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Abstract: Numerous studies have demonstrated that the benefits of Cell-Free Massive Multiple-Input-Multiple-Output
(CF-mMIMO), including consistent coverage, increased Spectral Efficiency (SE), and improved security, cannot be
overstated. CF-mMIMO employs distributed Access Points (APs) to eliminate inter-cell interference, a major limitation
in traditional cell-based systems. CF-mMIMO relies mainly on low-grade and low-cost hardware transceiver elements,
User Equipment (UE), and Internet of Things (IoT) devices to reduce costs. This introduces Hardware Imperfections
(HWI) that may degrade network performance, and their impact on system performance requires extensive research. Most
current research assumes incorrectly that transceiver hardware is perfect in real-world deployments where low-cost or
energy-constrained devices are used. However, HWI, due to low-grade and low-cost elements, produces distortion noise
and hinders system performance, especially in the uplink. Moreover, most investigations analyzing the impact of HWI
consider the correlation-based Rayleigh model, instead of the geometry-based model that factors practical parameters such
as path loss, delay profile, and Angle of Arrival. Another challenge is that the spatial randomization of user and AP sites
complicates the impact of HWI. The idea of a spatial channel has surprisingly not been integrated into the HWI analysis
in previous publications. Our stochastic-geometry uplink analysis of the CF-mMIMO system includes these and many
more reasons. We model the location of APs with a Poisson Point Process (PPP) instead of a uniform distribution. We
considered the AP as a ULA and integrated its array response into the channel vector to achieve spatial surroundings for
evaluation. The proposed CF-mMIMO model was evaluated using different combining schemes, including Minimum
Mean Square Error (MMSE), Regularized Zero-Forcing (RZF), and Maximum Ratio (MR). Monte Carlo simulations
reveal that hardware-induced distortions significantly degrade CF-mMIMO’s performance. The outcome indicates that in a
stochastic channel, the rate of degradation for both RZF and MMSE is the same, although MMSE occasionally outperforms
RZF by a small margin. Furthermore, MR has a lower overall efficiency, even though it can be more resilient. Finally,
increasing the number of Uniform Linear Array (ULA) elements was expected to improve SE, as reported by prior research.
The stochastic channel with ULA marginally outperformed the correlated Rayleigh model due to spatial environment
effects. An ideal (non-spatial) scenario confirmed this, showing a 55.62 percentage increment in SE.
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1. Introduction

5G is a prominent wireless mobile communication network, employing various technologies including the Cell-Free
Massive Multiple-Input-Multiple-Output (MIMO) system [1]. The traditional Multiple-Input-Multiple-Output (MIMO)
system seeks to improve throughput and Spectral Efficiency (SE) by using multiple antennas at both the transmitter and
receiver whilst serving many users simultaneously by deploying these Base Stations (BS) at various locations where each
BS serves a particular geographical area called a cell as shown in Figure 1a.

Figure 1. (a) Cellular MIMO, (b) Cell-Free MIMO

The limitations of this architecture stem mainly from the boundary between such cells, where users at these sites
receive minimal power compared to those close to the BS. Another problem observed is that users at these sites experience
inter-cell interference since they are also able to easily receive signals from neighboring cells. The Cell-Free architecture
was mainly introduced to minimize these problems as much as possible. In the CF-mMIMO system as shown in Figure 1b,
APs are strategically distributed across the coverage area, all access points connect to a CPU for coordination and have
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multiple antennas to deliver optimal connection for all users. This effectively eliminates cell boundaries and allows the 5G
system to support a wide range of edge devices, from smart homes to automated vehicles. This is a major requirement and
key performance indicator for 5G [2, 3]. CF-mMIMO presents several key advantages. Its distributed antenna system
significantly improves spatial diversity, reducing the effects of path loss and fading to deliver consistent quality of service
across the coverage area.

Eliminating cells and utilizing centralized processing reduces inter-cell interference, leading to better signal quality
and SE. Finally, CF-mMIMO allows for dynamic resource allocation, with the Central Processing Unit (CPU) optimizing
power levels, beamforming weights, and user associations to enhance overall network performance. A major limiting factor
in such systems is HWIs due to low-grade, low-cost elements that reduce system performance. These include amplifier
non-linearity, phase noise, and IQ imbalance, all of which distort communication signals. HWIs are present in both base
stations and User Equipment (UE); however, SE is dominated by hardware distortion at the UE [4], which shows that these
HWIs have a greater impact when present on the user side than at the BS/AP in uplink scenarios. For manufacturers of end
devices, the challenge is to balance cost-efficiency with performance, requiring the use of affordable transceiver hardware.
However, such low-cost hardware often introduces impairments that distort signals and add to the performance issues
already caused by the large number of MIMO transceiver elements.

1.1 Review of existing works

The impact of HWI on CF-mMIMO has been widely investigated to the level that algorithms to compensate for
hardware impairments (HWIs) have been developed, but they cannot be fully dealt with [5]. Ref [6] studies the impact of
these residual effects of impairments on the MIMO system. It was shown in [7] that impairments from the UE, rather than
the BS as one might expect, limit the achievable SE, and that increasing the number of transmitting and receiving antennas
simultaneously makes this limitation less severe. In [§], a model to quantify the compounded effect of individual HWIs is
derived and analyzed, but only for the base station side. On the same subject, [9] shows that the distortion caused by HWIs
at the BS can be treated as uncorrelated as the number of users increases, implying that the overestimation of the SE as the
number of UEs increases becomes negligible. Note that all the papers mentioned above only performed analysis using the
traditional cell-based MIMO approach. Using different levels of receive cooperation, [10] showed that SE performance
improves with increased hardware quality. They also confirm that for the uplink, the HWI from the transmitter has a larger
impact on the SE performance than that of the receiver.

By considering a limited capacity fronthaul link between APs and CPU, [11] presents transmission strategies in the
presence of HWIs, but no specific categorization of how the HWI affected the transmission was made. Refs [12—14] in the
analysis of scalable CF-mMIMO systems using different receivers show that additive HWIs becomes negligible as the
number of AP antennas increases and that Partial MMSE combining has benefits over full MMSE combining even in the
presence of HWIs. It is shown in [15—18] that low-resolution Analog-to-Digital Converters (ADC) which can be seen
as the effect of imperfect hardware presents challenges even in the channel estimation stage and that user rate limits are
mainly a results of low-resolution ADCs from user equipment. Non-ideal hardware was also found to significantly reduce
channel estimation accuracy in [19], where the impact of phase drifts in different local oscillator setups was investigated.
Again, the normalized mean square error for channel estimation increases as more HWI is presented into the system, as
seen in [20]. Refs [4, 21] also determined that increasing the number of access points significantly mitigates the effects of
only AP-side HWIs. Ref [22] shows that the location of these APs shouldn’t be treated as uniformly distributed in the
geographical space. In an attempt to compare performance between superimposed low-powered pilots and regular pilots, it
was shown in [23] that the optimal power balance between pilot and data transmit powers that maximize SE is sensitive to
only UE HWIs. At this point, it is worth highlighting that most works previously mentioned treated HWIs from both UEs
and APs/BSs jointly without focusing specifically on UE HWIs.

Further research shows the impact of HWIs on the security of the network (secrecy performance) and achievable
Energy Efficiency (EE). For instance, [24] shows that the impact of HWIs on energy efficiency becomes more noticeable
as the severity increases. This is again seen in [25] where it was shown that for acceptable levels of HWIs, there was no
detrimental influence on EE, especially for networks intended for high EE. Regarding secrecy performance, surprisingly, it
was determined that additive distortion noise was advantageous to secrecy performance. All other forms of impairment
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negatively affected secrecy performance, as shown in [26]. A proposed power allocation scheme is provided in [27] to
improve secrecy performance reduction due to HWIs. Finally, a more recent study [28] investigated the effects of UE
HWTIs on the uplink using MMSE receive combining; it was found that better hardware quality improved the maximum
achievable SE. A proposed solution to mitigate the effects of general HWIs is through the use of Reflective Intelligent

Surface [29]. Table 1 summarizes recent related work on the impact HWI on the performance of MIMO systems.

Table 1. Summary of Related Work on HWI in CF-mMIMO systems

Ref  MIMO Type Channel Model Performance Contribution
Metrics
[4] Cell-Free Uncorrelated Average SE Proposed closed-form expressions for SE for both downlink and uplink under
MIMO Rayleigh HWI which is used to create a new max-min power control algorithm for a fair
and efficient system.
[8] Cellular MU-  Frequency- Power Spectral  Derived an aggregate statistical hardware impairment model to analyze distortion
MIMO Selective Density, BER from HWIL
[9] Cellular i.i.d Rayleigh Distortion-Over- ~ Produced a new receive combining scheme to maximize the SE, also compared
MIMO Noise, Per-user SE under both correlated and uncorrelated distortion.
SE
[10]  Cell-Free ii.d Rayleigh Average SE, Sum  Investigated the SE performance under different receive cooperation levels,
MIMO SE including Large Scale Fading Decoding and Simple Centralized Decoding.
[12]  Cell-Free Correlated Per-user SE Developed a new expression to quantify the average achievable Spectral
MIMO Rayleigh Efficiency (SE) with MMSE combining under the presence of HWIs.
[14]  User Centric  Joint-Correlated Per-user SE, Sum  Studied different receive combining schemes for scalable MIMO systems under
CF-MIMO Rayleigh SE HWIL
[17]  Cell-Free Uncorrelated NMSE, Sum SE It was found that APs can tolerate lower quality hardware as the number of total
MIMO Rayleigh APs increase.
[19]  Cell-Free Uncorrelated NMSE, Sum SE By employing the LMMSE channel estimator, exact uplink closed-form
MIMO Rayleigh achievable rate expressions with MRC receiver filters for both Common and
Separate Local Oscillator setups were derived.
[22]  Cell-Free Correlated Coverage Taking into consideration the random position of APs in the cell-free network
MIMO Rayleigh Probability, using stochastic geometry, the downlink performance was investigated
Achievable Rate
[21]  Cell-Free Uncorrelated Average SE A closed form expression for uplink SE that reveals how HWI at the UEs and
MIMO Rayleigh APs affect SE and it was proven that the impact of the AP hardware quality
becomes very much negligible as the number of APs increase.
[28]  Cell-Free Correlated Per-user SE, Sum  Closed-form expression for channel estimation under HWI is derived with the
MIMO Rayleigh SE MMSE estimator and investigations on SE were made using different combining

schemes.

1.2 Motivation and contribution

The literature mentioned above makes it abundantly evident that the advantages of CF-mMIMO delivery of high data
rates cannot be overstated. However, in real-world deployments when low-cost or energy-constrained devices are utilized,
the majority of current research makes the erroneous assumption that transceiver hardware is perfect. Phase noise, amplifier
non-linearities, and I/Q imbalance are examples of HWIs that produce distortion noise and hinder system performance,
especially in the uplink. Additionally, the majority of studies examining the effects of HWI use the correlation-based
Rayleigh model rather than the geometry-based model that takes into account realistic parameters like path loss, delay
profile, and angle of arrival. Furthermore, one challenge is that the spatial randomization of user and AP sites is another
issue that makes the effects of HWI more complicated. Surprisingly, prior studies have largely overlooked the concept of
spatial channels in HWT analysis. To reduce that gap and facilitate more informed system design and deployment methods,
this research analyzes SE under hardware limitations. We incorporate the array response of ULA to display the spatial
surrounds and determine the whole impact of UE HWI on the network. Moreover, there have not been much research done
on how well CF-mMIMO performs when combined with HWI in a stochastic channel model. Although the stochastic
channel has superior channel properties, the frequently used correlated Rayleigh channel does not. The performance
of combining schemes in a CF-mMIMO stochastic channel is essential for a comprehensive analysis of CF-mMIMO.
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Additionally, prior research has shown that the correlated Rayleigh channel achieves the best performance with the MMSE
combining strategy. To validate current literature, the question here is whether the MMSE will perform similarly in the
stochastic channel. When comparing a correlated channel to a stochastic channel, will the MMSE provide the same rate of
degradation?

In this research, we particularly study the compounded effects of UE HWIs on the uplink SE of the CF-mMIMO
network. Moreover, we analyze the uplink using a Stochastic Geometry approach since in that case the UE is the originator
of the signal, and that will serve well for effective investigation. Using the suggested stochastic model, the probability
distribution of SE across various combining approaches was first examined using RZF, MR, and MMSE. The CDF at a
specific SE value in the study indicates the likelihood that the SE is less than or equal to that value. According to our
analysis, a steeper curve indicates that the SE is concentrated within a particular range, whereas a gradual increase indicates
greater SE variability. The practical consequences include helping to choose the optimal combining technique based on
the distribution of SE, offering insight into how diversity strategies operate in different channel conditions, and, lastly,
helping to design and optimize communication systems. The Average Sum Spectral Efficiency (SE) at various HWI levels
for various receiver combining schemes was examined to verify the effectiveness of combining schemes utilizing the
stochastic model with HWI. This is to ascertain how SE is affected by UE hardware imperfections. Lastly, we assess the
performance loss resulting from impairments, the Average Sum Spectral Efficiency vs Number of User Equipments for
various combining schemes, with and without HWIs, was investigated.

The main contributions of this paper can be summarized as follows:

* We present an uplink system model of a stochastic CF-mMIMO considering UE HWIs. This involves providing a
mathematical model to represent the compounded UE HWI, path loss, delay profile, and angle of arrival. To show the
spatial surroundings and ascertain the complete effect of UE HWI on the network, we integrate the array response of ULA
in the channel model.

» We use various combining schemes, such as MR, RZF, and MMSE, to analyze the SE performance. This is to find
out if the impact of UE HWI in the stochastic channel caused by these combining strategies would result in the same
performance loss as the current fact in a correlated channel.

» We present results to demonstrate that in a stochastic CF-mMIMO system, MMSE and RZF are preferable as they
provide superior SE, particularly when managing several users. Although there are times when MMSE performs slightly
better than RZF, the rate of degradation for both schemes in a stochastic channel is the same. Our results confirm that MR
performs the weakest of the three and is hence more susceptible to HWIs. Furthermore, although MR may be more robust,
it comes at the expense of poorer overall efficiency. Therefore, additional processing techniques (such as MMSE) are
necessary to maintain acceptable performance for a cell-free stochastic mMIMO with considerable HWIs. Interestingly, it
was expected that as the number of antenna elements increased, the ULA would enhance the SE performance, supporting
the corpus of existing literature. However, the performance of the stochastic channel with ULA was slightly better than
that of the correlated Rayleigh channel. This is due to the addition of spatial surroundings to the channel vector. We
verify this by considering the unrealistic case of generating the channel vector in an ideal situation (i.e., without a spatial
environment). The SE rose by 55.62% as a result. Therefore, it is clear that the spatial context is an important component
of CF-mMIMO that channel modeling engineers cannot undervalue.

1.3 Paper organization

The remainder of this paper is organized in the following manner. Section 2 presents the network and signal modeling
with impairments. Section 3 brings about an analysis used to compute SE. Section 4 reveals numeric results and Section 5.
concludes the paper based on observations made.

Notation: Uppercase boldface letters, X, denote matrices, lowercase boldface letters, x, denote column vectors. Sets
are represented by calligraphic letters .2". The superscripts 7, *,  represents transpose, conjugate and conjugate transpose
respectively. C**¥ represents the set of x x y complex-valued matrices. .#¢ (0, R) denotes a circularly symmetric complex
Gaussian distribution with zero mean and correlation matrix R. §() represents the Dirac Delta function and lastly, E{x}

represents the expected value of x.
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2. Cell-Free system model for angle of arrival and spatial channel

Consider a fully centralized processing CF-mMIMO network with K single antenna UEs, M number of APs with each
having N number of antennas and L,,; number of multipath components from AP m to user k, all APs connect to the CPU
for centralized processing via fronthaul, as described in Figure 2. The AP locations {x;} C R? are generated randomly and
follow a two-dimensional homogeneous Poisson Point Process (PPP) ®4p with density A4p [APs/km?]. Let the finite-sized
geographic area denoted by .« occupy space S(.e7) m?. In a specific realization of the PPP ®,p, the number of APs M is a
random variable following the Poisson distribution with mean M = IE[M] given by

M = 24pS() (1)

The total number of antennas in <7 is a Poisson random variable denoted by # = MN with mean IE[#/] = MN and
the assumption is that #" >> K corresponding to a CF-mMIMO scenario.

Fronthaul link €————
Data estimate S1re

Channel — hyp —

UE1

Figure 2. Cell-Free MIMO setup with centralized processing

The channel vector h,,(7) between any UE k and AP [ is defined as:

Lmk X
hok (1) = Y/ Bunki@m (O ) €794 8 (t — Tyupr) ()
=1
where ¢, ~ (0,27) is the random phase, a,,(0,x;) = %[l,ejzflﬂ“'i"(e), ... ,ejzlﬂ(N*l)Si“(e)]T describes the array response

vector of AP m at 0,,;; Angle of Arrival (AoA) with carrier frequency of A. T,y = %, with ¢ being the speed of light
and d,,;; being the physical path, describes the delay of the /th path and B, represents the power of the /th path which
accounts for path loss and delay profile and is given by:

Akl \ 1 Zad
Bia = Go(~5) 71071 3)

where Gy is the reference gain at distance do, d,,; is the distance between AP m and user k via the [/th path, ¥ is the path
loss exponent and G,y ~ A4 (0, Gszha Jow) Tepresents log-normal shadowing.
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The uplink being investigated consists of a 7. coherence blocks where 7, channels are reserved for pilot transmission
and (7. — 7,) channels are used for data transmission as illustrated in Figure 3.

T . T Ty
Pilot Data
Sequence Transmission

Ic

Figure 3. Uplink massive MIMO coherence block channel
The distortion due to HWI can be modeled by:

N~ A (0,670;), M, ~ A0, pilh[?) )

where k72, k2 > 0 represent design parameters that characterize the HWI levels at the transmitter and receiver respectively,
and 1), is the transmitter distortion, our focus in this project.

Since we only look at HWI from the UE in the uplink case, we will stress only on k; and ignore k- for investigation
purposes. The received signal by AP [ from UE k is given by:

Zlmk Smk \/Esk+nt)+nm Q)

since K, is assumed non-existent then the power of the compounded distortion at the receiver for any given channel
realization in [30] (4) reduces to:

En, o, {0, + 0,1} = pih [ (6)

Hence forth we will represent the overall HWI level by k¥ = k; and the overall distortion by n = n,.

2.1 Channel estimation

Knowledge about the channel between any AP and UE is crucial during data signal recovery as it allows the AP to
filter out the desired signal and suppress channel noise and interference from other UEs. In order to estimate h,,; using the
MMSE estimator, 7, mutually orthogonal pilot sequences are transmitted to the APs by each UE, y,,, € C™ represents the
pilot sequence from UE k to AP [ such that ||y, ||*> = 1. The received signal Y5, € CV*% at AP [ is given by :

K

Z 2k (VTP W e+ 1) + N (7)

where py is the normalized signal-to-noise ratio, and N; € CV*% represents the additive receiver noise.Channel
1 .
estimation at AP [ is performed by projecting Y%, onto T Yk to obtain:
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1 /! /2 1
\/ﬁYZk V=Y = o kz ke 8k (\/Tp Pk Wi + 1) W + \/ﬁNl Yok (3
which can be expanded as:
P 1/2 a /2 V2
Yok = gmklmk + Z i Smk lI/mk Yo + Z T mk ik M Vink
i=1,i£k PPk
Desired Pilot Interference Hardware Distortion
)
+ 1 Ny
I
Vi
—_———
Noise

By applying standard results as in [22], the processed signal in (9) can now be used to compute the MMSE channel
estimate h,; ~ A5 (0, 62Ly) shown as:

mk = E{hlm-lkYmk}(E{ykaZk})_IYmk

(10)

lmk Yk
m
K:l (| V’Zk l//mk|21mi + szklmi) + rplpk

The aim is to make the error in estimation b, = h,,x — b, as minimal as possible with distribution b, ~ A¢ (0, 521y).
Additionally we denote the vectors by = [h] ---hj, |7 € C"*! ~ 4g:(0,Lg), by = [, - b7, |7 € CV! ~ A (0, D%)
and hy € CV*! ~ 45 (0,Cy = Ly — @), where the matrices Ly, ®; = L,%D_l, and D are W x W are block diagonal, i.e.,
Ly = diag (lidy, ..., Iy ), @ = diag (67, Iy, ..., 04 Iy), and D = diag (d1y, ..., dyly), respectively.

2.2 Uplink data transmission

Data symbols are sent from the UEs to the APs. The received signal at each AP [ is then given as:

K
Yo=Y hui(si+n)+my (11)
i=1

The CPU obtains an estimate §; of the transmitted signal s; by linearly combining the individual local estimates
received from all APs. Each local estimate corresponds to an inner product between the received signal y; at AP [ and its
corresponding combining vector V.
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VkalkSk + VkalkSk

=
Il

Desired signal over estimated channel ~ Desired signal over unknown channel

(12)
+ Z vihs; + kaHh,-n + vin
i=1,i#k i=1,
—_—— ~—
Interference Hardware distortion Noise

The estimate at the CPU is expressed in (12) and can be broken down into the following components:

* Desired Signal over Estimated Channel (vf hyese):

This term represents the contribution of the desired signal that passes through the estimated channel hy. It is the useful
part of the signal that the system aims to recover.

* Desired Signal over Unknown Channel (VkH hyesy):

This term accounts for the portion of the desired signal that is affected by channel estimation errors hy, introducing
self-interference during signal recovery.

« Interference (¥;_ ;4 Vi hys):

This represents inter-user interference caused by simultaneous transmissions from other users (i # k), whose signals
are received through their respective channels h;.

* Hardware Distortion (},;—; VkH h;n):

This term captures distortions resulting from HWIs at both the transmitters and receivers, modeled by 1. These
impairments affect all incoming signals.

* Noise (vi/n):

This term represents the contribution of additive noise n at the receivers, filtered by the combining vector. It models
the random thermal noise inherent in all practical systems.

3. Uplink Spectral Efficiency analysis

To assess the best achievable output SE for the network the first term in (12) is treated as the desired signal part and
the other 4 terms are treated as noise and interference. The uplink ergodic capacity of UE k is lower bounded by:

¢>SE; = %E{logz(l +SINR)} (13)
and
SINR, = ——— pf'Ygﬁ"‘z (14)
Vi (Eimr pi(hihy’ +Cy) + Zy v
where
7, = (1 - )piby b’ + 6’y (15)
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The following combining schemes are presented by the authors in [28] to compare network performance under UE
HWI using different combining schemes at the receiver. These are used to combine the desired signal and simultaneously
improve the Signal-to-Interference-plus-Noise Ratio (SINR) using channel information obtained.

* MMSE

The MMSE combining has been shown to maximize the SINR in (14). The combining vector is given by:

K
VIISE (Y o (bl 4 C;) + 02y) ' (16)

Although this may provide the best results, especially in noisy environments, it has very high computational complexity
due to the matrix operations involved.

* RZF

This scheme provides the best trade-off between computational needs and SINR by ignoring all error estimation
correlation matrices in (16) and suppresses noise during combining effectively. This is given by:

K
vi?F = (Y pibihf' + o%Ty) " 'hy (17)

* MR
The combining vector is simply given by v}k = hy, and has the highest computational efficiency but becomes more
susceptible to noise as the number of users grow large.

4. Numerical results and discussion

Using Monte-Carlo simulations, the analysis started by generating the CF-mMIMO channel vector in equation (2)
using the delay profile in (3), the array response of ULA, the delay spread, and the path loss. Equation (10), after SE
evaluation at different HWI levels using MMSE, RZF, and MR using equations (15), (16), and (17), respectively, was used
to estimate the channel. Table 2 provides the relevant simulation parameters.

Table 2. Simulation parameters for stochastic geometry channels

Parameter Name Notation  Value

Number of Users K 40
Number of Antennas N 4

Coherence Block T 200
Pilot Sequences Ty 10
Transmission Power (mW) P 100
Bandwidth (MHz) B 20
Noise Variance (dBm) o? -96

Figure 4 illustrates the Cumulative Distribution Function (CDF) of the uplink Spectral Efficiency for MMSE, RZF,
and MR combining schemes under the stochastic geometry-based channel. The CDF at a given SE value indicates the
probability that the SE is less than or equal to that value.
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Figure 4. The uplink SE comparison for the different combining schemes
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Figure 5. Average Sum SE against UE HWI factor

From Figure 5, it is observed that MMSE and RZF exhibit very close performance, with MMSE slightly outperforming
RZF, particularly at higher SE values. Both MMSE and RZF curves are steeper than that of MR, indicating that their SE
values are more concentrated around a central range, reflecting more predictable and consistent performance. In contrast,
the MR combining scheme displays a wider spread in the CDF, signifying higher variability and less reliable SE across
different realizations of the channel.

To validate the performance of combining schemes using the stochastic model with HWI, the Average Sum Spectral
Efficiency (SE) at different HWI levels for different receiver combining schemes was investigated as shown in Figure 5.
As expected, the Average Sum SE decreases monotonically with increasing HWI level for all schemes, confirming the
detrimental effect of hardware impairments at the UE. Importantly, the figure shows that the rate of degradation in SE
is nearly identical for both MMSE and RZF across all HWI levels considered. MMSE consistently maintains a slight
advantage over RZF due to its superior interference mitigation capabilities, albeit at a higher computational cost. The
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MR scheme, however, performs significantly worse across the board, emphasizing its susceptibility to distortion effects
introduced by HWI.

Finally, in Figure 6, the Average Sum SE is plotted against the number of active UEs for the three combining schemes,
both with and without hardware impairments. This figure vividly highlights the performance loss attributable to HWIs,
particularly as the number of UEs increases. A notable observation from the figure is that MMSE and RZF without
impairments outperform MR even with ideal conditions when the number of UEs exceeds approximately K = 48. This
reinforces the finding that MR should be avoided in dense multi-user scenarios. Furthermore, it demonstrates that MMSE
and RZF remain more robust even in the presence of hardware distortions from many users, while MR’ s efficiency
continues to degrade substantially as more users are introduced.
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Figure 6. Average Sum SE when varying number of active UEs

For comparison purposes, Table 3 shows the average SE per user from different related works considering MMSE
combining under various network scenarios. The values show a consistent trend in the achievable SE per UE when all
factors are treated equally and HWI is introduced into the systems. This proves that further research and practical use
of the CF-mMIMO system should take into account HWI from UE to correctly predict and assess network performance.
Remarkably, it was anticipated that the ULA would support the body of current literature by improving SE performance as
the number of antenna elements increased. Nonetheless, the correlated Rayleigh channel’s performance was somewhat
worse than that of the stochastic channel with ULA. This is because the channel vector now includes spatial surrounds.
Considering the hypothetical scenario of generating the channel vector in an ideal (non-spatial) environment, we validate
this. As a result, the SE increased by 55.62%. Thus, it is evident that one crucial factor in CF-mMIMO is that the spatial
context in channel modeling should not be underestimated. Moreover, for a cell-free stochastic mMIMO with significant
HWIs, advanced processing techniques (such as MMSE) are essential to maintain acceptable performance, even though
MR might be more robust, but at the cost of lower overall efficiency.
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Table 3. Per-user SE comparison in different network scenarios in the presence of HWI

: Hardware : . Average Per-user
Ref. Vodel  Envbonment  Scenaro Impairment - G CGEATEE T Uplink SE
% (UE), K.(AP) Y (bit/s/Hz)
Uncorrelated L=200, Uplink,
(4] Rayleigh X K=10, N=1 0.02,0.0 Downlink B 3.6
MMSE 45
[12] gg;ﬁ'g}fd X L2, 0.1,03 Uplink PMMSE 38
MR 25
[22] %;‘f;‘i‘;id x L 0.0, 0.0 Downlink MR 2.6
_ MMSE 33
[14] {{’;;‘Efg‘}’frelated x K 000 Uplink PMMSE 2.8
MR 2

MMSE 575
28] gg;rl‘zli:}fd x K0, Ned 0.1,0.0 Uplink RZF 55
MR 3.38
. MMSE 55
Proposedwork %gg;?ttrl; v ]Izjl(())o,N: 4 0.1,0.0 Uplink RZF 5.4
MR 45

5. Conclusion

In this paper, we investigated the impact of User Equipment (UE) Hardware Impairments (HWIs) on the performance
of CF-mMIMO networks, with a specific focus on the degradation of uplink Spectral Efficiency (SE). The study employed
a geometry-based stochastic channel model incorporating delay profile, path loss, and angle of arrival to evaluate the
network and hardware distortion effects comprehensively.

Monte Carlo simulations revealed that while MMSE occasionally outperforms RZF by a small margin, this comes
at the cost of higher computational complexity due to matrix operations. Quantitatively, we observed that both MMSE
and RZF experience a 55.62% increase in SE when comparing the stochastic spatial channel to an idealized non-spatial
scenario, highlighting the significant influence of spatial modeling on achievable rates. Additionally, the rate of degradation
in SE for MMSE and RZF was found to be nearly identical in the stochastic model, whereas MR consistently showed
lower efficiency and greater vulnerability to HWIs.

Among the three combining schemes analyzed, RZF provides a practical trade-off between computational complexity
and SE performance, particularly in systems with a large number of users. MR, however, should be avoided in noisy
or dense environments due to its inability to account for noise variance. Furthermore, our results emphasized that SE
consistently degrades as the severity of hardware impairments increases at the user equipment side.

With the established link between improved channel estimation and achievable rates, an important direction for future
research is to explore the integration of advanced machine learning techniques for channel estimation. Such approaches
may further mitigate the effects of HWI, potentially rendering their impact negligible in next-generation wireless systems.
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