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ABSTRACT This paper focuses on investigating uplink (UL) data transmission in cell-free massive MIMO
based on orthogonal frequency division multiplexing (CF-mMIMO-OFDM) systems, taking into account
the effects of hardware impairments (HWIs). Specifically, the HWIs arise from nonlinear distortions (NLD)
caused by power amplifiers (PAs) at user equipments (UEs). These NLD have a significant impact on both
channel estimation and data transmission in UL CF-mMIMO-OFDM. To mitigate NLD while maintaining
a good power-efficiency, we propose a successive NLD cancellation approach that is adequate for CF-
mMIMO-OFDM. Specifically, a novel frequency-domain channel estimation method is introduced that
incorporates NLD cancellation. This method aims to accurately estimate the channel despite the presence
of hardware impairments. Additionally, a joint multi-user (MU) combining and NLD cancellation scheme
is proposed to mitigate the NLD impact on data detection. Note that three combining schemes are adopted,
namely maximum-ratio (MR), zero-forcing (FZF), and partial-FZF (PFZF). Most-importantly, the proposed
techniques are designed to be implemented in a distributed and scalable manner, highlighting the advantages
of CF-mMIMO-OFDM systems. The performance of the proposed techniques are evaluated with simulations
when considering the combining schemes. Results show the capability of our proposed NLD cancellation
approach to improve both channel estimation and data detection, especially when leveraging the good
features of PFZF combing scheme. For objective comparison purpose, we derived closed-form expressions
on UL spectral-efficiency (SE) performance of an UL CF-mMIMO-OFDM system in presence of ideal and
nonlinear PA.

INDEX TERMS Cell-free massive MIMO, hardware impairments, spectral efficiency, OFDM, distributed
cancellation.

I. INTRODUCTION
Cell-Free massive MIMO (CF-mMIMO) has been shown to

CF-mMIMO systems do not rely on a traditional cellular
network architecture, with the system divided into cells [4].

be the most promising key technology in the development of
beyond 5G networks that are expected to bring new require-
ments for wireless communication systems, such as higher
data rates, ultra-low latency, and massive connectivity [1],
[2], [3]. To this end, a new network architecture is needed
that can provide a scalable and flexible infrastructure able to
support a wide range of applications and services. Purposely,
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Instead, a large number of distributed access points (APs)
connected to a central processing unit (CPU) are used to
provide seamless wireless coverage and capacity across the
entire coverage area. Each AP serves all user equipments
(UEs) in the same time-frequency resource block. As such,
UEs can potentially have access to the same amount of
resources regardless of their location. With a high density of
APs and UEs, the amount of signaling and data exchanged
between nodes increases leading to a substantial increase
in computational complexity and resource requirements.
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Therefore, scalability-related issues should be addressed in
CF-mMIMO systems. In particular, user-centric approach
enables efficient and dynamic AP selection by UEs to
optimize resource allocation and alleviate the challenges
posed by a large number of APs and UEs [2], [5]. Based
on time-division duplex (TDD) transmission mode, the trans-
missions in CF-mMIMO are carried out in coherence blocks,
each divided into three phases : uplink (UL) training, UL pay-
load transmission and downlink (DL) payload transmission.
Obtaining accurate channel estimates is necessary to achieve
the full potential of UL/DL transmission in CF-mMIMO by
optimizing the design of the combining/precoding schemes
at serving APs. Combining schemes are designed to enhance
the UL performance efficiency by reducing the inter-user
interference and/or enhancing the desired signal of each
user. Two levels of cooperation between APs and the CPU
are proposed for UL combining in CF-mMIMO: centralized
combining and distributed combining [6]. It is shown that,
by leveraging distributed combining, CF-mMIMO systems
can achieve better scalability [7].

While CF-mMIMO presents promising potential for
enhancing wireless communications, its implementation in
real-world scenarios poses practical challenges [3]. Notably,
the densification feature of CF-mMIMO can indeed result
in higher system efficiency at the cost of a substantial
increase in energy consumption and hardware costs. This
is especially true if both the APs and UEs are equipped
with high-quality hardware components. Nevertheless, while
low-cost hardware may be attractive due to its affordability,
it often comes with the downside of reduced system
efficiency. Hence, it is essential to achieve a balance between
the cost of the hardware and the system’s performance [8].
The aforementioned works rely on simplifying assumptions
such as ideal hardware, which is unlikely to hold in
practical implementation. In this context, power amplifier
(PA) non-linearity (NL) is considered one of the major
hardware impairments (HWIs) in the analog transmission
chain of modern communication systems. Indeed, non-linear
distortion (NLD) of non-linear power amplifier (NL-PA)
deteriorates both channel estimates and the useful received
data.

A. RELATED WORKS

The impact of potential HWIs on the performance of
CF-mMIMO systems has been explored in [9], [10], [11],
[12], [13], [14], [15], and [16]. In [9], authors showed
that HWIs can significantly degrade the performance of
CF-mMIMO systems in terms of spectral efficiency (SE) and
energy efficiency (EE). According to the authors, although
increasing the number of APs can alleviate the impact of
HWIs at APs, the system performance still suffer from HWIs
at UEs. The same hardware scaling law was reveled in [10]
where closed-form of SE and EE expressions were derived
for both UL and DL transmissions. It is also shown that
max-min power control algorithm improves the performance
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of CF-mMIMO systems under HWIs at both APs and UEs.
The impact of HWIs on UL CF-mMIMO systems with
four low-complexity receiver cooperation levels has been
investigated in [11]. The obtained results show that HWIs
have a larger impact on the performance of large scale
fading decoding (LSFD) combining receiver. In [12], authors
studied the effect of HWIs on the UL and DL sum-rate
of CF-mMIMO-OFDM systems and revealed that the UL
sum-rate is more susceptible to HWIs at UEs than the
DL sum-rate. The impact of HWIs, including phase noise,
quantization errors, and PA distortion, on the physical layer
security of CF-mMIMO systems in the presence of pilot
spoofing attack has been presented in [13]. It is shown
that the hardware scaling law is almost not applicable to
secure CF-mMIMO systems under active attack. The impacts
of both phase drifts and distortion noise on CF-mMIMO
systems have been investigated in [14]. The achievable rate
of CF-mMIMO systems with low resolution analog-to-digital
converters at both the APs and users has been investigated
in [15]. In [16], authors highlighted the performance of
fronthaul-constrained CF-mMIMO under transceiver HWIs.

B. CONTRIBUTIONS

Existing studies have predominantly focused on examining
the impact of HWIs at APs and/or UEs on the performance
of CF-mMIMO systems, rather than addressing strategies
to mitigate this effect. Building upon the findings presented
in [10], which indicate that the UL SE is primarily affected
by HWIs at the UEs, we investigate the performance of UL
OFDM-based CF-mMIMO systems under NL-PA model at
UEs. Contrary to the work in [10] and [11], which considered
theoretical NLD model, our work specifically considers a
representative NL-PA model. It is worth noting that NLD
could be compensated either at the UE side or the AP
side. The former case may require additional computational
complexity, potentially affecting battery life and overall
UE performance. This can motivate a receiver cancellation
technique which is typically the case in UL transmission
where the APs have more resources in terms of power and
computational complexity. Therefore, the main contributions
of this work are as follows

o We propose a frequency-domain channel estimation
approach that incorporates a NLD cancellation tech-
nique to improve the efficiency and accuracy of
channel estimation by mitigating the impact of nonlinear
distortion.

o A new receiver technique, that is able to cancel the
NLD caused by NL-PAs, is developed. The proposed
technique combines UL detection and NLD cancella-
tion techniques, called successive joint MU combing
and NLD cancellation scheme. When applied in a
CF-mMIMO-OFDM system, the NLD cancellation
technique is evaluated in a representative scenario,
which includes channel estimation error and multi-
user interference. Simulation results are provided to
demonstrate that the proposed techniques improve the
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TABLE 1. Notations.

Notation Definition
[0 Hermitian transpose
E{.} Expectation value
[].1] Euclidean norm
| Al Cardinality of the set A
Iy N X N identity matrix

Diagonal matrix with the values x1,...,x,
on the diagonal

Zero-mean complex Gaussian random vector
with variance o

Boldface lower-case and upper-case letters
denote vectors and matrices, respectively.

overall performance of the CF-mMIMO-OFDM system
by reducing the impact of HWIs.

o We analyze the global SE of a CF-mMIMO-OFDM
system when the proposed approaches are implemented.
Unlike [10] and [11], instead of considering the
MR combining scheme, we investigate the system
performance under HWIs based on different combining
techniques: MR, full-pilot zero-forcing (FZF) and
partial-FZF (PFZF). The achievable SE of the system
is derived for the three combining schemes. We show
the ability of our NLD cancellation approach especially
when leveraging the good features of PFZF combining
scheme that further improve the spectral efficiency
by providing an adaptable trade-off between NLD
cancellation and boosting of the desired signal.

o In addition, we discuss the computational complex-
ity analysis for the proposed schemes. Specifically,
we show that the technique converges within a few
iterations. Significantly, the added complexity is lower
than conventional UL data transmission that includes
combining vector design and initial data detection,
especially when FZF and PFZF combining schemes are
used.

« For objective comparison purpose, we derived closed-
form expressions on UL spectral-efficiency (SE) per-
formance of an UL CF-mMIMO-OFDM system in the
presence of ideal and nonlinear PA. Unlike [10] and [11],
that consider theoretical HWI model, we consider a
representative PA model proposed by the 3GPP.

The remainder of this paper is summarized in the follow-
ing order. Section II describes the considered hardware-
constrained CF-mMIMO transmission model and Section III
presents the system performance where closed-form of
the achievable SE expressions with different combining
schemes are derived. The proposed techniques are detailed
in Section IV. Section V exhibits simulation results and
discussions. At last, Section VI concludes this paper.
Notations used in the paper are outlined in Table. 1.

Il. SYSTEM MODEL

We consider a UL transmission in a TDD-based
CF-mMIMO-OFDM system consisting of L APs and K UEs,
which are independently and uniformly distributed within a
given area. UEs and APs are equipped with a single transmit
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FIGURE 1. OFDM TDD frame structure.

antenna and N receive antennas, respectively. We assume
that APs are connected to a CPU via a high-capacity and
error-free fronthaul network. Operating in TDD mode, the
training phase, UL and DL transmissions fit into the channel
coherence block of length ., as illustrated in FIGURE 1.
We assume a block-fading channel model where channel
coefficients remains unchanged during the coherence block.
LetHy ;= [h) . h} ... hi ] € CY*/ be the time-domain
channel response between AP; and UEy that is modeled as a
finite impulse response filter with / equally-spaced channel
taps. The i-th channel tap is given by

b, = /Brig, (1)

where S ; and g}'{’ ; are the large and small scale fading com-
ponents, respectively. It is assumed that gf{’ ; ~ Nc (0, Iy) are
independent and identically distributed (i.i.d.). CF-mMIMO
architecture aims to offer fully macro-diversity. Hence, UEs
should be positioned at varying distances from different
APs, including some close, some far, and some very far.
Consequently, Rayleigh fading channel might be the appro-
priate model for characterizing such a scenario. Moreover,
we have adopted the Rayleigh channel model for comparison
purposes, as it is often used in prior works on CF-mMIMO
systems involving hardware impairments [10], [11], [17].
We use OFDM modulation to divide the frequency band into
multiple subcarriers that are used by UEs in an orthogonal
way to transmit data simultaneously. In the frequency-
domain, the channel response on the m-th subcarrier between
AP; and UEy is denoted by hy ; ,,m = 1, ..., Ng, where
Ngup 18 the number of OFDM subcarriers.

Following 5G-NR, based on TDD mode, the UL and DL
transmissions share the same frequency band but are sepa-
rated in time. A frame is typically represented as a grid in the
time-frequency plane, where the frequency domain is divided
into Ny, subcarriers spaced by Ay and the time domain
is divided into N, OFDM symbols. Moreover, the data
transmission is organized into N, resource blocks (RB), each
consisting of Ny contiguous subcarriers and N, symbols.
Therefore, each RB comprises 7. = N:Ns. resource units
(RUs), representing the smallest time-frequency resource of
one subcarrier and one symbol. To ensure accurate channel
estimation, pilot symbols are inserted into RUs of each RB.
We assume that the number of OFDM symbols, N, covers
the coherence time of all UEs. In each RB, 7, RUs are used
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for pilot symbols, where the remaining RUs are used for
scheduling UL and DL transmissions. Specifically, & (t. — 1)
and (1 — &)(z. — 1) RUs are used for scheduling UL and DL

transmissions, respectively, where 0 < & < 1 [18].

A. HARDWARE IMPAIRMENT MODEL

In wireless communication systems, HWIs can arise from
various components. However, it is worth noting that
NL-PAs are particularly prominent and significant sources
of impairments. The non-linearity encountered in a PA can
be described through two types of conversion: amplitude
to amplitude (AM/AM) and amplitude to phase (AM/PM).
These conversions correspond to the changes in both the
amplitude and phase of an input signal, r;,, passing through
the PA resulting in the signal, r,,;, at the output. The relation
between the input, rj, = ,oe“/’, and output, r,,,, signals of a
PA is described by its transfer function, f(.), which is given
by

Four = f (rin) = Qap) exp/V TV @) 2

where ©(.) and W(.) denote the AM/AM and AM/PM con-
versions, respectively, and « is the multiplicative coefficient
that is applied to the input of PA to achieve the desired
PA operating point based on the specified input back-off
(IBO). The IBO refers to the amount of power reduction
at the input of the PA relative to its maximum rated power
level. Moreover, p and ¥ are the magnitude and the phase of
the PA’s input sample. To accurately model the behavior of
NL-PAs, we use the memoryless modified Rapp model based
on which the AM/AM and AM/PM conversions are given
by [19]

. Gp _ Ap1

(1+ ﬂzp)h

VV{Z[
where G is the small signal gain, Vi, is the saturation level,

p is the smoothness factor and A, B and ¢ are fitting
Ve 713100[(13]
parameters. Note that ¢ = 7= MIO

signal average power. Based on the Bussgang’s theorem [20],
the output of a NL-PA can be expressed in the following form

3

, where p;, is the

Tour = Kotin +d 4

where «p denotes a complex gain and d is the added
zero-mean distortion noise with variance 03. Note that, d is
uncorrelated with the input signal, r;,. It is worth noticing that
the Bussgang theorem holds only for Gaussian input signals.
This condition is verified in the proposed scheme, since an
OFDM modulated signal is amplified at each UE. In addition,
it is mentioning that d is not Gaussian at the output of the PA
but it becomes Gaussian at the receiver side (AP) after the
OFDM demodulation.

B. UPLINK TRAINING PHASE
In wireless CF-mMIMO-OFDM systems, pilot-based chan-
nel estimation is a common technique used to estimate the
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users’ channels at the APs. For simplicity, we assume that
the channel coefficients are the same for all RUs within
a RB. Therefore, channel estimation can be performed
once per RB. During the UL training phase, UEs transmit
7, pilot symbols on specific RUs within the RB. These
RUs are carefully chosen to be orthogonal to each other
in the frequency-domain in order to enable simultaneous
transmission of pilots without causing interference with other
UE:s. This approach helps to mitigate pilot contamination and
ensure accurate channel estimation. It is also important to
highlight that by allocating different RBs to different UEs,
OFDM technique can serve more UEs without interference
in the frequency domain.

Let ¢.m € C»*! denotes the 7,-length pilot sequence
assigned to the k-th user, where q&k,mqﬁ,f{ w = Tp and
Pemdy,, = 0, ¥k # k'. Considering NL-PA at UEs, the
received signal, Y/ € CV*%, at the [-th AP is given by

l,m
Y7, =Hy,, (POf + D) + Ny, )

where P = diag(ko./p1, ..., ko /Pk) is the transmit power
matrix, N; , € CN*% is the AWGN matrix with variance
o2andDh, = [d’f’m, e d‘;’m] is the matrix that contains the
NLD vector of each user on the m-th subcarrier. This first step
is to estimate the channels H; ,, is performing a de-spreading
of the received pilot signal as follows [21]

Hl,m -

= —Y],®n e CV¥, (©6)
N

where @, = [P1,m, .-, Pr,m] € C™*% . Then, based on the
estimation theory in [22], by adopting the minimum mean
square error (MMSE) estimation of the channel response,
lAlkJ’m can be expressed as

e tm = ck Hmex, @)
where
/DiTpkoBr,1
Ck = £ 8)

- = ,
Pitplico2Bii + Dy 03B + o2

represents the full-rank matrix of the channel estimates and
e, denotes the k-th column of I,p. The channel estimate,
flk,l,m, and the channel estimation error, ﬁk)l,m = hym—
hy ., are independent with distributions NV (0, yx,/Iy) and
Ne (0, (B, — vx,)In), respectively, where

Vil = /PkTpko Br.iCk 1,
_ pktp|K0|2:B]%J
Prplico2 Bt + 20y 03Bri + 02
We note form (9) that the estimated channel of each UE is
affected by NLD caused by both itself and other users in the

network. Moreover, the level of NLD caused by other UEs
varies based on their channel conditions.

©)
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IIl. PERFORMANCE ANALYSIS

In this section, we evaluate the achievable SE of distributed
UL transmission in CF-mMIMO-OFDM system that consists
of two stages: local processing and LSFD [6]. First, each
AP independently estimates the channels and designs its
combiner vector to perform data detection locally. The
estimated data at all APs are then sent to the CPU that
performs linear processing for joint detection. We consider
LSFD technique at the CPU which relies solely on channel
statistics since the channel estimates are not shared over the
fronthaul links. Moreover, we study the system performance
based on the following receive combining schemes: MR, FZF
and PFZF.

A. UPLINK DATA TRANSMISSION
During the UL data transmission, the received data signal at
the /-th AP on the m-th subcarrier is given by

K
i, = th,l,m (v/PrK0SK,m + di.m) + 0y m,
k=1

(10)

where sy, is the transmitted data by the k-th user on the m-
th subcarrier and n; ,, € CNx*1 is the AWGN vector with
variance o2. The local data estimate of the k-th UE at the
[-th AP based on the combining vector Vi ; ,, is given by

Y

Local data estimates are then sent to the CPU to be linearly
combined using the LSFD coefficients. The received signal
at the CPU is given by

P ul
Sk,l,m = Vf,l,myl,m'

L
Skom = D a5 1 Skl (12)

=1
where ay ; , is the complex LSFD coefficient for AP; and
UE; on the m-th subcarrier. As to maximize the SINR of
UE, Vk € {1, ..., K}, the LSFD coefficients are computed
as follows

—1

K
m = (ZPkE{gk,r,mng,,,m} + Gsz) E{gk k,m},
=1

(13)
where g ;. = [VkH,l,mht,l,mv e VkH’L’mh,,L,m]T and F;, =
diag ({Ive.1ml?} - - Uvezml?)).

B. LOCAL RECEIVE COMBINERS
In this subsection, we present the combining schemes
considered in this investigation : MR, FZF and PFZF.

1) MR combining is the simplest receiving scheme that
maximizes the power of the desired signal while
neglecting the inter-user interference. The MR comb-
ing vector is given by

ViR = i My mex = hy g . (14)

Based on (14), we can note that this combining
scheme has a low computational complexity since the
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combining vector is the corresponding local channel
estimate and no additional computation is needed.

2) FZF is an efficient UL combining scheme since it
enables the inter-user interference cancellation while
maintaining strong desired signal powers. The FZF
combiner vector is given by

FZF = (af w 7!

Viiiom = Sk 10k 1 H1m (Hl,mHl,m) €. (15)
where 6 ; = E{|H x|’} = % In this combining
scheme, one combiner vector ikSJ proposed per pilot
symbol. The FZF could be used only if N >
7,. Moreover, while FZF combining can eliminate
interference, it can also lead to noise amplification.

3) PFZF is a modified version of the FZF combining
scheme that alleviates the constraint on the number
of antennas at the APs versus the number of pilots.
In PFZF combining, each AP divides the UEs into two
disjoint subsets : S; of strong users and W, of weak
users given by

S =1, ..., jmy] = argsort {1}, (16)

Wi = {Brai\Si.

We use the same strategy as in [23] to define the value
of v = |&;| denoting the number of UEs having the
best channel conditions to AP; and contributing to §%
of the total path loss. Hence, the strong users is defined
as follows

a7

i Et,l
K

=1 Zj:l IBk,l
where {Et,l} is the set of sorted path-losses (in
descending order) and the threshold § indicates the
percentage of the total path loss from all users. The
strong users are assigned to the FZF combiner, while
the weak users are assigned to the MR combiner.
Hence, the PFZF combining vector is given by

> 6%, (18)

FZF .
VPEZE _ | Vi Lm if ke§ (19)
CEm L VMR i keW)
i) 7m

The choice of the combiner scheme depends on the specific
system requirements, such as the number of APs, the channel
conditions, and the desired performance metrics.

C. UPLINK SPECTRAL EFFICIENCY

The CPU in a CF-mMIMO system is responsible for coor-
dinating the transmissions from all the APs, and optimizing
the overall system performance. The signal in (12) can be
rewritten as shown in (20), shown at the bottom of the next
page.

The detected signal at the CPU comprises five main
parts : DSk ,, and BUy ,, represent the desired signal and
the beamforming uncertainty for the k-th user, respectively.
Moreover, the user-interference caused by the ¢-th user
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(t # k) is denoted by Ul ;.. The term NLDy ; ,, presents
the received NLD form the ¢-th user in the network. Finally,
GNy ., represents the total received noise. Based on (20), the
SINR of UE; is given by (21), as shown at the bottom of the
next page.

Note that, the SINR expressions in (21) holds for
any combining scheme used at the AP. The closed-form
expression of the SINR of UEy is given by

SINR;_,

2
plol? 2t Apm GermVid + 2168, NO; | Vil
Ak,m + Bk,m + Ck,m + Dk,m

(22)
where

Z |a* |2Vk,l(ﬁt,l—yt,l)
kim! — xr N

K
Akm =D piliol? Fra—

=1 leAk.m

2
+ Z laz 1. ml "NveiBei | »

leBk,m

2
Bk,m = prlKol

* *
Z A1 m¥tl + Z ag ;mNve| s

leA.m 1eBym

2
Cim =07 Z ag | mYel + Z ag 1 mN vl
le Ay leBy

2 Vi 1 (Be,t — V1)
#3073 a0
t=1 le Ax

+ Z \a§ "N viiBr | -

leBy

Ve
Dy =0 kalmz(N )+ZIaklm|Nykl,

le Ay leBy
Av={=1,....LkeS),
Br={l=1,...,L, ke W}.

Proof: The proof is given in the Appendix.
From the users’ perspective, Ay denotes the set of APs
considering UE; as a strong user and By refers to the

set of APs considering UE; as a weak user. Therefore,
| Ax| + |Bx| = L. We note the Ay = @ when MR combining
scheme is used. However, when the FZF receive combining
is used, we have By = ¥ and v; = 1.

Thus, the achievable per-RB SE of the k-th user for the UL
CF-mMIMO-OFDM system is given by

SEx = £ ANy (1 - —) log, (14 SINRy),  (23)
Te
where Ay is the subcarrier spacing (SCS) and & denotes the
portion of coherence time interval dedicated to the UL data
transmission phase.

IV. DISTRIBUTED NLD CANCELLATION SCHEMES
NL-PA at UEs impacts both channel estimation and UL
transmission. Hence, we propose two NLD cancellation algo-
rithms, adequate for the scalable CF-mMIMO architecture,
that is able to improve the accuracy of the channel estimation
and reduce the NLD impact on the UL transmission
phase, leading to improved performance of UL CF-mMIMO
systems under HWIs. Fig. 2 shows the different components
involved in the studied system. As depicted, the system
comprises several UEs equipped by NL-PAs served by
multiple APs. Moreover, the reception process at the APs
is also shown. Each AP estimates the initial UL channels
based on the pilot sent by UEs. Then, before designing
the combiner vector, each AP applies a NLD cancellation
technique to the initial channel estimates. This technique aims
to improve the accuracy of channel estimates by reducing the
effect of the NLD. After designing the combiner vector, the
AP performs data detection on the received data symbols.
However, since the data symbols are also influenced by
NLD, a second NLD cancellation algorithm is subsequently
employed to process the detected data before it is transmitted
to the CPU. Details of the proposed NLD cancellation
techniques are detailed in next sections. It is also shown that
the NLD cancellation is be performed locally at the different
APs in a distributed manner. Interestingly, performing NLD
cancellation at the APs can simplify the overall system
architecture, as both the UEs and the CPU do not need
to perform any additional processing. This can reduce the
overall complexity of the system and avoid to transfer data
between the APs and the CPU.

The proposed successive NLD cancellation techniques
tries to mitigate the effects of using NL-PAs by approximating

L
" H
Sem =E { E «/PkK()aZ,z,kaJ,mhk,l,m] Skom + »,/PkKO(

=1

L L
H
Zaz,z,m"gl,mhk,lqm —-E [Z alt,z,ka,l,mhk,l,m})sk,m

=1

=1

DSk,m
K

K L L L
* H * H * H
+ Z Z\/pl‘/(oak,l,mvk,l,mhhl,m St,m + Z E @ 1.m Vi 1l 1mdrm + E Ue,1,mVie,1,mD,m

t=1 I[=1

t=1t£k =1

BUy

(20)
I=1

UIk,l.m
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and subtracting the distortion signal from the received signals
(pilot symbols and data symbols). The initial estimated
distortion is generally inaccurate, and the iterative process
is used to refine the remaining distortion. The proposed
iterative cancellation algorithms are mainly based on the
following main steps: initial symbol estimation, distortion
approximation and distortion removal.

A. DISTRIBUTED CHANNEL ESTIMATION WITH NLD
CANCELLATION
As the presence of NLD can cause errors in the estimation
of the channel state information, we propose a distributed
NLD cancellation technique where each AP approximates
the distortion of each user separately. This is because
the non-linear distortion introduced by each user’s PA
is different, and needs to be approximated and removed
separately to mitigate its impact on their received signals.
It is worth mentioning that channel estimation is performed
in the frequency domain. The proposed method is applied at
the AP side after the initial MMSE channel estimation and is
depicted in Algorithm 1.
The main steps of the algorithm are summarized as follows
« Distortion approximation (step 3): We assume that the
AP knows the PA model and the assigned pilot sequence
to each user. Therefore, distortion approximation can
be performed before initiating the iterative process of
the algorithm. Then, the distortion introduced by the
k-th user can be computed, based on the recovered
time-domain pilot sequences, and transformed to the
frequency domain as follows
D = FFT(f IFFT(®)) — koIFFT(P)) (24)
This approximated distortion will be used in the iterative
process to remove the received distortion from each user
which is influenced by the characteristics of the wireless
channel.
o Initial channel estimates (step 5): The cancellation
process is based on the initial channel estimates obtained
from the received pilot signal in (6) and is given by

A (0) Ko = Ko
H =—" H,=—21Y o,
M Py ol
*
:Hl mP/+ Hl mDp q>m
) | Olzfp m
*
2 Nlmq)mv (25)
|0l Tp

where P’ = diag(\/p1, ..., «/Px). More precisely, for
a given user, UEy, the first estimated channel at AP; is

Algorithm 1 NLD Cancellation in Channel Estimation at the
[-Th AP

1: Input: Y/, ®, Ny,

2: Output: Channel estimates with NLD cancellation 1:15'2
3 D2 = FFT(f AFFT(®)) — xolFFT(®))

4: form <1 to N,b do

s HY) = Y
: |K0|2
6: fOI‘l «~ 1to (N,,r — 1) do
(t) (0) Kg AY=DY
7: H) =H) — o Hin D}, ®,,
8: if ||H(’) — A" V|2 <= 1071 then
9: break
10: end if
11:  end for
12: end for
given by
0" = /pehim + h & ¢
klm — k,l,m P | k L,mQy Pk,m
received individual distortion
| |2T z ht 1, m m¢k m
oty 2 1,154k
KgNl,m¢k,m (26)
|K0|27p

The received distortion is uncorrelated but is UE’s
channel-dependent, which means that the distortion
removal process needs to take the channel information
into account.

« Distortion removal (step 7): The AP then uses an
iterative cancellation process to remove the received
distortion from the received signal. In the i-th iteration,
it approximates the total NLD term by multiplying the
approximated distortion by the estimated channel in the
(i-1)th iteration.

« Stop criterion (step 8): The iterative cancellation process
is repeated until either the maximum number of
iterations is reached, i* = Ny, or until no further
cancellation is done between two successive iterations,
i* < Nitr-

Remark 1: It is worth noticing that channels are estimated
per-RB and are assumed to be identical for RUs within one
RB. Then, for a given RB;, each AP can effectively construct
7, channel coefficients per-subcarrier m as

by 1 = by for m' € RB;. (27)

Similarly, the proposed algorithm is applied for each RB.

|DSk,m|2

SINRy,, =

105320
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FIGURE 2. CF-mMIMO-OFDM system with NLD cancellation algorithms. The algorithms are implemented in a distributed

manner, i.e, They are executed locally at each AP.

B. DISTRIBUTED JOINT UL DATA DETECTION WITH NLD
CANCELLATION

The distributed NLD cancellation in data detection is
illustrated in Algorithm. 2. The block diagram of the
proposed algorithm is shown in Fig. 2. In the UL data
transmission, each AP performs receive combining to obtain a
combined signal that contains the contribution from multiple
UEs. The resulting signal at each AP is then processed
to approximate and remove the NLD introduced by the
NL-PA of the UEs. The process of NLD cancellation
technique involves two main parts: individual distortion
approximation and total NLD removal. The first step
consists in approximating the NLD introduced by each user.
Contrary to NLD approximation in channel estimation, in the
absence of the prior knowledge of the data, the approximation
step is performed in the iterative process of the algorithm.
Since the detected signal of each user is affected by the NLD
received from all users, once the distortion introduced by each
user has been approximated, the second step aims to cancel
out the NLD effects caused by all users’ transmission. This
process is carried out at each AP for each user for all sub-
carriers.

In the following, we detail the NLD cancellation process
for a given user. Before starting the iterative process, it is
important to note that a specific normalization step that
depends on the used combining scheme is needed (step 3).
The aim here is to separate the signal and distortion com-
ponents from other components (i.e, multi-user interference,
received NLD from other users and the thermal noise) in the
initial detected signal of the user of interest. The resulting
signal after this step is given by (28), as shown at the bottom
of the next page, where

Nk,1,m
yoon
= /PkkOVE. 1 k. 1.ms

N/TT0) o Y MR
= 1 VPrKkoVk.1 FZF
VPrkoveLkes, + /Prekohy | e mleew, PFZF
(29)

The resulting signal is the input signal of the individual
distortion approximation process which is carried out in
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Algorithm 2 NLD Cancellation in UL Data Detection at the
[-Th AP

1: Input: 8 ;, N
2: Output: Estimated data with NLD cancellation s(' )
3. Initialization: s}({(); = f}’;l[’” vk VYm
4: fork < 1to K do
5. fori <« 0to(Ny —1)do
6 i) =TFFT(5)
7: d,i’)l = FFT (f(v(l)) — K v(l))
for m < 1to Ny do

0 it _ o0 dklm

k,l,m k,l,m /PrKo
10: end for
1 if 57" — 81> <= 10" then
12: break
13: end if
14:  end for
15: end for
16: i* =i

17: for k < 1to K do
18:  for m < 1 to Ng,; do

. A A
19: Sedom = Skm — > 1Vk1mhtlmdzzm
20:  end for
21: end for

an iterative manner. At each iteration, first, the distortion
introduced the k-th user, di ;,,, is approximated by imitating
the behavior of PAs and then the term 44 is subtracted from

N
the initial detected signal, s,(coz - The iterative process of the
algorithm is basically based on three steps:

o (step 6): The input signal is OFDM modulated into
time-domain by applying the IFFT operation.

o (step 7): The resulting signal from (step 6) is amplified
using the approximated PA model and then subtracted
from its original version. Thus, we are constructing the
NLD part introduced by the k-th user in the time-domain
then reproduce its frequency-domain representation via
the FFT operation.

o (step 9): Finally, the approximated NLD of the k-th user,
cAl,El)l > 18 subtracted from the initial normalized detected
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TABLE 2. Complexity analysis of channel estimation.

Channel estimation
Cornplex1ty
NN 7‘
Nup log( Aub) +NwNirr (NKTp +N27p)

Scheme
MMSE
Algorithm 1

signal in (28) for all subcarriers. As such, its NLD is
decreased in an iterative manner.

In this way, if the AP was able to approximate the distortion,
the outcome of i-th iteration is less-distorted compared to that
of the (i-1)-th iteration and the algorithm tends to converge
to the non-distorted data after a number of iterations. The
iterative process ends either when the maximum number
of iterations is reached, i* = N, or when almost the
same corrected signals are achieved within two consecutive
iterations (step 11), i* < Nj,. Once the NLD introduced
by each user has been approximated, the second step, total
NLD removal, consists in subtracting this distortion from the
initial detected signal of each user for all subcarriers based on
channel estimates (step 19).

C. COMPLEXITY ANALYSIS OF THE PROPOSED
TECHNIQUES
In this section, the computational complexity analysis is
provided for the proposed schemes compared with the
conventional UL channel estimation and UL data detection
schemes. In terms of complexity analysis, we consider the
number of complex operations, mostly complex multipli-
cations, needed for the proposed algorithms. The added
complexities of the proposed algorithms are given as follows
1) Algorithm 1: The added computational complexity of
NLD cancellation to MMSE channel estimation process
arises from two main operations in the algorithm: the
IFFT/FFT (step 3) in the initial NLD approximation and
the iterative NLD subtraction (step 7). The complexity of
the IFFT/FFT is O(Nyp log(Ngyup)), while the NLD sub-
traction operation has a complexity of O(N;(NKt, +
N 2rp)). This process is performed per-RB.

TABLE 2 provides the complexity comparison between
Algorithm 1 and the conventional MMSE channel estimation
scheme.

2) Algorithm 2: Regarding the individual NLD approxima-
tion step in the proposed algorithm, it is evident that the
additional computational, compared to data detection in
the traditional CF-mMIMO combining scheme, mainly
stems from two key operations: the IFFT/FFT (steps
6 and 7) and the NLD subtraction (step 9). The com-
plexity of the IFFT/FFT is O(Ngyp log(Ngup)), while the
NLD subtraction operation has a complexity of O(Ngp).
Thus the total additional computational complexity per

TABLE 3. Complexity analysis of UL data detection.

Combining design & Initial data detection
Scheme Complexity
MR -
N2 3_
FZF N | 2t + 222+ u)
PFZF N (202 4 Ny v )
Initial data detection KNM,N2
Algorithm 2
Scheme Complexity
Algorithm 2 (Individual NLD ap- | KN (N + 2Nsup log(Newp))
proximation)
Algorithm 2 (Total NLD removal) KNgpN2

iteration is given by O(K (Ngup + 2Ngup 10g(Ngyp))). The
second part of the algorithm, total NLD removal, the
complexity is O(KNg,, N 2) for all users at all subcarriers.
The parts of the algorithm are completely independent,
then the computational complexity of the overall data
NLD cancellation process is the sum of their individual
complexities.

TABLE 3 provides the complexity comparison between the

conventional UL data detection (i.e., combining design and

initial UL data detection) and different parts of Algorithm 2.

V. SIMULATION RESULTS

This section presents numerical results that show the
effectiveness of the proposed scheme. The system being
considered is a CF-mMIMO-OFDM, consisting of L APs
and K single-antenna users, operating in a 1kmx 1km square-
shaped area. The locations of both APs and UEs are randomly
and uniformly distributed. The large-scale channel coefficient
between UE; and AP; is modeled as follows

Osh%k,1

(30)

where oy, is the standard deviation, zx ; ~ N(0, 1) and PLy
is the path loss from UE} to AP;. Considering the micro cell
path loss models of the 3GPP model which is given by [6]

Br,i =PL 110

Dist
PLy,[dB] = —36.7 log; ( lls "*’) —227
m

F,
~26logyg (IGH ) (1)

where Disty ; is the distance between UE; and AP; and
F. = 3.5GHz is the carrier frequency. The key simulation
parameters are summarized in Table 4. The parameters are
chosen to align with those used in the literature [18]. The
parameters of PAs are set as follows G = 16, Vsat = 1.9, p
= 1.1, A =-345,B =0.17 and q = 4. Hereafter, “Lin PA”
refers to the ideal case where there are no HWIs and “NL PA”
denotes the case under HWIs and without NLD cancellation.
For the PFZF combining scheme, we assume § = 95.

htlm

R H

(0 Sk,l,m die,m Vkl hy 1 m Vkl Vi, 1, mM,m

80 .= = Stom + Z JPiko n’” X Stm + Z m X dyy 4+ =2 (28)
k.1,

e

Mk.1.m =11k
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FIGURE 3. CDF of uplink SE per-RB and per-user when L=100, N=16, K = 7p = 15 and ¢ = — 93dBm for IBO=[3, 6]dB.

TABLE 4. Simulation parameters.

Parameter Value Parameter Value
Tsh 4 dB 13 0.5
Nyup 256 Nie 12
Ay 15 kHz Nc 14
Coherence time 1 ms Coherence bandwidth 168
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FIGURE 4. Median of average uplink SE per-RB when L = 100, K = 7p =
10, 1BO = 3 dB and o2 = —93 dBm.

A. IMPACT OF HWI ON THE UPLINK SE OF
CF-MMIMO-OFDM

The impact of the NLD on the CDF of the uplink SE of
CF-mMIMO-OFDM system is shown in Fig. 3, for L = 100,
N =16and K = 15.

First, it can be seen that the results obtained from
closed-form expressions (black cross) are close to the ones
given by Monte-Carlo simulations for linear (solid curves)
and non-linear cases (dashed curves). Moreover, regardless
the used combining scheme, we note that the impact of NLD
reduces when the IBO increases. However, it may also be
noted that the system achieves better SE for “‘Lin PA” case as
the IBO factor decreases. In fact, increasing the IBO reduces
the NLD effects at the cost of the power efficiency. It should
be noted that the impairments effect becomes more severe
for better users with better channel gains (high percentiles).
In fact, the total NLD is proportional to users’ channel quality.
On the other hand, the achieved SE of UEs with poor channel
conditions is dominated by noise and inter-user interference
and hence the impact of PA distortions is not clearly seen.

VOLUME 11, 2023

As illustrated, at CDF of 95% for IBO = 3dB, NLD causes
a loss of 33% 63% and 69% in SE of the considered system
based on MR, FZF and PFZF, respectively. While the MR
scheme is less affected due to the presence of noise and
multi-user interference, the FZF and PFZF schemes are more
susceptible to NLD, leading to a sever degradation of the
system SE.

Fig. 4 shows the comparison of the median average SE
of the system based on different combining schemes with
and without NLD cancellation, while varying the number of
antennas per AP. We note here that the median can provide
a better representation of the SE experienced by most users
since the average SE might be affected by the outline values.
First, for the “Lin PA” case, we observe that increasing N
leads to higher average spectral efficiency for all combining
schemes. By increasing the number of antennas, the system
benefits from increased spatial degrees of freedom, improved
beamforming, and enhanced interference suppression capa-
bilities. Second, for the “Lin PA” case, we note that the PFZF
combining scheme tends to provide the highest average SE,
followed by FZF, while MR offers the lowest average SE.
Based on the MR combining scheme, the received signals
are already affected by noise and multi-user interference.
Therefore, the impact of NLD on the MR combining scheme
may be relatively less prominent compared to PFZF and FZF.
However, the overall performance of MR can still be affected
by the presence of NLD.

On the other hand, we can observe that, for the “NL PA”
case, the MR combining scheme still performs worse than
FZF and PFZF. However, the achievable average SE is almost
the same for FZF and PFZF combining schemes. In fact,
the distortion can degrade the performance of interference
suppression and compromise the benefits of these schemes.

B. PERFORMANCE EVALUATION OF THE PROPOSED NLD
CANCELLATION SCHEMES

1) NLD CANCELLATION/SPECTRAL EFFICIENCY

Fig. 5 shows the CDFs of the SEs achieved by the
CF-mMIMO-OFDM adopting, respectively, the MR, FZF
and PFZF combining schemes. For the sake of comparison,
the figure depicts the achievable SE after applying the
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FIGURE 6. Median of average uplink SE per-RB versus the number of
antennas per AP (N) when L = 100, K = 7p = 10, IBO = 3dB and o2 =
—93dBm.

proposed NLD cancellation techniques and “Lin PA” and
“NL PA” cases. We can clearly note that, for all combining
schemes, the NLD cancellation technique is generally more
effective for high percentiles of users with good channel
conditions, rather than users with poor channel conditions.

We can also see that the effectiveness of the proposed
scheme is limited when the MR combining scheme is used.
Particularly, at CDF of 95%, the achievable SE is improved
from 428 to 536 kbps/user (gain of 25%). For low percentiles,
at CDF of 20%, the provided gain decreases to 6%. When
using the FZF combining scheme, the achievable gain after
NLD cancellation is only 16.7%, at CDF of 2%. At CDF of
95%, the achievable SE through FZF combining is 2.5 times
better than the achieved SE in the “NL PA” case. Moreover,
the gain in the achievable SE, when the PFZF combining
scheme is used, is about 49% at CDF of 2%. At CDF of
95%, the achievable SE through PFZF combining is 2.8 times
better than the achieved SE in the “NL PA” case. While the
MR combining scheme is limited by noise and multi-user
interference, the FZF combining scheme faces challenges
related to noise amplification and channel estimation errors
that can affect the effectiveness of NLD cancellation in data
detection.

Fig. 6 shows the median average SE with K =1, =
10 versus N for the three considered combiners. The figure
also compares the median average SE of “Lin PA” and
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FIGURE 7. Median of average uplink SE per-RB versus the number of APs
(L) when N = 16, K = 7p = 10, IBO = 3dB and ¢ = —93 dBm.

“NL PA w NLD cancellation” cases. We can note that, for
all the combining schemes, the average SE increases when
increasing the number of antennas at the APs. Moreover, the
PFZF still provides the highest SE while MR gives the lowest
SE.

To further evaluate the effectiveness of the proposed
schemes, we plot in Fig. 7 the average UL per-RB SE as
function of the number of APs (L). Based on the obtained
results, our proposed solution demonstrates an improvement
in UL SE. Particularly, we observe a gain enhancement as the
number of APs increases.

2) CONVERGENCE ANALYSIS

In this section, we provide a convergence analysis of the
proposed iterative process in Algorithm 1 and Algorithm 2.
For the sake of illustration, we consider the system configura-
tion illustrated in Fig. 8 with 100 APs and 15 UEs randomly
distributed within an area of size 1kmx lkm.

We compare the convergence behavior and accuracy of
the proposed NLD cancellation algorithms for different AP
locations and based on different combining schemes. Since
the NLD cancellation is performed per user, we assume that
UE; is the user of interest. For the two proposed distortion
cancellation methods, we present the mean square error
(MSE) between the original data of UE; and its estimated
data after NLD cancellation at the following APs: AP3q4,
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FIGURE 8. Random network system topology of a CF-mMIMO system
where 15 UEs and 100 APs with N = 16 are randomly distributed inside
the 1km x 1km square.

AP, APgy, AP, versus the number of iterations. The
algorithm convergence is analyzed for two noise powers:
02 =—93 dBm and 0 = —120 dB.

Starting with the distributed NLD cancellation for channel
estimation, we show in Fig. 9 the number of iterations needed
for the convergence of the proposed Algorithm 1 for the
two considered noise figures. It is evident that the MSE of
all APs decreases as the noise power decreases. Specifically,
we observe that at a noise power level of 0?2 = —120dBm,
the algorithm requires 20 iterations for convergence at AP34,
resulting in an MSE value of —73dB. In contrast, at the
same AP but with a noise power level of 6> = —93dB,
only 12 iterations are needed, yielding to an MSE of —46dB.
Let’s consider APgp, which is located farther away from
UE;. At a noise power level of 0?2 = —120dBm, the
algorithm converges within 23 iterations, achieving an MSE
of —54dB. Conversely, at a noise power level of o =
—93dB, convergence is reached in 10 iterations, with an MSE
value of —30dB.

Clearly, a decrease in noise power leads to more accu-
rate distortion approximation and improved cancellation
performance, resulting in a lower MSE in the distortion
approximation. However, it should be noted that as the
noise level decreases, the number of iterations required for
convergence may increase. This is because the algorithm can
identify and address small amount of distortions that could
be hidden by the high noise levels. Hence, the algorithm
might need to perform more iterations to fine-tune the
corrections for these remaining amounts of distortion, leading
to slower convergence. Moreover, when considering a fixed
noise power, the achievable MSE in NLD approximation
can vary among different APs. Specifically, APs situated
closer to UE; generally possess the potential to attain a
lower MSE. Nevertheless, achieving a low MSE value may
require a higher number of iterations in the approximation
process. This is primarily because APs in closer proximity to
the user typically experience stronger received signal power
compared to those located farther away. The higher signal
power results in an improved SINR, thereby enhancing the
accuracy of the approximation process.
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FIGURE 9. MSE versus the number of iterations N, for channel
estimation when N = 16, K = 7p = 15, L = 100 and IBO= 3dB.
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In Fig.10 and 11, we plot the MSE performance of NLD
cancellation in data detection based on MR, PFZF and FZF
combining for the same configuration when o> = —93dBm
and o2 = —120dBm, respectively. First, we can observe
from the two figures that, regardless the noise level, the
effectiveness of NLD cancellation depends on the used
combining scheme at the AP. As depicted in Figure 10,
we observe that NLD approximation is less effective when
the noise power level is 0> = —93 dBm. This is particularly
evident for APs located farther away from the user UE;,
such as APgy and AP;. In fact, in scenarios with high noise
levels, the presence of noise significantly deteriorates the
quality of the received signal, posing a greater challenge
for NLD approximation, especially for APs with weaker
channel conditions towards UE;. Furthermore, it is worth
noticing that the FZF combining scheme exhibits a relatively
high error floor value (—28 dB) at APys compared to
MR and PFZF combining schemes, which achieve —31 dB
and —35 dB, respectively. This is due to the fact that the
noise amplification associated to FZF combining scheme
limits its effectiveness in accurately estimating and canceling
NLD, particularly when encountering unfavorable channel
conditions. On the other hand, MR combining scheme
may be susceptible to multi-user interference. However,
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FIGURE 11. MSE versus the number of iterations Nj;,. for Algorithm 1
when N = 16, K = 7p = 15, L = 100, IBO= 3 and o2 = —120dBm.

being a compromise between MR and FZF schemes, PFZF
combining scheme provides a better NLD approximation
capability.

Moreover, it is worth noticing that both MR and FZF com-
bining schemes converge in fewer iterations (10 iterations),
whereas PFZF requires 20 iterations. This arises from the fact
that additional cancellation attempts may not significantly
improve the distortion approximation due to the amplified
noise level in the case of FZF and the interference level in
the case of MR.

In fact, As shown in Figure 11, in low noise conditions,
FZF can effectively suppress interference and amplify the
desired signal with minimal noise amplification. This allows
for accurate approximation and cancellation of NLD. On the
other hand, MR combining may be more susceptible to
interference dominance, which can hinder the accurate
approximation of NLD in low noise conditions. On the other
hand, despite reducing noise amplification compared to FZF
combining, PFZF combining scheme do not achieve the same
level of interference suppression.

Remark 2: The convergence speed of the iterative NLD
approximation depends on various factors, including the used
combining scheme and the quality of initial detected signal
of each user. The cancellation algorithm needs to be carefully
designed to approximate and cancel total NLD in the presence
of multi-user interference and considering the distributed
nature of the APs.

The power of unwanted signals affecting the quality of the
desired signal of UE; at AP34 are shown in Fig. 12, 13 and 14
when using MR, FZF and PFZF combining schemes, respec-
tively, with and without NLD cancellation. Unwanted signals
consist of multiple components including beamforming
uncertainty (BU), multi-user interference (MUI), the total
received NLD (Received NLD), the residual NLD after
applying the proposed cancellation schemes (Residual NLD)
and the noise term (GN).
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FIGURE 12. The power of unwanted signals in the desired signal of
UE, at AP3, before and after NLD cancellation using the MR combining.
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FIGURE 13. The power of unwanted signals in the desired signal of
UE, at AP3, before and after NLD cancellation using the FZF combining.
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We can see from Fig. 12 that, without NLD cancellation,
the NLD can still affect the MR combining performance
which is highly susceptible to BU. After NLD cancellation,
the level of the received distortion is reduced but BU still
have a more significant impact on the performance of MR
combining. As shown in Fig. 13, when NLD is present,
it dominates the non-desired signals such as MUI and
GN when using FZF combining. After NLD cancellation,
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FIGURE 14. The power of unwanted signals in the desired signal of
UE; at AP3, before and after NLD cancellation using the PFZF combining.

the level of the received distortion is reduced, and GN
becomes the dominant factor affecting the performance of
FZF combining. Moreover, as depicted in Fig. 14, the PFZF
combining scheme is highly impacted by NLD that dominates
the undesired signals without NLD cancellation. However,
after NLD cancellation the level of received distortions
becomes negligible compared to MUI.

Remark 3: With NLD cancellation, regardless the used
combining scheme and at the different APs, the proposed
scheme reduces the level of the total received NLD. When
NLD cancellation is performed successfully, it effectively
removes or reduces the amount of the NLD component
from the received signal. As a result, the distortion level is
significantly reduced and becomes negligible compared to
other factors affecting the signal quality, such as multi-user
interference and noise power. We can conclude that the
effectiveness of NLD cancellation in UL CF-mMIMO is
indeed influenced by the SINR of the received signal.
Particularly, a higher SINR generally allows for better
approximation of the NLD introduced by each user. In fact,
when the SINR is high, it means that the desired user’s signal
is strong compared to the interference and noise levels. In this
case, the system has a clearer and more distinguishable signal
from the desired user, making it easier to approximate the
NLD introduced by that user and more effective total NLD
cancellation.

3) COMPLEXITY EVALUATION

Based on the complexity analysis provided in TABLE 3,
the complexity of the FZF combining scheme serves as a
reference to evaluate the computational requirements of UL
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data detection in CF-mMIMO-OFDM systems. For Ng,;, =
256,17, = K = 15, N = 16, 02 = —93dBm and Ny, = 10,
the added complexity related to the NLD cancellation process
in Algorithm 2 is approximately 50% of the complexity
of the UL data detection process using FZF combining
scheme. Therefore, the proposed NLD cancellation scheme
is an efficient and low-complexity solution that mitigates the
impact of HWIs caused by PAs at UEs while maintaining a
reasonable computational requirements.

VI. CONCLUSION

In this study, we investigated the performance of a
CF-mMIMO systems in the presence of HWIs at UEs.
We derived the achievable SE for an UL CF-mMIMO-
OFDM system affected by non-linear power amplifier (NL
PA) distortion based on three combining schemes: MR,
FZF and PFZF. Our simulation results aligned closely
with the analytical derivation. We proposed two distributed
cancellation techniques to effectively address NLD effects
on both channel estimation and data detection. The goal
was to mitigate the impact of NLD and improve the overall
system performance. Importantly, we found that the NLD
cancellation schemes depends on channel conditions between
the users and APs. Moreover, data detection depends also on
the specific combining scheme used (MR, FZF, or PFZF).
Both the FZF and PFZF combining schemes are observed to
be more effective in mitigating the distortions caused by NLD
compared to the MR combining scheme. On the other hand,
PFZF combining scheme still achieves better SE compared
to the FZF combining scheme. Numerical results show the
effectiveness of the proposed NLD cancellation algorithm.
Particularly, the proposed NLD cancellation algorithms leads
to a SE gain of 2.5X and 2.8X at a CDF of 95% when
using FZF and PFZF combining schemes, respectively. As a
perspective, we aim to introduce a distributed machine
learning architecture with local inference to enhance the
trade-off between performance and time-complexity in
CF-mMIMO-OFDM systems under HWIs.

APPENDIX. SINR COMPUTATION
To have the analytical expression for SINR in (21),
we need to derive the expressions of |DSk,m|2, E{lBUk,m|2},
E{[UL.;m|*}, E{INLDy;m|*} and E{|GNin|*}. We note
that the SINR expression is based on the received signal
in (20) which depends on the used combining vector. In the
following, we give the proof of the SINR expression when
using the PFZF combining vector. On the other hand, we note
that the SINR expressions when using MR and FZF receive
combining vectors could be given when (4; = @) and
(Bx = ¥ and v; = 1), respectively.

According to (27) and (28) in [23] and as UEs do not share
pilots, Yk when ! € Ay ,,, we have

. . Via, t=k
VY g = (V)T he g = [ (32)

0, t#+k
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According to (32) and (33), |DSk,m|2 is given by
DSk m|*
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where (a) is computed as in [23].

Then, following the analysis in [23], the inter-user

interference term, ]E{|UIk,,’m|2} @t # k), is given
by
L 2
E{|UL.rml*} = E 3D VPikoas 1 Ve N tm| T
=1
_ 2 2 VBt — Vi)
=pilkol® [ D 1af 1l =

leAkm

+ Z \a "N vi.1Bri (37)

IEBI(JH

Since (vf FZiHh, ) . and d, ,, are independent, the NLD term
is given by

E{|NLDy ; n|*}

L 2
PFZF\H
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2
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) , (Vk,z,m) b m E{|dt,m| } (38)

Thus, following (36) and (37), IE{|NLDk,,,m|2} is computed
as follows,
If t = k we have

E{INLDy s, m|*}
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Finally, the noise term is given as follows

E{|GN |*}
2
=B D @ 1w et m
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