-simulation environment are described comprehensively. Building
upon the validated framework, the chapter then presents a systematic design procedure for
constructing a sixteen-channel dual-polarization fully digital MIMO transmitter front-end
testbed. The verified co-simulation platform serves as a predictive tool throughout the
hardware development process.



Chapter 5 focuses on the experimental evaluation and comparative analysis of differ-
ent PA linearization architectures and techniques implemented on the developed 4 x4 fully
digital MIMO transmitter front-end testbed. The investigation begins with a conven-
tional linearization procedure based on uncorrelated modulated signals. Subsequently, two
alternative linearization approaches that incorporate precoded signals are proposed, exper-
imentally validated, and critically analyzed. The impact of precoding on load modulation
and linearization effectiveness is examined in detail.

Chapter 4 presents a novel platform for the design of system-level PAs optimized for
massive MIMO transmitters. The proposed emulation platform utilizes a single transmitter
chain in conjunction with two signal generators to replicate the PA operating conditions
encountered in massive MIMO environments. By emulating load modulation and signal
correlation effects without requiring the construction of a complete large-scale array, this
approach significantly reduces development complexity and cost. The platform enables PA
design that explicitly accounts for the non-idealities inherent in massive MIMO transmit-
ters.

Finally, Chapter 6 summarizes the main contributions of this thesis and outlines po-
tential directions for future research, including advancements in system-level PA optimiza-
tion, improved linearization techniques, and scalable modeling methodologies for next-
generation massive MIMO systems.



Chapter 2

Background

2.1 Power Amplifier in SISO Transmitter

VDS
IMN
50Q
V.

L

Vv

GS

Figure 2.1: Diagram of general PA design. Vs: Gate Voltage, Vps: Drain Voltage,
IMN: Input Matching Network, OMN: Output Matching Network.

RF PA is an integral nonlinear device at transmitters for emitting high-power RF
signals for wider coverage. Fig. 2.1 shows a simplified diagram of a PA structure in a SISO
transmitter. Both source and load impedances are fixed to be 50 €). For the given transistor
selection, the PA is about the design of both Input Matching Network (IMN) and Output
Matching Network (OMN) and of gate and drain bias lines, under Continuous-Wave (CW)
excitations, to transform fixed 50 €2 to desired values at the input and output of the
transistor. These are designed for three main design parameters: efficiency (), linearity,
and output power (P,,;) and they all affect each other. If P, is low, PA is linear but has
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Figure 2.2: DCIV Curves for Different PA Operating Classes.

poor efficiency. On the other hand, if P,,; is at or close to saturation, PA is nonlinear but
has high efficiency. The trade-offs have to be considered for different applications.

Different PA classes of operations, such as class-A, -AB, -B, and -C, can be selected
for the desired performances on the main parameters. Fig. 2.2 shows DCIV behavior of a
transistor and that the choice of the gate voltage can determine the PA operating class.
DC and RF powers, and drain efficiency can be calculated from fig. 2.2 as follows [15]:

Ppc = Vbs.pclps pe (2.1)
1
Pouir = 5R{VDs funalps, funa} (2.2)
Pout RF
— v 2.3
Ppe (23)

where Vpg funa and Ipg funa are output voltage and current signals at the fundamental
frequency, respectively.

For analyzing general classes of operations, time-domain Ipg(wt) must be Fourier-
transformed to calculate different harmonics components because it can be distorted. The
time-domain signal can be represented as follows:

Ipg(wt) = %(cos(wt) — cos(6/2)) (2.4)

6



I . . .
where cos(6/2) = _ngiik’ Ipspeak = IpSmaz — Ips.0s IDSmax 1S the maximum amplitude

in time domain, Ipg g is the quiescent point, and 6 is the conduction angle of Ipg(wt).
Using this conduction angle, DC and fundamental current values can be calculated:

Ipsmaz 2sin(0/2) — Ocos(6/2)
27 1 —cos(0/2)
IpSmae 0 —sin(0)
2r 1 —cos(0/2)

Ipspc = (2.5)

Ips fund = (2.6)

Assuming Vipee = 0, Class-A PA has fixed Vps pe = Vbsmaz/2 and Ipspe = Ipsmaz/2
because gate and drain voltages are selected to be at the middle of voltage and current
swings. On the other hand, the output RF voltage and current swings are dependent on
the input drive level. With the conduction angle of 27, the maximum voltage and current
swings at the fundamental frequency are also V4, /2 and I,,,4, /2, resulting in the maximum

n of 50%.

Other classes of operations with reduced conduction angles in Ipg(wt) have variable DC
power consumptions because the conduction angle is a function of the input drive level.
Thus, 1 can be improved compared to Class-A PA. However, these classes also produce
harmonic distortions. These can be quenched by presenting short circuits to the transistor
output at these harmonic frequencies, allowing only the fundamental Ipg to be delivered
to the output. A general peak efficiency calculation for different classes of operations then
becomes:

Vi maxI
PDC _ DS, ; DS,DC (27)
1
Pout,max - ZVDS,mazIDS,fund (28)

_ Pow,rr _ 11Ds fund

— 2.9
Ppc 2 Ips,pc (2:9)

The reduced conduction angle introduces a trade-off between linearity and efficiency.
With the conduction angle smaller than 27, the angle changes with the input drive level
with the exception of Class-B (fixed at § = 7). Thus, the output signal linearity is not
preserved over the full signal swing. The inherent nonlinearity in different PA classes
of operations can be beneficial to counteract intrinsic transistor nonlinearity. Table. 2.1

7



Table 2.1: Characteristics of Different PA Operating Classes.

PA Class | Linearity | Maximum Theoretical n Gain P
A Best 50% Best Good
AB Good 50—78.5% Good Best
B Best 78.5% Not Bad | Good
C Worst 78.5—100% Worst | Worst

summarizes characteristics of different classes. For n > 50%, PA classes should be taken
away from Class-A at the expense of sacrificing linearity, gain, and P,,;.

After choosing the operating class, load-pull procedure is performed in simulations,
under CW excitations, to find what impedance values should be presented at the transistor
output for P,,; and 7. Typically, for the maximum P,,;, the optimal resistance (R,,) can
be calculated as follows:

‘/DS,mcwe/2

]zo —
pt
]DS, fund

(2.10)

With the selected output impedances over a desired bandwidth, source-pull is performed
to obtain impedances at the transistor input for finalizing gain and linearity. With the
selected transistor input and output impedances, IMN and Output Matching Network
(OMN) are designed to transform 50 €2 source and load impedances to the input and
output impedances, respectively. For real transistors, input and output impedances at
second and third harmonics can greatly affect performance. Thus, source- and load-pull
are also performed at these frequencies as well. The bias lines are usually designed with
matching networks to minimize very low frequency impedances for reducing long-term
memory effects. Optimization is used to fine-tune the overall PA performance. Since this
conventional PA design uses fixed 50 €2 at the source and the load, any impedance variation
at the load can cause significant performance degradation.

2.1.1 Output Back-Off Efficiency Enhancement Power Ampli-
fiers

Spectrally efficient modulation schemes, such as Orthogonal Frequency-Division Multi-
plexing (OFDM), for high data rate communications cause a high Peak-to-Average Power
Ratio (PAPR) in time-domain signals due to a large number of sub-carriers and a high



Figure 2.3: Outphasing Power Amplifier.
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Output
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digital modulation order. Consequently, PA mainly operates at an average output power
(Pawg < Psat), causing a siginificant drop in 1. Therefore, PA efficiency over the Out-
put Back-Off (OBO) range equal to PAPR needs to be maintained close to the peak 7.
Four types of OBO efficiency enhancement PAs are popular: outphasing PA [16], Enve-
lope Elimination and Restoration (EER) [17] and Envelope Tracking (ET) [15], Dohery
Power Amplifier (DPA) [15], and load-modulated balanced PA [19]. These topologies either
change the drain bias to lower Ppc or modulate the output impedance to modify Prp.

Outphasing Power Amplifier

Fig. 2.3 shows a block diagram of outphasing PA topology. The signal decomposition
block accepts amplitude- and phase-modulated signals and divide them into two signals of
constant amplitude, phase-modulated signals as follows:

Sin(t) = A(t)cos(wt + ¢(t)) = S1(t) + Sa(t) (2.11)
Si(t) = A”;x cos (wt + ¢(t) + cos ™ (jﬂiti)) (2.12)
So(t) = A;M Cos <wt + ¢(t) — cos ™ (iii)) (2.13)

The encoded amplitude modulation information is converted to differential phase mod-
ulation after the signal decomposition block. Each PA sees a constant amplitude signal,
so it can be set to operate at the maximum output power for the highest efficiency at
all times. As a result, a nonlinear, highly efficient PA class of operation can be selected.
However, it has a bandwidth limitation. The differential phase modulation is a nonlinear



operation so the signal decomposition block has to process much wider bandwidth than
the input signal bandwidth.

The output combiner can be either isolated or non-isolated. The isolated output com-
biner provides constant resistive loads to both PAs at all input power levels. This allows
the output signal, S, to be linear but the final efficiency can be significantly degraded at
back-off levels. For example, if the input signal amplitude is zero, S;(t) and Sy(t) are 180°
out of phase. When combined, S,,; is also zero while both PAs are still operating at the
maximum output powers. Thus, the power have to all dissipate in the output combiner
block. Using the isolated output combiner has similar back-off efficiency characteristics as
conventional PA classes of operations.

For improving OBO efficiency, a non-isolated output combiner should be implemented.
It allows the output impedances of each PA to be modulated as follows:

7, = % (1 _ jtan ( iit))) (2.14)

7, = % (1 + jtan ( iﬂ”)) (2.15)

With the modulated impedances, each PA no longer outputs maximum power at all
input power levels while a high efficiency is maintained at back-off levels. However, the
reactive components in Z; and Z, cause the loadlines to deviate from ideal resistive ones.
Thus, parallel reactive components Fj5.X are added to make the impedances real-valued
at a specific back-off level. Although OBO efficiency enhancement can be achieved with
the non-isolated output combiner, linearity is compromised because PA are subject to
time-varying output impedances that lead to distortion.

Envelope Elimination and Restoration and Envelop Tracking

EER and ET enhance OBO efficiency by drain supply voltage modulation. The supply
modulation method dynamically changes the drain bias of the PA according to the input
signal envelope. This can minimize the DC power consumption for the given RF input
drive level to keep the peak drain efficiency over all input power range.

Fig. 2.4 shows a block diagram of supply modulation efficiency enhancement PA. EER
removes the envelope of the input signal entirely and, similar to the outphasing PA, feeds
constant amplitude, phase-modulated signal to the PA. Thus, a nonlinear, highly efficient
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Figure 2.4: Supply Modulation Efficiency Enhancement Power Amplifier.

PA can be employed for maximizing efficiency. The extracted envelope is supplied to the
supply modulation block to control the drain bias of the PA for restoring the envelope
of the input signal. EER technique is sensitive to time delays between two paths for
proper alignment, and the dynamic range of the supply modulation block should be large
enough to cover all possible envelope values. These limit the bandwidth of the overall PA
performance and are potential sources of nonlinearity. On the other hand, ET does not
remove the envelope of the input signal to the PA block. It only extracts the envelope
information for the supply modulation block and the dynamic range of supply modulation
does not have to be as dynamic as the case in EER. However, time alignment issue still
exists.

While the OBO efficiency of the PA block is improved, the efficiency of the overall PA is
Niotal = NpaNsy- Unless ngyr = 100%, Myorar is always degraded. In addition, the bandwidth
of the supply modulation block needs to be wider than the input signal bandwidth because
the envelop is /1% + @2, where I and @) are in-phase and quadrature components of the
input signal. Therefore, the overall PA performance is limited by the supply modulation
block and inherently suffers from bandwidth issues.

Doherty Power Amplifier

Doherty PA achieves OBO efficiency enhancement by its robust design without the need
for real-time processing. Fig. 2.5 shows the Doherty PA active load modulation scheme
at its output. It utilizes two transistors (Class-B main PA and Class-C auxiliary PA)
to perform active load modulation on each other to produce the current, voltage, and
impedance profiles shown in fig. 2.6.

The analysis of the active load modulation can start from the ABCD matrix of the
quarter-wavelength (A/4) transmission line and the voltage across the load (Rp):
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Figure 2.5: Doherty PA Active Load Modulation.
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Figure 2.6: Doherty PA Characteristics. (a) Drain current profiles, (b) Drain voltage
profiles, (¢) Output impedance profiles.

[\Ifnlf } N [j/OZT j?} {YTT} (2.16)
Vi = Rp(Ip + 14) (2.17)
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The effective impedances seen by the transistors can then be calculated as follows:

Zr
Ip=22 1y —1 2.18
T ]RL M A ( )
. . Z
z _Vu gl 3ZrGR e 1) 73 Zp A (2.19)
M= T Iy It R, T ‘
;o Vi Rillr+1y) _ Re(EDy —Ia+1a)  —jZply
=L - - (2.20)
IA IA IA IA

Since the main transistor has a quarter-wavelength transmission line, the ratio between

the main and auxiliary current values have 90—degree phase offset. Thus, another Z,
quarter-wavelength transmission line is inserted at the input of the auxiliary transistor to
remove j term in Z; and Z4. With the added phase offset compensation, the impedances
become

72 I
Iy ==L — Zp—= 2.21
M=y (2.21)
I
Zp = Zp2 (2.22)
I

The values of Zr and R, are design parameters for achieving the impedance profiles in

fig. 2.6. At the input voltage level below OBO,

I,=0 (2.23)

Z3
ZyoBo = R_L = 2R, for 6 dB back-off (2.24)
ZA,OBO = (225)

At the peak input voltage level, I, = I, =1 for 6 dB back-off.

I = I (2.26)
i

ZM,sat - R_ - ZT = Ropt (227)
L

ZA,sat =Zr= Ropt (228)
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Figure 2.7: Doherty PA Characteristics (a) Output Power, (b) Drain Efficiency.

These give Zr = R, and Ry, = R,,:/2. With proper selection of the design parameters,
load modulation behavior of Doherty PA can be achieved, giving the output power and
drain efficiency characteristics shown in fig. 2.7. Fig. 2.7(a) shows that Doherty PA is
inherently linear and fig. 2.7(b) confirms that a high OBO efficiency can be maintained.
The ratio between I,; and I4 can be tuned for a different OBO value but the drop in
1 between two peak points decreases further in return. Doherty PA also has a narrow
bandwidth problem due to the existence of quarter-wavelength transmission line.

Load-Modulated Balanced Power Amplifier

Load-Modulated Balanced Power Amplifier (LMBA) is another load-modulation-based
OBO efficiency enhancement topology by adding a control source at the isolated port of the
output hybrid-90 coupler of the balanced PA architecture [19]. Fig. 2.8 shows a block dia-
gram of LMBA. When the control source, I., is added at the isolated port, the impedances
seen by each PA is modulated, similar to DPA. Eq. 2.29 shows that the impedances seen
by each PA can be modulated to decrease or increase by setting appropriate phase settings
of the control source. This feature is different from DPA, which can only decrease from its
back-off impedances.
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21,.e7%
23:Z4:Zo<1—\/_ ¢ ) (2.29)
I
Li=—jl, L=I (2.30)
LMBA also has a flexibility to choose OBO range, similar to three-way DPA [20], by

the following relationship [21]:

OBO =1+2 (Ib’MAX)z (1 - \/flccos(gbc)> (2.31)

c,MAX b

LMBA is inherently wideband because the hybrid-90 coupler can be utilized as a wide-
band matching network. This topology can be modified to operate as a DPA [7], pseudo-
DPA [21], and sequential PA [22] by modifying the PA class of operations and current
profiles to further improve efficiency and linearity.

2.1.2 Linearization
As linearity and efficiency are trade-offs when designing a PA, it is designed for high ef-
ficiency because it has the highest power consumption at the transmitter. Consequently,

for a linear output behavior, a DPD module is placed before a PA to counteract its non-
linearity. Fig. 2.9 shows an RF chain block diagram that incorporates a DPD module
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Figure 2.9: Complex Baseband Equivalent RF Chain Block Diagram.

for PA linearity. The input (z[n]) and output (y[n|) signals are used to model the DPD
module as the inverse function of the PA behavior such that y[n] ~ z[n]. Before applying
DPD module, the nonlinear PA behavior is modeled using Volterra series as it can in-
clude the memory effect. In continuous-time domain, the Volterra series has the following
representation [23]:

n

u(t) :g/R/R.../Rh(ﬁ,...,Tn)Hz(t—Tj)de (2.32)

Jj=1

where h(7q,...,7,) is the n-th order Volterra kernel. This can also be represented as the
sampled Complex Baseband Equivalent (CBBE) Volterra series in discrete-time domain
for digital processing as follows [24]:

P M M M M M k 2k+1
ylnl => > 0> > Y D> flan) [[Fln—al T] - gl
k=0 q1=0 Gk=qk—1 9k+1=0 gk +2=Gqk+1 G2k+1=92k =1 Jj=k+1

(2.33)

where f(qaki1) = hlq1,Go, - - -, Gars1] is the CBBE Volterra kernel, P the polynomial order,
and M the memory depth order.

In empirical settings, the sampled CBBE Volterra series in Eq. 2.33 are difficult to
implement. Thus, they require a further simplification. The simplest model is called
Memory Polynomial (MP) model with the following formulation [25]:
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where z[n] = [z[n],...,z[n — m]], aum is complex coefficient representing the Volterra
kernel, ¢(-) the basis function, P the polynomial order, and M the memory depth. With
this nonlinear PA forward modeling, the DPD model can be of the same form.

!

M=

-1

“U
L

zln] = Cpmx[n —mllzln —m]|” = prp( x[n]) (2.35)

=
I
3
IS
3
g

This model then simplifies the implementation of DPD to calculating complex coefficients
a,, and to properly choosing P and M for the basis functions.

Direct and indirect learning are two techniques for calculating the coefficients. For the
former, the DPD training block in fig. 2.9 accepts both x and y and utilizes the error
between the signals at each iteration for estimating the coefficients [26, 27]:

M
e=¥ x (2.36)
M =cl — p(v)ute (2.37)
U1 (z(n]) ¥p(x[n])
- 1/)1(:15[7:1 —1]) wp(x[i% —1]) (2.38)
Ui(zln = M]) - Yp(z[n — M])

where ¢ = (¢, c1,...,¢p_1), 0 < pu < 1 is the update step size, [ the iteration step, and G
the linear gain of the RF lineup. For the initial step, c! = (1,0,...,0).

While the direct learning uses the error between the input and output signals, the
indirect learning DPD and PA forward models as f~!(-) and f(-), respectively. It assumes
that the pre-inverse f~'(z[n]) from the DPD module would give the same result as the
post-inverse f~!(y[n]) from the DPD training block:
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2[n] = fore([n]) = frou(y[n]) (2.39)

The coefficients can then be calculated as the following:

c = (V) 1ofx (2.40)

dilylnl) - We(yln])

Uiyl —1]) - p(yln —1])

U= (2.41)

Gilyln — M) - dplyln — M])

These calculated coefficients are valid only for the input signals that have the same
characteristics, including power, PAPR, and bandwidth, for the given fized PA output
load impedance. If anything changes in the setup, the coefficients have to be trained
again. In addition to MP model, other DPD models, such as Complexity-Reduced Volterra
(CRV) [28] and Dynamic Deviation Reduction-Based Volterra (DDR) [29], are also avail-
able for implementation.

2.2 Massive MIMO Architectures and Their Implica-
tions on Power Amplifiers

2.2.1 Massive MIMO Architectures

With ever increasing data traffic demands, 5G communication networks employ spatial
multiplexing to enhance spectral efficiency and overall system capacity. Instead of adopt-
ing a conventional broadcasting approach, in which data are radiated uniformly in all
directions, a beamforming technique concentrates the transmitted energy toward a specific
spatial direction. Furthermore, multiple beams can be simultaneously generated to support
multiple users within the same frequency band, where each beam can sustain a data rate
comparable to that of the broadcasting scheme. Figures 2.10, 2.11, and 2.12 illustrate the
three principal beamforming architectures available for constructing MIMO transceivers,
namely RF (analog), hybrid, and fully digital beamforming.
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Figure 2.10: Analog Beamforming Architectures. Reprinted from [1].
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Figure 2.11: Hybrid Beamforming Architectures. Reprinted from [].

An RF beamformer primarily supports line-of-sight communication scenarios. In this
architecture, a single input signal is equally divided among N; antenna elements, and
phase shifters are employed to impose constant phase offsets between adjacent antennas
in order to generate a single data stream. By appropriately adjusting these phase shifts,
the main beam can be steered within approximately +60° around the boresight direction.
For two-dimensional antenna arrays, beam steering can also be achieved in both azimuth
and elevation. Compared to other beamforming architectures, the RF approach offers
reduced hardware complexity; however, multiple RF beamformers are required to gener-
ate multiple simultaneous beams. This architecture has been extensively investigated in
the millimeter-wave frequency spectrum. Fully digital MIMO transmitters, also referred
to as digital beamforming architectures, are actively researched for sub-10 GHz 5G com-
munication systems and constitute the architecture considered in this work. Among the
available beamforming solutions, the fully digital architecture provides the highest degree

19



Figure 2.12: Digital Beamforming Architectures. Reprinted from [1].
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Figure 2.13: Detailed Fully Digital MIMO Transmitters Block Diagram.
Reprinted from [2].

of flexibility at the expense of increased hardware resources per RF chain. Figure 2.13
presents a detailed block diagram of a fully digital MIMO transmitter. This architecture
can simultaneously support L users using K (L < K) RF chains. The DSP unit executes
the required signal processing algorithms to ensure correct signal reception at the user
terminals, whereas the RF front-ends upconvert and amplify the signals to the desired
carrier frequency while providing high output power and efficiency. At baseband, the data
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streams for individual users are first modulated and subsequently precoded collectively to
compensate for the channel characteristics. Thereafter, a dedicated DPD module within
each RF chain linearizes its associated PA.

In a conventional SISO transmitter, an isolator is typically placed between the PA and
the antenna to ensure a constant 50 €2 load impedance at the PA output. In contrast, fully
integrated MIMO transmitters require a high degree of compactness, and therefore bulky
isolators are generally omitted between the PAs and the antenna array. The removal of
isolators allows antenna mutual coupling to influence the output load impedances seen by
each PA| since the reflected waves now include leaked signal components from adjacent RF
chains. As a consequence, the effective load impedance varies with the transmitted signals,
giving rise to the load modulation phenomenon. These load variations induce fluctuations
in PA characteristics, rendering conventional SISO DPD insufficient for accurate lineariza-
tion. In the presence of antenna crosstalk, the reflected waves must therefore be explicitly
considered to properly model and compensate for load modulation effects. Thus, a seem-
ingly minor architectural modification introduces significant new challenges in transmitter
linearization.

For the fully digital MIMO architecture, precoding is implemented to mitigate mul-
tiuser interference and/or to maximize the received Signal-to-Noise Ratio (SNR). Prior to
transmission, instantaneous Channel State Information (CSI) is estimated in the form of
a channel matrix H, where H € CE*K*N and N denotes the number of subcarriers [30].
Based on H , linear precoding matrices can be computed. Three widely adopted linear
precoders are Maximum Ratio Transmission (MRT) [31], Zero-Forcing (ZF), and Mini-
mum Mean Square Error (MMSE) [32]. The MRT precoder maximizes the received SNR
and is particularly suitable in noise-limited conditions, but it does not explicitly suppress
inter-user interference. Conversely, the ZF precoder eliminates user interference by invert-
ing the channel matrix, at the cost of reduced SNR due to the associated power penalty.
The MMSE precoder provides a balanced tradeoff between MRT and ZF, achieving ac-
ceptable interference suppression while maintaining satisfactory SNR performance. The

corresponding mathematical formulations are derived in [2]. At a carrier frequency of
3.5 GHz, the 90% channel correlation time ranges from 1—10 ms for user velocities be-
tween 3—30 km/h [33], implying that precoding matrices must be updated frequently to

track channel variations.

The hybrid beamforming architecture aims to combine the advantages of RF and fully
digital beamforming in order to reduce system complexity while retaining a degree of
signal generation flexibility. In line-of-sight scenarios, hybrid beamforming can generate
separate beams from each sub-RF beamformer. In non-line-of-sight environments, digital
precoding can be incorporated to mitigate multipath and multiuser interference effects.
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Consequently, hybrid beamforming represents a compromise between hardware complexity
and beamforming capability.

2.2.2 Antenna Mutual Coupling and Load Modulation

Transmitter Front-End

b a
a, 2,1 2,1 Y
—|PA >—= —
/
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TN PA — «
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PA Array Array

v

Figure 2.14: MIMO Transmitter Front-End.

Figure 2.14 illustrates the MIMO transmitter front-end and the corresponding power-
wave flow. When isolators are inserted between the PA outputs and the antenna array,
the reflected wave vector az[n] = [az1[n], ..., as,[n]]T becomes ideally zero due to perfect
isolation. However, when the isolators are removed to achieve a high level of integration,
az[n] is no longer negligible and is related to the outgoing waves through the antenna
scattering matrix as

Su Sz 0 S
a2,1‘(f) Sor Spy - Son 52,1‘(f)

, (2.42)
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where S;; denotes the antenna S-parameters and by; represents the outgoing wave from
the ith PA.

The reflection coefficient I'; seen at the output of the ith PA can therefore be expressed

_ Z?;l Sija2,j(f)
bai(f) '
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Equation 2.43 indicates that the effective output load impedance, equivalently I';, depends
jointly on the antenna mutual coupling levels and the instantaneous signal conditions
across all transmit branches. Since conventional PA designs assume a nominal 50 2 load
impedance, any increase in the magnitude of the numerator in (2.43) results in greater
impedance deviation and consequently more pronounced performance degradation. In
extreme cases, I'; may exceed unity, corresponding to an apparent negative resistance
condition at the PA output.

It has been shown in [34] that the nonlinear distortion metric Adjacent-Channel Power
Ratio (ACPR) can vary by approximately 10 dB when the antenna mutual coupling level
changes from —14 dB to —28.4 dB. In addition to degraded linearity, the output power
P, and drain efficiency n are also adversely affected under severe load modulation. Fur-
thermore, results reported in [35, 36] demonstrate that for —20 dB antenna crosstalk, I';
can vary within a VSWR circle of 2:1 depending on the transmitted signals. Conventional
SISO DPD cannot fully compensate for this behavior because the predistorted signal is
generated solely as a function of its own input a, ;, whereas I'; is influenced by the coupled
wave components as ; from adjacent branches.

The resulting load modulation problem is therefore multifaceted and has been ad-
dressed from three primary perspectives: advanced DSP algorithms, robust PA design
methodologies, and improved antenna and array design techniques aimed at mitigating
mutual coupling.

2.2.3 Linearization Complexity

DPD

For addressing the load modulation problem at the behavioral modeling level, two principal
DPD based approaches have been investigated. The first approach extends the conventional
SISO formulation by explicitly incorporating the reflected wave component as into the
model structure. In this context, a dual-input model, referred to as DISO DPD [37], is
employed to capture the interaction between the incident wave a; and the reflected wave
arising from antenna mutual coupling. Prior to applying the DISO DPD, a Crosstalk and
Mismatch (CTMM) module is utilized to estimate as from a; and the measured antenna
S-parameters. The DPD model then processes both the input signal a; and the predicted
reflected wave a5, resulting in the following dual-input formulation, which assumes that as
remains sufficiently small such that only linear terms are required for its representation:
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This model has been shown to provide improved linearization performance compared to
conventional SISO models in fully digital MIMO transmitters. Nevertheless, its practical
implementation requires the same number of Transmitter Observation Receiver (TOR)
units as the number of RF chains in order to accurately predict as for each branch. As a
consequence, the hardware complexity increases significantly with array size, which limits
its scalability to large antenna arrays.

The second approach is based on load-dependent DPD [38]. Instead of identifying DPD
coefficients at a single nominal impedance, multiple impedance points are selected in the
vicinity of the expected antenna load region for coefficient extraction. During operation,
when the effective load impedances vary due to precoding and changes in the input signal
statistics, the set of DPD coefficients corresponding to the trained impedance that is closest
to the instantaneous load condition is selected for PA linearization. This strategy enables
the continued use of SISO DPD structures, thereby reducing implementation complexity
while partially compensating for load modulation effects.

Precoder

The incorporation of precoding introduces an additional layer of complexity in the anal-
ysis of load modulation. In the absence of precoders, uncorrelated signals are typically
employed for training DPD coefficients and characterizing PA behavior. These signals are
designed to have equal average power levels across all RF chains, resulting in similar load
modulation conditions for each branch. However, when conventional precoders are applied,
disparities in the average power levels among RF chains can reach 6—12 dB [39]. Under
such conditions, the severity of load modulation becomes highly dependent on the relative
power distribution across neighboring chains. For instance, an RF chain operating at high
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output power and surrounded by low-power chains may experience negligible load mod-
ulation. Conversely, a low-power chain adjacent to high-power chains can be subjected
to substantial load modulation, potentially forcing the effective output impedance out-
side the Smith chart. Consequently, precoders can induce significant, channel-dependent
performance variations among RF chains.

To mitigate these variations, equal-power precoders were proposed in [39]. These pre-
coding schemes enforce identical average power levels across all RF chains while preserving
the fundamental characteristics of the three linear precoders discussed earlier. Although
the total transmitted power summed over all RF chains remains unchanged compared to
conventional precoding, the peak power levels are reduced by approximately 2—3 dB when
equal-power precoders are employed. Experimental results obtained from a 2 x 2 fully digi-
tal MIMO transmitter demonstrate that channel-dependent performance variations among
RF chains are substantially reduced using equal-power precoders, albeit at the expense of
increased computational complexity.

Antenna

As mentioned earlier, a VSWR circle of 2:1 corresponds to approximately —20 dB antenna
mutual coupling [35, 36]. If the mutual coupling level can be further reduced, the sever-
ity of active load modulation may be significantly alleviated or even eliminated. Several
antenna-level decoupling techniques have been proposed in the literature to address this
challenge. For instance, the neutralization line approach introduces additional transmission
lines between adjacent antenna elements to compensate for the mutual impedance com-
ponents Z;; [10, 11]. Although effective for specific configurations, this technique becomes
increasingly difficult to scale for large arrays and to maintain broadband performance.

Alternatively, a directional-coupler-based decoupling network can be inserted between
the PAs and the antenna elements [12]. This approach is supported by rigorous theoretical
analysis and can, in principle, achieve substantial isolation improvement. However, its
practical implementation becomes complex and hardware intensive for array dimensions
beyond 2 x 2. Other approaches include the use of stacked decoupling surfaces positioned
above the antenna array [13, 11] and specially engineered antenna geometries designed to
inherently suppress mutual coupling [15]. While these methods can further reduce mutual
coupling, their performance is often sensitive to fabrication tolerances and mechanical
constraints. Consequently, the development of a scalable and practically realizable antenna
structure that provides sufficiently low mutual coupling for large-scale arrays remains an
open research problem.
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Figure 2.15: Switch-Based Reconfigurable Matching Network. Reprinted from [3]

2.3 Review on Power Amplifiers for MIMO Architec-
tures

The main goal for the PA design in the MIMO architecture is to maintain similar per-
formance (linearity, output power, efficiency) under load modulation. In this case, SISO
DPD may be able to model the PA, reducing the complexity and power consumption of
the DSP unit.

One design approach for load-insensitive PA is to develop reconfigurable matching net-
works. Authors in [3] designed a w-shaped matching networks, as shown in fig. 2.15, with
four switches connected to each parallel stub to map load impedances within a 2 : 1 VSWR
circle to the values that would give the same output power. On the other hand, in Inte-
grated Circuit (IC) design, fig. 2.16 shows that varactors can be implemented to directly
control capacitances of each parallel stubs [1]. In addition, in IC design, it is possible to
integrate impedance detection module and the tunable OMN together for establishing an
automatic output impedance correction system [16, 17]. PA output power can be controlled
very well but the reconfigurable matching networks can add additional loss that reduces
the overall efficiency. Furthermore, studies on frequency-dependent antenna loads should
be conducted to verify if it can handle a spectrum of load impedances.

Another method is supply modulation for correcting PA output power. The idea is to
apply supply drain voltage modulation to provide the same loadline as the 50 €2 load at the
intrinsic transistor plane [5, 18]. Fig. 2.17 shows that the impedance measurement system
is connected to the drain bias control unit for dynamically correcting the load presented to

26



Amplifier Load

(Antenna)(Z,s)
Cvart  Cvarz

Figure 2.16: Varactor-Based Reconfigurable Matching Network. Reprinted from [1]

Figure 2.17: Supply Modulation for Power Amplifier Output Power Correction.
Reprinted from [5]

the PA. This approach can transmit the same output power within 2 : 1 VSWR circle but
the impedance measurement processing time may be the bottleneck and the efficiency is not
well compensated for. By the time the techniques are applied to adapt to the new output
load impedance, it is likely to be changed already to a different value. Furthermore, this
method can only choose one load value at a single frequency for correction. Thus, under
modulated signal excitation, it may struggle for frequency-dependent antenna loads and
when precoders are applied in MIMO architectures.

The above-mentioned methods focused on correcting PA output power but when mod-
ulated signals are used for communications, OBO efficiency is also important. Thus, PA
mode switching method was proposed to switch between two operating modes depending
on the output load impedance to achieve both linearity and OBO efficiency under load
modulation. Authors in [6] proposed balanced-to-Doherty mode switching PA. Balanced
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Figure 2.18: A Block Diagram of Balanced-to-Doherty Power Amplifier. (a)
Balanced mode, (b) Doherty mode. Reprinted from [0]

PA is linear and performs similarly across a frequency spectrum, making it inherently
resilient against load modulation, but it suffers from a low back-off efficiency. Fig. 2.18
shows a block diagram of the balanced-to-Doherty mode switching PA. By changing the
load connected to the isolated port of the output hybrid-90 coupler, the balanced PA ar-
chitecture can be changed to DPA. This design was further improved to use a transistor
at the isolated port for the mode-switching control [19]. For full OBO efficiency enhance-
ment, series/parallel DPA mode switching PA was also proposed [50]. If the output load is
connected between the main and auxiliary PAs, the DPA is in series mode. If the output
load is connected at the output of both PAs; it is in parallel mode. By connecting a short-
or an open-circuit load at the isolated port of the output hybrid-90 coupler in 2.18(b),
the mode switches between series or parallel DPA, respectively. The authors also showed
that connecting small reactance and susceptance loading instead of short- and open-circuit
loads can improve linearity of series/parallel mode switching DPA. One of the advantages
of mode-switching PA is that when the performance of one mode begins to degrade, that of
the other mode does not, so the best of both modes can be obtained. However, the mode
switching is determined by a single impedance value at a single frequency component.
Similar to the supply modulation technique, under modulated signals and/or precoders,
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plifier. Reprinted from [7].

frequency-dependent antenna loads can span across both mode regions. This technique
should be tested and simulated further for load impedances that would be presented in
real deployment.

Load modulation can be handled from input signal sources in digital DPA [51]. In-
stead of designing matching networks and choosing biasing points for achieving desired
current and impedance profiles, digitally driven DPA can achieve DPA behavior by send-
ing separately controlled input signals to each PA. Depending on the presented output load
impedance, the amplitude and phases of the input signals can be modified for maintaining
optimal DPA performance. This method can give the most flexibility but it would put
more burden on the DSP unit. Since the goal of this thesis is to reduce the complexity of
DSP unit by designing a PA that can tolerate load modulation, this would be unfavored.

Multiple methods can be combined for a PA topology. Orthogonal LMBA was proposed
to use isolated port loading from mode-switching PA and input signal control similar to
digital DPA [52]. Fig. 2.19 shows a schematic of orthogonal LMBA. Unlike the conventional
LMBA, shown in fig. 2.8, the control source is connected at the isolated port of the input
hybrid-90 coupler, instead of the output coupler. This has the advantage of having low-
power control source and the load connected to the isolated port of the output coupler can
be utilized for reconfigurability. An extensive analysis of load modulation on orthogonal
LMBA [7] showed that it can tolerate wider range of load modulation compared to balanced
PA. In addition, authors in [53] developed a balanced DPA by preserving the inherent
load resiliency of the balanced structure and boosting OBO efficiency from DPA. Authors
in [51] developed a Complementary Metal-Oxide Semiconductor (CMOS) IC PA design
that utilizes series/parallel DPA and load switching at the isolated port of the output
coupler, in the same way done by [50]. In addition, the IC chip controls the drain bias and
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the number of active transistor cells for making the PA load resilient. Although this PA
can work well for 3 : 1 VSWR circle, the authors have only applied modulation signal of
less than 1% fractional bandwidth.

From the PA designers’ perspective, the best load-insensitive PA should be robust
against load modulation by its inherent structure and provide a high OBO efficiency. Bal-
anced PA is a candidate for being robust against load modulation but it has low OBO effi-
ciency. Appendix A shows the analysis on how the balanced PA is robust. Reconfigurable
matching networks showed great performance improvements in linearity but their appli-
cation could be more suitable for adapting to the channel conditions (precoders) instead
of switching for every instantaneous loads. Supply modulation and mode-switching PA
can be effective but their performance are uncertain for wider bandwidth with frequency-
dependent loads. The development of a new PA design that can operate similar to balanced
DPA with three transistors would be the final goal of this study. The design in IC may be
necessary incorporating multiple features in a small footprint.
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Chapter 3

EM/RF/DSP Co-simulation
Framework and Development
Testbed

3.1 Introduction

Research works in DSP, PA| and antenna are mostly conducted individually and separately.
In spite of the solutions in each part giving great results, system-level performance may
yield sub-optimal results due to the additional interactions between different parts of the
system. A full system, which requires much more resources than a single channel RF
front-end, needs to be constructed to understand these interactions.

As the first step, a multi-channel DSP/RF/EM co-simulation framework that incorpo-
rates compact transistor modeling for PA is proposed for predicting a holistic system-level
behavior prior to any circuit and antenna fabrication. The development of such framework
can help designers account for all interactions between each building block for achieving
optimal fully digital MIMO transmitter front-end performance. DSP is already handled by
software and an antenna array can be modeled in S-parameters. The remaining challenge
is to predict PA performance in MIMO configurations interconnecting DSP, PA, and an
antenna array during the design process.

In parallel, 2 x2 and subsequently 4 x4 development transmitter front-end testbeds were
designed and developed to study the fully digital MIMO transmitter front-end. The 2 x 2
development testbed incorporated two different PA topologies (Doherty PA and Class-
AB) and was utilized to experimentally validate the proposed co-simulation framework.
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4 x 4 development testbed was designed and fabricated for the analysis of the massive
MIMO fully digital front-end system-level behavior in practice. 16 channels are a minimum
number of channels needed, due to a limited amount of resources, for understanding the
performance of a massive MIMO transmitter that consists of at least 64 channels. The
testbed includes a multistage PA to allow direct connections to the signal sources at the
input and to the antenna array at the output.

3.2 EM/RF/DSP Co-Simulation Framework

Digital Baseband . ,
Signal Processing RF Envelope Simulation
PA Array Y
— = — Coupler
S
a ; -Gg) X 1 Z] @7* IMN OMN =
- 1
5 5 LO ~ LO—®)
8 A . Q . . . :
(D VL "8 . E . . . . . yl
=2 || - Y
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Coefficient — Transistor Compact Model
Training ey, K

Figure 3.1: Proposed Co-simulation Framework. Figure reprinted from [3].

Fig. 3.1 shows the proposed co-simulation framework. Baseband DSP is performed in
MATLAB, PA design in Keysight Advanced Design System (ADS), and antenna design
in Ansys High-Frequency Structure Simulator (HFSS). Thus, a co-simulation framework
integrates cross-platform designs for system-level simulations. Baseband DSP generates
modulated signals, applies precoding for fully digital beamforming, and trains DPD coef-
ficients for PA linearization. The generated baseband modulated signals are transmitted
to ADS for upconversion then to the PAs for envelope simulation. PA transistors are
compact models, provided by manufacturers, and matching networks are EM-simulated
S-parameters. PAs are also terminated with antenna array S-parameters, extracted from
HF'SS, to account for antenna mismatches and crosstalk. The output modulated signals
from the PAs are coupled back to baseband DSP for DPD coefficient training.
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Algorithm 1 Baseband DSP in Experiments

1: Configure signal, transmitter (Arbitrary Wave Generator (AWG)), receiver (Oscillo-
scope), DPD parameters settings
Generate Modulated Signal using the settings
Generate DPD Basis
for every DPD iteration do
Send input modulated signal to AWG
Receive output modulated signal at oscilloscope
Update DPD coefficients
Apply predistortion to the modulated signal using the new DPD coefficients
end for
: Apply a precoding matrix, if needed

1

o

Algorithm 2 Baseband DSP in Co-simulation

: Configure signal, transmitter (AWG), receiver (Oscilloscope), DPD parameters settings
: Generate Modulated Signal using the settings
: Generate DPD Basis
: for every DPD iteration do

Send input modulated signal to ADS

Run ADS simulation [system(‘hpeesofsim netlist.txt’)]

Receive output modulated signal from ADS

Update DPD coefficients

Apply predistortion to the modulated signal using the new DPD coefficients
end for
: Apply a precoding matrix, if needed

BRI LU ool > A e

— =
= O

3.2.1 Baseband DSP

Algorithm 1 summarizes how it is applied for characterizing PAs in experiments. First,
modulated signal, AWG, oscillscope, and DPD settings are configured. Using these con-
figurations, modulated signals are then generated. Subsequently, DPD basis functions are
formulated for modeling a PA under test. For each iteration, the baseband modulated
signal is uploaded to the AWG and the output signal is captured at the oscilloscope. By
analyzing the input and output signals, the coefficients of DPD basis functions are up-
dated. With the updated set of coefficients, the input modulated signal is pre-distorted for
linearizing the PA under test.
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Figure 3.2: Envelope Simulation. Reprinted from [9].

For the co-simulation framework, as algorithm 2 shows the modified version of the
baseband DSP algorithm, only the transmission and retrieval of the modulated signal
need to be modified while the rest can stay unchanged. For running ADS simulation
from MATLAB, ADS circuit netlist file needs to be generated and the following system
environment variables need to be set up for calling ADS simulator hpeesofsim via MATLAB
operating system commands [55]:

1. Variable Name: ‘HPEESOF DIR’, Variable value: ‘ADS install directory’

2. Variable Name: ‘COMPL_DIR’, Variable value: ‘%HPEESOF_DIR%’

3. Variable Name: ‘SIMARCH’, Variable value: ‘win32_64’

4. Add %HPEESOF_DIR%)\bin to the variable ‘PATH’

5. Add %HPEESOF _DIR%\adsptolemy\lib.win32_64 to the variable ‘PATH’

6. Add %HPEESOF DIR%\lib\win32_64 to the variable ‘PATH’

MATLAB now solely controls the flow of the co-simulation processing, given that the

ADS circuit netlist is properly generated. The next subsection discusses how to set up the
ADS schematics.

ADS Ptolemy signal processing simulator [56] provides features to handle time-domain
modulated signals from MATLAB DSP algorithm. The processed time-domain signal can
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be applied to a Device Under Test (DUT) for frequency-domain analysis using envelope
simulation. The envelope simulator [9] extracts the envelope of the time-domain signal and
performs harmonic balance (frequency-domain) simulation at the carrier frequency for the
amplitude and phase at each sampled time. Memory effects can also be captured because
each harmonic balance simulation result is dependent on past values of the envelope. Har-
monic balance simulation produces results at DC, fundamental frequency, and harmonic
frequencies. Thus, for the output time-domain signal, Ptolemy has an envelope output se-
lector model (EnvOutSelector) to extract only the fundamental frequency results over the
entire input signal length for generating the output time-domain signal. This signal is fed
back to MATLAB for DPD training. Fig. 3.2 summarizes how Ptolemy can be combined
with RF envelope simulation to perform time-domain analysis.

3.3 Development Transmitter Front-End Testbed

3.3.1 2x2 Transmitter Front-End

RN e

Classr AB PA
EMRG 2020

Figure 3.3: 2x2 Fully Digital MIMO Transmitter Front-End (a) Fully assembled
modular fully digital MIMO Transmitter Front-End, (b) Class-AB PA, (c) Doherty PA.
Reprinted from [10].

The 2x2 development transmitter front-end was designed and developed by Hang
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Figure 3.4: 2x2 Array Measurement Setup. Reprinted from [4]

(Justin) Yu and Emile Traore from our research group. A 2 x 2 array is the smallest
MIMO system for studying the effects of antenna crosstalk on PA performance. Fig. 3.3
shows the complete assembly of the 2 x 2 modular fully digital MIMO transmitter front-
end, and custom-built Doherty PA and Class-AB PA that were designed and fabricated.
This transmitter front-end was used for the experimental verification of the proposed co-
simulation framework and as a reference design for the next 4 x 4 transmitter front-end.

Application of the Proposed Co-simulation Framework to the Study of the
Antenna Crosstalk effects on 2x2 Transmitter Front-End Performance and Ex-
perimental Validation

For the experimental validation of the proposed co-simulation framework in Sec. 3.2, a
four-channel fully digital MIMO transmitter was assembled, as shown in fig. C.2. For
providing sufficient input power and converting the differential signal to the single-ended
one, each RF chain consists of a balun (Marki Microwave BAL-0010), a low-pass filter (LPF;
Mini-Circuits VLF-5500+), a driver amplifier (Mini-Circuits ZHL-42+), a custom-built PA
(4-watt class-AB PA or 7.6-watt DPA shown in fig. 3.3), and a directional coupler (Anaren
X4C40K1-20S). For the antenna array, modular dual-polarized stacked patch antennas with
0.7\ spacing are configured in a 2x2 grid. Modulated signals are generated by two dual-
channel AWGs (Keysight M8190A) and captured by a four-channel oscilloscope (Keysight
DSOS404A).

The PAs and the antennas were designed to cover N78 and/or N79 operating bands
(3.3—3.8 GHz and 4.4—5.0 GHz). Both Class-AB and DPA were designed using 6 W
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Table 3.1: Comparison of System-Level Simulation and Measurement With and
Without SISO & DISO DPD.

Simulation Measurement # of
RNMSE|ACPR|ACPR|Navg| Pavg |RNMSEJACPRJACPR|Navg| Pave DPD
(%) |L (dB)|R (dB)|(%)|(dBm)| (%) |L (dB)|R (dB) i%i (dBm)| Coeff

w/o

Class| DPD 7.0 |—-34.3]|-32.5]25.0] 33.3 9.5 |-344]|-32.6 334

AB [SISO| 1.24 [-47.2]-46.6]23.7| 33.0 29 1-46.5(1-47.0]21.3] 334 | 31
DISO| 0.69 |-52.8|-52.523.7] 33.0 13 1-4921-499121.0] 33.4 | 43

w/o
DPD 7.77 |-35.1|-32.234.0] 35.7 9.5 -31.6 —31.7. 34.7

SISO| 1.43 | —46.2]-45.2132.9] 35.6 2.2 | —45.8]-46.1]30.5] 34.7 | 68
DISO| 0.93 ]-49.5]-50.032.9] 35.6 1.2 1-49.6]-50.0]31.2] 34.7 | &4

DPA

transistors (Wolfspeed CGHV1006S) that operate with the drain voltage of 28 V and the
main transistor’s quiescent current of 20 mA. Class-AB PA has the small-signal gain of
13.0 £ 0.5 dB for 3.2—3.8 GHz, while DPA has 8.75 + 0.95 dB for 3.3—5.0 GHz with the
peaking transistor biased at —6.4 V in class-C mode. The stacked patch antenna achieved
an excellent cross-polarization isolation of 40 dB, and the 2x2 antenna configuration with
0.7 spacing gives the worst case cross-coupling level of —24 dB.

For the system-level measurements, four uncorrelated OFDM signals at fy = 3.4 GHz
having the characteristics of 8 dB PAPR, a modulation bandwidth of 100 MHz, and an
oversampling factor of 5 were generated by the AWGs. The co-simulation framework
emulated the input signal generation process by scaling it to the AWG’s output level
and by inserting S-parameters of passive components between the AWGs and the PAs in
cascade. Without any external isolators between the PAs and the antenna array, dual-input
DPD architecture in [37] was employed to mitigate the combined effects of PA nonlinearity
and antenna crosstalk.

Table 3.1 compares simulation and measurement results. Root Normalized Mean Square
Error (RNMSE) measures the discrepancy between the input and output signals within
the band, while ACPR measures the ratio between the in-band and out-of-band powers of
the same bandwidth. For estimating over-the-air system-level behavior at boresight, the
results of 2x2 array are vector-weighted summed. Before applying DPD, both Class-AB
and DPA show excellent spectra overlap between simulation and measurement, as shown
figs. 3.5a and 3.6a. A small discrepancy in the RNMSE may be due to noise and linear
distortion produced by the measurement equipment. When SISO and DISO DPDs were
applied to both PAs, simulation and measurement results follow a similar trend, as shown
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in figs. 3.5b, 3.5¢ and 3.6b. The proposed co-simulation framework can predict the general
trend of the system-level performance very well.

o[

PSD (dBm/Hz)
8
PSD (dBm/Hz)

—— Meas. Spectrum
—— Sim. Spectrum

32 33 34 35 36 32 33 34 35 36
Frequency (GHz) Frequency (GHz)
(a) (b)

-40

-60F

PSD (dBm/Hz)
g
[—)

32 33 34 35 36
Frequency (GHz)
()

Figure 3.5: Spectra of Combined Signals for 2x2 Fully Digital MIMO Trans-
mitter using class-AB PAs. (a) Without DPD, (b) With SISO DPD, (c) With

DISO DPD.
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Figure 3.6: Spectra of Combined Signals for 2x2 Fully Digital MIMO Trans-
mitter using Doherty PAs. (a) Without DPD, (b) With SISO DPD, (c) With

DISO DPD.

3.3.2 4x4 Transmitter Front-End

Multi-stage PA

In addition to expanding a 4-channel fully digital MIMO transmitter system to a 16-
channel system, RF front-end system needs to be fully integrated to remove any external
components such that signal sources and antennas can be directly connected to the RF
inputs and outputs, respectively. As the array size becomes larger, having additional
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Pre-Driver 1 Pre-Driver 2 Driver PA

Figure 3.7: Multi-stage PA Line-up. QPA9127, HMC1122, and QPA9842 form a vari-
able gain pre-driver stage and provide linear input power to a driver stage (first Wolfspeed
6 W transistor). The last Wolfspeed (now MACOM) 6 W transistor is a PA, designed to
output a peak power of 38 dBm.

external components may introduce variations between channels and is not cost-effective.
Available signal sources are AWG and Field-Programmable Gate Array (FPGA) (Xilinx
RFSoC and MPSoC), so the RF front-end system must have a variable gain feature for
—20 to —7 dBm RF input power range.

Figure 3.7 shows an RF line-up with a variable gain feature for this project. The driver
and PA stages, using Wolfspeed’s (now MACOM’s) 6 W transistors, were first designed
separately and then re-tuned as a multistage PA. The components for the pre-driver stage
were then selected to provide a fixed RF power to the driver input while accepting a
required range of input power levels from signal sources.

\'Ids \'“Td.s
v Ls /L. ——> Ves gm\frgs l Lo 71
g =

Figure 3.8: Ideal Transistor Model. Transistor operation mode is selected by setting
gate bias (Vg), drain bias (Vpg), and a loadline (Zr).

Figure 3.8 shows an ideal transistor model. For the RF PA design, the transistor is

typically connected in the common-source configuration, in which the gate is connected
to an input source, the drain to an output impedance, and the source to a signal ground.
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Figure 3.9: Ideal Transistor DCIV Curves. Plots are normalized to [,,,, and V.
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Figure 3.10: Real Transistor Large-Signal Model.

For designing a specific PA class of operation, gate bias (Vgg), drain bias (Vpg), and
loadline (Z}) are typically set such that the input RF signal stays in the linear region in
fig. 3.9a (0 < Vg < 1) and the saturated region in fig. 3.9b (0.1 < Vpg < 1). For the
given Vg and Vpg, the optimal output impedance (R,,) for the maximum output power
can be calculated by Ropt = (Vbsmazr — Vinee)/IDsmaz, Where Vigee is 0.1 in fig. 3.9b and
]DS,mzzr = 1.

Commercial transistors, unlike ideal ones, have non-linear transconductance and par-
asitic capacitances, as shown in fig. 3.10. Because of these non-linearities, the real tran-
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Figure 3.11: Large-Signal G,, Simulation Setup. By short-circuiting the drain termi-
nal, the non-linearity of G,,, can be characterized. C,,; can be de-embedded later and used
as a part of an output matching network.
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Figure 3.12: Commercial Packaged Transistor Large-Signal Model. (a) Intrinsic
plane large-signal transistor model, (b) Packaged transistor model.
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Figure 3.13: DCIV Loadline. (a) DCIV loadline of Cree’s CGHV1F006S GaN transistor,
(b) Load values for each loadline in (a), (¢) P, and n for each loadline.

sistor’s behavior needs to be scanned over the entire input and output impedance design
in simulation to choose proper input and output impedances for the desired behavior with
respect to gain, linearity, efficiency, and output power. This procedure is called source-
pull and load-pull and prior to these source- and load-pull, a few design steps should be
executed.

First, proper biasing points need to be established. The drain bias of Wolfspeed’s
CGHV1F006S GaN transistor is designed to be between 20 V' and 40 V' [57]. For maxi-
mizing the output power, 40 V is chosen for the PA stage. For the driver stage, a lower
drain bias can be used for improving its efficiency, but 40 V' was also chosen as simulations
showed that the higher the drain bias, the larger its small-signal gain. A high gain is
needed to relax the maximum linear output power requirements on the pre-driver stages.
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Figure 3.14: Transistor Stabilization Network. Transmission lines are for the transis-
tor contacts. 50 2 and 1.4 pF capacitor are for in-band stabilization and 100 §2 in the gate
bias line is for low frequency stabilization.

Second, the gate bias needs to be selected. Although a real transistor’s transconduc-
tance (G,,) is non-linear, by carefully choosing the gate bias, G, can be linearized as much
as possible. Figure 3.11 shows how the large-signal (z,, can be simulated and its value can
be found by calculating |I4s rund/Vys, fund|- Figure 3.12a shows that —2.9 V' gives the most
linear GG, at 3.5 GHz and fig. 3.12b shows that similar linearity characteristic is preserved
for the whole bandwidth of interest. —2.9 V' gate bias for deep Class-AB operation is
chosen for both driver and PA stages to make the combined stages as linear as possible.

With the selected Vg and Vpg, a loadline can be selected based on realizability, output
power (P,,), and drain efficiency (n). Various loadlines are shown in fig. 3.13a for Wolf-
speed’s CGHV1F006S transistor. For each loadline, its corresponding load value is plotted
in fig. 3.13b. For a wideband matching network, a smaller ratio between Z; and 50 €2 is
beneficial so 250 €2 loadline was ignored. Figure 3.13c shows how P,,; and n change for each
loadline. As the load value becomes larger, Vi,ec and I,,,, decrease. When V},,.. decreases,
the fundamental voltage swing becomes larger. When [,,,, decreases, the fundamental
current swing becomes smaller, but n improves as DC current also decreases. There is an
optimal load value that gives both high P,,; and 7. Load values between 100 €2 and 110 €2
are such values, as shown in fig. 3.13c.

Stability is a measure of how resilient a transistor is against spontaneous oscillations.
As stability depends on the transistor scattering matrix, biasing points can change how
the stabilizing network should be designed. After selecting proper biasing points, stability
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Figure 3.15: Stability Simulation Results. (a) Stability Factor and Maximum Available
Gain, (b) Source and Load Stability Circles.

analysis can then be performed before designing matching networks. Stability circles can
be plotted for both input and output nodes but it is sufficient to design a stabilizing
network at one side. For PA design, the network is designed at the input for maximizing
output power and efficiency. Figure 3.14 shows the stabilizing network for CGHV1F0006S
transistor biased at —2.9 V at the gate and 40 V at the drain. The parallel 50 €2 and
1.4 pF capacitor are for stabilizing in-band (3.2—3.8 GHz), while 100 €2 in the gate bias
line is for low frequency stabilization. Figure 3.15 shows stability simulation results for
the schematic. The schematic is unconditionally stable, except for 5.0—7.0 GHz. When
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Figure 3.16: Packaged Transistor.

the stability circles are checked, both source and load sides are unstable near the edge of
the smith chart on the left. This design strategy is used to maximize available gain as
much as possible. If impedances in 5.0—7.0 GHz band are designed to avoid the unstable
regions, the transistor will still be stable. When matching networks with transmission line
models are added to the PA design, signal loss adds to the overall PA behavior, pushing
the stability circles outside of Smith chart.

Input and output matching networks for the driver and PA were initially designed sep-
arately, and they were combined and re-tuned for the overall multistage PA performance.
The driver was designed for high gain and linear performance, while the PA was designed
for high efficiency and high output power. During the design process, four frequency bands
need careful attention: low frequency, fundamental, second harmonic and third harmonic.
The low frequency band (up to 1 GHz) impedances need to be as low and flat as possible;
otherwise, during modulated signal test, it can be a significant source of slow memory ef-
fect. This can cause the linearization step more complex. The fundamental and harmonic
frequency band impedances need to be matched together as harmonic impedances in real
transistors affect an amplifier’s performance and determine a class of operation.

Source- and load-pull simulations need to be performed to find exact impedances re-
quired for the input and output, respectively. Prior to the simulations, transistor package
parasitics, shown in fig. 3.16, should be extracted first to find impedances required at the
intrinsic device plane such that the intrinsic device’s C;, and C,,; as well as the package
parasitics can be included in the matching network designs.
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Figure 3.17: PA Output Matching Impedances at the Intrinsic Device Plane.
For P,,; > 38.0 dBm and n > 68%, the real impedances of the fundamental frequency
bands is around 111 €. For Class-AB, harmonic frequency band impedances need to be
short-circuited. However, the phases of second harmonic impedances affect both P,,; and
71 so their phase values can be offset from 0 in real transistors.
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Figure 3.18: PA Output Matching Network Schematic.

Through load-pull and optimizations, the optimal impedances for the PA output for
P,,; > 38.0 dBm and n > 68% are shown in fig. 3.17. The real impedances of the funda-
mental frequency bands are between 111 €2 and 115 €2, close to DCIV predictions made in
fig. 3.13. For Class-AB, harmonic frequency band impedances need to be short-circuited.
However, the phases of second harmonic impedances in real transistors affect both P,
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Figure 3.19: PA Output Matching Network Schematic.

and 7 so their phase values can be offset from 0.

Figure 3.18 shows the final schematic of the PA output matching network to match
the loads showin in fig. 3.17 to 50 €2. The matching networks were designed with short
transmission line segments to apply Richard’s transformation to save layout space for future
fabrication. The drain bias line and the choice of RF block capacitor (24 pF) were carefully
designed to maintain very low impedances for low frequency band, as shown in fig. 3.19.
Up to 1 GHz, it does not change abruptly and is kept below 20 €.

The input matching network is responsible for gain and linearity but for the PA design,
the main focus is linearity. The gain curve should not compress too early and the phase
distortion needs to be minimized. A wide input power range was swept for source-pull and
the input impedances that give the minimum compression were chosen for the matching
network. Figure 3.20 shows that input impedances need to be around 16 2 and —519.5 2
in the real and imaginary parts, respectively.

Figure 3.21 shows the final schematic of PA input matching network design. Package
parasitics and Cj, were added to the overall matching network design. RC parallel tank
and 100 €2 in the bias line are for stabilizng the transistor. This matching network is later
combined with the output matching network of the driver transistor.

Figure 3.22 shows the overall standalone PA performance. The small signal gain is
14.0 & 0.5 dB and the 3 dB compression point occurs at P,,; = 38.0 dBm. The drain
efficiencies at the peak P,,; and at 8 dB back-off are 63—75% and 25—31%, respsectively.
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Figure 3.21: PA Input Matching Network Schematic.

Having the 3 dB gain compression at the peak P,,; and the phase distortion of less than 20°
show that the PA is very linear and has reached its maximum P,,. Both P,,; and n have
reached the values obtained from the load-pull simulation and from the DCIV prediction.

For the driver stage, the P,,; does not need to be as high as that of the PA stage, so for
better overall efficiency, a smaller transistor size should be chosen. However, CGHV1F006S
transistor is the smallest transistor available. As a result, the same transistor was also
used for the driver stage. The driver can be designed for high gain or for high linearity
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Figure 3.22: PA Performance. (a) Gain, (b) Phase distortion, (c¢) Drain Efficiency.

by manipulating the input matching network. For allowing a range of P;,, high gain pre-
driver stages can be added, so the driver stage was designed for linearity as well. For the
maximum PA P,,, P;, should be 27 dBm, as shown in fig. 3.22a. For linear driver-PA
performance, the driver was initially designed to have a linear P,,; at 30 dBm. Figure 3.23
shows the initial driver gain and phase characteristics using schematic transmission line
modeling. It has linear gain and phase behavior up to 29—30 dBm.

The driver was then placed before the PA stage, connected by a DC block capacitor, and
its output matching network as well as the input matching network were re-tuned to keep
the same overall P,,; at 38 dBm and linear behavior in both gain and phase characteristics.
Figure 3.24 shows the gain and phase characteristics of driver-PA stages for 3.2—3.8 GHz
with 50 MHz step. 3 dB compression point is at the maximum P,,; and the gain curve is
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Figure 3.25: Multistage-PA Performance. (a) Gain, (b) Phase distortion for
3.2—3.8 GHz with 50 MHz step.

very flat, showing linear behavior and the phase distortion do not exceed 20° for most of
the frequency components.

This multi-stage PA requires ~13—15 dBm P;, for the maximum P,,; for 3.2—3.8 GHz.
For supporting P;, from both AWG- and FPGA-based signal sources of —20 dBm to
—7 dBm, pre-driver stages need to provide 20—35 dB variable gain. A typical Variable
Gain Amplifier (VGA) contains a variable attenuator between two fixed amplifiers. Pin
layouts on commercial products make routing complicated and the second amplifier stage
must also be linear for P, greater than 15 dBm for making the full RF chain linear.
Thus, two amplifiers and a variable attenuator were selected separately. QPA9842 [58]
operates in 2.7—3.8 GHz and has a typical small signal gain of 19.5 dB. Its output power
at which 1 dB compression (OP1dB) occurs is 25 dBm, providing a sufficient margin for
linearity. QPA9127 [59] operates in 1.0—6.0 GHz and has a typical small signal gain of
20 dB. Its OP1dB is 19.5 dBm, allowing enough margin for the highest Pin of —7 dBm.
HMC1122 [60] is a 6-bit digital attenuator that varies from 0 dB to 31.5 dB in 0.5 dB step.
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Figure 3.28: AMC7834 DAC/ADC Module for Gate Biasing and Drain Current
Reading. This chip is serially controlled via SPI protocol. VDD5V is 5 V' supply for both
digital and analog circuits. IOVDD is 3.3 V for setting digital logic levels. VSS5V is —5 V/
for negative analog supply and the PAD. These voltages are all provided from a single 6 V'
supply using a voltage inverter and low-dropout voltage regulators.

Its worst insertion loss for 3.2—3.8 GHz is 2.4 dB. This variable gain pre-driver stages can
provide 8—37 dB of gain for the following multi-stage PA.

Using QPA9842’s S-parameters, provided by the manufacturer, the input matching
network of the driver stage was re-tuned to account for the frequency response of QPA9842.
The variable gain of 23—35.5 dB in the final design can allow the peak input signal power
to fall between —19.5 dBm and —7 dBm. After the five-stage PA design was completed,
a 30 dB directional coupler (X4C40K1-30S) was added after the last PA stage to provide
0 dBm coupled output power for DPD training. The final gain and phase behavior of the
multi-stage PA is shown in fig. 3.25. The final schematic and PCB layout of the PA for
fabrication are shown in figs. 3.26 and 3.27.

In practice, the gate biases of transistors are controlled by separate DC power supply
channels because each transistor requires a different voltage for the same bias current due
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to process variation. For the designed multi-stage PA, two gate biases are needed: one
for the driver and the other for the PA. This expands to 32 gate bias lines for a 4x4
fully digital MIMO transmitter system. For solving such wiring issue, Texas Instruments
AMCT7834 [61], an integrated Digital-to-Analog Converter (DAC)/Analog-to-Digital Con-
verter (ADC) module for PA application, is used. It has four bipolar (—5—0 V) DAC
channels and four external ADC (0—2.5 V') channels. Thus, one AMC7834 chip can sup-
port two channels of the designed multi-stage PA for supplying gate biases and measuring
corresponding drain bias currents. Figure 3.28 shows a schematic of how AMCT7834 is
connected. It accepts a single 6 V' DC supply, which is inverted and regulated to —5 V/,
3.3 V,and 5 V. DAC pins are connected to transistor gate bias lines and ADC pins are
connected to buffered voltage outputs of transistor drain bias lines. 0.1 €2 sensing resistor
and a 50 V/V operational amplifier is implemented to scale output voltages to 0—2.5 V'
ADC ranges and not to disturb the drain bias voltages when the drain current increases. It
is digitally controlled via Serial Peripheral Interface (SPI) protocol and algorithm 3 shows
its initialization procedure. Clamp voltages (Clampl and Clamp2) are set to force output
DAC voltages to —5 V upon reset /start-up to protect the transistors.

Algorithm 3 AMC7834 Initialization and Settings

1. Software Reset (Send 0xC to register 0x1D)

2: Set DAC ranges to —5 V to 0 V (Send 0x5 to register 0x16).

Set ADC MUX for 4 external, 4 internal (DAC readings), and 1 local temperature pins
(Send 0x40FF to register 0x12).

Set AMC Config 0 for Direct-Mode ADC Conversion (Send 0x1300 to register 0x10).
Activate ADC and DAC (Send 0x2 to register 0x2).

Release DAC clamps (Send 0x3C to register 0x17).

Set DAC voltages.

Check if ADC conversion is ready.

Read drain currents, DAC voltages, and chip temperature.

®

Modulated-Signal-Based Co-Simulation Results

As a final verification step, two- or multi-tone simulation used to be performed to predict
how a PA would behave under modulated signal excitation. However, with the development
of modulated-signal-based co-simulation framework, explained in Section 3.2, the designed
multi-stage PA in fig. 3.27, terminated with 50 €2, was simulated under 100 MHz, 8 dB
PAPR OFDM signal with an oversampling ratio of 5. The PA was subsequently linearized
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Table 3.2: Multi-stage PA Linearization Results.

NMSE | ACPR ACPR Pave
(%) | L(dB) | R(dB) | (dBm)

Before 206 _ag o
DPD 749 30. 38.3 30.3
After

DED 0.68 | —58.0 | —58.3 30.2

AM/PM Distortion

Gain Distortion (dB)

Phase Distortion (degrees)

15 50
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Figure 3.29: Multi-stage PA Modulated-Signal-Based Co-simulation Results. (a)

AM/AM, (b) AM/PM, (c¢) Spectrum. Blue is before applying DPD and red is after applying
DPD
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by Modified Dynamic-Deviation Reduction (MDDR) DPD with 68 coefficients to verify
its linearizability. Table 3.2 summarizes multi-stage PA co-simulation results. NMSE
calculates how different output in-band signal is from that of the input while ACPR is the
power ratio between the in-band 100 MHz signal and the left and right adjacent 100 MHz
signals. The multi-stage PA has very good linearity before applying DPD as it reaches
only 1.8 dB gain compression, shown in fig. 3.29a, instead of typical 3 dB compression at
the peak P,,;. It can be linearized very well as the adjacent channel powers are more than
50 dB lower than that of the in-band with the peak P, of 38 dBm. This completes the
design procedure and verification of a multi-stage PA.

Single-channel Measurement Results

Figure 3.30: Multi-stage PA and AMC7834 DAC/ADC system. (a) Standalone
Multi-stage PA and AMC7834 DAC/ADC system, (b) Integrated Multi-stage PA and
AMCT7834 DAC/ADC system.

For prototyping, two versions of multi-stage PA and AMC7834 DAC/ADC controller
were fabricated. One is separate, standalone PA and DAC/ADC controller boards (fig. 3.30a,
and the other is the two boards integrated together (fig. 3.30b). Both versions were first
tested under small signal excitation. Figure 3.31 shows that simulation predicted the multi-
stage PA behavior very well and that two versions behave almost exactly the same. As long
as the same drain bias current is applied to both driver and PA transistors, the multi-stage
PA performances under small signal excitation are similar.
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Figure 3.31: Single-channel Multi-stage PA Small-signal Measurement Results..
(a) S21, (b) S22. Measurement results of both versions of multi-stage PA and AMC7834
DAC/ADC controller are compared to simulation results. HMC1122 attenuator was set to
12 dB.

As both versions perform similarly, only the integrated version was used for the subse-
quent modulated-signal-based DPD measurements. Since the designed operating frequency
range is 3.2—3.8 GHz, 3.4 GHz, 3.5 GHz, and 3.6 GHz were selected as carrier frequencies
for 100 MHz and 200 MHz wide OFDM signal with 8 dB PAPR and an oversampling rate
of 5. CRV Pruned and MDDR DPD algorithms were applied for all cases.

Table 3.3 summarizes DPD results at 3.4 GHz, 3.5 GHz, and 3.6 GHz carrier frequencies
for 100 MHz OFDM signal with 8 dB PAPR and an oversampling rate of 5. ACPR levels
before DPD were notably different between simulation and measurement results. Due to
the presence of noise in the measurement equipment, there is a limit. In addition, the
pre-drivers and attenuator could only be simulated with their S-parameters. In practice,
they also change behavior upon input power.

Despite the differences in the starting ACPR values before applying DPD algorithms,
simulation predicted well that CRV Pruned DPD linearization algorithm performs better
than the MDDR by ~1 dB in ACPR levels. Measurement results also show that the
designed multi-stage PA shows very good linearizability. Figures 3.32 to 3.34 show visually
why 3.4 GHz carrier frequency has better ACPR levels after applying DPD. For future
measurements, 3.6 GHz may be replaced by 3.3 GHz because 3.6 GHz carrier frequency
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Table 3.3: Prototype Multi-stage PA Linearization Results. 100 MHz OFDM signal
with 8 dB PAPR and an oversampling rate of 5 were used.

Simulation Measurement Measurement
(PAOnly + DAC/ADC board) (ALL INTEGRATED)
NMSE | ACPR ACPR DE Pavg NMSE | ACPR ACPR DE Pavg NMSE | ACPR ACPR DE (%) Pavg
) | L@e) | R@® | oo | @@m | oo | La@e | R@e | oo | @m | ¢ | L@ | rR@w (dBm)
B;E;e 6.30 -37.9 | -381 | 143 | 302 6.86 -32.4 | -315 | 1200 | 201 6.84 | -32.4 | -311 11.9 29.1
CRV_Pruned
‘;f[t;‘i;" 0.38 -61.0 | -60.6 | 14.1 | 30.1 0.37 | -57.4 | -58.1 |12.0 | 201 0.38 | -57.3 | -57.9 11.9 201
3.4 GHz
B;E;e 6.29 -37.9 | -381 | 14.3 | 302 6.87 | -32.3 -31.4 | 120 | 291 6.82 | -32.3 -31.1 11.9 20.1
MDDR
‘;f;; 040 | -50.5 | -50.2 | 14.1 | 30.1 0.42 -56.7 | -57.4 |12.0 | 20. 0.47 | -56.4 | -56.8 11.9 20.1
B;E;e 6.61 -30.2 | -37.3 | 146 | 304 8.54 | -320 | -30.7 | 1.8 | =2g0.0 7.88 -334 | -309 12.2 29.2
CRV_Pruned
‘;f;; 0.64 | -50.6 | -58.6 | 14.5 | 303 061 | -53.0 | -54.6 | 11.8 | 20.0 0.61 | -54.3 | -54.8 12.2 29.2
3.5GHz
B;E;e 6.61 -30.2 | -37.3 | 146 | 304 8.82 -32.4 | -30.4 | 11.8 | 20.0 7.90 | -334 | -308 12.2 29.2
MDDR
‘;f;; 0.65 | -58.4 | -57.5 | 14.5 | 303 053 | -535 | -55.5 | 118 | 29.0 1.00 | -54.4 | -55.5 12.2 29.2
B;E;e 7.00 -38.1 | -35.0 | 154 | 307 982 | -322 | -282 | 11.8 | 289 104 | -32.2 | -27.7 111 28.8
CRV_Pruned
‘;f;; 085 | -53.4 | -52.5 | 152 | 307 0.64 | -530 | -40.6 | 118 | 289 0.63 | -53.2 | -40.8 111 28.8
3.6 GHz
B;E;e 7.00 -38.1 | -35.0 | 154 | 307 0.88 | -3222 | -281 | 11.8 | 289 104 | -32.2 | -27.7 111 28.8
MDDR
‘;f[tfg 085 | -53.4 | -52.5 | 152 | 307 050 | -53.0 | -50.6 | 118 | 28.9 0.58 -53.1 | -50.6 111 28.8

suffered from the upper frequency linearization because of the sudden PA gain drop after
3.8 GHz.

Overall, simulation predicted the general trends well and the measurement results
showed great linearizability. This single-channel prototype multi-stage PA design is good
enough to be extended to build 16-channel fully digital MIMO transmitter front-end.
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Figure 3.32: Multi-stage PA DPD Measurement Results @ 3.4 GHz Carrier
Frequency. (a) Simulation, (b) Measurements. Measurement results of both versions of
multi-stage PA and AMC7834 DAC/ADC controller are compared to simulation results.
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Figure 3.33: Multi-stage PA DPD Measurement Results @ 3.5 GHz Carrier
Frequency. (a) Simulation, (b) Measurements. Measurement results of both versions of
multi-stage PA and AMC7834 DAC/ADC controller are compared to simulation results.
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Figure 3.34: Multi-stage PA DPD Measurement Results @ 3.6 GHz Carrier
Frequency. (a) Simulation, (b) Measurements. Measurement results of both versions of
multi-stage PA and AMC7834 DAC/ADC controller are compared to simulation results.

1x4 PA Array Design

For building 16-channel fully digital MIMO transmitter front-end, 4x4 configuration is
selected. The design goal is to allow any configurations within 4x4 structure to operate.
Since AMC7834 gate biasing chip can handle two multi-stage PAs and each PA layout
dimension is limited to antenna array spacing, four PA channels are fabricated on the
same PCB with two AMC7834 chips, placed at top and bottom of the PCB. In addition,
the height of the PCB, mounted on a metal base and heat sinks, is carefully designed to
use both polarization ports of the antennas. Figure 3.35 shows the final 1x4 PA Array
Design for fabrication submission. It is an extended version of fig. 3.30b. Four (eight)
rows of 1x4 PA Array is needed for 16-channel single (dual) polarization 4x4 fully digital
MIMO transmitter front-end. This PCB is submitted for fabrication.

DC Power Distribution Board
In addition to transistor gate biasing, each PA requires one channel of 5.5 V and two

channels of 40 V. For 16-channel dual polarization setup, 32 DC power connections are
needed. For reducing the complexity and number of wire connections and for preventing
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Figure 3.35: 1x4 PA Array Design for 16-Channel Fully Digital MIMO Trans-
mitter Front-End. Each PA is separated by 60 mm for 0.7 \ antenna spacing at 3.5 GHz.

any possible human errors, a DC power distribution board for the 1 x 4 PA Array is
designed. Figure 3.36 shows the top and bottom view of the designed DC power distribution
board. Figure 3.36a is for the connections to 1 x4 PA Array, and fig. 3.36b is for the external
DC supply connection and jumpers for reconfigurability. LEDs and fuses are added to
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Figure 3.36: DC Power Distribution Board. (a) Connections to 1x4 PA Array, (b)
Connections to external DC power supplies and jumpers for reconfigurability.

each DC channel for checking and protecting PAs, respectively. Openings between each
DC connector is to provide enough room for input and coupled RF ports of each PA. This
PCB is also submitted for fabrication.

Digital Control Board

For SPI digital communication, 1x4 PA array requires six chip select signals (two for
AMCT7834 transistor gate biasing chips and four for HMC1122 attenuators). For 16-channel
single polarization setup, a total of 24 chip select signals are needed. However, National
Instruments’ USB-8452 1?C/SPI interface device has eight chip select signals and eight
digital input/output signals. Thus, a digital control board, shown in fig. 3.37, is designed
to provide more chip select signals, to buffer SPI digital signals, and to supply 5.5 V to
AMCT7834 chips. SN74H(C244 is an SPI-based buffer, which is responsible for taking care of
two connectors in the same row. Two connectors in the same row should be connected to
the top and bottom AMC7834 connectors of the 1 x4 PA array. TCA9534A is an I?C-based
General Purpose Input/Output (GPIO) chip for providing chip select signals to PAs. For
controlling the PAs, the digital control board should activate one buffer at a time with its
own chip select signal and then apply proper chip select signals from TCA9534A chips for
sequentially setting up top and bottom AMC7834 chips and multi-stage PAs controlled by
them. This PCB is also submitted for fabrication.
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Figure 3.37: Digital Control Board. NI USB-8452 is used as the digital control interface
board.

Dual-Polarization Patch Antenna Design

The dual-polarization patch antenna design is based on the design shown in fig. 3.38.
The reference antenna design consists of three PCBs: antenna feed network, drive patch
antenna, and parasitic patch antenna with each PCB having the stack-up information
shown in Table 3.4. For the new antenna design, the design goal is to improve antenna
matching from —10 dB and remove spacers between patch antennas for mechanical stability.
However, due to Bode-Fano criterion, bandwidth has to be reduced at the expense of
improved matching. Patch antennas and feed networks dimensions are modified to reach
the design goals. Figure 3.39 shows the final dimensions of the newly designed stacked
patch antennas submitted for fabrication and fig. 3.40 shows the fabricated antennas.
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Figure 3.38: Reference Antenna Design (a) top view, (b) trimetric view, (c) right view.

Reprinted from [11].

Table 3.4: Antenna PCB Stack-up Information. Antenna feed and antenna patches
are designed on this stack-up and they are stacked to make a 12-layer antenna.

6L build up

Copper
Thickness

L1
L2

0.813mm RO4003C core

Finished
1.0 0z
0.5 oz

0.189mm RO4450F prepreg

L3
L4

0.813mm RO4003C core

0 oz
0.5 oz

0.189mm RO4450F prepreg

L5
L6

0.813mm RO4003C core

0 oz
Finished
1.0 oz

Finished board thickness: 3 mm+/-10%

Pressed board thickness: 2.892 mm+/-2%
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Figure 3.39: New Antenna Design Dimensions. (a) Driven patch antenna, (b) Para-
sitic patch antenna, (c¢) Bottom feed network, (d) Aperture between bottom and top feed

networks, (e) Top feed network.
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Figure 3.40: Fabricated New Antennas. (a) Driven patch antenna, (b) Parasitic patch
antenna, (c¢) Feed network, (d) Assembled stacked patch antenna.
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Figure 3.41: Fabricated Antenna Characterization. Port 1 is the bottom feed and
port 2 is the top feed.

Figure 3.41 summarizes new antenna simulation and measurement results. Port 1 is
the bottom feed and port 2 is the top feed. Figure 3.41a shows that for —15 dB or better
matching, the bottom feed network operates in 3.4—3.75 GHz and the top feed network
3.34—3.7 GHz. Thus, 3.5 GHz centre frequency would be the best choice for both antenna
and PA behaviors. After fabrication, the bottom fed antenna shows almost the same
behavior as that of simulation while the top fed antenna behavior changed drastically.
Figures 3.41c and 3.41d show that the bottom fed antenna tracks the simulation results
on Smith chart but the top fed antenna moved away from the centre of Smith chart. This
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caused the top fed matching to become narrowband. The top feed network dimensions
were twice as narrow as those of the bottom feed network. This could explain its higher
sensitivity to the fabrication tolerances, and any offsets during the assembly process for
altering the final characteristics. Figure 3.41b shows port isolation between the bottom
and top feeding networks. It is the worst at 3.7 GHz for —25 dB but it improves to —30 dB
at 3.5 GHz, where the centre frequency would be located. Unfortunately, this parameter
is worsened by 15 dB from the previous version due to the removal of the spacers so
for dual-polarization MIMO transmitter behavior, linearization performed by DPD may
be challenging. The adapter used in the measurements is Pasternack’s push-on adapter
(PE91336) for directly connecting antennas and PAs without any cables. For future single
polarization measurements, the bottom fed antennas will be mainly used.

Mechanical Frame Design

Lastly, a mechanical frame to hold dual-polarization 16-channel antennas and multi-stage
PAs was designed. The antennas are configured in 4x4 arrangement and 1x4 multi-stage
PAs are placed row by row. The main challenges were that the height of the final PA
module with a metal base and heat sinks should fit in 21 mm vertical separation between
two antenna ports and that the same metal base should work for both rows of antenna
ports with 21 mm horizontal separation. Figure 3.42 shows the assembled mechanical
frame design. The antennas will be placed at the front view, while the PAs on metal bases
will be placed on the shelves on the side frames. For one polarization, the PAs will face
up, and for the other, they will face down to fit in the 21 mm separation. Finally, fig. 3.43
shows fully assembled 4x4 fully digital MIMO transmitter front-end. Fans will also be
placed at the sides for the temperature control and the extra PCB at the bottom of the
frame is the digital control PCB.
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(a) Front View (b) Back View

(¢) Trimetric View

Figure 3.42: Designed Mechanical Frame.
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(a) Front View (b) Back View

(¢) Trimetric View

Figure 3.43: Designed Mechanical Frame.
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3.4 Conclusion and Outlook

The proposed EM/RF /DSP co-simulation framework can be utilized for predicting system-
level MIMO transmitter performance during the design process without any device fab-
rication. An experimental validation of the framework using a 2x2 fully digital MIMO
transmitter, employing class-AB PA and DPA, showed that it can estimate the general
trends of the measurements very well. Thus, the framework can be used to co-design
different building blocks of the system for the optimal system-level performance without
realizing any physical system.

A complete 16-channel dual-polarization fully digital MIMO transmitter testbed was
designed. The multistage test PA with a variable gain control can be directly connected
to signal sources for better integration. The small signal simulation and measurement
results almost overlap each other and the modulated signal simulation and measurement
results showed a similar trend before and after linearization. For the dual-polarization
antenna, one port exactly matched the simulation results, while the other shifted from the
design due to fabrication variation. The properly functioning antenna port can be used for
testing 16-channel operation. Figure 3.44 shows the assembled 16-channel testbed inside
a 4x5x5 m?3 anechoic chamber. This testbed can be used for experimentally validating

both DSP algorithms and transmitter front-end designs for solving problems arising from
MIMO architectures.
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Figure 3.44: Fully Asssembled 4x4 MIMO Transmitter.
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Chapter 4

Model-Assisted Emulation for
Effective Design and Testing of
Power Amplifiers in Massive MIMO

Transmitters

Beamforming and massive MIMO architectures are key enablers of emerging terrestrial
and non-terrestrial networks (TN-NTN). Their practical realization introduces stringent
physical-layer constraints, including wide modulation bandwidths, operation at high car-
rier frequencies, and tight integration of RF front-ends. These constraints are strongly
influenced by the chosen beamforming architecture (digital, analog, or hybrid) and ulti-
mately determine the trade-offs among system complexity, power consumption, and link
performance.

Previous studies on fully digital massive MIMO transmitters have shown that antenna
mutual coupling substantially degrade system performance [34, 62, 63]. In particular, mu-
tual coupling induces precoder-dependent active load modulation at the PA outputs, which
reduces linearity, efficiency, and delivered output power. Since the resulting active loading
depends on the propagation channel and the beamforming weights [39, 38|, the effective
PA behavior becomes channel dependent. Although isolators can mitigate coupling effects,
they are impractical in large arrays and at higher frequencies due to size and integration
constraints, insertion loss, and cost.

To address mutual-coupling-induced PA performance degradation, two main research
directions have emerged. From a DPD perspective, Multiple Input, Single Output (MISO)
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and DISO DPD techniques [37] have been proposed to compensate for nonlinearities under
active load modulation. In parallel, PA design methodologies have been developed to
improve robustness to load variations [0, 4, 48, 5, 46, 47, 50, 52]. However, these methods
are commonly validated using CW excitation and a limited set of loading conditions,
which do not fully represent the wideband, modulated, and precoder-dependent operating
regimes encountered in practical fully digital massive MIMO transmitters. At the antenna
level, several approaches aim to reduce mutual coupling [10, 41, 412 43 44 45], but their
scalability to large arrays, wide bandwidths, and high frequencies remains challenging.
Consequently, existing solutions do not provide a complete and scalable framework for
system-aware PA design and testing in beamforming massive MIMO transmitters.

Alternatively, authors in [3] explored EM/RF/DPD co-simulation to predict PA be-
havior under array loading and to support system-aware PA design and testing. Close
agreement between measured and simulated results was reported for four 6-W GaN PAs
terminated with a 2x2 antenna array and driven by 100 MHz OFDM signals. Extending
this approach to larger scale systems, however, reveals major limitations. On the sim-
ulation side, increasing the number of PAs and circuit complexity (e.g., multi-transistor
topologies) significantly increases computational cost and can lead to unreliable numerical
convergence. On the measurement side, building large-scale coherent wideband MIMO
testbeds with accurate feedback paths becomes prohibitively complex and costly. Thus,
EM/RF/DPD co-simulation alone is not a practical solution for scalable system-aware PA
design and testing.

To reduce measurement complexity, the authors in [13] proposed an emulation system
that characterizes PAs in an massive MIMO transmitter using a single PA while emulating
coupling-induced active loading. The approach relies on a sequential iterative procedure
involving repeated measurement, synthesis, and re-application of reflected signals until con-
vergence. Experimental validation was limited to three PAs driven by a 20-MHz modulated
signal, with coupling emulated using power dividers, couplers, and variable attenuators.
While effective at a small scale, the iterative nature fundamentally limits scalability and
complicates wideband operation in massive MIMO transmitters.

This work introduces a PA model-assisted emulation methodology for effective design
and testing of power amplifiers in massive MIMO transmitters. The proposed approach
synthesizes the reflected signals at a given PA output by modeling the contributions of
the remaining PAs, thereby avoiding their explicit measurement or simulation. Compared
to [13], the proposed method significantly reduces the number of required measurements
while preserving prediction accuracy. The methodology supports both forward-behavior
characterization and linearizability assessment using DPD. The proposed model-assisted
emulation is validated through simulations and measurements on a 4 x4 fully digital MIMO
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Figure 4.1: Block diagram of a fully digital mMIMO transmitter for PA linearization and
output impedance analysis.

transmitter prototype, demonstrating close agreement with full array results and accurate
prediction of distortion and DPD performance. The proposed approach therefore enables
scalable and system-aware PA design and testing for next-generation massive MIMO trans-
mitters.

4.1 PA Modeling for Fast and Accurate Synthesis of
Reflected Signals at PA Outputs

Fig. 4.1 shows the reference fully digital massive MIMO transmitter used to analyze the
impact of antenna mutual coupling on PA behavior in simulation and measurement. The
digital baseband processing comprises an 1Q) waveform generator, a channel precoder, and
a DPD block. The waveform generator produces L user signals with prescribed modulation
format, bandwidth, PAPR, and power level. Precoding is represented by the K x L matrix,
W, where K denotes the number of PAs. The DPD block compensates PA nonlinearities
prior to frequency upconversion, while the RF DAC translates the predistorted signals
to the RF band. The antenna array is represented using EM-simulated or measured S-
parameters.

In the presence of antenna mutual coupling, the output of the ith PA, denoted by
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Vour.sl7], depends on the incident signals at the PA input and output ports, denoted v}/, ;[n]

and Voum[n], respectively. This relationship is expressed as

out z Z o pwp in,t ] out % [TLD (4 1)
= fz( i) Vourin]) (4.2)
where Vi i[n] = (vii,;[n], ... Vil il — ML), V5,00n] = (Vo] vouln — MLa))",

and M L; and M L, denote the memory depths. The functions 1, (-) denote nonlinear basis
functions and o, are the corresponding complex coefficients. According to (4.1), accurate
characterization of the ith PA requires knowledge of both v, ;[n] and v;,, ;[n]. Since v;i, ;[n]

wm, %
is known, the main challenge lies in synthesizing vy, ;[n].

The reflected signals v, , .[n] can be expressed as a linear combination of the transmitted

outz[

signals at K PA outputs through the antenna coupling network:
K Q-1
out z Z )\ZJ out,j [n - q]? (43)
7=1 ¢=0

where \;;[q] are coefficients of finite impulse response (FIR) filters derived from the antenna
array S-parameters, and () denotes the filter order. These filters capture both self-reflection
and mutual coupling among antenna elements.

Combining (4.1) and (4.3), the PA output can be written as

Aijla] Vour 50 = q]) : (4.4)

Thus, characterizing the ith PA under active load modulation reduces to estimating the
remaining K —1 PA output signals v, , ][ n| for known antenna S-parameters. In principle,
for an massive MIMO transmitter with K PAs, the vectors v} [n] and v, [n] can be
obtained by full-array co-simulation or by constructing a full coherent massive MIMO
testbed. Both options rapidly become impractical as K grows due to co-simulation burden
and convergence risk, or testbed cost and measurement time.

To reduce the experimental burden, [13] proposed an emulation system that sequentially
measures v, ;[n] to form ¥, [n], and then synthesizes ¥;,,[n] using (4.3). Convergence
typically required 3—4 iterations of K sequential measurements. Using [13], the required
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number of measurements and total characterization time scale with array size, limiting
applicability to large systems.

This work reduces the measurements required to obtain v . .[n] in (4.1) for characteriz-

out,t
ing the ith PA. In contrast to [13], the proposed method requires only a single measurement
of v,,;;[n]. The remaining K—1 outputs v,,, ;[n] are generated using a PA model.

Regarding the PA model, each PA is treated as a weakly nonlinear system where the
dominant behavior can be captured by a memoryless nonlinearity with additional memory
effects of decreasing contribution. Two models are considered to trade off complexity and
emulation accuracy: a SISO model and a DISO model.

The SISO model, assumes that K —1 PAs in the array can be modeled as SISO function
removing the dependence their incident signals at the PA output. Accordingly, v,,, ;[n] for
j # 1 can be expressed as follows:

out,j Z@uﬂﬂp m,] ] ) (45)
_fz( Vin41].0) (4.6)

where O represents zero vectors for basis functions that include v
an estimation of the PA coefficients in (4.1).

Using (4.5) the incident signal at the ith PA output can then be obtained as follows:

outj 7] and &;,, denotes

Mz

out z

Z )‘U <Z O‘Z,Pwp(‘_’jn,j [n - Q], O))

j1:

o

—

Mz

> aiphislaley (V500 — ], 0) (4.7)

1 ¢g=0 p=1

L)

J

where ;) are trained using v; ;[n] and v, ;[n]. With the SISO model, explicit measure-
ment or simulation of v, ;[n] for j # 7 is not required.

Similarly, for the DISO model, v, :[n] for j # i can be expressed as follows:

outj Zaz,pd}p zn,] ] out][n]) (48)
—fz( Vo] Vo)), (4.9)
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Figure 4.2: Block diagram of the proposed PA model-assisted emulation system for pre-
dictive PA design and testing.

Precoding Scheme ——>

Using (4.8) the incident signal at the ith PA output can then be obtained as follows:

N Q-1 P
=3 Sl (S 55 ) )
7j=1 q¢=0 p=1
N Q-1 P
=> Gipijlaly (V35 5(0], 93 500) (4.10)
j=1 ¢=0 p=1
where «;, are trained using vy, ;[n], v, ;[n], and v, ;[n]. The basis set includes SISO

terms and additional terms capturing interaction between v .[n] and v/,

ini aut.i 1) Unlike the
SISO model, estimating Vjum [n] in the DISO case generally requires v, . .[n] for accurate

out,j
synthesis, which motivates the convergence procedure described next.

4.2 Proposed Model-Assisted Emulation Procedure

Fig. 4.2 summarizes the proposed PA model-assisted emulation procedure for simulation
and measurement. Inputs include: i) user-defined test waveforms; ii) the index of the PA
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Step 1: Compute Kinput modulated signals from L user signals and precoder

v

Step 2: Measure v, ;[n] of the selected ith PA and model the PA

v

Step 3: Using the PA model, estimate ¥, ;[n] of all other PAs <

v

Step 4: Compute v, ;[n] using Eq. 3

v

Step 5: Measure v, ;[n] for the ith PAwith v, ;[n] injected atits output ~ [—

19POI Vd OSIa 4

Figure 4.3: Proposed PA model-assisted emulation procedure for PA simulation and test-
ing.

Step 1: Perform PA characterization steps in Fig. 3

v

Step 2: Update the PA model with v;i, ;[n], v, ;[1], voye  [n] using Eq. 1 and
estimate V¢ i [n]

v

Step 3: Train DPD for each PAwith v, ;[n], v, ;[n] and measured v, ;[n] or

estimated ¥, ;[n]

v

Step 4: Update v{;u-[n] for each PA by applying trained DPD coefficients to
the original Kinput signals

v
Step 5: Compute v, ;[n] using Eq. 3 for all PAs using updated v, ;[n] and
previously measured v, ;[n] and estimated ¥,,,, ;..;[n]

v

Step 6: Measure v, ;[n] for the ith PA with new v, ;[n] at its output —

suoneJall
add

Figure 4.4: Proposed PA model-assisted emulation procedure with linearizability assess-
ment step in PA simulation and testing.
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under test; iii) a PA behavioral model; iv) the precoding scheme; and v) antenna array S-,
Y-, or Z-parameters. The procedure applies precoding to generate the incident input signal
of the ith PA, V:;”[n], uploaded to signal generator #1. It then synthesizes the reflected
signal incident at the PA output, vjut,i[n], and uploads it to signal generator #2. The same

process is repeated to characterize different PAs within the array.

Fig. 4.3 details the procedure for PA simulation and testing. Compared to [13], the
proposed approach adds a pre-characterization stage to extract a PA model, enabling
prediction of the remaining K—1 PA outputs and avoiding their explicit measurement
when synthesizing v, . .[n]. The procedure is:

out,i

1. Compute v;,, ;[n] for all K PAs using the L user waveforms, and the precoding scheme.

2. Measure v, ;

[n] of the selected ith PA and identify the corresponding PA model.

3. Using the identified model, estimate v, ;[n] for the remaining K —1 PAs driven by
v [n].
in,j

+
out,i

4. Synthesize v, ;[n] using (4.3) and the estimated v, ;[n].

5. Measure v,,, ;[n] with v, ;[n] incident at the output for characterization under active

out,i
load modulation.

If the PA model is SISO, Step 2 terminates the PA with the corresponding antenna input
reflection coefficient while neglecting mutual coupling, providing an efficient approximation.
If a DISO model is used, the procedure in Fig. 4.3 is repeated until convergence, thereby
accounting for mutual coupling effects in the synthesized reflected signal.

The procedure above characterizes the forward PA behavior. When assessing PA lin-
earizability within the massive MIMO transmitter, the process is extended as shown in
Fig. 4.4. Step 1 is identical to the five-step procedure above. The additional steps itera-
tively train DPD coefficients, update excitations, and measure the linearized output:

1. Perform the five-step characterization procedure in Fig. 4.3.

2. Update the PA model in (4.1) using measured v, ;[n], vi,;[n], and synthesized
Vaualn] to refine V7, ;[n].

3. Train DPD coefficients for each PA using the latest v; ;[n], v, ;[n], and v, [n]
(measured or estimated).
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Table 4.1: Summary of the required number of measurements/simulations for the proposed
PA model-assisted emulation approach and in [13]. K: total number of PAs; N: number
of v,,;:[n] convergence iterations (only needed for the DISO PA model in the proposed

approach); M: number of DPD iterations.

Emulation PA Proposed 29]
Mode Model Approach
Forward SISO K41
Modeling | DISO KxN XN
Linearization | SISO KxM+1
Assessment | DISO | K xmax{M, N}+1 KXNxM

4. Update v;, ;[n] for all PAs using the predistorted signals.

5. Synthesize v, ;[n] for the ith PA using (4.3) with updated v, ;[n] and estimated

Vout,j[

[n] with the updated v , .[n] incident at the output.

6. Measure v out.i

out,i

7. Repeat Steps 2-6 for M DPD iterations.

According to Table 4.1, when the proposed approach employs the SISO PA model, the
number of required measurements/simulations is reduced from K x N in [13] to K+1. This
includes one step for PA pre-characterization/modeling, followed by one emulation run
per PA. When the DISO PA model is used, both the proposed approach and [13] require
K x N steps to achieve convergence. However, when linearizability assessment is included,
the proposed approach reduces the required steps from K xNxM to KxM+1 for the
SISO PA model and to K xmax{M, N}+1 for the DISO PA model. For the linearziation
assessment using the DISO PA model, the number of simulations or measurements is
reduced to one run per PA. For the initial vj,, ;[n] estimation, v,,, ;[n] from the SISO
PA model are used to skip convergence iterations. Subsequently, the DISO PA model
and v, ;[n] are updated with every DPD iteration to simultaneously achieve both model
convergence and DPD linearization. Therefore, a few more DPD iterations may be needed
for more accurate model convergence.
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Table 4.2: PA model basis functions used for co-simulation and testing. SISO and DISO
PA models are memoryless.

PA Model | Basis Functions ,(+)

+ + + 2
SISO Vz’n,i [nJ_? Vi [n] Vin,i[nH ’

Vin,i ][V 3]

in,t

DISO in,s

4.3 Validation of the Proposed PA model-assisted Em-
ulation Approach

4.3.1 Application to PA-Array Co-Simulations

Motivated by the demonstrated ability of the EM/RF/DPD co-simulation approach in [3]
to predict measured behavior of PAs in 2x2 MIMO transmitters, the proposed emulation
procedure is applied to address key challenges in co-simulation of large-scale arrays, includ-
ing divergence in harmonic-balance/envelope simulators and excessive runtime even when
convergence is achieved.

Sixteen 6-W class-AB GaN PAs and a 4x4 antenna array, designed for 3.5 GHz oper-
ation, are used to form a 4x4 fully digital MIMO transmitter under test. Sixteen uncor-
related OFDM signals with 100 MHz bandwidth and 8 dB PAPR are used as excitations.
Of 20000 signal samples, half is used for training DPD coefficients and the other half is
used as the verification samples. Full-array co-simulation results are used as a reference
to evaluate the proposed emulation procedure using the PA models in Table 4.2. A 4x4
configuration is selected to balance practical implementation constraints with manageable
co-simulation time and reduced divergence risk.

With the SISO PA model, Fig. 4.5 shows that, before DPD, predicted RNMSE, ACPR,
gain compression, and power spectral density (PSD) closely match full array co-simulation.
When linearizability assessment is required, the DISO PA model emulation yields improved
agreement with full-array co-simulation after SISO DPD in both RNMSE and ACPR in
Fig. 4.7. In particular, the SISO PA model underestimates ACPR by 0.5 dB. It indicates
that higher emulation fidelity is needed once intrinsic nonlinearity is reduced by SISO
DPD. However, after DISO DPD linearization, both SISO and DISO PA models show the
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Figure 4.5: Comparison of simulated PA performance in the full 4x4 MIMO transmitter
front-end and in the proposed PA model-assisted emulation using a memoryless SISO PA
model.

same estimation capacity.

When the SISO PA model is used to synthesize vj,,;[n] using (4.7), the impact of
active load modulation on the remaining K—1 PA outputs v, :[n] is not explicitly repre-
sented. The strong agreement before DPD in Fig. 4.5 indicates that the ith PA response is
dominated by its intrinsic nonlinearity in this regime. After SISO DPD, intrinsic nonlinear-
ity is reduced, and residual distortion becomes more sensitive to coupling-induced effects
on the remaining K —1 PAs. The DISO PA model, on the other hand, incorporates the
coupling-dependent reflected signal when synthesizing vy, ;[n] and thus provides accurate
linearizability prediction using SISO DPD. For DISO DPD linearization prediction, both
PA models give similar results because they are affected by the predistorted signals. The

predistorted signal from the DISO DPD is as follows:

zi[n] = gi(xiln], ¥5,.:(n]), (4.11)
where x;[n] is the original uncorrelated signal and v, ;[n] is estimated using Vg [n] =
(Vouamls - -+ Vourx[n])" and antenna S-parameters in the baseband. As a result, 7, ;[n]

in (4.5) becomes a function of x;[n] and ¥, ;[n], transforming the SISO PA model into

the DISO PA model. Therefore, the estimation of K—1 PA outputs v,,, ;[n] using the
SISO PA model becomes accurate by incorporating the impact of active load modulation.
Furthermore, ¥,/ , .[n] in (4.8) becomes redundant. Fig. 4.6 and Fig. 4.8 show that spectra

out,j
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Figure 4.6: Spectra of selected PAs after SISO and DISO DPD in the 4x4 MIMO trans-
mitter front-end using a memoryless SISO PA model in simulation.

obtained with SISO and DISO DPD are nearly identical for both PA models, supporting
the conclusion that combining the proposed emulation procedure with the co-simulation
framework in [3] enables PA design, characterization, and linearization under realistic
coupling-induced active loading prior to fabrication. The trained SISO and DISO DPD
should perform well when different input uncorrelated signals are applied. The SISO PA
model can be used both DPD models, but for achieving both linearization prediction accu-
racy and reduced overall modeling complexity, the use of following pairs are recommended:
{SISO DPD, DISO PA} and {DISO DPD, SISO PA}.
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Figure 4.7: Comparison of simulated PA performance in the full 4x4 MIMO transmitter
front-end and in the proposed PA model-assisted emulation using a memoryless DISO PA
model.

4.3.2 Application to PA Testing

To experimentally validate the proposed PA model-assisted emulation approach, measure-
ments from the full 4x4 MIMO transmitter front-end are compared against those obtained
using the proposed PA model-assisted emulation setup. The transmitter building blocks
are described first, followed by measurement configurations and results.

Transmitter Front-End Building Blocks

Fig. 4.9(a) shows the custom multistage PA, comprising a variable-gain pre-driver, a driver
stage, and a final PA stage, enabling direct connection between signal sources and PA
inputs. The pre-driver uses an attenuator (Analog Devices HMC1122) between pre-drivers
(Qorvo QPA9127 and QPA9842), providing approximately 25 dB gain over 2.7—3.8 GHz.
The driver and final PA stages use 6 W GaN transistors (MACOM CGHV1F006S) and were
co-designed to improve overall linearity. Over 3.2—3.8 GHz, the small-signal gain ranges
from 25 to 28 dB, and at a saturated output power of 38 dBm, the gain compression varies
between 1.4 and 3 dB. A 30 dB directional coupler (Anaren X4C30F1-30) is placed at the
PA output to provide coupled signals for DPD training. Linearizability was previously
verified within the co-simulation framework of [8] using 100 MHz, 8 dB PAPR modulated
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Figure 4.8: Spectra of selected PAs after SISO and DISO DPD in the 4x4 MIMO trans-
mitter front-end using a memoryless DISO PA model in simulation.

signals.

For the 4x4 MIMO front-end, four multistage PAs are integrated on a single printed
circuit board (PCB), as shown in Fig. 4.9(c), enabling direct connection to the antenna
array. The PA height matches the antenna element spacing. DACs (Texas Instruments
AMCT7834) provide gate biases for the driver and final stage transistors. DAC #1 and
DAC #2, placed at the top and bottom of the board in Fig. 4.9(c), control PAs 1-2
and PAs 3-4, respectively. Push-on SMA adapters (Pasternack PE91336) are used at
the antenna interfaces to enable direct PA-to-antenna connections and to avoid additional
impedance transformations.

Fig. 4.9(b) shows the dual-polarization stacked patch antenna designed for compact size
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Figure 4.9: Fully assembled and building blocks of the 4 x 4 MIMO transmitter front-end.
(a) single-chain multistage PA, (b) dual-polarization stacked patch antenna element, (c)
1 x 4 multistage PA module, and (d) 4 x 4 antenna array mounted on the mechanical frame.
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Figure 4.10: Measured 4 x4 stacked patch antenna array performance. Left: self-reflection;
right: mutual coupling.
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Figure 4.11: Full 4x4 MIMO transmitter system and proposed PA model-assisted emula-
tion measurement setups. (a) full-system block diagram, (b) side view, (c) front view, (d)
back view in anechoic chamber, (e) emulation setup block diagram, (f) emulation measure-
ment setup.

and wide bandwidth. Aperture- and coupled-feeding techniques [(] are used to improve
port isolation. Both ports target 3.3—3.7 GHz operation with —10 dB or better matching.
Port isolation exceeds —25 dB across the band; only one polarization is used in this work.
Port 2 is selected due to improved matching of approximately —20 dB for the 75 MHz
modulated signals centered at 3.5 GHz.

Fig. 4.9(d) shows the assembled 4x4 antenna array mounted on the mechanical frame,
and Fig. 4.10 summarizes measured array performance. All sixteen elements exhibit similar
matching, achieving —18 dB or better return loss at 3.5 GHz. Dominant coupling levels
relevant to PA behavior are approximately —8 dB, —12 dB, and —15 dB.
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Measurement Setups

Fig. C.2(a)—(d) shows the assembled 16-channel digital MIMO transmitter system inside
a 4x5x5 m? anechoic chamber. A radio-frequency system-on-chip (RFSoC) FPGA board
(Xilinx ZCU216) generates 75 MHz bandwidth modulated signals centered at 3.5 GHz with
oversampling factor 8 and PAPR of 8 dB. DAC outputs directly drive PA inputs, while
coupled PA outputs are routed to a four-channel 8 GHz oscilloscope (Keysight MSOS804A)
through 4-to-1 mechanical RF switches.

The proposed model-assisted emulation setup is shown in Fig. C.2(e)—(f). Arbitrary
waveform generators (AWGs; Keysight M5300A) generate the PA input signal vy, ;[n] and
the synthesized reflected signal Vjut’i [n], matching the full-system signal characteristics. On

the receiver side, downconverters (Keysight M5201A) with 2 GHz intermediate frequency
(IF) and digitizers (Keysight M5200A) are used.

At the PA input, a 10 dB directional coupler is used for transmitter calibration, followed
by an isolator to ensure accurate delivery of v;/ ;[n] to the PA. At the PA output, a 40 dB
directional coupler measures both the output signal v, ;[n] and the reflected signal v, ;[n]
required for the emulation procedure in Sec. 4.2. An additional isolator after the coupler

reduces unintended reflections that could corrupt vy, ;[n].

A critical requirement is magnitude and phase alignment between v, ;[n] and vy, ;[n].
Three calibration steps are performed: receiver calibration using a comb generator, trans-
mitter calibration at the PA input, and magnitude/phase alignment of v, ;[n] and v, ;[n]

with respect to v, ;[n].

Measurement Results

For experimental verification, measured SISO and DISO linearization results obtained using
the proposed emulation approach using both SISO and DISO PA models are compared
with those from the full 4x4 MIMO transmitter front-end. In the emulation configuration,
PA #1 is used as the DUT, while PA #4 generates the reflected signal vj, ;[n] at the
required power level. Both SISO and DISO DPD employ a complexity-reduced Volterra
model [28], with 88 and 104 coefficients, respectively, trained using direct learning over

eight iterations.

Fig. 4.12 and 4.14 summarize the results. Before DPD, RNMSE and ACPR of PAs in
the full transmitter vary between 14.9% and 32.6% (22.3% average) and between —28.2 dB
and —35 dB (—32.5 dB average), respectively. Using the proposed SISO PA model-assisted
emulation setup, RNMSE ranges from 10.5% to 24.7% (15.8% average), while ACPR ranges

91



— e Before DPD

[ oFullSim.AEmulation” [
B\ | | = = = = After SISODPD | | o

30 1 AN | ceveens vereens After DISO DPD
25 5
< .
w 20 =
(2] &
2 15 S
= 1% -
Z <

— e Before DPD
N N — — = = = = After SISO DPD
o FuII Slm AEmuIatlon ‘ l .............. After DISO DpD l l

0
1 2 3 4 5 6 7 8 9 10111213141516 4 5 6 7 8 910111213141516
PA Index PA Index

(a) (b)

Figure 4.12: Comparison of measured PA performance in the full 4x4 MIMO transmitter
front-end and in the proposed PA model-assisted emulation using a memoryless SISO PA
model.

from —29.7 dB to —33.1 dB (—31.4 dB average). Although absolute RNMSE values differ
(due to different signal sources and receiver chains), the PA-to-PA performance variations
are reproduced. For ACPR, values for PA #1 are nearly identical in both setups since it
is used as the DUT, while variations across the remaining PAs are somewhat compressed.

Next, both PA models are used to assess linearization using SISO and DISO DPD. After
SISO DPD, RNMSE decreases to 12.9—30.9% (20.3% average) in the full system and to
7.1-19.6% (12.8% average) for the SISO PA model and 6.8—18.8% (12.2% average) for the
DISO PA model in emulation. ACPR improves to —32 to —41.4 dB (—37.9 dB average) in
the full system and to —34.1 to —44.0 dB (—38.9 dB average) for the SISO PA model and
—34.0 to —43.7 dB (—38.9 dB average) for the DISO PA model in emulation. The ACPR
trends across PAs closely match, and results largely overlap. With DISO DPD, RNMSE
further decreases to 4.5—16.6% (8.6% average) in the full system and to 4.8—13.0% (8.8%
average) for the SISO PA model and 5.2—13.1% (9.0% average) for the DISO PA model
in emulation, while ACPR improves to —37.6 to —44.7 dB (—41.8 dB average) in the full
system and —36.9 to —46.4 dB (—41.4 dB average) for the SISO PA model and —36.7 to
—45.6 dB (—40.9 dB average) for the DISO PA model in emulation.

Representative spectra are shown in Fig. 4.13 and 4.15. PA #3 exhibits similar ACPR
values before and after both DPD schemes, yielding overlapping spectra in both setups.
After DISO DPD, the upper sideband in the emulated spectra begins to deviate beyond
100 MHz, which is consistent with mutual coupling estimated over a 75 MHz band around
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Figure 4.13: Comparison of measured representative PA spectra in the full 4x4 MIMO
transmitter front-end and in the proposed PA model-assisted emulation using a memoryless
SISO PA model for PAs with good (PA 3) and poor (PA 14) agreement.

the center frequency. In addition, PA #14 shows overestimated ACPR before DPD, which
is also visible in the spectra. Overall, the emulation results closely reproduce the full-
system measurement trends before and after DPD using SISO and DISO PA models.
While absolute RNMSE differs due to distinct signal-generation /receiver chains, relative
PA variations and linearization improvements remain consistent. For ACPR, initial values
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Figure 4.14: Comparison of measured PA performance in the full 4x4 MIMO transmitter
front-end and in the proposed PA model-assisted emulation using a memoryless DISO PA
model.

are nearly identical for the DUT (PA #1), and after both DPD schemes the two setups yield
nearly indistinguishable results. The SISO PA model can be mainly used for reducing the
total number of needed simulations or measurements in forward modeling and linearization
assessment.

Discussion

Measurement results demonstrate that the proposed PA model-assisted emulation approach
reproduces key PA performance trends in a MIMO transmitter under active load modu-
lation, both with and without DPD. Compared to co-simulation, agreement is degraded
primarily due to design, fabrication, and assembly imperfections in the 4 x4 hardware pro-
totype. For example, the PAs in the 1x4 module in Fig. 4.9(c) were not initially shielded,
and post-fabrication shielding did not fully eliminate coupling, particularly given the high
lineup gain (=50 dB). With all PAs DC biased and only one PA driven, leakage of ap-
proximately —25 dB into adjacent PAs was observed. In addition, the modular array
topology in Fig. 4.9(d) introduced assembly tolerances that limited the ability to predict
the realized antenna-array S-parameters via EM simulation. This was further aggravated
by mounting on the mechanical frame. With PAs placed only a few centimeters behind the
antenna backplane, radiation from PA outputs likely perturbed the effective array behav-
ior. The resulting change could be partially estimated using the procedure in [2]; however,
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Figure 4.15: Comparison of measured representative PA spectra in the full 4x4 MIMO
transmitter front-end and in the proposed PA model-assisted emulation using a memoryless
DISO PA model for PAs with good (PA 3) and poor (PA 14) agreement.

that method targets transmission coefficients rather than reflection coefficients. These ef-
fects could be mitigated through a more rigorous mechanical/RF co-design and improved
shielding and integration in a subsequent prototype, but cost constraints limited further
fabrication iterations and, in turn, the achievable agreement.
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4.4 Towards Modulated-signal-based PA Design in the
Presence of Antenna Mutual Coupling using the
Proposed PA Model-based Emulation

This section discusses how the developed PA model-based emulation setup can be utilized
for a new PA design methodology for optimizing the system-level performance. As dis-
cussed in Sec. 2.1, the conventional PA design performs source-pull and load-pull process
to find source and load impedances for the desired output power, efficiency, gain, and
linearity using single-tone CW signals. Source-pull and load-pull process scan potential
source and load impedances, respectively, in a design space and a transistor is character-
ized for the output power, efficiency, gain, and linearity. After the process is completed, a
contour map is plotted for each parameter at each single-tone frequency. One source and
load impedance at each single-tone frequency are selected for the desired performance and
input and output matching networks are designed to transform fixed 50 €2 at the input and
output to the selected values across the frequency spectrum. In a realistic MIMO trans-
mitter system, modulated signals with a single carrier frequency and a wide bandwidth
and 8—10 dB PAPR are used as input signals to the PAs so the signal characteristics are
completely different from single-tone CW signals. In addition, due to the presence of an-
tenna mismatches and mutual coupling, the PAs see time-varying output load impedances.
Thus, a PA for a transmitter system should be designed with modulated signals in the
presence of antenna mutual coupling of a given antenna array behavior.

4.4.1 Design Methodology

The developed model-based emulation procedures in Fig. 4.3 and Fig. 4.4 can be modified
slightly to find optimal source and load impedances. In these procedures, the source
impedance is set to a fixed 50 €2 and the load impedances are set by antenna mismatches
so they need to add a feature to change to any source and load impedances inside Smith
chart. At the source, the input modulated signals have to be scaled according to chosen
source impedances, while at the load, antenna mismatches are replaced by selected load
impedances. Furthermore, the input modulated signals before scaling should be used for

computing v, ;[n] at the output.

96



Figure 4.16: Peak output power load-pull plots using CW signals on the left and
modulated signals on the right. The powers are in the unit of dBm.

Comparing CW signal-based and Modulated signal-based load-pull

Authors in [65] showed that the selection of source and load impedances becomes consider-
ably different when the modulated signals are used instead of the single-tone CW signals.
Using the modified model-based emulation procedure in Fig. 4.3, the entire design space
inside Smith chart was scanned. The antenna mutual coupling amount remains the same
to capture the extent of PA output load impedance variations but the antenna mismatches
(Si;) are swept across the entire Smith chart similar to how PA output load impedances
are swept for the conventional PA design procedure with CW excitations.

Fig. 4.16 compares the peak output power contour maps of a custom-design Class-AB
PA using 100 MHz and 8 dB PAPR modulated signals at 3.5 GHz center frequency and
a single-tone CW signal at 3.5 GHz. The general shape of the contours is different and
the modulated signal results vary only about 4 dB whereas those of CW signal vary about
8 dB. Modulated signal result at 50 2, at which the PA operates, is about 1 dB lower
than that of CW signal result as well. Overall, the use of modulated signals result in
different design contour maps and require different selections of impedances compared to
the conventional PA design with CW excitations.
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Modulated-signal-based load-pull with linearization

Figure 4.17: Average output power contour maps using modulated signals in the
presence of antenna mutual coupling. (a) Before DPD, (b) After DPD.

Figure 4.18: Peak efficiency contour maps using modulated signals in the pres-
ence of antenna mutual coupling. (a) Before DPD, (b) After DPD.
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Figure 4.19: RNMSE contour maps using modulated signals in the presence of
antenna mutual coupling. (a) Before DPD, (b) After DPD.

Figure 4.20: Lower ACPR contour maps using modulated signals in the presence
of antenna mutual coupling. (a) Before DPD, (b) After DPD.
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Figure 4.21: Upper ACPR contour maps using modulated signals in the presence
of antenna mutual coupling. (a) Before DPD, (b) After DPD.

In the presence of antenna mutual coupling, it is also important to design a PA that
meets the radiation specifications. Using the developed model-based emulation procedure
with linearization assessment in Fig. 4.4, design contour maps can be plotted before and
after DPD to analyze their behaviors. Fig. 4.17-4.21 show contour plots for average output
power, peak efficiency, RNMSE, and lower and upper ACPR before and after SISO DPD.
The contour map shapes remain the same for the average output power and peak efficiency
before and after DPD. For the peak efficiency contours, after DPD contour has an increase
in the peak efficiency. In OFDM signals, only 2—3% of the signals reside in the peak power
level. Although the average output power remains the same before and after DPD, the
peak output power experiences nonlinear compression before DPD. DPD training recovers
this peak power level so the maximum efficiency value at the peak power can be recovered
as well. For RNMSE and ACPR, before and after DPD contours are quite different. The
contour maps show that impedance values that give the most linear PA performance do
not necessarily give the best linearization after DPD. Linear PA and DPD linearizability
are two different aspects of the PA design that need to be considered for the optimal
system-level performance. The load impedance should be chosen to meet all the linearity
requirements while maximizing output power and efficiency. The same procedure can be
applied to the source side after fixing the load impedance with the selected value.

It is also feasible to verify the influences of different antenna design candidates and
precoders because they change PA output impedances together. The overall system design
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can be centred around the PA design because it is affected by the building blocks at its
both input and output.

4.5 Conclusion

This chapter presented a model-assisted emulation methodology for effective design and
testing of power amplifiers in beamforming and massive MIMO transmitters. By synthe-
sizing reflected waveforms that reproduce precoder-dependent active load modulation, the
proposed approach enables realistic system-aware PA characterization without requiring a
full multi-channel array implementation or computationally intensive co-simulation. The
method combines PA behavioral modeling with antenna array S-parameters and a pre-
coding scheme to reconstruct dynamic operating conditions using a single measurement
chain. Compared with prior iterative coupling emulation approaches, the proposed formu-
lation significantly reduces the number of required measurements while maintaining high
prediction accuracy. Simulation and measurement results on a 4x4 fully digital MIMO
transmitter prototype demonstrate close agreement with full-array results and accurate
prediction of nonlinear distortion and DPD performance. The proposed emulation frame-
work provides a scalable and cost-effective tool for evaluating PA designs under realistic
beamforming conditions, enabling system-level optimization of linearity, efficiency, and out-
put power in next-generation wideband beamforming and massive MIMO transmitters.
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Chapter 5

Complexity-Reduced
Precoding-Aware Multiple-Input
Single-Output Digital Predistortion
for Fully Digital Massive MIMO

Transmitters

PAs account for a dominant portion of the power consumption in modern radio commu-
nication transmitters, making efficiency a central design objective. Achieving high effi-
ciency typically requires operation near saturation, which introduces nonlinear distortion
and spectral regrowth that may violate spectral emission requirements. DPD is there-
fore widely adopted to compensate for PA nonlinearities, enabling efficient operation while
maintaining acceptable in-band and out-of-band linearity.

Most DPD techniques [66, 28, 29] have been developed for single-antenna transmitters,
where each PA operates under a fixed load impedance. However, in massive MIMO trans-
mitters, closely spaced antenna elements introduce mutual coupling, resulting in active
load modulation at the PA outputs. Although isolators can mitigate coupling, they are
often avoided due to cost, insertion loss, and integration constraints. Consequently, the
effective load impedance seen by each PA varies dynamically with the transmitted signals
across the array, challenging conventional per-PA SISO DPD approaches.

To address coupling-induced distortion, several DPD architectures have been proposed.
In RF beamforming systems, user-direction SISO DPD techniques [67, 68, 69, 70, 71,

102



| linearize the received signal in a target spatial direction. However, in hybrid and
fully digital MIMO transmitters, multiple data streams are simultaneously precoded and
transmitted through parallel transmit branches, rendering such approaches insufficient.
Practical implementations therefore employ one DPD block per PA, but independent SISO
DPD remains suboptimal under mutual coupling due to time-varying loading conditions.
This limitation has motivated the development of DISO DPD [62] and MIMO DPD [73, 74],
which explicitly incorporate coupling effects. DISO DPD is a low-complexity architecture
that accounts for antenna mutual coupling; however, it assumes that the reflected signal
v:[n] from the antenna array is small. In this approach, v/ ,[n] is estimated using all input
signals in conjunction with a linear filter representing the antenna array S-parameters, and
only its linear component is considered in the DPD model. Consequently, the nonlinear
behavior at the PA outputs is not fully captured. In contrast, MIMO DPD enables more
accurate modeling of individual mutual coupling effects during the identification stage but
its computational complexity increases significantly with the number of antennas in the
system.

Despite these advances, the impact of precoding is typically not explicitly incorporated
into DPD identification. In massive MIMO systems, precoding based on CSI modifies both
the correlation structure and the power distribution of the transmitted signals, thereby al-
tering the active load modulation experienced by each PA. Since DPD coefficients are
inherently dependent on excitation statistics and loading conditions, such variations intro-
duce a mismatch between training and operational regimes. As reported in [39], apply-
ing conventional precoding after DPD can significantly degrade linearization performance.
While equal-power precoding mitigates average power imbalance, it does not eliminate
correlation-induced effects nor the resulting precoding-dependent loading.

This chapter addresses this limitation by proposing a reduced-dimensional, precoding-
aware MISO DPD framework for fully digital massive MIMO transmitters. The key idea
is to perform DPD identification directly using realistic precoded signals and to exploit
the low-dimensional structure of multi-user MIMO transmission. Specifically, although
the transmitter may employ a large number of transmit branches, the transmitted signals
reside in a subspace spanned by a smaller number of user streams. This observation
enables the representation of coupling-induced nonlinear behavior using a reduced set of
user-domain inputs, avoiding the excessive complexity of full MIMO DPD. Furthermore,
the linearization performance of existing DPD models is evaluated under both uncorrelated
and precoded training conditions, emphasizing the importance of using realistic training
signals for accurate DPD identification in practical operation.
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Figure 5.1: Block diagram of fully digital mMIMO transmitter with (a) DISO DPD (b)
MISO DPD (c) precoding-aware two-tier SISO DPD
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Figure 5.2: Block diagram of fully digital mMIMO transmitter with proposed reduced-
dimensional precoding-aware MISO DPD

5.1 Proposed Reduced-Dimensional Precoding-Aware
MISO DPD Formulation

Under practical operation with precoded signals, signal correlation and power imbalance
modify the effective loading conditions of each PA. Therefore, DPD identification must be
performed under representative excitation conditions in order to accurately capture the
underlying nonlinear behavior. This section presents a reduced-dimensional precoding-
aware multiple-input single-output (R-MISO) DPD formulation that incorporates precoded
signals during both training and operation, while maintaining scalable model complexity
with number of array antenna elements.

5.1.1 System Model

Consider a fully digital MIMO transmitter with K transmit branches serving L users,
where typically L < K. All signals are represented in the discrete-time complex baseband
domain.

Let @[n| denote the data stream for user [ € {1,...,L}, Zx[n] the precoded signal
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driving the kth branch, Zx[n] the predistorted signal applied to the kth PA, and gj[n| the
PA output.

The precoded signal at the kth branch is given by

ik[n] = thl INLZ[TL], (51)

where wy; denotes the precoding coefficient.

In the presence of antenna coupling, the PA output depends not only on the intended in-
put signal but also on signals coupled from other branches. This behavior can be expressed
as

{Jl(jut,k[n] = fk (ik[n]’ {}:ut,k[n]) ) (52)
where X;[n] and v, [n] denote memory vectors associated with the direct and coupled inputs,

respectively. The coupled signal is given by

K

‘7:ut,k [TL] = Z Skm ‘%m[nL (53)

m=1
with s, denoting the coupling coefficient from branch m to branch &.

This formulation highlights that the nonlinear behavior of each PA is governed by both
local excitation and coupling-induced interactions.

5.1.2 Existing DPD Models

Fig. 5.1a and 5.1b show block diagrams of existing DISO and MIMO DPD structures.

The DISO DPD structure estimates the reflected signals (vjut’k) coming from the an-
tenna array using all K input signals ([x1[n],- - ,zx[n]]) and a linear filter block called
antenna CTMM that represents the antenna array. The estimated reflected signals (v, ;)
are utilized as the second input to each DPD block. Based on (5.2), the DISO DPD
structure can be defined as

alnl = g (Reln], ¥3,4(00) (5:4)

where gx(-) denotes the predistorter function. This approach explicitly accounts for cou-
pling effects but requires real-time computation of 7;[n], which depends on all K" branch
signals and coupling coefficients.
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Alternatively, coupling effects can be captured implicitly by defining a full MIMO
predistorter as
Z[n] = g™ (X [n], Xaln), .. Xie[n]) (5.5)

which eliminates the need for explicit reconstruction of ¥x[n|. However, the input dimen-
sionality of this formulation scales with K, leading to rapidly increasing complexity for
large antenna arrays.

Fig. 5.2 shows the block diagram of two-tier SISO (TT-SISO) DPD architecture [11].
Unlike the DISO and MIMO DPD that are trained using uncorrelated signals, the two-tier
SISO DPD performs linearization after applying a precoding scheme. The MIMO pre-
equalizer and SISO DPD blocks jointly minimize user error vector magnitude (EVM) and
transmitter total radiated power adjacent channel power ratio (TRP-ACPR), where the
pre-equalizer focuses on suppressing the in-band distortion of the recevied user signals and
the SISO DPD only corrects out-of-band non-linearity.

The SISO predistorter can be defined as
Z[n] = B{gr(Xx[n])}, (5.6)

where B{-} denotes a linear bandstop filter and the precoded signals in (5.7) are modified
to

Fx[n] =) wiailn] (5.7)

5.1.3 Proposed Reduced-Dimensional MISO DPD Model

While the two-tier SISO DPD fixed in-band distortion of received user signals to 0.7% EVM,
the TRP-ACPR still needs further improvement to satisfy the emission mask requirements.
The proposed R-MISO DPD begins from the existing MIMO DPD architecture but a key
observation is obtained by substituting (5.7) into (5.3), yielding

D] =D Sk Y W @[], (5.8)

Reordering the summations leads to

Bln] = ( sk,mwm,l> iiy[n). (5.9)

=1
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Equation (5.9) shows that the coupled signal o [n] lies in the subspace spanned by the
L user streams. Therefore, the nonlinear behavior observed at each PA can be represented
using the local branch signal together with the user-domain signals, rather than all K
branch signals.

This observation motivates the reduced-dimensional DPD structure, shown in Fig. 5.2,
and it is defined by

z red ~ ~

Zk[n] = ¢1°% (Xk[n], Ma[n], G2n], ..., Grnl]), (5.10)

where ¢gi°d(-) denotes the reduced-dimensional predistorter.

In this formulation, each predistorter capture self-induced nonlinearities through the lo-
cal branch signal Zj[n] and coupling-induced nonlinearities through the user-domain signals
@ [n]. This structure is consistent with the physical mechanism of active load modulation,
where reflected waves are linear combinations of user-domain signals.

Each predistorter is implemented as a nonlinear function of its input regressors, ex-
pressed as

kln] + 5 (n)ag, (5.11)

n) contains nonlinear basis functions.

=

—~

where «y, is the coefficient vector and

The regressor vectors are defined as

Xp(n) = [@x[n], ..., Tx[n — M]]7, (5.12)
(n) = [wln],... wn— M), (5.13)

The nonlinear basis functions are constructed as

dy(Fa(n), 8(n)), (5.14)

where

i(n) = [fnl, ... a0 (5.15)

The DPD coefficients are obtained by minimizing the squared error between the PA
output and the desired linear response:

T =" likln —m] — &x[n —m][*. (5.16)

K
k=1 m=0
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Figure 5.3: Comparative linearization complexity analysis. Linearization coefficients in-
clude both DPD and linear filters per PA for: (a) various number of transmit branches for
a 2-user scenario, and (b) various number of users for 256 transmit branches

Stacking regressors over M + 1 samples yields
Wy, = [¢r(n), ..., u(n — M) (5.17)

The coefficient update follows a least-squares-based iterative procedure:

ot =6 — ] (1 - %) (5.18)

where () denotes the Moore—Penrose pseudoinverse and y is a step-size parameter.

5.1.4 Comparative DPD Complexity Analysis

Fig. 5.3 compares the model complexity of various DPD architectures for different trans-
mitter sizes and numbers of users. Fig. 5.3a illustrates the impact of varying the number
of transmit branches for 2 users, whereas Fig. 5.3b examines the effect of the number of
users for a 256-chain transmitter. The reported number of linearization coefficients per
PA includes those associated with both the DPD and the linear filtering blocks required
to realize each linearization model.

The complexity of SISO DPD depends solely on its input signal and is therefore inde-
pendent of both the number of transmit branches and users. In contrast, TT-SISO DPD
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employs a linear pre-equalizer preceding the precoder, resulting in complexity that scales
linearly with the number of users, while the SISO DPD block itself remains unchanged.
Similarly, the complexity of DISO DPD is unaffected, as it utilizes only the estimated
reflected signal (\ijut7k) as an additional input. However, the associated CTMM block used
for reflected signal estimation scales linearly with the number of transmit branches.

In conventional MIMO DPD, each predistorter incorporates regressors from all K trans-
mit branches, resulting in exponential growth in model dimensionality as K increases. In
contrast, the proposed formulation exploits the fact that precoded signals reside in an L-
dimensional subspace. As a result, the number of input signals required for modeling scales
with the number of users rather than the number of transmit branches. Since L < VK
for good received signal quality at the users [39], this leads to a substantial reduction in
model complexity. For instance, for a 256 transmit branches serving 2 and 16 users, the
proposed approach reduces the number of linearization coefficients by factors of 73.5 and
10, respectively, compared to conventional MIMO DPD, while still capturing the dominant
coupling-induced nonlinear effects.

5.1.5 Proposed R-MISO DPD Training Approach

This subsection proposes R-MISO DPD training approach based on how the statistical
properties of excitation signals influence the active load modulation experienced by PAs
in fully digital MIMO transmitters. In conventional DPD training in fully digital MIMO
transmitters, uncorrelated signals are utilized to train and verify the DPD models. During
operation, the precoder is frequently updated while the trained DPD coefficients using
uncorrelated signals remain unchanged and this can cause significant linearity variations

in PAs [39]. Since precoding reshapes both the correlation structure and the power dis-
tribution of these signals, the resulting impedance trajectories are inherently precoding-
dependent. The EM/RF/DSP co-simulation framework developed in [75], which jointly

captures antenna mutual coupling, nonlinear PA behavior, and digital signal processing, is
utilized to analyze how the precoder affects the PA output load impedances.

Fig. 5.4 shows the co-simulated reflection coefficients at each PA output for a 2 x 2
fully digital MIMO transmitter driven by 4-QAM signals with 100 MHz bandwidth. Each
marker represents the load reflection coefficient at the ith PA output (I';(w,)) evaluated
at an individual OFDM subcarrier w, and a different color represents a different OFDM
symbol such that the distribution of markers characterizes the impedance trajectory experi-
enced by the ith PA over both time and frequency. A 2x 2 fully digital MIMO configuration
with 4-QAM excitation is considered to clearly illustrate the impact of different precoding
schemes on the PA output impedances.
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Figure 5.4: Reflection coefficients at each PA output in a 2 x 2 fully digital MIMO trans-
mitter under 4-QAM, 100 MHz signals: (a) uncorrelated excitation, (b) conventional zero-
forcing (ZF) precoding, (c¢) equal-power ZF (EP-ZF) precoding.

Under uncorrelated excitation, Fig. 5.4a, the impedance trajectories of all PAs clus-
ter symmetrically around the antenna self-reflection coefficient s;;. The PA output load
impedances exhibit statistically indistinguishable distributions, showing that mutual cou-
pling alone does not introduce systematic branch-to-branch asymmetry when the excitation
signals are independent.

The picture changes markedly once precoding is applied. With conventional zero-
forcing (ZF) precoding, Fig. 5.4b, the precoder assigns unequal power across PAs to satisfy
the inter-user interference constraint. The top two PAs deliver maximum average output
powers and the bottom left and right PAs deliver —4 dB and —11 dB back-off powers,
respectively. This power imbalance manifests as asymmetric impedance trajectories: the
high-power PA sees a tightly concentrated impedance cloud with limited modulation depth,
while the low-power PA undergoes substantially wider excursions and shifted away from s;;.

Equal-power ZF precoding [39], Fig. 5.4c, restores a uniform power allocation and
thereby reduces the asymmetry between branches. However, because the precoded signals
remain correlated linear combinations of the user streams, the impedance trajectories still
deviate from the self-reflection point and retain a structured, precoding-dependent shape.
This result highlights that power balancing alone is insufficient to replicate the load condi-
tions of the uncorrelated case; the residual signal correlation continues to drive systematic
load modulation that must be accounted for in PA design and linearization.

The above analysis demonstrates that PA load impedance distributions are strongly de-
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Figure 5.5: (a) 1x4 multistage PA module, (b) Full 4x4 MIMO transmitter front-end
inside a 4x5x5 m? anechoic chamber, (c) Full 4x4 MIMO transmitter front-end inside a
4x5x5 m3 anechoic chamber

pendent on excitation statistics. Under uncorrelated excitation, all PAs experience statisti-
cally similar loading conditions, whereas precoded excitation introduces branch-dependent
loading due to signal correlation and power imbalance. If DPD models are trained on
uncorrelated signals but deployed under precoded operation, the resulting mismatch in
impedance trajectories degrades linearization performance. Since PA nonlinear behavior
depends on loading conditions, accurate DPD modeling requires identification under rep-
resentative excitation statistics. These observations motivate the proposed R-MISO DPD
training approach to explicitly incorporate the statistical properties of precoded signals
during model extraction and operation.

5.2 Experimental Validation

5.2.1 Measurement Setup and Signal Configuration

The proposed R-MISO DPD scheme is experimentally validated using a 16-channel (4x4)
fully digital transmitter operating at 3.5 GHz. The measurement setup, shown in Fig. 5.5,
comprises a multi-stage PA array integrated with an antenna system and is evaluated
inside a 4x5x5 m?® anechoic chamber. The input signals are 256-QAM OFDM waveforms
with 75 MHz bandwidth and 8 dB peak-to-average power ratio (PAPR). The 16-channel
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transmitter serves L=2 users using maximum-ratio transmission (MRT) precoding. Ideal
channel state information (CSI) and the corresponding precoder are assumed, and the
received user signals are obtained using the ideal CSI and the measured output signals
from the transmitter observation receivers (TORs).

The proposed R-MISO DPD is trained and validated using precoded signals to ensure
consistency between training and operational conditions. This enables the predistorter to
capture precoding-dependent loading effects observed in practice. For a fair comparison,
all benchmark DPD models are also trained and validated using precoded signals. Each
PA is modeled using 88, 13, 104, 1138, and 244 coefficients for SISO, TT-SISO, DISO,
MIMO, and R-MISO DPDs, respectively. TT-SISO and DISO DPDs include additional
linear filtering stages: TT-SISO employs an 11-tap filter per user, whereas DISO requires
a 48-tap filter per PA.

In addition to the experimental validation, the impact of DPD training and verification
signal selection is investigated across all benchmark models. Conventional DPD devel-
opment typically employs uncorrelated input signals for both training and verification,
whereas in practical operation, uncorrelated signals are used for training and precoded
signals are applied during deployment. These scenarios are compared with the proposed
approach, which utilizes precoded signals for both training and verification.

5.2.2 R-MISO DPD Measurement Results

The performance of the proposed R-MISO DPD scheme is evaluated using both branch- and
user-domain metrics. Root normalized mean square error (RNMSE) is used to quantify in-
band linearization performance, while adjacent-channel power ratio (ACPR) evaluates out-
of-band distortion. In addition, total radiated power ACPR (TRP-ACPR) is employed to
assess system-level emissions. Together, these metrics provide a comprehensive evaluation
of user-domain signal quality and radiated spectral compliance.

The measured performance before and after DPD linearization is presented in Fig. 5.6,
while the measured power spectral density (PSD) is shown in Fig. 5.7. The results demon-
strate that the proposed R-MISO DPD achieves substantial improvements in both in-band
and out-of-band performance across branch- and user-level metrics. Specifically, the TRP-
RNMSE across branches is reduced to 0.9%, and the TRP-ACPR improves to —50.9 dB.
Moreover, significant suppression of user-domain spectral regrowth is observed, with the
ACPR of User 1 improving from —34.0 dB to —56.4 dB and that of User 2 from —34.2 dB
to —57.0 dB. The RNMSE at the user locations is reduced from 7.6% to 0.9% and from
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Figure 5.6: Total radiated power measurement results before and after DPD using precoded
signals for both DPD training and verification: (a) RNMSE, (b) ACPR.

6.4% to 0.9%, corresponding to <1% error vector magnitude (EVM). These results con-
firm that the proposed R-MISO DPD effectively mitigates both in-band and out-of-band
distortion under realistic precoded excitation, achieving emission-compliant performance
while preserving beamforming integrity.

Compared with benchmark DPD models, the proposed R-MISO DPD achieves perfor-
mance comparable to MIMO DPD while requiring approximately one-fifth the number of
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Figure 5.7: Measured power spectral density before and after linearization for: (a) TRP,
(b) User 1.

coefficients. DISO DPD uses 90 fewer coefficients than the proposed approach but exhibits
degraded performance, with TRP-RNMSE and TRP-ACPR worsening by 0.9% and 2.6 dB,
and TT-SISO DPD struggle to satisfy the emission mask require-
ment of —45 dB TRP-ACPR. Although SISO DPD reduces both in-band and out-of-band
distortion, the resulting user-domain RNMSE remains in the range of 3-4%. In contrast,
TT-SISO DPD separates the linearization tasks, where the DPD block mitigates out-of-
band distortion and a linear filter preceding the precoder compensates in-band distortion
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Table 5.1: Comparison of DPD linearization results using different combinations of uncor-
related and precoded signals for DPD training and verification. 'Starting TRP-RNMSE is
15.2% in [11].

Training Signal | Verification Signal DPD TRP-RNMSE (%) | TRP-ACPR (dB) | DPD/Linear Filter Coeff. per PA
Without DPD 17.4 —31.3 N/A

With SISO 14.4 —38.6 88/0

Uncorrelated Uncorrelated With DISO 18 “13.0 104/48
With MIMO 2.0 —I71 1138/0

Without DPD 14.0 —31.2 N/A

e ) With SISO 10.8 —38.0 88/0
Uncorrelated Precoded With DISO ig —i16 104/48
With MIMO 2.3 —43.6 1138/0

Without DPD 13.4 -31.9 N/A

With SISO 5.3 —42.7 88/0

‘ . With TT-SISO [1]] 16.31 127 13/11 per user
Precoded Precoded With DISO 1.8 183 104/48
With MIMO 0.9 —50.5 1138/0

With R-MISO 0.9 —50.9 244/0

at the users, achieving approximately 0.8% RNMSE.

5.2.3 Comparative DPD Training Approach Analysis

Table 5.1 summarizes the performance of different DPD training and verification ap-
proaches under uncorrelated and precoded excitation conditions. When uncorrelated sig-
nals are used for both training and verification, both TRP-RNMSE and TRP-ACPR de-
grade significantly for DPD models compared to the case where precoded signals are used
for both stages. Specifically, SISO DPD exhibits degradations of 8.9% in TRP-RNMSE
and 4.1 dB in TRP-ACPR, while DISO DPD shows degradations of 3.0% and 5.3 dB,
respectively. MIMO DPD is least affected, with degradations of 1.1% in TRP-RNMSE
and 3.4 dB in TRP-ACPR.

In practical operation, the precoder is updated with changes in CSI, while DPD co-
efficients trained using uncorrelated signals remain fixed, leading to further performance
degradation across all models. In terms of TRP-ACPR, SISO, DISO, and MIMO DPD
degrade by 0.6 dB, 1.4 dB, and 3.5 dB, respectively. Since DPD models are trained for
specific input power levels and PA loading conditions, performance cannot be maintained
when both vary. The results further indicate that DISO and MIMO DPD, which explicitly
account for PA loading conditions during training, are more sensitive to precoder updates.
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5.2.4 Discussion

The experimental results validate the key premise of this work, namely that DPD identifica-
tion must account for the statistical properties of precoded signals. In practical operation,
PA input signals are inherently correlated due to precoding, whereas many existing DPD
models for massive MIMO transmitter systems are developed using uncorrelated training
signals.

When realistic precoded signals are employed, SISO and DISO DPD achieve lineariza-
tion performance comparable to DISO and MIMO DPD trained using uncorrelated sig-
nals, respectively. By incorporating precoded excitation during training and exploiting
the reduced-dimensional structure of multiuser transmission, the proposed R-MISO DPD
achieves effective linearization with practical model complexity. However, the sensitivity
of trained DPDs to precoder variations requires further investigation to ensure robust and
optimal linearization performance across varying operating conditions.

5.3 Conclusion

This chapter presented a precoded-signal-based user-focused DPD framework for fully dig-
ital massive MIMO transmitters and experimentally demonstrated its advantages over con-
ventional uncorrelated-signal-based training. An EM/RF/DPD co-simulation study first
showed that multi-user precoding changes both the correlation structure and the per-branch
power distribution, which in turn produces precoding-dependent active load modulation
at the PA outputs. As a result, DPD models trained with uncorrelated excitations can be
significantly mismatched during operation.

To address this issue, a complexity-reduced precoding-aware MISO DPD architecture
was proposed in which each branch predistorter operates on its own precoded waveform
and a reduced set of user-domain inputs. Compared with full MIMO DPD, the proposed
formulation leverages the fact that precoded signals are linear combinations of the user
streams and therefore capture key coupling-induced interactions with substantially lower
complexity. Measurements on a 4x4 fully digital transmitter verified that the proposed
approach improves both user quality and radiated emissions, achieving TRP-ACPR of
—50.9 dB and user ACPR better than —56 dB with 224 coefficients per PA.
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Chapter 6

Conclusion and Future Work

The EM/RF/DPD co-simulation framework was developed to predict the PA behavior in
fully digital MIMO transmitter during the PA design phase prior to fabrication, and it
showed great accuracy. The co-simulation framework was then used to design the PA for
a 4x4 fully digital MIMO transmitter. The full 4x4 transmitter was designed, fabricated,
tested, and analyzed because it is the smallest array size that displays all non-idealities
present in a MIMO transmitter. Linearization performed on the 4x4 MIMO transmitter
using both uncorrelated and precoded signals showed that precoded signals can greatly
simplify the DPD models while achieving better performance.

Model-assisted emulation procedures were developed to characterize PAs in a MIMO
transmitter using a single PA by injecting proper signals at both input and output. In
addition, linearization assessment can also be added on to evalute how good DPD models
perform in the presence of antenna mutual coupling. Compared to previously developed
method in [13], the new procedures implemented the use of PA modeling to significantly
reduce the number of necessary measurements. The procedures were also combined with
the EM/RF/DPD co-simulation framework to perform the same characterization and lin-
earization in simulations. With all the foundational tools developed in this work, a new
PA design methodology should be developed to achieve optimal system-level performance.

The influence of the precoder block in the fully digital MIMO transmitter was analyzed.
It introduces signal correlation and provides unequal power distirbution to the PAs in the
transmitter and when combined with the antenna mutual coupling effect, the PA out-
put load impedances change every time the precoder is updated. The conventional way of
training DPD with uncorrelated signals and subsequently updating the precoder can signif-
icantly degrade the overall system-level performance. The proposed reduced-dimensional
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precoding-aware MISO DPD utilized the precoded signals for both DPD training and veri-
fication procedures and the precoded signals being linear combincations of the user streams
made the reduction in the DPD architecture possible. The proposed R-MISO DPD lin-
earizes the 16-channel fully digital MIMO transmitter better than the MISO DPD trained
and verified using uncorrelated signals with five times fewer number of DPD coefficients.

6.1 Future Work

Regards to the development of a practical testbed, a larger scale transmitter system can
be developed with more advanced PA topologies to study their load modulation resilience
in a practical setup. In addition, as the system scales, it is difficult to maintain a TOR per
PA. Thus, a novel method needs to be developed to reduce the required number of TORs
while maintaining a similar level of linearization performance.

For both co-simulation framework and model-assisted emulation procedures, it is as-
sumed that the performance of the PA under test does not vary due to process, temperature,
fabrication, and so on. Thus, future simulation and modeling need to account for potential
performance variations. The work in Appendix E shows that the PA performance varia-
tions can be handled through DSP but the effect of antenna mutual coupling needs to be
considered for future work.

The development of precoding-aware DPD models is inevitable for practical operation
of fully digital massive MIMO transmitters. Although the proposed linearization method
performed well with reduced complexity, frequent precoder update needs to be investigated
to study the sensitivity of the proposed method. Thus, future work should investigate the
robustness of precoded-signal-based DPD under time-varying CSI and changing precoding
matrices, and should quantify the required re-training rate and tracking strategies for
dynamic multi-user scenarios.

In order to perform the precoder sensitivity study, a real and controlled channel con-
dition needs to be established first. The development of R-MISO DPD utilized ideal CSI
and PA output signals measured at the TORs to estimate the received user signals. Un-
der the effect of realistic CSI, the proposed R-MISO DPD model can be validated further
using actual received user signals. With the addition of realistic CSI and receivers, a full
system-level MIMO communications performance can be studied.
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Appendix A

Analysis of Linearizability of the
Balanced Power Amplifier in a
MIMO Transmitter

Balanced PA architecture is analyzed. Balanced PA is inherently linear and load-resilient
but with a limited range of tolerable output impedance variation [7]. Theoretical analysis
on balanced PA is extended by incorporating matching networks as ABCD matrices. After
analyzing the balanced PA, a research plan is proposed.

A.1 Application of the Co-Simulation Framework to
the Analysis of Balanced PA-Based 2x2 and 4x4
MIMO Transmitter

Antenna mutual coupling and load modulation complicate system-level massive MIMO
transmitter design. The complexity of DPD modeling and antenna design can be relaxed
if PAs can be load-insensitive. Balanced PA is a potential candidate for use in massive
MIMO transmitters due to its inherent linearity and robustness to load variation. However,
it has a limitation on how much variation it can tolerate [7]. This section first discusses
the background theory of balanced PA and then expands on the theory to increase the
allowable load variation range and to investigate if it can improve system-level behaviour
using the developed co-simulation framework in Sec. 3.
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A.1.1 Background Theory

3 Hybrid-90 Coupler

Figure A.1: Balanced PA Schematic.

Fig. A.1 shows a balanced PA schematic used by the authors in [7]. The current sources
represent transistors and the isolation port (at 2) is matched to Z,. The output port (at
1) is subject to load modulation with any value of Z;. Fig. A.2 shows gain curves of a
balanced PA at various load impedances. When different output impedance values are
presented, the gain of each top and bottom PA varies from 9—15 dB. However, they
change in the opposite direction, balancing out the fluctuations. Thus, the total output
gain variation is only 0.5—1 dB. This balancing feature creates inherent linearity and
robustness against load modulation. However, the outstanding question is how large of a
variation the balanced PA can tolerate? This can be carried out by analyzing Z3 and Z,
in fig. A.1. With the currents at each port flowing into the hybrid-90 coupler, the coupler
has the following impedance matrix characteristics:

Vi 0 —j 0 —jv2 I,
Vs, —j 0 —jv2 0 I,

=7, ) ) Al
Vs 0 —jV2 0 —J I3 (A1)
V4 —jvV2 0 —j 0 I

Voltages and currents at each port in terms of I3, I, and Z; can be calculated to find
how load modulation affects the outputs of each transistor.
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Figure A.2: Balanced PA Gain Curves. (a) Top PA, (b) Bottom PA, (c¢) Total Ouptut.
Different colours represent different output load impedances.

V- VEZIZ - i1, G-V (2 )ity (A

Vii= % = \/2Z,(I5 — j 1) (A.3)

Vv, = %[ JUATE+ (=TI Th= =i +T)h+(1=TOL] (A4)
Vs =2Z,[(1+Tp)l3s —jT1ls], Is=—jI (A.5)

Vi=2Z,(1 =TIy —jUpl3), Iy=1 (A.6)
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where I'y, is the reflection coefficient of 7y, and I3 and I, are 90° out of phase due to
input hybrid-90 coupler for 3-dB input power splitting. An interesting result is that the
coupled signal (V;7), which is used for training DPD coefficients, is independent of the PA
output impedance. I3 and I, are proportional to the input signal, so the linearizability of
the balanced PA using SISO DPD is guaranteed. For any mismatched loads at the output
port, the voltages at ports 3 and 4 are affected by each other’s current. The resulting
modulated impedances at these ports are

Vs L'y
o =—=7,(14+2T Iy = A,
3 I, o(1+2Ig), 3 14T, (A7)
Vi -I';
7, = — 7 (1-9T I, = A.
4 "y of L), 4 -1, (A.8)

TopSide

Gamma

Gamma_BottomSide
Gamma_Load

real_indexs11 (-0.500 to 0.500)
Figure A.3: Balanced PA Impedances.

Fig. A.3 shows I's and I'y when I'j varies from 0 to 0.5 in its magnitude. When
'y, = £0.5, one side of the balanced PA sees a short-circuit from load modulation. For
IT'z| > 0.5, the loads can expand outside of Smith chart and present negative impedances.
Thus, when a transistor is simply modeled as a current source, the balanced PA cannot
tolerate a wide range of load modulation. However, in a PA design, a matching network
is present after the transistor output. The following section expands the balanced PA
analysis taking the matching network into account.
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Figure A.4: Balanced PA Schematic with Matching Networks.

A.1.2 Matching Network Analysis

Fig. A.4 shows an updated balanced PA schematic with matching networks as ABCD
matrices. Due to the addition of the ABCD matrices, I3 and Iy need to be re-written in
terms of Iy and I, respectively.

Vis=2Z,[1+Tp)I3—jTL), I3=-C (%) Is + Al = C’Zj% (A.9)
Vi=2Z,[1-Tp)Iy— U1, I,=-C (%) Is + Al = 025% (A.10)
vy =t Zh :;720”]1 = \/ﬁ—((?z_fg (A.11)
(A.12)

The resulting Z3 and Z4 impedances then change to
Z?,:%:ZO <1+FL+Fng—ig), 3:H£—irwt (A.13)
Z4:%:ZO<1—FL—FL22—ig), 4:% (A.14)

where I, is the reflection coefficient of Z,,;, = D/C that is the Norton equivalent output
impedance of the ABCD matrix. The analysis shows that if the output matching network
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is designed to match Z, at the output, the denominators of I's 4 become 1, resulting in
I's4 = £I';, at all times. This allows the impedances to stay within Smith chart for all
passive loads at the output port.

Fig. A.5 compares current profiles and load modulation for I',,; = 0 and I',,; = 1 for
Zy, = 150 Q. Fig. A.5a shows that when I',,; = 1, the currents of both PAs are coupled
and follow each other until one PA saturates first. On the other hand, when I',,; = 0, they
are decoupled and maintain a fixed current ratio. These current profiles are reflected on the
load modulation in fig. A.5b. Since the current ratio is fixed for I',,; = 0, the impedances
are also fixed. However, for I',,; = 1, the top side impedance stays at short circuit until
the bottom side begins to saturate. For the same output impedance, I',,; = 0 has better
robustness throughout the entire input power range. Therefore, the value of I',,; can be
a design parameter for a given range of I';, variation. For keeping all loads inside Smith
chart, the following equations can be derived:

Tyl<1 [Tal<i (A1)
r I
— L <1, |—2t—<1 (A.16)
1+ FLFout 1— FLl—‘out
IV T o S ) o (A17)
|_FL| S |1 - 1—‘Ll—‘outl S 1— |FL||Fout| (A18)
Tl -1 1— [T
—m— <0< I—‘ou < A.19
|FL| — — | t| |FL| ( )

Fig. A.6 shows a comparison of two different I',,; values. For Iy = 0.52¢7264° the
tolerable output impedance is |I'f| < 0.658 to keep the loads presented to individual
PAs inside Smith chart. Fig. A.6a shows |I'z| < 0.658 and the loads are indeed inside
Smith chart. Fig. A.6b presents a case for Iy, = 0.058¢/124° in which |[I'z| < 0.945.
Learning from this analysis, the balanced PA should not consider transistors as current
sources anymore. The presence of matching networks can greatly affect the range of load
modulation it can tolerate.
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Figure A.7: DPD Applied on Class-AB PA and its balanced configuration in a
4x4 Fully Digital MIMO Transmitter for Various Maximum Antenna mutual

coupling Magnitude. (a) RNMSE and (b) ACPR.

A.1.3 16-Channel Fully Digital MIMO Transmitter Co-Simulation

For 16-channel fully digital MIMO transmitter co-simulation, standalone PA with I',,; =
0.058¢71124% in fig. B.1 are replaced by its balanced configuration. Fig. A.7 shows the
comparison of stanalone and balanced PA in 4 x 4 fully digital MIMO transmitter front-end
before and after SISO DPD. It shows that before DPD, both standalone and balanced PA
configurations behave similarly in RNMSE and ACPR. However, after SISO DPD, balanced
PA configuration has a significant improvement over the standalone case, especially in
ACPR. When the balanced PA is employed, SISO DPD can linearize the transmitter
front-end system to the level of MISO DPD for the standalone PA case.
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Appendix B

Massive MIMO Transmitter
Front-End Analysis

B.1 Introduction

For optimal system-level massive MIMO transmitter performance, building blocks should
be co-designed. DPD Modelling, PA efficiency and linearity, and PA output impedance
modulation from precoders and antenna mutual coupling are three main challenging realiza-
tions of the fully digital MIMO transmitter. Reducing the complexity of such transmitter
implementation requires contributions from all three components. SISO DPD has reduced
complexity compared to DISO DPD, but the use of SISO DPD requires the subsequent
PA to be linear and load-resilient against its output impedance modulation. Linear and
load-resilient PA design also needs information about the output impedances that are the
products of precoders and antenna mismatches and mutual coupling. Thus, effects of an-
tenna mutual coupling and mismatches, and precoders on output impedance modulation
are analyzed first. A method for such analysis is also described. Once the range of output
impedance variation can be calculated, an appropriate PA topology should be selected or
designed.
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B.2 Analysis of the 4x4 MIMO Transmitter Front-
End Non-Linearity as a Function of the Level of
Antenna Mutual Coupling
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Figure B.1: DPD Applied on Class-AB PA in a 4x4 Fully Digital MIMO Trans-
mitter for Various Maximum Antenna Mutual Coupling Magnitude. (a) RNMSE
and (b) ACPR.

The first analysis examines how antenna mutual coupling factors affect PAs’ lineariz-
ability using both SISO and MISO DPD. An ideal antenna mutual coupling module was
created using ideal models in ADS with the characteristics of a real 4x4 antenna at its
centre frequency. Thus, the antenna mutual coupling in its 4x4 configuration is preserved
but the magnitudes of all mutual couplings can be changed by the same factor of C, which
corresponds to the separation distance between antennas. Figure B.1 shows how the ACPR
and RNMSE of the combined output signals of all 16 channels change with the varying
mutual coupling factors before and after SISO and MISO DPDs. The maximum antenna
mutual coupling value is utilized as a reference value that is swept from 20—40 dB. The
results show that the antenna mutual coupling mainly affects the ACPR parameter and
that the linearizability of the transmitter becomes similar for both DPDs for the antenna
mutual coupling factor larger than 35 dB. For achieving ACPR below —50 dB for SISO
DPD, the maximum antenna mutual coupling should be below —25 dB. For new DPD
algorithms, PA and antenna designs, this study can be performed to analyze the antenna
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Figure B.2: Time-Domain OFDM Symbol. Reprinted from [12].

mutual coupling threshold to achieve a certain linearity requirements for the fully digital
MIMO transmitter. This investigation is the first step towards PA-antenna co-design for
the overall system-level transmitter linearity as the design goal.

B.3 Analysis of the 4x4 MIMO Transmitter Front-
End Active Load Modulation for Uncorrelated
Modulated Input Signals as a Function of the
Level of Antenna mutual coupling

The second investigation is a study of PA output impedance modulation due to the antenna
mutual coupling and mismatches in both time and frequency domain. Since the real
signal source is in the time domain, real-time antenna impedance modulation was studied
first from the DSP perspective. However, sampled signals in the time domain consist of
multiple frequency components because the OFDM signal has many subcarriers. While
DPD linearizes PAs in the time domain, the PA and antenna are designed in the frequency
domain. Thus, PA output impedance modulation analysis was also performed in the
frequency domain to understand how the PA-antenna co-design can be done.

A full OFDM signal consists of many OFDM symbols. In each symbol, digitally-
modulated sub-carriers propagate in the CW form, as shown in fig. B.2. Since PAs are
designed using CW excitations in the frequency domain, PA output impedances can be
calculated from each OFDM symbol to check how much output impedance variations PAs
must tolerate. This can be extended to PA-antenna co-design for engineering statistical
PA output impedance modulation. Therefore, for the frequency domain analysis, as(t) and
bo(t) are sorted by OFDM symbols and then each symbol is Fourier-transformed separately.
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Fig. B.3, B.4, and B.5 show the frequency domain impedances of 4x4 PAs in fully
digital MIMO transmitter front-end, driven by sixteen independent 8 dB PAPR, 100 MHz
bandwidth OFDM signals, when the maximum antenna mutual couplings are —20 dB,
—25 dB, and —35 dB, respectively, obtained from results presented in fig. B.1. Each data
point represents an impedance at each sub-carrier frequency and the effect of antenna
mismatch is omitted here.

For the case with maximum —20 dB antenna mutual coupling, which is the typical
scenario, most data points are confined within average VSWR circle of 1.66. The minimum
and maximum VSWR values are 1.42 (top right corner; (d)) and 2.21 (top left of centre
four; (f)), respectively. On average, PAs need to tolerate a range of 30—83 2 output load
modulation in the real part, while the worst case is 22.6—110.6 (2.

For the case with maximum —25 dB antenna mutual coupling, at which SISO DPD
can linearize the PAs below —50 dB ACPR, most data points are confined within average
VSWR circle of 1.34. The minimum and maximum VSWR values are 1.21 (bottom left
corner; (m)) and 1.61 (top edge; (b)), respectively. On average, PAs need to tolerate
a range of 37.3—67 €2 output load modulation in the real part, while the worst case is
31—80.5 €2. The worst case is similar to the average output load modulation of —20 dB
case.

For the case with maximum —35 dB antenna mutual coupling, when SISO and MISO
DPD perform similarly, most data points are confined within average VSWR circle of 1.07.
The minimum and maximum VSWR values are 1.05 and 1.09, respectively. This is close
to having constant 50 €2 loads at all times. SISO and MISO DPD can perform similarly
when the output load is constant. Otherwise, SISO DPD is worse as expected.

Table. B.1 summarizes the PA output load modulation results. The results show tha if
PAs can be designed to reduce the load modulation from 1.66 to 1.34 VSWR, SISO DPD
can achieve ACPR below —50 dB, which gives 5 dB margin from the requirement.

Table B.1: Comparison of the effect of antenna mutual coupling
factor for 16-chain fully digital MIMO transmitter, driven with
uncorrelated 100 MHz, 8 dB PAPR OFDM signals.

Maximum mutual coupling | Average VSWR Worst VSWR
—20 dB 1.66 (30—83 Q) | 2.21 (22.6—110.6 Q)
—25 dB 1.34 (37.3—67 Q) 1.61 (31—80.5 Q)
—-35dB 1.07 (46.7—53.5 Q) | 1.09 (45.9—54.5 Q)
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Figure B.3: Frequency Domain Antenna Impedance Modulation Under 256-
QAM, 8 dB PAPR, 100 MHz OFDM Signal in a 4x4 Transmitter with Max-
imum —20 dB Antenna mutual coupling. All impedances are normalized by the
average impedance of each RF chain. Each blue data point corresponds to the impedance
of each sub-carrier frequency. Orange circles represent average VSWR circles within which
most of the sub-carrier impedances reside. RF chain numbering follows an ascending order
from (a) to (p).
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Figure B.4: Frequency Domain Antenna Impedance Modulation Under 256-
QAM, 8 dB PAPR, 100 MHz OFDM Signal in a 4x4 Transmitter with Max-
imum —25 dB Antenna mutual coupling. All impedances are normalized by the
average impedance of each RF chain. Each blue data point corresponds to the impedance
of each sub-carrier frequency. Orange circles represent average VSWR circles within which
most of the sub-carrier impedances reside. RF chain numbering follows an ascending order
from (a) to (p).
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Figure B.5: Frequency Domain Antenna Impedance Modulation Under 256-
QAM, 8 dB PAPR, 100 MHz OFDM Signal in a 4x4 Transmitter with Max-
imum —35 dB Antenna mutual coupling. All impedances are normalized by the
average impedance of each RF chain. Each blue data point corresponds to the impedance
of each sub-carrier frequency. Orange circles represent average VSWR circles within which
most of the sub-carrier impedances reside. RF chain numbering follows an ascending order
from (a) to (p).
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Table B.2: Comparison of the effect of precoders for 16-chain fully digital MIMO
transmitter, driven with 256-QAM, 100 MHz, 8 dB PAPR OFDM signals.

Precoder Best VSWR Average VSWR Worst VSWR
Uncorrelated 1.43 (35—71.5 Q) | 1.66 (30—83 Q) | 2.21 (22.6—110.6 Q)
Conventional Zero-Forcing | 1.25 (40—62.5 Q) | 2.06 (24.3—103 Q) | 5.31 (9.4—265.5 )
Equal-Power Zero-Forcing | 1.25 (40—62.5 Q) | 1.76 (28.4—88 Q) | 2.65 (18.9—132.5 Q)

B.4 Analysis of the Active Load Modulation for Pre-
coded Modulated Input Signals

This section shows how precoders can affect PA output impedances using the developed
co-simulation framework in Sec. 3. Precoders introduce correlation between signals in
different RF chains, modifying the output impedances presented to each PA. How different
these impedances are from those from uncorrelated signals should be analyzed. Fig. 77?7
shows impedances presented to four different PAs in a 2 x 2 fully digital MIMO transmitter
when 4-QAM, 100 MHz, 8 dB PAPR uncorrelated signals are applied. Each RF signal has
the same average power in this case. Most of the loads are confined in VSWR circle of 2:1.

Fig. B.6 and B.7 show output impedance modulation under 256-QAM, 8 dB PAPR,
100 MHz OFDM signal in a 4x4 transmitter with maximum —20 dB antenna mutual
coupling when conventional zero-forcing precoder and equal-power zero-forcing precoder
are applied, respectively. As the modulation order and the number of chains increase,
the output impedance plots appear similar to those of the uncorrelated signal cases with

4-QAM, 2x2 fully digital MIMO transmitter in fig. 7?7 and ?77.

Table B.2 summarizes how different precoders can affect PA output impedance mod-
ulation. The range of VSWR circles across channels is wider for precoded cases. Best
VSWR corresponds to a high power chain surrounded by much lower power chains so less
modulation is experienced. On the other hand, the worst VSWR occurs when a low power
chain is surrounded by higher power chains. It clearly shows that the conventional zero-
forcing precoder is not as effective in minimizing load modulation in low power chains as
the equal-power zero-forcing precoder.
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Figure B.6: Frequency Domain Antenna Impedance Modulation Under 256-
QAM, 8 dB PAPR, 100 MHz OFDM Signal in a 4x4 Transmitter with Max-
imum —20 dB Antenna mutual coupling with Conventional Zero-Forcinsg. All
impedances are normalized by the average impedance of each RF chain. Each blue data
point corresponds to the impedance of each sub-carrier frequency. Orange circles represent
average VSWR circles within which most of the sub-carrier impedances reside. RF chain
numbering follows an ascending order from (a) to (p). As the modulation order increases,
the impedance plots appear similar to those under uncorrelated signals.
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Figure B.7: Frequency Domain Antenna Impedance Modulation Under 256-
QAM, 8 dB PAPR, 100 MHz OFDM Signal in a 4x4 Transmitter with Max-
imum —20 dB Antenna mutual coupling with Equal-Power Zero-Forcinsg. All
impedances are normalized by the average impedance of each RF chain. Each blue data
point corresponds to the impedance of each sub-carrier frequency. Orange circles represent
average VSWR circles within which most of the sub-carrier impedances reside. RF chain
numbering follows an ascending order from (a) to (p). As the modulation order increases,
the impedance plots appear similar to those under uncorrelated signals.
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B.5 Conclusion

Analyses in PA linearization and output impedance modulation showed that if the antenna
mutual coupling is better than —35 dB, SISO and MISO DPDs give the same level of
linearization. In addition, for antenna mutual coupling below —25 dB, SISO DPD can
linearize 4 x4 fully digital MIMO transmitter front-end down to —50 dB ACPR. PA output
impedance modulation should be reduced from average VSWR circle of 1.66 to 1.33 for
—25 dB or to 1.07 for —35 dB. A new PA design for reducing the output impedance
sensitivity can be crucial in reducing the complexity of DPD modelling. Furthermore,
previous research on load modulation trained PAs with uncorrelated signals and did not
include the effects of precoders that reflect on channel sensitivity. However, precoders can
significantly transform PA output impedances. Thus, a type of signals for DPD training
should be carefully considered. The time-domain active load-pull characterization setup
showed that it can accurately predict a PA behaviour in a MIMO transmitter front-end
configuration. The time-domain and frequency-domain impedance analysis as well as the
application of precoders will be further investigated for the development of a new linear
and load-resilient PA topology.
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Appendix C

Preliminary 2x2 Full
Measurement-based Emulation

For the verification of the emulated MIMO transmitter configuration, simulated and mea-
sured MIMO emulation results are compared to full MIMO transmitter system measure-
ment results. Fig. C.1 shows full 2x2 MIMO transmitter measurement setup and Fig. C.2
shows the emulated MIMO transmitter measurement setup. The vector network analyzer
(VNA) in the emulation setup is calibrated for measuring a,[n|, bi1[n|, az[n], and by[n].
Two RF signal generators for a;[n] and ay[n| are calibrated in absolute and relative am-
plitude and phase, time delay, and frequency response to correctly arrive at the input and
output of the PA, respectively. Four Class-AB PAs of the same design are characterized
at 3.5 GHz center frequency with 100 MHz modulation bandwidth and 9 dB PAPR, uncor-
related signals, and are linearized by CRV Pruned DPD algorithm with indirect learning
and 71 coeflicients.

Table C.1 compares full 2x2 MIMO transmitter measurements and its emulation in
measurements and simulations, and Fig. C.3 shows the resulting spectra without and with
DPD for each channel. The PA placed for corresponding RF chain is used for emulation for
better prediction. For both emulation results in measurements and simulations, the process
and fabrication variations between different PAs cannot be fully reflected. Therefore,
discrepancies between full 2x2 system and emulation results exist.

Emulation results in measurements and simulations show almost identical results with
and without DPD. Without DPD, RNMSE and ACPR results are within 1.5% and 1 dB

differences, while with DPD, RNMSE and ACPR results are within 1.5% and 2.7 dB
differences. Without DPD, the non-linearity of the PA dominates its performance over
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Figure C.1: Full 2x2 MIMO Transmitter Measurement Setup. Red box: antenna
array and directional couplers as transmitter observation receiver (TOR), Blue box: class
AB PA and driver, Green box: signal generator and oscilloscope, White box: DC power
supplies

the antenna mutual coupling, but with DPD, the antenna mutual coupling dictates the
PA linearity performance. It shows that simulation results of a PA can accurately predict
its non-linearity in measurements. For with DPD results, the PA output impedances
are compared in Fig. C.4. It shows that the radius of the PA output impedances in
measurements is slightly larger than that in simulations. This difference between them
yield to a slight difference in the simulated and measured linearization performance despite
having the similar starting points.

When comparing full 2x2 measurements to both emulation results, channel #1 and
#3 show asymmetry in ACPR without DPD but ACPR with DPD are the same or within
1 dB. This means that the presented PA output impedances in emulation closely rep-
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Figure C.2: Active Load-Pull-Based Emulated MIMO Transmitter Measurement
Setup.

Table C.1: Comparison of Full MIMO Transmitter Performance and MIMO
Emulation Configuration Employing Class AB PA under 100 MHz, 8 dB PAPR
OFDM, 256 QAM OFDM Signal.

SISO DPD Channel #1 Channel #2 Channel #3 Channel #4

RNMSE ACPR Power | RNMSE ACPR Power | RNMSE ACPR Power | RNMSE ACPR Power

(%) (dB) (dBm) (%) (dB) (dBm) (%) (dB) (dBm) (%) (dB) (dBm)

Full 2x2 Moeas, Without DPD 10.6 —33.5/-342] 273 11.3 —34.0/-35.9 | 27.3 14.2 —32.5/-36.4| 273 11.6 —33.0/-359 | 274
: With DPD 4.3 —47.0/-48.7| 271 7.5 —449/-471| 272 4.7 —46.6/—49.5 | 26.9 4.8 —46.4/—-48.1] 271
Emulation Meas Without DPD 7.5 —36.2/-35.1| 274 7.5 —35.6/—-35.1 | 274 8.3 —36.0/—-35.0 | 274 8.2 —35.7/-34.7| 273
) With DPD 2.3 —47.0/-48.7| 27.0 2.4 —48.5/-49.3 | 27.1 2.2 —475/—-48.6 | 27.1 2.5 —49.3/-50.3 27.0
Emulation Sim. Without DPD 6.8 —36.8/-36.0 | 27.2 6.7 —36.3/—35.8 | 27.2 6.7 —36.7/-35.8 | 27.2 6.7 —36.5/-35.3 | 27.2
With DPD 1.2 —48.2/-504 | 27.0 1.0 —51.2/-51.5 | 27.1 1.0 —49.1/-50.8 27 0.9 —51.7/-51.1 27.1

resented the full MIMO transmitter configuration. On the other hand, channel #2 and
#4 show discrepancies in spectra. This indicates that, similar to fig. C.4, the actual an-
tenna mutual coupling in the MIMO transmitter front-end is worse that the formulated
as[n] in emulation. However, emulation results can predict the general trends of the PA
characterization and linearization in MIMO transmitter front-end.

151



Channel #1

Full 2x2 Meas.

Emulation Sim.

Emulation Meas.

40}

Power (dB)
&
o

100 —— ' : ' '
-200 -100 0 100 200
Frequency (MHz)
(a)
Channel #3
220 .

Full 2x2 Meas.
Emulation Meas.
Emulation Sim.

40}

Power (dB)
&
o

-100

-200

Frequency (MHz)

()

-100 0 100 200

Power (dB)

Power (dB)

401

-100

401

Channel #2

=—Full 2x2 Meas.

Emulation Meas.
Emulation Sim.

Frequency (MHz)

(b)

Channel #4

-100 0 100 200

-100

=—=Full 2x2 Meas.

Emulation Meas.
Emulation Sim.

Frequency (MHz)

(d)

-100 0 100 200

Figure C.3: PA Output Spectra Under 100 MHz, 8 dB PAPR OFDM, 256 QAM

OFDM Signal.
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Figure C.4: PA Sub-Carrier Load Impedance Variation Across 100 MHz Band-
width. (a) Simulation, (b) Measurement. The results are normalized to 50 €.

153



Appendix D

154



IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS

157

A Two-Tier Low-Complexity Linearization
Architecture for Fully Digital mMIMO Transmitters

Jin Gyu Lim*, Graduate Student Member, IEEE, Ahmed Ben Ayed*, Member, IEEE, and Slim Boumaiza, Senior
Member, IEEE

Abstract—This paper presents a two-tier, low-complexity lin-
earization framework for fully digital multiple-input multiple-
output (MIMO) transmitters that jointly minimizes total radiated
power-adjacent channel power ratio (TRP-ACPR) and user error
vector magnitude (EVM). The proposed architecture consists of:
(i) a single-input single-output (SISO) digital predistorter (DPD),
trained using a feedback signal processed through an in-band
notch filter to isolate and suppress out-of-band distortion in
each channel, and (ii) a low-order linear MIMO pre-equalizer
placed before the precoder to compensate for in-band distortion
at the user receivers. The two stages are jointly trained, enabling
simultaneous minimization of TRP-ACPR and EVM without
increasing precoder complexity or relying on multi-input or high-
order nonlinear DPD models. Experimental results from a 16-
channel fully digital transmitter operating at 3.5 GHz in a two-
user line-of-sight scenario show that the pre-equalizer reduces
user EVM to 0.7%, while a 13-coefficient per-antenna SISO-DPD
improves TRP-ACPR from —33 dB to —43 dB and improves
ACPR at users 1 and 2 from —36.5 dB to —49.6 dB and from
—37 dB to —51.2 dB, respectively.

Index Terms—massive MIMO transmitter, MIMO, digital
predistortion, DPD, precoders, power amplifiers

I. INTRODUCTION

Digital beamforming has become the preferred architec-
ture for sub-6 GHz massive multiple-input multiple-output
(mMIMO) systems, where each antenna is equipped with
its own RF chain and digital-to-analog converter. By pre-
coding user signals in the digital domain, the transmitter
can deliver the desired waveforms to each user with high
beamforming gain and effective interference suppression. To
maximize power efficiency and radiated output, power am-
plifiers (PAs) are typically operated near saturation and con-
sequently introduce nonlinear distortion that degrades both
in-band signal quality and out-of-band spectral emissions.
If unmitigated, these impairments can lead to poor total
radiated power—adjacent channel power ratio (TRP-ACPR) and
degraded user error vector magnitude (EVM).

Digital predistortion (DPD) is the standard solution for
linearizing single-antenna transmitters [1]. Extending DPD
to multi-antenna arrays, however, is considerably more chal-
lenging due to mutual coupling between antennas. Coupling
produces time-varying incident waves at each PA output,
leading to dynamic load modulation that alters the effective

This work was supported in part by the Natural Sciences and Engineering
Research Council of Canada (NSERC) and in part by the Ontario Research
Fund (ORF). (Corresponding author: Jin Gyu Lim)

This article was presented at the IEEE International MTT Symposia
(IMS2026), Boston, MA, USA, 7 -12 June 2026.
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Fig. 1. Block diagram of proposed two-tier low-complexity linearization
architecture for fully digital mMIMO transmitter.

nonlinearity experienced by each chain. Several works have
proposed MIMO-DPD architectures [2], [3] in which each
DPD processes multiple input signals, but these approaches
scale poorly with the number of RF chains.

To reduce complexity, dual-input single-output (DISO) DPD
architectures were introduced [4], where each DPD is fed
with both the intended transmit signal and an estimate of
the incident wave at the PA—obtained either from reverse
couplers, antenna S-parameters, or coupling models. Although
DISO-DPD significantly reduces complexity compared to full
MIMO-DPD, prior work often assumes uncorrelated PA in-
puts—an assumption that does not hold in multi-user pre-
coding scenarios where PA inputs are highly correlated and
strongly dependent on the channel.

More recently, alternative approaches [5] have proposed
applying DPD before the precoding stage in mMIMO systems.
While these methods reduce the number of DPD blocks
to scale with the number of users, they cannot guarantee
per-antenna spectral compliance and therefore cannot ensure
TRP-ACPR minimization. In addition, placing the DPD up-
stream of the precoder introduces a strong dependence on
the channel realization: as the channel changes, the effective
nonlinear transformation observed at each user also changes,
forcing the DPD to be retrained for every new channel state.
This substantially increases training overhead and operational
complexity. Furthermore, the nonlinear expansion introduced
by pre-precoder DPD increases the bandwidth of the signals
entering the precoder, thereby imposing additional computa-
tional load on the precoder stage.

To address these limitations, this work introduces a low-
complexity linearization architecture tailored for mMIMO
transmitters. The proposed solution adopts a two-tier strategy:
(i) a per-antenna SISO-DPD that targets TRP-ACPR improve-
ment and is trained using feedback processed through an in-
band notch filter to isolate and suppress out-of-band distortion,
and (ii) a low-order linear MIMO pre-equalizer placed before
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the precoder to reduce user EVM. The proposed architecture
is compatible with conventional precoders, avoids the rapid
complexity growth associated with scaling array size, and
remains effective under realistic multi-user channel conditions.
Experimental results obtained using a 16-element transmitter
verify that the approach simultaneously improves user EVM
and TRP-ACPR while maintaining very low DPD complexity.

II. PROPOSED LINEARIZATION METHOD FORMULATION

Fig 1 illustrates the proposed low-complexity linearization
architecture for a fully digital K -antenna mMIMO transmitter.
The system processes L user data streams, each represented
by a complex baseband equivalent (CBBE) signal. A low-
order linear MIMO pre-equalizer is applied directly to the
user signals to mitigate in-band distortion at the receivers. The
pre-equalized signals are then mapped onto the K transmit
chains through a conventional precoder W € CX*E_ The
corresponding downlink channel is denoted by H € CL* X,
Because the proposed approach does not modify the structure
of W, it remains fully compatible with standard multi-user
MIMO processing.

For notational convenience, all signals are expressed in
the discrete-time complex baseband domain and denoted by
a tilde. For channel k& € {1,...,K}, let &x[n], Zx[n], and
gx[n] denote the precoder output, predistorted signal, and PA
output, respectively. The corresponding regressor vectors of
length M + 1 are defined as Zx(n) = [Zx[n], ..., Zx[n — M]],
with Zi(n) and g, (n) defined analogously. Similarly, let L
denote the number of users. For each user £ € {1,...,L},
let @ig[n] denote the input signals intended for that user, ;[n]
the corresponding pre-equalizer output signal, and 7¢[n] the
received signal at the user. Define [n] = [a1[n], ..., L [n]]7,
and the vectors v[n] and ¥'[n] are constructed in the same way
by stacking ¥;[n] and 7¢[n|, respectively.

A. Tier I: SISO Predistortion for TRP-ACPR Minimization

The predistorter applied to channel k£ is a SISO nonlinear
function with P basis functions {¢,(-)} and is expressed as,

Zk[n] = Zx[n] + i (n)" a, (D

where 9, (n) = [t1(@iln]).....vp(@)]T. ar =
[k 1, p)T, and ag,p is the coefficient associated with
the pth basis function and kth channel.

The TRP-ACPR metric is governed by the out-of-band
distortion generated at the PA outputs. Let B{-} denote a
linear notch operator that suppresses the in-band component
and preserves only the out-of-band distortion. Applied to the
PA output of channel k, it yields

Yx[n] = B{gk[n]}. (2)

Because TRP—ACPR is proportional to the total out-of-band
power radiated across all transmit paths, the DPD coefficients
ay; are identified by minimizing the accumulated out-of-band
energy, defined as

K M
Jrrp = Z Z |Gk [n — m]|?. 3)

k=1m=0
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The coefficient vector « is then updated iteratively using
a quasi-Newton method for real-valued cost functions with
complex parameters, leading to the update expression

& = &) — i) giny), 4)
where (-)T denotes the Moore-Penrose pseudoinverse,
\Ilk(nj) = [1/;k(nj),...,1,bk(nj — M)]T, and '(,bk(nj) =
B{(n;)}. Here, 11 is the learning rate and j is the DPD
iteration counter. A key feature of the proposed method is
that the notch operator B{-} is used only during coefficient
identification in (4), but not during the predistortion operation
(1). As a result, the DPD focuses exclusively on suppressing
out-of-band radiation, ensuring TRP—-ACPR minimization with
very low complexity, while leaving in-band linear and weakly
nonlinear errors at the PA outputs largely uncorrected.

B. Tier II: MIMO Pre-Equalizer for User EVM Mitigation
Residual in-band distortion that is not addressed by the
predistorter is corrected by a MIMO pre-equalizer operating
on the user signals before the precoder.
For each user ¢ € {1,...,L}, the MIMO pre-equalizer
output signal, ¥¢[n], is obtained using all user inputs as,

te[n] = p(n)" By, ®)
where
o(n) = [ua[n],... da[n— M'],... ,ag[n— M']*,  (6)

M’ is the number of filter taps, and 3, is the linear MIMO
filter coefficient vector associated with user £.

Under ideal linear PAs, the users’ received signals can be
obtained as follows,

d[n] = HW u[n]. (7

The pre-precoder equalizer therefore seeks the coefficient sets
B, that force the actual received signal ¥[n] to match d[n]
in (7). This is equivalent to minimizing the following cost
function,

L M
Jevm = Z Z ‘fe[n —m] — d¢[n —m)]
=1 m=0
Using Newton’s method, the coefficients 3, that minimize the
cost function in (8) can be obtained iteratively as follows,
~ (j+1)

~(5) - _ = T
B =B —pen) (W(”j) - de(nj)) NC)
where p is the learning rate, j is the iteration index, and
&(n;) = [b(nj),...,dn; — M))L.
Note, é(n]) is constructed from the ideal reference signal as
() = [di[ng],...,di[n; — M'],...,dp[n; — M'|T. (10)
At each iteration, the DPD coefficients o and the pre-
equalizer coefficients 3, are updated using (4) and (9). The

updated coefficients are then applied to generate the signals
for iteration j+1 using the following,

®)

’ 2

Tguty, (11)

Oe[njq1] = d(njt1)
and, -
Znlnga1] = Frlngan) + Y (njen) Taf ™.

12)
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Fig. 2. (a) Full 4x4 mMIMO transmitter front-end inside a 4x5x5 m?3
anechoic chamber, (b) front-view of the transmitter front-end, (c) multistage
PA, (d) 4x4 stacked patch antenna array.

III. EXPERIMENTAL VALIDATION

Fig. 2 shows the experimental setup. An AMD ZCU216
RFSoC is used to generate the 16 baseband waveforms feed-
ing the MIMO array and to perform DAC conversion and
RF upconversion. In this experimental validation, maximum-
ratio transmission (MRT) precoding is adopted for two line-
of-sight (LoS) users located at (f1,¢;) = (15°,0°) and
(02, ¢2) = (15°,90°). To limit the PAPR at the inputs of the
DPD and the power amplifiers, a clipping-and-filtering crest-
factor reduction stage is applied after the precoder and before
the DPD module. The resulting 16-channel waveforms are
uploaded to the RFSoC for playback. Each antenna branch is
magnitude- and phase-calibrated. This calibration is iteratively
refined to ensure that, after predistortion and pre-equalization,
all K RF chains maintain the correct relative gain and phase
required for proper array operation. PA outputs are sampled
through directional couplers and routed back to the RFSoC
receivers for closed-loop coefficient updates.

The PAs under test are custom-designed multistage units
consisting of an integrated pre-driver followed by a two-stage
GaN final amplifier. The pre-driver provides approximately
25 dB gain over 2.7—3.8 GHz. The final stage, based on two
6-W Wolfspeed CGHVI1F006S devices, provides 25—28 dB
small-signal gain with 1.4—3 dB gain compression at Py =
38 dBm. The array employs stacked-patch antennas with better
than —20 dB return loss and worst-case mutual coupling of
—24 dB at 3.5 GHz. For DPD, each transmit chain uses
a SISO complexity-reduced Volterra (CRV) model [6] with
13 coefficients. The model employs nonlinearity order 5,
nonlinear memory depth 3, and no linear memory. The linear
pre-precoder equalizer uses 11 taps, resulting in a total of
230 coefficients for the entire array. For comparison, a full
MIMO-DPD implementation using the same nonlinear order
and memory depth would require approximately 1.7 x 10°
coefficients to linearize the entire array.

Fig. 3 summarizes the measured root normalized mean
square error (RNMSE) and ACPR performance before and
after applying the proposed linearization method. The top
panel reports the RNMSE at the PA outputs and at the two
user locations. At the PA level, the RNMSE ranges from 30%
(worst branch) to 10% (best branch) and remains essentially
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Fig. 3. Measurement results before and after 11-coefficient pre-equalizer per
user and 13-coefficient SISO DPD per RF chain.

unchanged after linearization, as expected given the use of an
in-band notch during DPD training. In contrast, the RNMSE
observed at the user locations improves substantially, decreas-
ing from approximately 11% and 6.8% down to 0.8% for both
users—corresponding to an EVM of about 0.7%. Although
no in-band correction occurs directly at the PA outputs, the
combination of the pre-equalizer and the precoder restores
linearity at the user side after spatial combining.

The bottom panel of Fig. 3 reports the ACPR performance
measured at the PA outputs, the TRP-ACPR, and the ACPR
at the user locations. At the PA level, the ACPR lies between
—30 dB and —40 dB before linearization and improves by
about 10 dB after applying the proposed method. The TRP-
ACPR improves from —33.1 dB to —43 dB. The user ACPR
exhibits the strongest enhancement: for user 1 it improves from
—36.5 dB to —49.6 dB, and for user 2 from —37.0 dB to
—51.2 dB. In both cases, the user ACPR remains lower than
the TRP-ACPR by 3-4 dB before linearization and by 6-8 dB
after linearization, reflecting the non-coherent combination
of distortion across the RF chains, which leads to partial
cancellation of out-of-band distortion in the user directions.

Fig. 4 shows the measured power spectral density of the
user signals before and after applying the proposed two-
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Fig. 4. Measured PSD of the user before and after the proposed two-tier
linearization.

tier linearization method. The figure demonstrates that the
proposed approach fully suppresses the distortion observed at
the user side and confirm the capability of the proposed two-
tier method to deliver clean, distortion-free user signals while
simultaneously satisfying ACPR and EVM requirements.

IV. CONCLUSION

A two-tier, low-complexity linearization architecture for
precoded MIMO transmitters was presented, targeting simulta-
neous TRP-ACPR compliance at the transmitter and stringent
EVM performance at the users. The method combines a per-
branch SISO DPD, trained using a notch-filtered feedback
signal to focus exclusively on out-of-band distortion, with
a low-order linear MIMO pre-equalizer placed ahead of the
precoder to correct residual in-band distortion. Experimental
validation on a 16-channel transmitter serving two users at
3.5 GHz demonstrated that this architecture reduces user EVM
to approximately 0.7%, while a 13-coefficient SISO DPD per
RF chain improves TRP-ACPR from —33.1 dB to —43 dB.
In addition, the user ACPR improves from roughly —36.5 dB
to —49.6 dB for user 1 and from —37.0 dB to —51.2 dB
for user 2. These results confirm that excellent spectral and
in-band linearity can be achieved without multi-input or high-
order nonlinear DPD models and without increasing precoder
complexity, making the proposed approach highly attractive
for digital mMIMO transmitters.
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On the Viability of Using a Subset of

Transmitter-Observation Receivers for Training a
Common DPD in Fully Digital MIMO Transmitters

Jin Gyu Lim, Graduate Student Member, IEEE, Hoda Barkhordar-pour, Graduate Student Member, IEEE,
Ahmed Ben Ayed, Graduate Student Member, IEEE, Patrick Mitran, Senior Member, IEEE,
and Slim Boumaiza, Senior Member, IEEE

Abstract—This paper lays the foundation for reducing the
required number of transmitter-observation receivers (TORs) for
training DPD in fully digital massive multiple-input, multiple-
output (MIMO) transmitters. Specifically, it investigates the
viability of applying the same, common set of digital predistortion
(DPD) coefficients to linearize all RF chains in fully digital
massive MIMO transmitters. First, it is shown that if all RF
chains are operated at the same output power, the common set of
DPD coefficients can be found by simply averaging the coefficients
obtained by training each RF chain on its own. This suggests
that only a few chains may be needed for training provided
the chains are a representative sample. Experimental results are
then conducted where 1 and 3 chains are used for training. It
is found that when training for 1 chain, significant variations
in normalized mean square error (NMSE) and adjacent channel
power ratio (ACPR) of up to 9 dB across the chains are realized.
For training with 3 chains, the common set of DPD coefficients
can reduce the variation to 1 to 2 dB. Finally, after over-the-air
(OTA) combining, excellent linearization performance is found
for 3 chains.

Index Terms—massive MIMO transmitter, common digital
predistortion, power amplifiers.

I. INTRODUCTION

Digital pre-distortion (DPD) is a mature technique for
linearizing power amplifiers (PA) in single-input, single-output
(SISO) transmitters. However, the development of massive
multiple-input, multiple-output (MIMO) transmitter systems
poses significant new challenges including the linearization
of an array of PAs. For a DPD solution to be viable for
fully digital massive MIMO transmitters, key design criteria
must be met. This includes the design, training method,
and implementation of DPD engine (e.g., SISO and dual-
input single-output (DISO), choice of basis functions, etc)
which are particularly important given the possibly significant
computational burden and power overhead due to the large
number of PAs. In addition, limiting the number of transmitter-
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Fig. 1. Block diagram of proposed fully digital MIMO transmitter. L is the
number of users, K the number of RF chains, and a subset of M (< K)
TORs are used to train the DPD.

observation receivers (TORs) in the transmitter array is also
critical as it is not practical to dedicate one for each PA.

Previous research on linearizing fully digital beamforming
arrays has focused on the effects of load modulation, intro-
duced by antenna cross-coupling in the absence of isolators
after the PAs [1]-[3]. Specifically, this load modulation makes
linearizing the PAs with conventional SISO DPD models dif-
ficult. Recent developments in neural network-based DPD [4],
[5] could be utilized to improve PA modeling under load
modulation. In [6], [7], it was proposed to employ a crosstalk
and mismatch module (CTMM) to estimate the reflected wave
from each antenna. The estimated wave going back into each
PA then served as the second input to a DISO DPD model.
However, a TOR was still required for each PA to acquire the
output of each PA to train the DISO DPDs.

In [8], the feasibility of reducing the number of TORs in
a hybrid beamforming configuration was investigated. Specif-
ically, only one TOR was used to receive a feedback signal
from one PA and only one set of DPD coefficients was then
trained from the feedback signal. These were subsequently
applied to all PAs in the system. The results showed that using
a single TOR does not optimally linearize all PAs, resulting
in 8 to 9 dB performance variation in adjacent channel power
ratio (ACPR) over the different PAs.

In this paper, we study the feasibility of using a subset
of M < K TORs (where K is the number of chains) in
fully digital massive MIMO transmitters to train one common
set of DPD coefficients that will be applied to all RF chains.
We first develop the DPD training theory that operates with
M < K TORs to obtain one set of common DPD coefficients.
The theory is then validated experimentally on K = 8
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identical multistage PAs. Specifically, we consider the case
of M =1 and M = 3 TORs with 100 MHz, 8 dB peak-
to-average power ratio (PAPR) orthogonal frequency-division
multiplexing (OFDM) signals. We find that for M = 3 TORs,
one common set of DPD coefficients can provide consistent
and tolerable performances within 1 to 2 dB variations on all
eight RF chains while for M = 1, the variation is up to 9 dB
(similar to the findings in [8]). Finally, we find that after OTA
combining, the performance obtained by M = 3 is close to
the case when each PA’s DPD is trained by its dedicated TOR.

II. FORMULATION OF A COMMON DPD TRAINING

Fig. 1 shows the block diagram of a fully digital K-
chain MIMO transmitter. Let the sampled complex baseband
equivalent (CBBE) input and output signals for the k'” RF
chain be z;[n] and yi[n|, respectively. We assume that the

DPD model has P basis functions 11 (.), ¥2(.),...,¥p(.) so
that for the kth chain
P
2ln] = an pty(xk[n]) (D
p=1
where xi[n] = (zx[n],...,zx[n — N))T, N is the memory

depth, and oy, is the pth coefficient of the kth chain. A
traditional approach to finding the coefficients is by indirect
learning, i.e., letting o, = [ 1, .- - ,ak,p]T, then

ap = (U)W, 2
where X5, = (zx[n],...,zx[n — Q)7
1(yr[n]) bp(yi[n])
$1(yr[n —1]) bp(yrln —1])
k= . : , 3
U1(yr[n — Q) dp(yrln — Q)
yi[n] = (yk[n],...,yx[n — N])T and Q denotes the memory

depth. In this case, the DPD coefficients are obtained by
training the DPD of chain k£ based on the outputs of chain
k only.

Now, consider the case that we wish to find one set of DPD
model coefficients o = [a, ..., ap]? to serve as a common
set for chains iq,42,...,ips € {1,...,K}. Specifically, in
such a case,

zuln] = 3ty (i [n]) @

Ziy [N = Zp apwp(xizvl [n]). &)

Following the indirect learning approach, the set of coefficients
« should be chosen as the least squares solution to

il =D apt(yinld) (©)
forall { =n—N,...,n and all m = 1,..., M. In matrix
form this is

)_(11 \Ilh
= : a 7
Xin \IliM
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The least-squares solution is then

-1
a = (Z:—l \I]lHn\IIzm> (Zr{_l \Ilffn,)‘cim) ®)

The term (¥ W; ) represents the correlation matrix of the
im-th RF chain’s basis matrix, and is directly dependent on
the PA output power. As the DPD coefficients are therefore
dependent on the PA output power, one set of DPD coefficients
for arbitrary PA output power across the M RF chains will
likely not perform well for all chains. Consequently, we
assume that the average output power of each of the M PAs
is the same.

Now, represent the output signals of the RF chains by

Yi, 0] = y[n] + e, [n], forl<m<M 9

where the nominal signal is y[n] = 4, Z%Zl Yi,,[n] and
e;, [n] is the residual error signal. It is assumed that the
powers of the residual error signals are small enough to be
negligible. This is experimentally validated in Section III.
Thus, the correlation matrix for each of the M RF chains
can be approximated by their average as follows:

1 M
H o o = H .
LR TS vD DI 1 I8

Taking (10) with equality and substituting into (2), we obtain

1 M i -1 ~
o, = (37 2y YY) Vi K, (D)

Re-arranging (8) and then substituting (11) into the result,
1 M 1 M o
o M Zml:l <(M Zm:l \I/'L'm\]:]im> \Ijim’xim’

1 M
= 3 Dy i

Eq. (12) shows that given the same average output power
for the M PAs i1,19,...1757, averaging individually trained
DPD coefficients o, , oy, - - . @5,,, is equivalent to obtaining
a common set of coefficients ¢ obtained by training on the
output signals from all the M TORs.

It is to note that one need not find a common set of DPD
coefficients a by averaging over all K DPDs corresponding to
the K PAs. Since the common set of coefficients « is obtained
by averaging the o sets, it may be accurately estimated by
averaging over a much smaller sample size M compared to
K, provided this smaller sample size is representative. This
observation can significantly reduce the complexity of the
TORs for fully digital MIMO transmitters as the number of
channels increases. In the next section, it will be seen that
M = 3 is sufficient for an array comprised of K = 8 chains.

(10)

12)

III. EXPERIMENTAL VALIDATION
A. Measurement Setup

Fig. 2 shows the block diagram of the measurement setup
used in the validation experiments. An arbitrary waveform
generator (AWG; Keysight M8190A) is used to synthesize
a 100 MHz, 8 dB PAPR OFDM signal that is centered at
3.5 GHz. The test signal is then fed to a balun (Marki
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Fig. 3. Instance of one fabricated RF front-end panel comprised of four chains
used for experiments.

BALH-0010), and then to a low-pass filter (LPF; Mini Circuits
VLF-5500+) before feeding the RF chains. The sampled
output signals of the RF chains are then fed to one of the
ports of a vector network analyzer (VNA; Keysight PNA-X
N5242B) that serves as a TOR. In the following experiments,
to manage the complexity of the PA linearization process, the
effects of antenna crosstalk were excluded. The DPD model
used in these experiments is the complexity-reduced Volterra
model [9].

B. RF Chain

Fig. 3 shows one instance of a 4-channel RF chain used
in the experiments. Each RF chain consists of a variable gain
amplifier and a two-stage PA. The variable gain amplifier has
two fixed-gain pre-drivers and a digitally controlled attenuator.
An attenuator (Analog Devices HMC1122) is placed between
two pre-drivers (Qorvo QPA9127 & QPA9842) to provide a
linear, variable gain of 23—35.5 dB, allowing the peak input
signal power to fall between —19.5 dBm and —7 dBm. The
two-stage PA is designed to operate over 3.2—3.8 GHz with
two 6 W transistors (Wolfspeed CGHV1F006S). The driver
and main stages of the PA are co-designed to linearize the
output performance as much as possible, resulting in the small
signal gain of 25—28 dB and 1.4—3 dB gain compression at
Ps,y = 38 dBm. The peak drain efficiency of the two-stage
PA is ~50%. For the measurements, the attenuators are tuned
to coarsely match the output average power across all eight
RF chains within +0.5 dB.

C. Measurement Results

Table I shows the ratio of the power of the residual error
e;[n] to the power of its nominal reference signal y[n] before
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TABLE I
POWER RATIO OF THE RESIDUAL ERROR SIGNAL ¢;[n] TO THE REFERENCE
NOMINAL SIGNAL y[n] AS MEASURED ON EIGHT IDENTICAL MULTISTAGE
PAs.

RF Chain Number
1 2 3 4 5 6 7 8
—41.1 —41.6 —40.0 —449 —42.1 —41.6 —45.1 —42.7

Error (dB)

DPD and when all eight chains have equal output power, vali-
dating the assumption in Section II that the output correlation
matrices are similar.

Two sets of experiments are conducted with different num-
bers of TORs: one is for M = 1 and the other for M = 3.
When M = 1, each RF chain is trained individually and
its DPD coefficients are applied to all eight chains. For
M = 3, a random subset of three RF chains is chosen and
their averaged DPD coefficients are applied to all eight RF
chains. Normalized mean square error (NMSE) and adjacent-
channel power ratio (ACPR) measurements before and after
applying DPD are shown in Fig. 4. Lower and upper whiskers
represent minimum and maximum values, respectively, while
the edges of the boxes represent lower and upper quartiles. The
lines inside the boxes indicate the medians. The x-axis labels
represent the RF chains used for training the DPD. When this
number is between 1 and 8, this is the single RF chain on
which the DPD was trained. When this is a triple (a,b,c),
the DPD coefficients were obtained by averaging the DPD
coefficients from training on chains a, b and c.

For M = 1, the minimum parameter values are always
obtained with each RF chain’s own DPD coefficients. RF
chain 2 has the lowest minimum NMSE and ACPR values
but 7 dB and 9 dB variations are observed in NMSE and
ACPR, respectively. This is due to RF chain 2 being the most
linear device so its set of DPD coefficients struggles to correct
other devices’ worse non-linearity. Using DPD coefficients of
average-performing RF chains, such as RF chains 1 and 7, can
reduce the variations to 3 to 4 dB. For M = 1, variations not
only exist across all RF chains for a given set of coefficients
but also between different sets of coefficients. Thus, M =1
cannot guarantee consistent transmitter performance.

For M = 3, four random sets of three RF chains are selected
and common DPD coefficients for each set are calculated using
(12) and then applied to all eight RF chains. The worst set
(3,7,8) has a similar variation to that of average-performing
RF chain indexes for M = 1. Sets (2,3,7) and (3,4, 5) show
excellent results with only 1 to 2 dB of variation. The results
indicate that by only sampling a few RF chains, a common set
of DPD coefficients can be trained to linearize all RF chains
in fully digital MIMO transmitters with small performance
variations.

While the performance at the transmitter output is important,
the quality of the signal in the far-field matters most. The
signal is a vector-weighted summation of all eight channel
outputs. Fig. 5 compares power spectral density (PSD) of the
far-field OTA signal when i) each chain has its individual
DPD coefficients, ii) the DPD coefficients are obtained by
linearizing RF chain 2, and iii) the four cases of M = 3
are considered. The common set of DPD coefficients found
with M = 3 provides comparable signal quality to the case
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Fig. 4. NMSE with and without DPD (top), ACPR with and without DPD
(bottom). The x-axis indicates which DPD coefficient set was applied to all
eight chains.
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Fig. 5. PSD comparison at an estimated over-the-air boresight receiver after
applying different DPD coefficients on all eight RF chains.

where individual DPD coefficients are used.

IV. CONCLUSION

This paper investigated a method to reduce the required
number of transmitter-observation receivers (TORs) for train-
ing DPD in fully digital massive MIMO transmitters. Specif-
ically, it investigated applying one set of common DPD
coefficients, trained using M = 1 and M = 3 TORs, to eight
RF chains. First, it was shown that if all RF chains are operated
at the same output power, the common DPD coefficients can
be calculated by simply averaging the individually trained
DPD coefficients of the M selected RF chains. Experimental
results found that, for M = 1, inconsistent performance with
variations up to 9 dB for NMSE and ACPR are observed. For
M = 3, the common DPD coefficients constrain performance
variations across all eight RF chains to 1 to 2 dB. These
results show significant promise in using only a small subset
of RF chains for DPD training. The generality of the proposed
method to antenna arrays with non-negligible crosstalk will be
a subject of future research investigation.
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Appendix F

Digital Control Source Code

Listing F.1: Class for Analog Devices HMC1122 Attenuator

classdef HMC1122

properties
attenValue;
end

methods
function obj = HMC1122_Atten(obj, attenVal) %attenVal in dB

% HMC 1122 is a 6—bit device, 000000: 31.5 dB, 111111:0 dB, 0.5 dB step,

% [0—-63], XOR desired attenuation value with 63 using bitxor(attVal, 63)

% P/S pin must be set to high for serial control mode

% For power—up attenuation value, D0-D5 should be grounded such that

% regardless of LE signal value, the start—up attenuation will be 31.5 dB

if attenVal >= 0 && attenVal <= 31.5
attenValSPI = bitxor(ceil (attenValx2), 63);
else
disp ('Out of range: Attenuation value should be between 0 and 31.5 with
0.5 step');
disp ('Setting it to 31.5 dB'");
attenValSPI = 0;
end
obj.attenValue = attenValSPI;
end

function currentAttenValue = getCurrentAttenValue(obj)
currentAttenValue = obj.attenValue;
end

end
end
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Listing F.2: Class for Texas Instruments AMC7834 for Transistor Gate Bias Control

classdef AMC7834

properties % User Defined Properties

PowerModeAddress = '02"';
AMCConfig0Address = '10";
ADCMUXAddress = '12"';
DACRangeAddress = '16";
DACClampConfigAddress = '17"'; % Bit 0 & 1, value 1: clamp on, value 0: clamp off
DACADCTriggerAddress = '1C';
softwareResetAddress = '1D';
AMCStatusAddress = "1F";
ADCInternalAddress =['20", '21", '22') '23']; % Bipolar DAC measurements
ADCExternalAddress = ['24", '25', '26', '27']; % Drain current measurement
internalTempAddress = '2D"';
DACDataAddresses =['30", '31', '32', '33'];
end
methods

% Constructer of this class
function obj = AMCT7834(varargin)

end

% Initialization step #1
function Data = setSoftwareReset (obj)
% NI USB—8452 accepts decimal values for digital comm.
% This function performs software reset
% first byte: reg. addr
% second & third bytes: reset bytes are 00
Data = [hex2dec(obj.softwareResetAddress) 0 12];
end

% Initialization step #2
function Data = setDACRanges(obj)
% NI USB—8452 accepts decimal values for digital comm.
% This function sets bipolar DAC ranges
% first byte: reg. addr
% second byte: reserved to be 0
% third byte: either '0101' (5) or '1010' (10) sets the ranges
% to =5 V to 0V
Data = [hex2dec(obj.DACRangeAddress) 0 5];
end

% Initialization step #3
function Data = setADCMUX (obj)
% NI USB—8452 accepts decimal values for digital comm.
% This function activates ADC channels for reading
% first byte: reg. addr
% second byte: activate local temp. sensor only ('0100 0000"')
% third byte: activate all external and internal ADCs
% ('1111 1111'). External for drain currents and Internal for
% DAC value readings
Data = [hex2dec(obj.ADCMUXAddress) 64 255];
end
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57 % Initialization step #4

58 function Data = setAMCConfig0(obj)

59 % NI USB—8452 accepts decimal values for digital comm.

60 % This function configures ADC mode to direct-—mode. This mode
61 % converts the signals after a trigger and stays ready.

62 % first byte: reg. addr

63 % second byte: activate direct—mode ADC and keep other fields
64 % unchanged ('0001 0011")

65 % third byte: 0 by default

66 Data = [hex2dec(obj.AMCConfig0Address) 19 0];

67 end

68

69 % Initialization step #5

70 function Data = setPowerModeON (obj)

71 % NI USB—8452 accepts decimal values for digital comm.

72 % This function activates ADC and DAC

73 % first byte: reg. addr

74 % second byte: reserved to be 0

75 % third byte: 2 ('10') for activation

76 Data = [hex2dec(obj.PowerModeAddress) 0 2];

7 end

3

79 % Release DAC clamps for gate voltage biasing

80 function Data = releaseDACClamp (obj)

81 % NI USB—8452 accepts decimal values for digital comm.

82 % This function either clamps or releases DAC outputs.

83 % first byte: reg. addr

84 % second byte: reserved to be 0

85 % third byte: Only activate DACI2 (Bit 0) & DAC34 (Bit 1) while
86 % keeping other DACs clamped. Value 1: Clamp, Value 0: Release
87 % ('0011 1100"')

88 Data = [hex2dec(obj.DACClampConfigAddress) 0 hex2dec('3C") ];
89 end

90

91 function Data = checkADCReady(obj)

92 % 2°7 adds Read command to the Reg. Addr byte

93 Data = [hex2dec(obj.AMCStatusAddress)+(2°7) 0 0];

94 end

95

96 function Data = setADCtrigger (obj)

97 % 0x1C ADC trigger (needs to be ADC ready)

98 Data = [hex2dec(obj.DACADCTriggerAddress) 0 1];

99 end

100

101 function Data = getDAC1(obj)

102 % 2°7 adds Read command to the Reg. Addr byte

103 address = uint8 (hex2dec(obj.DACDataAddresses(1:2))+(2"7));
104 Data = [address 0 0];

105 end

106

107 function Data = getDAC2(obj)

108 % 2°7 adds Read command to the Reg. Addr byte

109 Data = [hex2dec(obj.DACDataAddresses(3:4))+4+(2°7) 0 0];

110 end

111

112 function Data = getDAC3(obj)

166




% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj.DACDataAddresses(5:6))+(2°7) 0 0];
end

function Data = getDAC4(obj)
% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj.DACDataAddresses(7:8))+(2°7) 0 0];
end

function Data = setDAC1(obj, Value)
if Value >= —5 && Value <= 0
DACvalue = floor ((Value+5)/4.9988%4095) ;
DACvalue = dec2bin (DACvalue,12) ;
DACvalue = strcat ('0000', DACvalue);

Data = [hex2dec(obj.DACDataAddresses(1:2)) bin2dec(DACvalue(1:8)) bin2dec(
DACvalue(9:16)) |;
else
disp ('Out of range: DAC value should be between —5 V and —0.00122 V with
1.22 mV step');
disp ('Please set it again');
end
end

function Data = setDAC2(obj, Value)
if Value >= —5 && Value <= 0
DACvalue = floor ((Value+5)/4.9988%4095) ;
DACvalue = dec2bin (DACvalue,12) ;
DACvalue = strcat ('0000', DACvalue);

Data = [hex2dec(obj.DACDataAddresses(3:4)) bin2dec(DACvalue(1:8)) bin2dec(
DACvalue(9:16)) ];
else
disp ('Out of range: DAC value should be between —5 V and —0.00122 V with
1.22 mV step');
disp ('Please set it again');
end
end

function Data = setDAC3(obj, Value)
if Value >= —5 && Value <= 0
DACvalue = floor ((Value+5)/4.9988%4095) ;
DACvalue = dec2bin (DACvalue,12) ;
DACvalue = strcat ('0000', DACvalue);

Data = [hex2dec(obj.DACDataAddresses(5:6)) bin2dec(DACvalue(1:8)) bin2dec(
DACvalue(9:16)) ];
else
disp ('Out of range: DAC value should be between —5 V and —0.00122 V with
1.22 mV step');
disp ('Please set it again');
end
end

function Data = setDAC4(obj, Value)

if Value >= —5 && Value <=0
DACvalue = floor ((Value+5)/4.9988%4095) ;
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DACvalue = dec2bin (DACvalue,12) ;
DACvalue = strcat ('0000"', DACvalue);

Data = [hex2dec(obj.DACDataAddresses(7:8)) bin2dec(DACvalue(1:8)) bin2dec(
DACvalue(9:16)) |;
else
disp ('Out of range: DAC value should be between —5 V and —0.00122 V with
1.22 mV step');
disp ('Please set it again');
end
end

function Data = getADCIntl(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCInternalAddress(1:2))+4(2"7) 0 0];
end

function Data = getADCInt2(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCInternalAddress(3:4))+(2°7) 0 0];
end

function Data = getADCInt3(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCInternalAddress(5:6))+(2°7) 0 0];
end

function Data = getADCInt4(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCInternalAddress(7:8))+(2°7) 0 0];
end

function Data = getADCExtl(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCExternalAddress(1:2))+(2°7) 0 0];
end

function Data = getADCExt2(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCExternalAddress(3:4))+(2°7) 0 0];
end

function Data = getADCExt3(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCExternalAddress(5:6))+(2°7) 0 0];
end

function Data = getADCExt4(obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj. ADCExternalAddress(7:8))+(2"7) 0 0];
end

function Data = getLocalTemp (obj)

% 2°7 adds Read command to the Reg. Addr byte

Data = [hex2dec(obj.internalTempAddress)+(2°7) 0 0];
end
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end

end

Listing F.3: Class for Controlling One

AMC7834 and Two HMC1122

classdef DigitalControl

properties
digitallnterface;
AMCT7834;
HMC1122_TOP;
HMC1122_BOT;
SPI_CS;
12C_GPIO_ADDR;
AMCT834_CS;
HMC1122_TOP_CS;
HMC1122_.BOT_CS;

end
methods
function obj = DigitalControl (varargin)
obj.digitallnterface = varargin{1};
obj.AMCT7834 = varargin{2};
obj .HMC1122_.TOP = varargin{3};
obj .HMC1122_.BOT = varargin{4};
obj.SPI_CS = varargin{5};
obj .12C_GPIO_ADDR = varargin{6};
obj.AMCT7834_CS = varargin{7};
obj .HMC1122.TOP.CS = varargin{8};

obj .HMC1122. BOT_CS = varargin{9};

end

% AMCT7834
function obj = AMCT7834_init(obj)

% Software Reset

obj.I12CWrite (obj .I2C_.GPIO_ADDR,,
obj.I12CWrite (obj .12C_.GPIO_ADDR,

obj =
obj =

3, obj.AMC7834.CS) ;
1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.setSoftwareReset , 3,

24);
obj = obj.I12CWrite (obj .[2C_.GPIO_ADDR,,

% Set DAC ranges to —5 V to 0 V

obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.setDACRanges,

obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, 255);

% Set ADC MUX, 4 ext, 4 int, 1 local temp

obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.setADCMUX, 3, 24);
obj = obj.I2CWrite (obj .I2C_.GPIO_ADDR, 1, 255);

% Set AMC Config 0 for direct—mode ADC conversion

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.setAMCConfig0,
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3, 24);
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obj = obj.I2CWrite (obj.I12C.GPIO_ADDR, 1, 255);

% Activate ADC and DAC
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.setPowerModeON, 3, 24)

obj = obj.I2CWrite (obj.I12C_.GPIO_.ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function obj = releaseDACClamps(obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.releaseDACClamp, 3,
24);
obj = obj.I2CWrite (obj.I12C_.GPIO_.ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function [obj, ReadData]= getDAC1(obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.getDAC1, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj .I2C_.GPIO_ADDR, 3, 255);
end

function [obj, ReadData]= getDAC2(obj)
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getDAC2, 3, 24);
obj = obj.I2CWrite (obj.I2C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function [obj, ReadData]= getDAC3(obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.getDAC3, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function [obj, ReadData]= getDAC4(obj)
obj = obj.I2CWrite (obj.12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getDAC4, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function obj = setDAC1(obj, Value)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.setDAC1(Value), 3, 24)

obj = obj.I2CWrite (obj .I2C_.GPIO_ADDR, 1, 255);

170




obj = obj.I12CWrite (obj.12C_GPIO_ADDR,

end

function obj = setDAC2(obj, Value)

3, 255);

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);

obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.setDAC2(Value), 3, 24)
obj = obj.I2CWrite (obj.I2C_.GPIO_ADDR, 1, 255);

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);

end

function obj = setDAC3(obj, Value)
(

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);

obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, obj.AMC7834.CS);

[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.setDAC3(Value), 3, 24)
obj = obj.I2CWrite (obj.I2C_.GPIO_.ADDR, 1, 255);

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);

end

function obj = setDAC4(obj, Value)

obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.setDAC4(Value), 3, 24)
obj = obj.I2CWrite(obj.I2C_.GPIO_.ADDR, 1, 255);
obj = obj.I12CWrite (obj.12C_.GPIO_ADDR, 3, 255);
end
function [obj, readyFlag] = checkADCReady (obj)
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.checkADCReady, 3, 24);
obj = obj.I12CWrite (obj.I2C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I2C_.GPIO_ADDR, 3, 255);
% 1f readyFlag = 1, ADC ready
% 1If readyFlag = 0, ADC running
data = bitand (ReadData(1,2), 64);
if (data/64 = 1)
readyFlag = 1;
else
readyFlag = 0;
end
end

function obj = setADCTrigger(obj)

3, obj.AMC7834.CS);
1, obj.AMC7834.CS);
ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.setADCtrigger, 3,

24);

obj = obj.I12CWrite (obj .12C_.GPIO_ADDR,,

obj = obj.I2CWrite (obj.I12C_GPIO_ADDR,

[obj,

obj = obj.I12CWrite (obj.I12C.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.12C_.GPIO_ADDR, 3, 255);

end

function obj = readADC(obj)

171




ready = O0;
while (“ready)
[obj, ready] = obj.checkADCReady ;
end
% Trigger ADC read
obj = obj.setADCTrigger;
while (“ready)
[obj, ready] = obj.check ADCReady;

end

end

function [obj, value] = convertSPIDataToDec(obj, data)
value = strcat (dec2bin(data(1,2),8), dec2bin(data(1,3),8));
value = bin2dec(value);

end

% Measures DAC1 value
function [obj, voltage] = getADCIntl(obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.getADCIntl, 3, 24);
obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.12C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec(ReadData) ;
voltage = 2.5 + 3%(2.5xdata/4096 — 2.5);
end

% Measures DAC2 value
function [obj, voltage] = getADCInt2(obj)
obj = obj.I2CWrite (obj.12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getADCInt2, 3, 24);
obj = obj.I2CWrite (obj .I2C_.GPIO_.ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec (ReadData) ;
voltage = 2.5 + 3%(2.5xdata /4096 — 2.5);
end

% Measures DAC3 value
function [obj, voltage] = getADCInt3(obj)
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getADCInt3, 3, 24);
obj = obj.I12CWrite (obj .I12C_.GPIO_ADDR, 1, 255);
obj = obj.I12CWrite (obj.12C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec (ReadData) ;
voltage = 2.5 + 3x(2.5xdata/4096 — 2.5);
end

% Measures DAC4 value
function [obj, voltage] = getADCInt4(obj)
obj = obj.I12CWrite (obj.12C_.GPIO_ADDR, 3, obj.AMC7834.CS) ;
obj = obj.I12CWrite (obj.I2C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMCT7834.getADCInt4, 3, 24);
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obj = obj.I2CWrite (obj.I12C.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I2C.GPIO_.ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec(ReadData);
voltage = 2.5 + 3%(2.5xdata/4096 — 2.5);
end

% Measures External ADCl value for Drain current measurement
function [obj, current] = getDrainCurrentl (obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.getADCExtl, 3, 24);
obj obj.I12CWrite (obj .I2C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec(ReadData) ;
voltage = 2.5xdata/4096;
current = voltage /5%x1000; % in mA

end

% Measures External ADC2 value for Drain current measurement
function [obj, current] = getDrainCurrent2(obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.getADCExt2, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I2C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec (ReadData) ;
voltage = 2.5xdata/4096;
current = voltage /5%x1000; % in mA

end

% Measures External ADC3 value for Drain current measurement
function [obj, current] = getDrainCurrent3 (obj)
obj = obj.I12CWrite (obj.12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I2C.GPIO.ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getADCExt3, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_.ADDR, 1, 255);
obj = obj.I12CWrite (obj.12C.GPIO_ADDR, 3, 255);
[obj, data] = obj.convertSPIDataToDec (ReadData) ;
voltage = 2.5xdata/4096;
current = voltage /5%1000; % in mA
end

% Measures External ADC4 value for Drain current measurement
function [obj, current] = getDrainCurrent4 (obj)
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead (obj.SPI_.CS, obj.AMC7834.getADCExt4, 3, 24);
obj obj.I12CWrite (obj .I2C_.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_.ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec(ReadData) ;
voltage = 2.5xdata/4096;
current = voltage /5%1000; % in mA
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end

function [obj, temp] = getChipTemp (obj)
obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 3, obj.AMC7834.CS);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.AMC7834.CS);
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS, obj.AMC7834.getLocalTemp, 3, 24);
obj = obj.I2CWrite (obj.I12C_.GPIO_.ADDR, 1, 255);
obj = obj.I2CWrite (obj.12C_.GPIO_ADDR, 3, 255);

[obj, data] = obj.convertSPIDataToDec(ReadData) ;
if data >= 2048

temp = —1%(4096—data) /4;
else

temp = data/4;
end
end

% HMC1122 Top
function obj = setHMC1122Top(obj, attenVal)
obj .HMC1122.TOP = obj.HMCI1122.TOP. HMC1122_Atten(attenVal) ;

obj = obj.I2CWrite(obj.12C_.GPIO_ADDR, 3, obj.HMC1122.TOP.CS) ;
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.HMC1122.TOP_CS) ;
[obj, ReadData] = obj.WriteRead(obj.SPI_.CS,
obj .HMC1122.TOP. getCurrentAttenValue, 1, 6);
obj = obj.I12CWrite (obj.I12C_.GPIO_.ADDR, 1, 255);
obj = obj.I2CWrite (obj.I2C_.GPIO_ADDR, 3, 255);
end

% HMC1122 Bottom
function obj = setHMC1122Bot(obj, attenVal)
obj .HMC1122.BOT = obj.HMC1122.BOT. HMC1122_Atten(attenVal);

obj = obj.I2CWrite (obj .I12C_.GPIO_ADDR, 3, obj.HMC1122.BOT_CS) ;
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 1, obj.HMC1122.BOT.CS) ;
[obj, ReadData] = obj.WriteRead(obj.SPI_CS,
obj .HMC1122. BOT . getCurrentAttenValue, 1, 6);
obj = obj.I12CWrite (obj.12C.GPIO_ADDR, 1, 255);
obj = obj.I2CWrite (obj.I12C_.GPIO_ADDR, 3, 255);
end

function [obj, ReadData] = WriteRead (obj, ChipSelect, Data, byteSize,
NumBitsPerSample)

% Open Digital Interface
[obj.digitallnterface , obj.digitallnterface.DeviceHandle]
= obj.digitallnterface .ni845x0Open;

% 3.3 V VDD
obj.digitallnterface = obj.digitallnterface.ni845xSetloVoltageLevel...
(obj.digitallnterface .kNi845x25Volts) ;

% Begin script for read and write and enable SPI
[obj.digitallnterface , obj.digitallnterface.ScriptHandle] = obj.
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end

function

digitallnterface .ni845xSpiScriptOpen;
obj.digitallnterface obj.digitallnterface .ni845xSpiScriptEnableSPI;

% Configure Clock rate, Clock polarity , Clock edge, NumBitsPerSample
obj.digitallnterface obj.digitallnterface.setNi845xSpiScript...
(48, obj.digitallnterface.kNi845xSpiClockPolarityldleLow , ...
obj.digitallnterface .kNi845xSpiClockPhaseFirstEdge , NumBitsPerSample) ;

obj.digitallnterface obj.digitallnterface .ni845xSpiScriptNumBitsPerSample (

NumBitsPerSample) ;

obj.digitallnterface = obj.digitallnterface.ni845xSpiScriptCSLow (ChipSelect);
[obj.digitallnterface , ScriptReadIndex] = obj.digitallnterface.
ni845xSpiScriptWriteRead (byteSize , Data);

obj.digitallnterface obj.digitallnterface.ni845xSpiScriptCSHigh (ChipSelect) ;

obj.digitallnterface.ni845xSpiScriptDisableSPI;
obj.digitallnterface .ni845xSpiScriptRun;

obj.digitallnterface
obj.digitallnterface

[obj.digitallnterface , ReadSize] obj.digitallnterface.
ni845xSpiScriptExtractReadDataSize (ScriptReadIndex) ;

[obj.digitallnterface , ReadData] obj.digitallnterface.
ni845xSpiScriptExtractReadData (ScriptReadIndex , ReadSize);

obj.digitallnterface .ni845xSpiScriptClose;
obj.digitallnterface .ni845xClose;

obj.digitallnterface
obj.digitallnterface

SlaveAddr, RegAddr)

[obj, ReadData] I2CRead (obj ,

[obj.digitallnterface , obj.digitallnterface.DeviceHandle]
obj.digitallnterface .ni845xOpen;

obj.digitallnterface
obj.digitallnterface.ni845xSetloVoltageLevel(obj. digitallnterface.
kNi845x33Volts) ;

[obj.digitallnterface , obj.digitallnterface.ScriptHandle2] = ...
obj.digitallnterface .ni845xI2cScriptOpen;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptClockRate (100);

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptPullupEnable(1);

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptAckPollTimeout (
uint16(250));

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptlssueStart;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptAddressWrite (
SlaveAddr) ;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptWrite (1, RegAddr);

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptlssueStart;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptAddressRead (
SlaveAddr) ;

% Byte size and ACK/NACK
[obj.digitallnterface ,

ScriptReadIndex]
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obj.digitallnterface.ni845xI2cScriptRead (1,
kNi845xI2cNakTrue) ;

obj.digitallnterface.

obj.digitallnterface =
obj.digitallnterface =

obj.digitallnterface.ni845xI2cScriptlssueStop;
obj.digitallnterface.ni845xI2cScriptRun;

[obj.digitallnterface , ReadSize] = ..
obj.digitallnterface.ni845xI2cScriptExtractReadDataSize (ScriptReadIndex);
[obj.digitallnterface , ReadData] = ...
obj.digitallnterface.ni845xI2cScriptExtractReadData(ScriptReadIndex ,
ReadSize) ;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptClose;

obj.digitallnterface = obj.digitallnterface.ni845xClose;

end

function obj = I2CWrite(obj, SlaveAddr, RegAddr, data)

[obj.digitallnterface , obj.digitallnterface.DeviceHandle] = ...
obj.digitallnterface .ni845x0Open;

obj.digitallnterface = ...
obj.digitallnterface.ni845xSetloVoltageLevel (obj. digitallnterface.
kNi845x33Volts) ;

[obj.digitallnterface , obj.digitallnterface.ScriptHandle2] = ...
obj.digitallnterface.ni845xI2cScriptOpen;

obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptClockRate (100);
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptPullupEnable (1);
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptAckPollTimeout (
uint16(250));
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptlssueStart;
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptAddressWrite (
SlaveAddr);
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptWrite (1, RegAddr);
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptWrite (1, data);
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptlssueStop;
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptRun;
obj.digitallnterface = obj.digitallnterface.ni845xI2cScriptClose;
obj.digitallnterface = obj.digitallnterface.ni845xClose;

end

end
end

Listing F.4: Class for Controlling One 1x4 PA Array

classdef PA_Array

YUNTITLED Summary of

% Detailed explanation goes

properties

this

class

goes
here

here
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end

TopTwoChannels;;
BottomTwoChannels ;

methods

function obj = PA_Array(varargin)
% Set Top and Bottom two channels (Ch. 1, 2, 3, 4)
% Varargin{l}: NI USB—8452 Control board
Varargin{2}: SPI Buffer CS
% Varargin{3}: 12C GPIO ADDR TOP
% Varargin{4}: 12C GPIO ADDR BOT
% Varargin{5}: GPIO CS for AMC7834 (same for top and bot)
% Varargin{6}: GPIO CS for HMC1122 TOP (same for top and bot)
% Varargin{7}: GPIO CS for HMC1122 BOT (same for top and bot)

X

obj.TopTwoChannels = DigitalControl (varargin{1l}, AMCT7834,
HMC1122, HMC1122, varargin{2}, varargin{3}, ..
varargin{5}, varargin{6}, varargin{T7});

obj.BottomTwoChannels = DigitalControl(varargin{1}, AMCT7834,
HMC1122, HMC1122, varargin{2}, varargin{4}, ..
varargin{5}, varargin{6}, varargin{7});

end
YT TSTTIS T AMCT834 DAC/ADC Init YIS T
function obj = TopAMC7834_init (obj)
obj.TopTwoChannels = obj.TopTwoChannels. AMC7834_init ;
end

function obj = BotAMCT7834_init(obj)
obj.BottomTwoChannels = obj.BottomTwoChannels. AMC7834_init ;
end

WISTTTTSSIITTISIIIT e HMC1122 Control WIS TIS SIS TSI STIITTSIS S
function obj = setHMC1122_.CH1(obj, attenVal)

obj.TopTwoChannels = obj.TopTwoChannels.setHMC1122Top (attenVal);
end

function obj = setHMC1122_.CH2(obj, attenVal)
obj.TopTwoChannels = obj.TopTwoChannels.setHMC1122Bot (attenVal) ;
end

function obj = setHMC1122_.CH3(obj, attenVal)
obj.BottomTwoChannels = obj.BottomTwoChannels.setHMC1122Top (attenVal);
end

function obj = setHMC1122_CH4 (obj, attenVal)
obj.BottomTwoChannels = obj.BottomTwoChannels.setHMC1122Bot (attenVal) ;
end

YT AMCT834 DAC Release WITTSTTo
function obj = releaseCH1CH2DACClamps(obj)

obj.TopTwoChannels = obj.TopTwoChannels.releaseDACClamps;
end

function obj = releaseCH3CH4DACClamps(obj)
obj.BottomTwoChannels = obj.BottomTwoChannels.releaseDACClamps;
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end

WITTSITS Set DAC Values (Gate Voltages) WATSSIT

0/0

function obj = setCH1DrvGate(obj, Value)

obj.TopTwoChannels = obj.TopTwoChannels.setDAC2(Value) ;

end

function obj = setCH1PAGate(obj, Value)
obj.TopTwoChannels =
end

function obj = setCH2DrvGate(obj, Value)
obj.TopTwoChannels =
end

function obj = setCH2PAGate(obj, Value)
obj.TopTwoChannels =
end

function obj = setCH3DrvGate(obj, Value)
obj.BottomTwoChannels = obj.BottomTwoChannels
end

function obj = setCH3PAGate(obj, Value)
obj.BottomTwoChannels = obj.BottomTwoChannels
end

function obj = setCH4DrvGate(obj, Value)
obj.BottomTwoChannels = obj.BottomTwoChannels
end

function obj = setCH4PAGate(obj, Value)
obj.BottomTwoChannels = obj.BottomTwoChannels
end

YT Get DAC Values
function [obj, voltage] =
obj.TopTwoChannels =

getCH1DrvGate (obj)

obj . TopTwoChannels.setDAC4 ( Value) ;

obj.TopTwoChannels.setDAC1(Value) ;

obj.TopTwoChannels.setDAC3(Value) ;

.setDAC4 (Value) ;

.setDAC2(Value) ;

.setDAC3(Value) ;

.setDAC1(Value);

(Gate Voltages) WSS TSS

obj . TopTwoChannels.read ADC;
obj.TopTwoChannels. get ADCInt2;

obj.TopTwoChannels. getADCInt4 ;

obj.TopTwoChannels. getADCInt1;

[obj.TopTwoChannels, voltage] =

end

function [obj, voltage] = getCH1PAGate(obj)
obj.TopTwoChannels = obj.TopTwoChannels.readADC;
[obj.TopTwoChannels, voltage] =

end

function [obj, voltage] = getCH2DrvGate (obj)
obj.TopTwoChannels = obj.TopTwoChannels.readADC;
[obj.TopTwoChannels, voltage] =

end

function [obj, voltage] = getCH2PAGate(obj)

obj.TopTwoChannels =

[obj.TopTwoChannels, voltage] =
end
function [obj,

voltage] = getCH3DrvGate(obj)
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obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, voltage] = obj.BottomTwoChannels.getADCInt4;
end

function [obj, voltage] = getCH3PAGate(obj)
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, voltage] = obj.BottomTwoChannels.getADCInt2;
end

function [obj, voltage] = getCH4DrvGate(obj)
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, voltage] = obj.BottomTwoChannels.getADCInt3;
end
function [obj, voltage] = getCH4PAGate(obj)
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, voltage] = obj.BottomTwoChannels.getADCInt1;
end

WITTTITTI Get ADC Values (Drain Currents) YWWOTTTTTo
function [obj, current] = getCH1DrvDrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros (1,10);
for 1=1:10
obj . TopTwoChannels = obj.TopTwoChannels.readADC;
[obj.TopTwoChannels, tmp(1,i)] = obj.TopTwoChannels.getDrainCurrent4;
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCHIPADrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros(1,10);
for 1=1:10
obj.TopTwoChannels = obj.TopTwoChannels.read ADC;
[obj.TopTwoChannels, tmp(l,i)] = obj.TopTwoChannels.getDrainCurrent2;
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCH2DrvDrainCurrent (obj)
% Returns an average value over 10 measurements
tmp = zeros(1,10);
for i=1:10
obj . TopTwoChannels = obj.TopTwoChannels.readADC;
[obj.TopTwoChannels, tmp(1,i)] = obj.TopTwoChannels.getDrainCurrent3;
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCH2PADrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros (1,10);

for i=1:10

obj.TopTwoChannels = obj.TopTwoChannels.readADC;

[obj.TopTwoChannels, tmp(1,i)] = obj.TopTwoChannels.getDrainCurrentl;
end
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current = round (mean(tmp) ,1);
end

function [obj, current] = getCH3DrvDrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros(1,10);
for 1=1:10
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, tmp(l,i)] = obj.BottomTwoChannels. getDrainCurrent2
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCH3PADrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros(1,10);
for 1=1:10
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, tmp(l,i)] = obj.BottomTwoChannels. getDrainCurrent4
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCH4DrvDrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros (1,10);
for 1=1:10
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, tmp(l,i)] = obj.BottomTwoChannels. getDrainCurrentl
end
current = round (mean(tmp) ,1);
end

function [obj, current] = getCH4PADrainCurrent(obj)
% Returns an average value over 10 measurements
tmp = zeros (1,10);

for 1=1:10
obj.BottomTwoChannels = obj.BottomTwoChannels.readADC;
[obj.BottomTwoChannels, tmp(1l,i)] = obj.BottomTwoChannels. getDrainCurrent3
end
current = round (mean(tmp) ,1);

end

YITTTITSe Get AMCT834 Chip Temperature WWOSSITTo

function [obj, temp]| = getTopAMC7834Temp (obj)
[obj.TopTwoChannels, temp] = obj.TopTwoChannels.getChipTemp;

end

function [obj, temp] = getBotAMC7834Temp (obj)
[obj.BottomTwoChannels, temp] = obj.BottomTwoChannels. getChipTemp;
end
end
end
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Listing F.5: Class for Controlling Full 4x4 MIMO Transmitter

classdef TransmitterSystem

properties
Arrays = [];
digitallnterface;
digitalConfig; % 4x2 matrix
channelConfig; % 4x4 matrix
SPI_CS = [0; 1; 2; 3];

I2C_.GPIO_.ADDR = [32 34;
32 34;
33 35;
33 35];

AMCT7834_CS = [253 253;
239 239;
253 253;
239 239];

HMC1122. TOP_CS = [251 251;
223 223;
251 251;
223 223];

HMC1122. BOT_CS = [247 24T;
191 191;
247 247
191 191];

numOfActiveChannels;

activeChannels;

end
methods
function obj = TransmitterSystem (varargin)

if length(varargin) = 3
obj.digitallnterface = ni845xI2CSpiDio(varargin{3});

else
obj.digitallnterface = ni845xI2CSpiDio;

end

tmp = size(varargin{1l});

if tmp(1,1) =4 || tmp(1,2) = 2
fprintf('Wrong Digital Control Board Configuration');
return

elseif (sum(varargin{1l}(:)==0)+sum(varargin{1}(:)==1)+sum(varargin{1}(:)==2))
=8
fprintf('Wrong Values in Digital Control Board Configuration');
return

elseif sum(varargin{1}(:,1) "= varargin{1}(:,2))
fprintf('Please connect digital control cables properly');
return

else
obj.digitalConfig = varargin{1};

end
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tmp = size(varargin{2});

if tmp(1,1) "= 4 || tmp(1,2) =4
fprintf('Wrong Transmitter Channel Configuration');
return

elseif (sum(varargin{2}(:)==0+Hsum(varargin{2}(:)==1)) "= 16
fprintf('Wrong Values in Transmitter Channel Configuration');
return

else
obj.channelConfig = transpose(varargin{2});

end

obj.numOfActiveChannels = length (find (obj.channelConfig));

obj.activeChannels = find (obj.channelConfig);

[row, col] = size(obj.digitalConfig);
k=1;
for i=l:row
if obj.digitalConfig(i,1) "= 0
Arrays (k) = PA_Array(obj.digitallnterface , ...
obj.SPI.CS (i), obj.I2C.GPIO_ADDR(i,1), obj.I2C_GPIO_ADDR(i ,2) ,

obj.AMC7834.CS(i,1), obj.HMC1122.TOP.CS(i,1),
obj .HMC1122. BOT_CS(i,1));
k=k+1;
end
end
obj.Arrays = Arrays;
end

function obj = AMC7834_.LEFT_Init(obj ,boardNumber)

if boardNumber > length (obj. Arrays)
fprintf('Exceeded board number limit');
else
if obj.digitalConfig (boardNumber,1) = 1
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . TopAMC7834_init;
elseif obj.digitalConfig (boardNumber,1) = 2
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . BotAMC7834_init ;
end
end
end

function obj = AMC7834_RIGHT Init(obj , boardNumber)

if boardNumber > length (obj.Arrays)
fprintf('Exceeded board number limit');
else
if obj.digitalConfig(boardNumber,1) = 1
obj.Arrays(boardNumber) = ...
obj . Arrays (boardNumber) . BotAMC7834 _init ;
elseif obj.digitalConfig (boardNumber,1) = 2
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . TopAMC7834_init ;
end
end
end
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function obj = releaseDAC_LEFT (obj ,boardNumber)

if boardNumber > length (obj.Arrays)
fprintf('Exceeded board number limit');
else
if obj.digitalConfig(boardNumber,1) = 1
obj.Arrays (boardNumber) = ..
obj . Arrays (boardNumber) . releaseCH1ICH2DACClamps ;
elseif obj.digitalConfig (boardNumber,1) = 2
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . releaseCH3CH4DACClamps;
end
end
end

function obj = releaseDAC_RIGHT (obj , boardNumber)

if boardNumber > length (obj.Arrays)
fprintf('Exceeded board number limit');
else
if obj.digitalConfig(boardNumber,1) =— 1
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . releaseCH3CH4DACClamps;;
elseif obj.digitalConfig (boardNumber,1) = 2
obj . Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . releaseCH1CH2DACClamps
end
end
end

function obj = setDrvGate(obj,channelNumber, value)

if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');

else
boardNumber = ceil (obj.activeChannels (channelNumber) /4);
if obj.digitalConfig(boardNumber,1) =— 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) . setCH4DrvGate ( value) ;
case 1
obj.Arrays (boardNumber) = ..
obj.Arrays (boardNumber) .setCH1DrvGate ( value) ;
case 2
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . setCH2DrvGate (value) ;
case 3
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setCH3DrvGate ( value) ;
end
elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)

case 0
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . setCH1DrvGate (value) ;
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case 1
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) . setCH4DrvGate ( value) ;
case 2
obj.Arrays (boardNumber) = ..
obj.Arrays (boardNumber) setCH3DrvGate (value);
case 3
obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) . set CH2DrvGate (value) ;

end
end
end
end
function [obj, voltage] = getDrvGate(obj,channelNumber)
if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
else
boardNumber = ceil (obj.activeChannels (channelNumber) /4);
if obj.digitalConfig(boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), voltage] = .
obj . Arrays (boardNumber) . getCH4DrVGate
case 1
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCHlDrvGate
case 2
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCH2DrVGate
case 3
[obj.Arrays(boardNumber) , voltage] = .
obj.Arrays (boardNumber) . getCHSDrvGate
end
elseif obj.digitalConfig(boardNumber,1) == 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), voltage] = .
obj . Arrays (boardNumber) . getCHlDrvGate,
case 1
[obj.Arrays(boardNumber), voltage] = ..
obj.Arrays (boardNumber) . getCH4DrVGate
case 2
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCH3DrvGate
case 3
[obj.Arrays(boardNumber), voltage] = .
obj . Arrays (boardNumber) . getCH2DrvGate
end
end
end
end

function obj = setPAGate(obj,channelNumber, value)
if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
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else
boardNumber = ceil (obj.activeChannels (channelNumber) /4);

if obj.digitalConfig(boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0

obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setCH4PAGate(value) ;
case 1
obj.Arrays (boardNumber) = ..
obj.Arrays (boardNumber) .setCH1PAGate(value) ;
case 2
obj.Arrays (boardNumber) = ..
obj.Arrays (boardNumber) setCH2PAGate (value) ;
case 3
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setCH3PAGate(value) ;

end
elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
obj.Arrays (boardNumber) = ..
obj. Arrays(boardNumber) setCHIPAGate (value);
case 1
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setCH4PAGate(value) ;
case 2
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setCH3PAGate(value) ;
case 3
obj.Arrays (boardNumber) = ..
obj. Arrays(boardNumber) setCH2PAGate (value) ;
end
end
end
end
function [obj, voltage] = getPAGate(obj,channelNumber)

if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
else
boardNumber = ceil (obj.activeChannels (channelNumber) /4);
if obj.digitalConfig (boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), voltage] = .
obj . Arrays (boardNumber) . getCH4PAGate,
case 1
[obj.Arrays(boardNumber) , voltage] = .
obj . Arrays (boardNumber) . getCHlPAGate
case 2
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCHQPAGate
case 3
[obj.Arrays(boardNumber) , voltage] = .
obj . Arrays (boardNumber) . getCH3PAGate
end
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elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCHlPAGate
case 1
[obj.Arrays(boardNumber), voltage] = .
obj . Arrays (boardNumber) . getCH4PAGate,
case 2
[obj.Arrays(boardNumber) , voltage] = .
obj . Arrays (boardNumber) . getCHSPAGate
case 3
[obj.Arrays(boardNumber), voltage] = .
obj.Arrays (boardNumber) . getCHQPAGate
end
end
end
end

function [obj, current] = getDrvCurrent (obj,channelNumber)

if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
else
boardNumber = ceil (obj.activeChannels (channelNumber) /4);
if obj.digitalConfig(boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCH4Derra1nCurrent
case 1
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHlDerralnCurrent
case 2
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHQDerralnCurrent
case 3
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHSDerralnCurrent

end
elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), current] = ..
obj.Arrays (boardNumber) . getCHlDI‘VDraIHCurI‘th
case 1
[obj.Arrays(boardNumber), current] =
obj . Arrays (boardNumber) . getCH4Derra1nCurrent
case 2
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHSDerralnCurrent
case 3
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCH2Derra1nCurrent
end

end
end
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end
function [obj, current] = getPACurrent(obj,channelNumber)

if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
else
boardNumber = ceil (obj.activeChannels(channelNumber) /4);
if obj.digitalConfig (boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), current] = ..
obj.Arrays (boardNumber) . getCH4PADra1nCurrent
case 1
[obj.Arrays(boardNumber), current] =
obj . Arrays (boardNumber) . getCHlPADramCurrent
case 2
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCH2PADra1nCurrent
case 3
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCH3PADra1nCurrent
end
elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHlPADralnCurrent
case 1
[obj.Arrays(boardNumber), current] = ..
obj.Arrays (boardNumber) . getCH4PADralnCurrent
case 2
[obj.Arrays(boardNumber) , current] = .
obj.Arrays (boardNumber) . getCH3PADra1nCurrent
case 3
[obj.Arrays(boardNumber), current] =
obj.Arrays (boardNumber) . getCHQPADralnCurrent
end
end
end
end

function obj = setAtten(obj,channelNumber, value)
if channelNumber > obj.numOfActiveChannels
fprintf('Exceeded channel number limit');
else
boardNumber = ceil (obj.activeChannels(channelNumber) /4);
if obj.digitalConfig(boardNumber,1) = 1
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setHMC1122_CH4 (value) ;
case 1
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setHMC1122_CH1( value) ;
case 2
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obj.Arrays (boardNumber) = ...
obj . Arrays (boardNumber) .setHMC1122_CH2 ( value) ;
case 3
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setHMC1122_CH3(value) ;
end
elseif obj.digitalConfig (boardNumber,1) = 2
switch mod(obj.activeChannels (channelNumber) ,4)
case 0
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setHMC1122_CH1 ( value) ;
case 1
obj.Arrays (boardNumber) = ...
obj.Arrays (boardNumber) .setHMC1122_CH4 ( value) ;
case 2
obj.Arrays (boardNumber) = ..
obj . Arrays (boardNumber) .setHMC1122_CH3 (value) ;
case 3
obj.Arrays (boardNumber) = ..
obj.Arrays (boardNumber) .setHMC1122_CH2 (value) ;
end
end
end
end
end
end
Listing F.6: Main File
% mex —setup if compiler throws an error
% Use MinGW64 Compiler (C)
% loadlibrary ('ni845x ', 'ni845x.h');
7o{
0: No connection
1: PCB facing up
2: PCB facing down
70}
digital_board_config = [1 1;
1 1;
1 1;
1 1];
7o{
Channels are from left to right, top to bottom
facing the connection view
0: Inactive channel
1: Active channel
1234
56 78
9 10 11 12
13 14 15 16
70}

channel_config 111 1;
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142 | tt = tt.setPAGate(6, —2.76);

113 | tt = tt.setPAGate(7, —2.81);
144 | tt = tt.setPAGate (8, —2.82);
115 | tt = tt.setPAGate(9, —2.88);
116 | tt = tt.setPAGate (10, —2.85

47 | tt = tt.setPAGate (11,
118 [ tt = tt.setPAGate(12
119 | tt = tt.setPAGate (13
150 | tt = tt.setPAGate (14, —2.81
151 | tt = tt.setPAGate (15
152 | tt = tt.setPAGate(16

154 % tt = tt.setPAGate(1

155 % tt = tt.setPAGate (2

156 |% tt = tt.setPAGate(3

157 % tt = tt.setPAGate(4, —5);

158 |% tt = tt.setPAGate(5, —5);
(6
(7
(8

1
7

ot

% tt = tt.setPAGate (6, —5);

160 |% tt = tt.setPAGate(7, —5);

161 |% tt = tt.setPAGate (8, —5);

162 % tt = tt.setPAGate(9, —5);

163 |% tt = tt.setPAGate(10, —5);

164 % tt = tt.setPAGate(11, —5);

165 |% tt = tt.setPAGate(12, —5);

166 |% tt = tt.setPAGate(13, —5);

167 |% tt = tt.setPAGate(14, —5);

168 |% tt = tt.setPAGate (15, —5);

169 |% tt = tt.setPAGate(16, —5);

170 | %

171 |% [tt, PA_Voltagel] = tt.getPAGate(1); % Channel number from top to bottom
t(1);% Channel number from top to bottom

172 |% [tt, PA_Currentl] = tt.getPACurren

173 1%

174 |% [tt, PA_Voltage2] = tt.getPAGate(2); % Channel number from top to bottom
175 |% [tt, PA_Current2] = tt.getPACurrent(2);% Channel number from top to bottom
176 | %

177 % [tt, PA_Voltage3| = tt.getPAGate(3); % Channel number from top to bottom
178 % [tt, PA_Current3] = tt.getPACurrent(3);% Channel number from top to bottom
179 | %

180 |% [tt, PA_Voltaged] = tt.getPAGate(4); % Channel number from top to bottom
181 |% [tt, PA_Current4d] = tt.getPACurrent(4);% Channel number from top to bottom
182 1%

183 |% [tt, PA_Voltageb] = tt.getPAGate(5); % Channel number from top to bottom
184 |% [tt, PA_Currentb]| = tt.getPACurrent(5);% Channel number from top to bottom
185 |%

186 |% [tt, PA_Voltage6] = tt.getPAGate(6); % Channel number from top to bottom
187 % [tt, PA_Current6] = tt.getPACurrent(6);% Channel number from top to bottom
188 | %

189 |% [tt, PA_Voltage7] = tt.getPAGate(7); % Channel number from top to bottom
190 |% [tt, PA_Current7] = tt.getPACurrent(7);% Channel number from top to bottom
191 | %

192 |% [tt, PA_Voltage8] = tt.getPAGate(8); % Channel number from top to bottom
193 |% [tt, PA_Current8] = tt.getPACurrent(8);% Channe

194 | %

195 |% [tt, PA_Voltage9] = tt.getPAGate(9); % Channel number from top to bottom
196 |% [tt, PA_Current9] = tt.getPACurrent(9);% Channel number from top to bottom
197 |%

198 |% [tt, PA_Voltagel0] = tt.getPAGate(10); % Channel number from top to bottom
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199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

PA _Currentl10]

PA_Voltagell]
PA _Currentl11]

PA_Voltagel2]
PA _Current12]

PA_Voltagel3]
PA _Current13]

PA_Voltageld]
PA _Currentl14]

PA_Voltagel5]
PA_Currentl15]

PA_Voltagel6 |
PA _Current16]

tt.

tt.
.getPACurrent (11);%

tt

tt.
.getPACurrent (12);%

tt

tt.
tt.

tt

tt.

tt

tt.

tt
tt

getPACurrent (10);%

getPAGate (11);

getPAGate (12);

getPAGate (13);

getPACurrent (13);%

.getPAGate (14) ;
getPACurrent (14);%

.getPAGate (15);
getPACurrent (15) ;

.getPAGate (16) ;
.getPACurrent (16) ;

Channel

% Channel
Channel

% Channel
Channel

% Channel
Channe

% Channel
Channel

number

number
number

number
number

number

number
number

from

from
from

from
from

from

from
from

top

top
top

top
top

top

top
top

to

to
to

to
to

to

to
to

bottom

bottom
bottom

bottom
bottom

bottom

bottom
bottom
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