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Abstract—In this paper, we examine the uplink data trans-
mission of partial zero-forcing (PZF) based cell-free mas-
sive MIMO orthogonal frequency division multiplexing (CF-
mMIMO-OFDM) systems while taking into account the effects
of hardware impairments (HWIs). These latter are dominated by
the nonlinear distortions (NLD) caused by power amplifiers (PAs)
at user equipments (UEs). Taking advantages of good properties
of PZF combining scheme, a distributed approach is introduced
to alleviate the impact of HWIs on the system performance using
an adequate successive NLD cancellation technique. Interestingly,
the proposed technique can be implemented in a distributed
and scalable manner, demonstrating the benefits of CF-mMIMO-
OFDM. In addition, a new frequency-domain channel estimation
with NLD cancellation is also introduced. The outcomes of
the simulations indicate that the proposed technique has a
great promise in mitigating the significant impact of HWIs,
improving the spectral efficiency (SE) and energy efficiency (EE)
performance of the uplink CF-mMIMO-OFDM systems.

Index Terms—Cell-free massive MIMO, hardware impair-
ments, Energy efficiency, OFDM, distributed cancellation

I. INTRODUCTION
Beyond 5G systems are expected to provide higher data

rates, improved spectral efficiency (SE) and energy efficiency
(EE) and more uniform good quality of service (QoS) than
conventional 5G systems [1]. In this context, cell-free massive
MIMO (CF-mMIMO) has gained significant attention in recent
years as a novel wireless communication technology. CF-
mMIMO system does not have a fixed cell structure, but rather
the access points (APs) are placed in a distributed manner
throughout the coverage area ensuring good service uniformity
for all users [2]. By relying on the user-centric concept, each
user equipment (UE) is jointly served by a set of APs that form
a virtual cell around it [3]. According to time-division duplex
(TDD), channel estimation is carried out using the pilots
transmitted by users in an uplink training phase. Then, the
channel estimates are used to derive combining vectors (uplink
data transmission phase) [4] and precoding vectors (downlink
data transmission). Several receive combining techniques have
been proposed for scalable uplink CF-mMIMO. The partial
zero-forcing (PZF) combining scheme is particularly relevant
as it joins both full-pilot ZF (FZF) and maximum ratio
(MR) techniques to ensure a compromise between interference
suppression and signal boosting [3]. It should be noted that
all the previous works concerning PZF based CF-mMIMO
assume ideal hardware components in all the devices involved
in the communication. However, in CF-mMIMO, low-cost
transceivers that are prone to HWIs may be used to reduce the
overall deployment cost of the system. Power amplifier (PA)

non-linearity is among the critical HWIs that have significant
impact on communication systems.

A. Related works

The effect of non-linear power amplifier (NL-PA) on the
performance of uplink CF-mMIMO systems based on MR
combining was studied in [5]-[8]. In [7], authors studied the
impact of residual HWIs at APs on uplink CF-mMIMO taking
into account multiplicative phase drifts, additive hardware
distortion, and amplified thermal noise. The NL-PAs at both
UEs and APs was examined in [6]. A scaling law was
presented to demonstrate that the negative impact of HWI at
APs decreases as the number of APs increases which cannot
be extended to the case of UEs. Closed-form expressions for
SE of uplink CF-mMIMO system was derived in [5] with
different low-complexity receiver cooperation showing that
HWIs have larger impact on the large-scale fading decoding
(LSFD) system. In [8], authors examined the performance of
uplink transmission of a fronthaul constrained CF-mMIMO
system in presence of non-negligible residual HWIs at the UEs
and APs. It is shown that the effect of using UEs equipped with
NL-PAs is more pronounced compared to the impact caused
by low resolution analog-to-digital converter (ADC) at APs.

B. Contributions

To the authors’ knowledge, previous research works have
concentrated solely on analyzing how HWIs affect the effi-
ciency of CF-mMIMO while only theoretical HWIs have been
considered. Moreover, there have been no previous techniques
proposed to address these HWIs in CF-mMIMO. We investi-
gate the uplink SE and EE of an OFDM-based CF-mMIMO
under realistic NL PA model at UEs. The major contributions
of the proposed work can be summarized as follows:

« Unlike [5] and [6], instead of considering the MR com-
bining scheme, we investigate the system performance
based on PZF combining. We derive the closed-form
expressions for SE and EE of PZF based CF-mMIMO-
OFDM under HWIs.

. We propose a distributed nonlinear distortions (NLD)
cancellation approach, more adequate to local PZF based
CF-mMIMO-OFDM, while taking advantage of the par-
tial orthogonalization and distributed properties offered
by PZF. Interestingly, the proposed algorithm can be
implemented locally, at each AP, and is able to suppress
the NLD effects while enhancing the spectral and energy
efficiency.



. We propose a new frequency-domain channel estimation
scheme incorporating the NLD cancellation technique.

II. OFDM-BASED UL CF-MMIMO UNDER HWIs

As depicted in Fig. 1, we consider an OFDM-based CF-
mMIMO system where L APs equipped with N antennas
are distributed in the coverage area and cooperate with each
other to serve K single-antenna UEs, simultaneously. The APs
are connected to a CPU via an error-free and high-capacity

communication links referred to as fronthaul links.
A. Channel model

We consider the TDD transmission mode where three
main operations are scheduled in each coherence block of
length T, : training phase, uplink data transmission, and
downlink data transmission. In the training phase, all UEs
simultaneously send their pilots to APs based on which local
channel estimation is performed. We consider that 7, pilot
sequences are randomly assigned to the UEs. By exploiting
the orthogonality of the frequency-domain resources in OFDM
systems, orthogonal resource blocks are assigned to UEs. As
a result, the pilot symbols used by one UE are orthogonal to
the pilot symbols used by any other UE [9]. Assuming that
the number of subcarriers for each OFDM symbol is N,
let by, = \/Bri8ksm € CV*! denotes the frequency-domain
channel between UE, and AP, at the m-th subcarrier where f;
and g, ~ N¢ (0, IN) represent the large-scale and small-
scale fading components, respectively. Channel estimate of
h ; .., denoted as ilk,l,m ~ N¢ (0, yk,,IN), are computed using
the minirpum rne:an-squared error estimator [4]. We also have
by = Dy + 1y Where by ~ N (0B = re)ly)
denotes the estimation error at the m-th subcarrier raised by
both thermal noise and NLD.

B. Hardware impairment model

In wireless communication systems, HWIs can be caused
by various factors, but among these factors, NL-PAs are
particularly noteworthy as a significant source of impairments.
The nonlinearity encountered in a PA can be described through
two types of conversion: amplitude to amplitude (AM/AM)
and amplitude to phase (AM/PM). The relation between the
input, r;,, and output, r,,,, signals of a PA is described by its
transfer function, f(.), which is given by

Four = f(rip) = Q(ap) expf(‘l’+‘1’(ap)) )

where Q(.) and W(.) denote the AM/AM and AM/PM con-
versions, respectively, and a 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 y 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 [10]

G Ap?
Qp=—="2— wp=—"_ @
Gp

<1+ C 2”>7" (1+(5))

sat

where G is the small signal gain, V,, is the saturation level, p

is the smoothness factor a%% 1?, B and q are fitting parameters.

—IB B
Note that a = GV%lO 10
power. Based on the Bussgang’s theorem [11], the output of
a NL-PA can be expressed in the following form

, where p;, is the signal average

Fout = Kol'ip +d 3)
where Kk, denotes a complex gain and d is the added zero-
mean distortion noise with variance 65. 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.

III. UPLINK DATA TRANSMISSION

We consider an uplink detection technique which comprises
two stages [12]: distributed processing and large-scale fading
decoding (LSFD). First, each AP detects uplink data locally
and then LSFD scheme is used at the CPU to combine
these estimates for performing joint detection. Data detection
is performed at the AP after OFDM demodulation in the
frequency-domain per-subcarrier.

A. OFDM Frame

In an OFDM system, the frame is often represented as a
grid that consists of a time-frequency plane. The frequency
domain is divided into N, subcarriers spaced by A/, while
the time domain is divided into N, OFDM symbols. The
transmission of data is organized into N,, resource blocks
(RBs) which consist of N;f = % contiguous subcarriers

and N, symbols. Hence, each RB isrfzomposed of 7, = N.N S’f
resource units (RUs) representing the smallest time-frequency
resource of one subcarrier and one symbol. To ensure accurate
channel estimation, we consider that the number of OFDM
symbols, N, cover the coherence time of all UEs. To estimate
the frequency-domain channels, pilot symbols are inserted
into RUs of each RB. Then, in each RB &(z, — 7,) and
a1 =&, - rp) RUs are used for scheduling uplink and
downlink transmissions, respectively, where 0 < & < 1 [13].

B. Receive combining scheme

In uplink CF-mMIMO-OFDM, the receive combining pro-
cess is performed independently for each subcarrier. Each
AP uses its local channel estimates to design the receive
combining vector. We consider that APs detect the UE data
locally by applying PZF combining scheme which, as a partial
interference mitigation strategy, improves the system per-
formance compared to MR’s interference-agnostic approach,
while also being more computationally efficient than the
exhaustive interference suppression of FZF. Based on PZF
combining, regarding their channel quality, each AP divides
UEs into two sets referred to as strong and weak users and
denoted by G; and P, respectively [4]. FZF combining is used
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Fig. 1: Uplink CF- mMIMO OFDM system with NLD cancellation. The algorlthm is implemented in a dlstrlbuted manner, i.e,

it is executed locally at each AP.

to detect the data of strong UEs while MR combining is used
for weak UEs. The PZF combining vector is given by

— —H — -1 —_
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where v = |G| < min(N, 7,+1), ¢, ; = =+ and

99 -
\/_ﬂ’ ol = kl

1;c7 denotes an indicator function with 1, =1 if k €T
and 1, = 0, otherwise. We adopt similar principle of the
PZF combiner introduced in [4]. The set of strong users at
the /-th AP can be determined by selecting the first v user
indices sorted in descending order of their corresponding f; ,

Sy =argsort eqy k) Bt = Loy -5 dikls 1
5 V} and p[ = Sl\gl. (5)

We have & = (e;;’, ”) e C» where eX is the j-th
column of Iy. From the users perspective, we denote by B, =
{i=1...,L:keGland W, ={l=1,...,L : k € P}
the set of APs considering UE; a strong user and a weak user,
respectively.

G ={Sk=1,...

IV. DISTRIBUTED NLD CANCELLATION SCHEME

We propose a scalable algorithm where the computational
load is distributed across the APs and only the corrected
signals are sent to the CPU over the fronthaul. First, we show
how NL PAs impact the system spectral efficiency. Closed-
form expressions of per-user SE and EE are derived. Then,
we describe the proposed NLD cancellation algorithm.

A. Uplink Data Detection

Based on the distributed combining, the local estimate of
UE,’s data at AP, and m-th subcarrier is given by

K
§k,l,m = Vgl,m <Z ht,l,m (\/ITIKOSI,m + dt,m) + nl,m> s (6)
=1

where p, is the transmit power of the k-th UE and n;,, ~
N (0,6%Iy) is the receiver noise. Then, the local detected
data form all APs are linearly weighted at the CPU by the
LSFD coefficients as shown in (7), where a,, are LSFD
weights at the m-th subcarrier that are based on channel statis-
tics, DS, is the desired signal, BU, ,, is the beamforming
uncertainty, MUI, ,, is the multi-user interference from other
users, NLD, ,, represents the total received NLD and NO, ,
is the noise term. The LSFD weights are given in [4].

B. Performance analysis

In this paper, we analyze the performance of the proposed
system in terms of both SE and EE.
1) Spectral efficiency: The per-RB achieved SE of UE, is
given by [13]
SE, = AN (1——)1og2(1+rkm) 8)
C
where A, is the subcarrier spacing and I'; , is the achievable

uplink SINR of UE, at the m-th subcarrier that can be

expressed as follows
IDS, ,,I°

r, = )
“m T E{IBU, 2} + E{IMUL, , |} + E{INLD,,,|*} + E{|NO,, I}
)

We only present in our paper the analytical expression
of [E{|NLDk’m|2} that is given in equation (10). Analytical
expressions of other terms in ' ,, are given in [4]. Note that
the NLD parameters, k and 0"21, can be analytically computed
in closed-form for any measured or simulated PA, as in [13].

2) Energy Efficiency: The EE of UL CF-mMIMO is given

by [14] p
Zk:1 SEk

Ptotal

EE = , (11)
where SE; is the per-RB spectral efficiency achieved by UE,
and P, denotes the total consumed power in the system
which is given by [15]

L

s
Piotal = Zpk +Kpy+ Lp, +  2p] (12)
k=1 1=1
%,_/
Power at UEs Power at APs  Power of fonthaul link
where yu = ”’”—“"O is the PA efficiency at each user expressed

as with p,,,. is the maximum efficiency of the PA [13]. The
power consumed by UEs includes their transmit power pj
and the required power to run their circuit components, py;.
From the APs side, p 4 represents the fixed power consumption
(including control signals and fonthaul). Finally, the fonthaul
power consumption from the /-th AP to the CPU, p{ , is given
by r pBTle
p; —C ,f

13)

where ppgr is the fonthaul-traffic power at full capacity, le is

. . 2
the capacity of the fonthaul AP,-CPU link and le ST
is the needed fonthaul rate between the AP, and the CPU.
A denotes the number of quantization bits at each AP, 7, =
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1€By 1eWy, = 1€By 1eW,
¢(z. — 7,) is the number of symbols of uplink data and T, is consecutive iterations (step 11), i* < N;,. The next step

the coherence time in seconds. For the sake of simplicity, we
consider the same number of bits at all APs.

C. Distributed data detection with NLD cancellation

The distributed NLD cancellation is illustrated in Algo-
rithm. 1. The block diagram of the proposed algorithm is
shown in Fig. 1. This process is carried out at each AP for all
sub-carriers per-RB. It is worth noting that by using the PZF
combining, each AP takes advantage of applying FZF on the
signals of strong users to make them orthogonal and reduce
inter-user interference, which in turn reduces the distortion
caused by those users. On the other hand, we neglect the
relatively low NLD caused by weak users due to their distance
from the AP. This approach can help balance the trade-off
between NLD cancellation and array gain, leading to improved
system performance. Hence, each AP tries to estimate the
received NLD introduced by each UE individually, and then
cancels it from its received signal. It is important to note that,
depending on the combining scheme, a specific normalization
step is needed as in (step 3). The resulting signal, of UE; at
AP, and subcarrier m, is given by

H K
A(0) dk,Lm Vk,[,m (z[=1,;¢k hl,l,m < V pl K()Sr,m + dl,m) + nl,m)
K =S — +
k,l,m k,m a
VPiKo Ko/PiYiiLieg + Ko thkHJ,mhk,l.m]lkep,
(14)
dyc1m

At each iteration, the part of the total distortion, , 18

0 k
estimated by imitating the behavior of PAs and then subtracted
from the initial detected signal, 59 The iterative process of
the algorithm is basically based on three steps :

. (step 6) : Transforming the input signal to the time-
domain by appliying the IFFT operation.

. (step 7) : Estimate the NLD term then reproduce its
frequency-domain representation via the FFT operation.

. (step 9) : NLD cancellation from the initial normalized
detected signal in (14).

If the AP was able to estimate the distortion, the outcome
of the i-th iteration is less-distorted compared to that of the
(i-1)-th iteration. The iterative process ends either when the
maximum number of iterations is reached, i Nj;., or
when almost the same corrected signals are achieved in two

involves removing the total received NLD from the initial
detected signal of each user across all subcarriers based on
channel estimates.

Algorithm 1 NLD cancellation at the /-th AP

§k,I’N itr .

: Estimated data with NLD cancellation §§<' [)
RON Skt ’

= —
Skdm K0\/Pr¥ki Lkeg K0 /by Miim Lrep,

4: for k < 1 to K do

1: Input :
2: Output :

3. Initialization : §

, Vk Vm

5. fori«<O0to (N, —1)do
6 o) =TFFT (8,
7: d(') = FFT ( F@?) - Kou“))
8: for m<«1to N, do
0 Q) _ a0 _ di’zm
N ktm — SPkilm \/>K0
10: end for
11: if 187" - 81> <= 107! then
12: break
13: end if
14:  end for
15: end for

D. Distributed channel estimation with NLD cancellation

After acquiring the channels from the received UL pilots
and based on the knowledge of pilots, like for data detection, a
successive NLD cancellation process is also performed where
each AP estimates the received NLDs in the channel estimates
of users and subtract it iteratively from the initial distorted
channel estimates, which is given by

_ H p

= (\/Pk’fohk,l,md’k,m + hk,l,mdk,m + nl,m> X
K;)kd)k,m

\/Pk|’<0|27p

K:; ¢k,m

VPilxol?z,
*qbkm

\/_|K0| Tp

2.0)
hk,l,m

=hg,,+ ———h,,d km

5)

The estimated received distortion in the i-th iteration is
computed based on the estimated transmit NLD introduced
by the NL PA of the k-th user, (ip = FFT(f(FFT(¢;)) —
koIFFT(¢,)), and the channel estlmates at the (i-1)-th iteration.
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V. SIMULATION RESULTS

This section presents numerical results that show the effec-
tiveness of the proposed scheme. The system being considered
is a CF-mMIMO, consisting of L APs and K single-antenna
users, operating in a lkmxlkm square-shaped area. The lo-
cations 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,l

ﬂk,l = PLk’llo 10 N (16)

where o, = 4 dB is the standard deviation, z,, ~ N'(0,1)
and PL; , is the path loss from UE; to AP,. Considering the
micro cell path loss models of the 3GPP model which is given
by [12]

ist,

D F
PLk‘,[dB]=—36.7log]0< — >—22.7—2610g,0<F;{Z>, (17)

where Dist, ; is the distance between UE, and AP, and
F.=3.5GHz is the carrier frequency. The key simulation pa-
rameters are summarized in Table.l. 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, "Linear PA" refers to the ideal

Parameter Value Parameter Value
T, Ims Pu 0.1W
Ay 15 kHz Pa 0.825 W
N'? 12 Per 1w
N, 14 c/ 100Mbps
. 168 Hopax 0.785

TABLE I: Simulation parameters

case where there are no HWIs and "NL PA" denotes the case
under HWIs and without NLD cancellation.

A. Impact of HWI on the uplink SE

The impact of the NLD on the CDF of the uplink SE of CF-
mMIMO-OFDM system is shown in Fig. 2, for L=100, N=16
and K=18. First, It can be seen that the results obtained from
closed-form expressions (black stars) are close to the ones
given by Monte-Carlo simulations for linear (solid curves)
and non-linear cases (dashed curves). As illustrated, at CDF
of 95%, NLD causes a loss of 64% and 59% in SE of the
considered system for IBO=3dB and IBO=6dB, respectively.
However, it may also be noted that the system achieves better

Linear PA
~—='NLPA
— ©— 'NL PAw NLD Cancellation

0 200 400 600 800 1000 1200 1400 1600 1800

UL SE [Kbps/user]

Fig. 3: CDF of uplink SE per-RB and per-user when L=100,
N=16, K=7,=18 and IBO=6dB

SE for "Linear 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, as stated in the term NLD, ,
in (10), 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. The
result motivates the introduction of a new NLD cancellation
technique, with taking into account this aspect of strong and
weak users, in order to keep system SE close to that of the
linear case.

B. NLD cancellation/Spectral efficiency

We verify the accuracy of the proposed algorithm in Fig. 3
when L=100, N=16, K=18 and IBO=6dB. Fig. 3 illustrates
the achievable SE of the proposed NLD cancellation technique
and "Linear PA" and "NL PA" cases are used as benchmark.
As can be observed, the proposed scheme shows a similar
performance to the ideal case using linear PAs. The NLD
is completely removed for higher percentiles. Particularly, at
CDF of 95%, the achievable SE is improved from 544 to 1271
kbps/user. For low percentiles, at CDF of 20%, the achieved SE
after NLD cancellation is only 10% lower than the "Linear PA"
case. As such, less NLD can be canceled, yet, the achievable
performance is still closer to the "Linear PA" case.

C. NLD cancellation/Convergence analysis

We examine the convergence of the proposed algorithm for
a random network topology illustrated in Fig. 4. We assume
that UE; is the user of interest. We present in Fig. 5 the
mean square error (MSE) between the original data of UE,
and its estimated data after NLD cancellation at the following
APs: APyy, APs¢, APy, AP;g versus the number of iterations.
The algorithm convergence is analyzed for two noise powers :
6>=-93 dBm and 6°=-120 dB. We can observe that at APy,
for high noise power shown in Fig. 5a, a smaller number of
iterations is required at the cost of higher error floor, -28.67dB,
compared to -34.6dB for 62=-120 dB, as depicted in Fig. 5b.
In fact, if the level of noise in the detected data surpasses the
level of NLD, the later becomes submerged in the noise and
cannot be accurately estimated. Moreover, it should be also
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Fig. 4: Random network system topology of a CF-mMIMO

noted that, for a fixed noise power, the number of iterations
required for convergence depends on the channel conditions
between the AP and the UE. For 6°=-93 dBm, APy, requires
20 iterations for algorithm convergence. On the other hand,
faster convergence (15 iterations) is noted for APsq at the cost
of smaller MSE value. This is due to the dominating effect of
noise level in the initial detected data at APsg.

—e—aPo

MSE [dB]

0 5 10 15 20 25 30 35 40 45 50 o 5 10

Number of iterations

15 20 25 30 35 40 45 50
Number of iterations

(a) 62=-93 dBm (b) 6?=-120 dBm
Fig. 5: MSE performance versus number of iterations.
D. NLD cancellation/Energy efficiency

Fig. 6 depicts the EE of the proposed algorithm versus the
number of UEs. As clearly seen, the EE increases with the
number of UEs. Interestingly, the performance of the proposed
algorithm is close to the "Linear PA" case for different IBO
levels. It can also be seen that as the IBO increases, the
achieved EE gets smaller "Linear PA" and "NL PA w NLD
cancellation" cases. Contrariwise, increasing the IBO level in
PAs enhances the EE level in the "NL PA" case. This is
because at a larger IBO, the nonlinear distortion is smaller
at the cost of power inefficiency.

CONCLUSION

In this paper, we studied the performance of PZF based
CF-mMIMO-OFDM systems under HWIs at the UEs. The
achievable SE for an uplink CF-mMIMO-OFDM system sub-
ject to NL PA distortion is derived. Simulation results match
well with the analytical derivation. Interestingly, the theoretical
SE obtained can be used for a realistic system design. We
proposed a distributed NLD cancellation technique, adequate
to cell-free networks, to efficiently remove the NLD effects
caused by NL-PAs at UEs. In addition, a channel estimation
strategy that incorporates a NLD cancellation scheme was
proposed. Numerical results showed that the proposed NLD
cancellation algorithm leads to i) a SE gain of 2.3X at a CDF
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Fig. 6: Median uplink total EE versus the number of UEs when
L=100, and N=16 for two IBO values [3 and 6dB]

of 95% and ii) an EE gain of 2X and 1.66X for K = 18 when
IBO =3 and 6, respectively.
ACKNOWLEDGMENT

This work was supported in part by the ANR under the
France 2030 program, grant "NF-PERSEUS: ANR-22-PEFT-
0004" and by the framework of the ALEX6 Project receiving
fund by the French CARNOT-ANR under Carnot-SCIENCE-
ALEX6.

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]
(1]

(12]

[13]

[14]

[15]

REFERENCES

I. F. Akyildiz, A. Kak, and S. Nie, “6G and beyond: The future of
wireless communications systems,” IEEE Access, 2020.

H. Q. Ngo, A. Ashikhmin, H. Yang, E. G. Larsson, and T. L. Marzetta,
“Cell-free massive mimo versus small cells,” IEEE Transactions on
Wireless Communications, 2017.

S. Chen, J. Zhang, J. Zhang, E. Bjornson, and B. Ai,
“A survey on user-centric cell-free massive mimo systems,”
Digital ~Communications and Networks. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2352864821001024
J. Zhang, J. Zhang, E. Bjornson, and B. Ai, “Local partial zero-forcing
combining for cell-free massive mimo systems,” IEEE Transactions on
Communications, 2021.

J. Zheng, J. Zhang, L. Zhang, X. Zhang, and B. Ai, “Efficient receiver
design for uplink cell-free massive mimo with hardware impairments,”
IEEE Transactions on Vehicular Technology, 2020.

J. Zhang, Y. Wei, E. Bjornson, Y. Han, and S. Jin, “Performance analysis
and power control of cell-free massive mimo systems with hardware
impairments,” IEEE Access, 2018.

Y. Zhang, Q. Zhang, H. Hu, L. Yang, and H. Zhu, “Cell-free massive
mimo systems with non-ideal hardware: Phase drifts and distortion
noise,” IEEE Transactions on Vehicular Technology, 2021.

H. Masoumi and M. J. Emadi, “Performance analysis of cell-free
massive mimo system with limited fronthaul capacity and hardware
impairments,” IEEE Transactions on Wireless Communications, 2020.
W. Jiang and H. D. Schotten, “Cell-free massive mimo-ofdm transmis-
sion over frequency-selective fading channels,” IEEE Communications
Letters, 2021.

Nokia, “Realistic Power Amplifier Model for the New Radio Evalua-
tion,” document R4-163314, 3GPP TSG-RAN WG4 Meeting 79, 2016.
R. Price, “A useful theorem for nonlinear devices having gaussian
inputs,” IRE Transactions on Information Theory, 1958.

E. Bjornson and L. Sanguinetti, “Making cell-free massive mimo com-
petitive with mmse processing and centralized implementation,” /EEE
Transactions on Wireless Communications, 2020.

R. Zayani, J.-B. Doré, B. Miscopein, and D. Demmer, “Local papr-aware
precoding for energy-efficient cell-free massive mimo-ofdm systems,”
IEEE Transactions on Green Communications and Networking, 2023.
H. Q. Ngo, L.-N. Tran, T. Q. Duong, M. Matthaiou, and E. G. Larsson,
“On the total energy efficiency of cell-free massive mimo,” [EEE
Transactions on Green Communications and Networking, 2018.

M. Bashar, K. Cumanan, A. G. Burr, H. Q. Ngo, E. G. Larsson, and
P. Xiao, “Energy efficiency of the cell-free massive mimo uplink with
optimal uniform quantization,” IEEE Transactions on Green Communi-
cations and Networking, 2019.



