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Abstract: Cell-free large-scale multi-user MIMO is a promising technology for the 5G-and-beyond
mobile communication networks. Scalable signal processing is the key challenge in achieving the
benefits of cell-free systems. This study examines a distributed approach for cell-free deployment
with user-centric configuration and finite fronthaul capacity. Moreover, the impact of scaling the
pilot length, the number of access points (APs), and the number of antennas per AP on the achiev-
able average spectral efficiency are investigated. Using the dynamic cooperative clustering (DCC)
technique and large-scale fading decoding process, we derive an approximation of the signal-to-
interference-plus-noise ratio in the criteria of two local combining schemes: Local-Partial Regularized
Zero Forcing (RZF) and Local Maximum Ratio (MR). The results indicate that distributed approaches
in the cell-free system have the advantage of decreasing the fronthaul signaling and the computing
complexity. The results also show that the Local-Partial RZF provides the highest average spectral
efficiency among all the distributed combining schemes because the computational complexity of
the Local-Partial RZF is independent of the UTs. Therefore, it does not grow as the number of user
terminals (UTs) increases.
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1. Introduction

Fifth-generation (5G) and beyond technology has been developed to meet the constant
demand for reliable wireless services with higher data rates [1]. It is projected that 5G-and-
beyond systems will be able to connect and manage an unprecedented number of devices
and provide ubiquitous services [2]. In order to address the design challenges of 5G-and-
beyond, several key technologies are being investigated [3-11]. Some of the candidate
technologies proposed for the 5G-and-beyond mobile communication networks include
reconfigurable intelligent surface [4], SLNR-based beamforming [6], millimeter wave [7,8],
advanced multiple access [9,11], and large-scale multi-user multiple input multiple output
(MU-MIMO). Due to its ability to minimize interference, large-scale MU-MIMO can provide
several orders of magnitudes of improvement in the system’s spectral efficiency.

A recently developed concept, known as cell-free large-scale MU-MIMO, provides
a novel network architecture based on three well-known technologies: large-scale MU-
MIMO [12-18], Coordinated Multi-Point (CoMP) [19], and Distributed Antenna System
(DAS) [20,21]. Cell-free large-scale MU-MIMO has been proposed as a potential alternative
to dividing up the coverage area into cells.

Compared to the conventional cellular network layout, cell-free network layout elimi-
nates the cell borders and the resulting inter-cell interference [22,23]. In the cell-free system,
a large number of access points (APs), distributed in the area of coverage, provide services
to a large number of users. All APs in this system deployment use fronthaul links to
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communicate with a central processing unit (CPU). The CPU manages and coordinates all
the transmissions in the network.

There are typically two implementation approaches for cell-free systems [24-27]:
completely centralized and distributed. In the centralized approach, all signal processing
is performed at the CPU. All APs forward the received pilot and data signals to the
CPU, which will carry out the necessary processing. Taking into account the practical
constraints of having links with limited fronthaul capacity, this approach typically leads to
unmanageable fronthaul signaling.

In the distributed cell-free implementation, the required signal processing is shared
between the CPU and the APs, and depending on the amount of this sharing, different
levels of distribution can be accomplished. The initial concept for cell-free is developed
on the basis of two primary assumptions: all the active UTs in the network are served by
all the APs simultaneously [28,29] and availability of unlimited capacity for the fronthaul
links [30,31].

In large-scale MU-MIMO, the maximum sum spectral efficiency (SE) that can be
achieved is constrained by two factors: wireless channel capacity and fronthaul link ca-
pacity [32]. The distributed approach can be used to achieve a reduction in the fronthaul
requirements [33]. In this architecture, some baseband signal processing is performed
at the APs. Motivated by the above argument, this paper considers the system uplink
performance with limited fronthaul capacity and different local distributed combining
schemes. The distributed implementation adopted in this paper is distinguished from the
centralized implementation by the following:

(1) The channel estimation process is performed locally at each access point;

(2) Combiner design and data estimation are performed locally at each access point;
(3) APs use the fronthaul links to send the data estimates only;

(4) An additional stage of data estimation is performed centrally by the CPU.

1.1. Related Work

Recently, cell-free systems have attracted great interest, and many previous studies
have evaluated their performance from various perspectives [22,24,26—45]. For instance,
in [22], the sum spectral efficiency for Maximum Ratio beamforming/combining has been
derived. A stochastic geometry technique was employed in [34] to evaluate the system
performance. Additionally, [36] studied a cell-free system with power optimization and
precoding technique to enhance the network data rate. The fully centralized approach of
a cell-free system, in which the estimation process and combiner design are performed
centrally, is investigated in [27,37]. Distributed implementations are considered in [38] in
order to reduce the fronthaul traffic.

In order to make the analysis more manageable, most of the previous studies consider
a wide variety of simplifying assumptions, including the following:

o All users are served by all APs in the same time-frequency resources: For example, authors
in [39] investigated the achievable uplink rate performance of the cell-free systems
with perfect/imperfect CSI and Zero Forcing (ZF) processing. However, in practice
and as a result of this assumption, the system will not be scalable, implying that
the system will be unable to manage an increasing number of active UTs and APs.
Furthermore, this configuration is impractical since only a limited number of APs
can beneficially communicate with a particular UT. To address these constraints and
maintain scalability, we consider a practical system configuration that allows UTs to
dynamically choose their subset of APs. Thus, a group of nearby APs are cooper-
atively serving each UT, as shown in Figure 1. In this user-centric configuration, a
clustering technique known as Dynamic Cooperative Clustering (DCC) is used, which
allows UTs to choose their preferred set of serving APs. With the DCC approach,
the scalability comes from the fact that only the UT’s corresponding subset of APs
will be involved in the signal processing. The works in [40,41] have investigated
a user-centric configuration for cell-free systems with different channel estimators.
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However, these studies are based on simple beamforming/combining schemes with
some idealized assumptions.

Unlimited fronthaul/backhaul link capacity: For example, the authors in [42] investigate
the downlink of a cell-free system considering power control technique and the ZF
process. However, each fronthaul/backhaul connection will have a finite capacity
when dealing with practical systems. Moreover, to achieve scalability, it is necessary
to restrict the fronthaul signaling between the APs and the CPU. The authors in [43]
investigated the impact of using capacity constrained fronthaul links on the aver-
age max—min rate per user, considering low-complexity hybrid precoders/decoders.
However, the study focuses on the centralized case where the baseband processing
of the transmitted signals is fully performed at the CPU. We investigate the uplink
of a cell-free large-scale MU-MIMO system with distributed implementation, limited
fronthaul links, and the DCC approach.

The propagation channels are spatially uncorrelated: For example, studies in [44,45] ana-
lyzed the system performance under independent Rayleigh channels using general
models such as uncorrelated Rayleigh fading. However, in practice, the correlation
between the antenna elements is inherent in the implementation of the cell-free system
due to the large number of APs. For a realistic performance investigation of cell-free
systems, a physical correlated channel model is considered in this paper.
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Figure 1. User-Centric Cell-Free system with dynamic cooperative clustering.

1.2. Contributions

By investigating the local distributed user-centric approach of a cell-free system with

finite fronthaul links Capacity, the main contributions of our work include the following:

Uplink System modeling: In this paper, we consider the uplink scenario of a user-
centric cell-free system with finite capacity fronthaul links to investigate the impact
of distributing the signal processing between the APs and the CPU for achieving a
certain level of performance. The distributed system implementation is modeled and
numerically simulated. The goal of this research is to provide a further understanding
of partial local distributed cell-free systems under more realistic system considerations.
Analysis of distributed implementations for user-centric cell-free system: Two system config-
urations, namely, locally distributed and two-stage distributed, are considered to study
how competitive these configurations are to a centralized-based system configuration
vis-a-vis the achieved SE. Extensive simulations have been performed to evaluate the
system’s performance from different perspectives, including the effect of increasing
the pilot length, APs number, and APs” antennas for the three schemes: Partial RZF,
Local-Partial RZF, and Distributed MR.
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o Distributed Physical layer processing: The essential local physical layer procedures in the
distributed user-centric cell-free uplink transmission, such as pilot signaling, channel
estimation, and data detection, are identified. Using different bounding techniques,
we derive an approximation for the effective SINR using the clustering concept and
the large-scale fading decoding (LSFD)scheme.

1.3. Paper Organization

The remaining parts of this work are structured as follows: The user-centric cell-free
large-scale MU-MIMO system model is described in Section 2. In Section 3, computational
complexity and fronthaul signaling are analyzed. In Section 4, a physical geometric-based
channel model which is considered in this paper is presented. Simulation results and
discussion are presented in Section 5, followed by concluding remarks in Section 6.

2. System Model

We consider a cell-free system with K single-antenna user terminals (UTs), which are
served by L access points (APs), and all the UTs and the APs are distributed randomly
in the coverage area. Let N be the number of antennas per AP. The system satisfies the
user-centric condition, where a set of APs, Oy C {1,2,...... ,L} cooperate to serve an
arbitrary UT k. Furthermore, we consider a block fading model, where all the channels are
considered to be static and frequency flat within a single block (known as the coherence
block) and vary among different blocks.

The coherence block size is determined by many factors, including carrier frequency,
mobility, propagation environment, etc. Further, in this block fading model, each coherence
block is divided into 7, channels used for the uplink pilot training, 7, for sending data on
the uplink, and 74 channels for sending the data on the downlink. Let h denote the channel
response between the k" UT and the L AP, and the channel realization is drowned from
an independent correlated Rayleigh fading distribution as

hy; ~ Nc (0,Ry) 1

where R represents the spatial correlation matrix, which contains the small-scale fading as
well as the large-scale fading. In the block fading model, the small-scale effect can be static
in one coherence block, and it may change among different blocks. On the other hand, the
effect of large-scale fading is considered to be changing more slowly and can be regarded
as constant for a number of coherence blocks.

We consider the distributed implementation given in Figure 2, and the operations of
interest in this paper include uplink training, channel estimation, combiner design, and
data detection.
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Figure 2. Local Distributed Operations considered in this work.
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2.1. Uplink Training and Channel Estimation

In the training stage, all the UTs send their pilots to the APs throughout a pilot-based
training process. The training pilots are known as the pilot sequence, and the network
is assumed to have 7, available orthogonal pilot sequences. However, it is expected that
the number of active UTs will be more than the number of available orthogonal sequences
(K > 1p ). This will make several UTs reuse the same pilot sequences in their analyses. The
term “pilot contamination” refers to a problem that occurs in the large-scale MU-MIMO
networks when multiple UTs use the same pilot sequences. The received pilot signal at the
AP | can be given as

K
il
v = e Yok wl + W @)
i=1

where p,, is the transmitted pilot power, W; is the additive independent white Gaussian
noise matrix with independent and identically distributed A (0,0?) elements, l/JtI;I is the

pilot sequence sent by the k" UT and t = 1,..., 7.

Based on the received pilot signal in Equation (2), the AP I performs the channel
estimation process. The LMMSE estimator is employed in each AP to estimate the channel
coefficients to the UTs. The estimated channel between the UT k, and the AP [ is given as [17]

~ ilot
by = /PpoRiQeor Vi) 3)

where R;; denotes the spatial correlation matrix, i € Q, and Q,,,, denotes the inverse of
the normalized correlation matrix.

The difference between the channel and its estimate is known as the estimation error
and can be termed as e;; = h;; — h;;. The covariance matrices of both fi;; and e;; for the
cell-free distributed implementation can be given as follows

ilot
Cest. = PprRil Qcorr yzZ ’ Rj; 4
ilot
Cerr. = Ry — pprRil Qcorr YflZ ’ Rj ©)

In the distributed implementation and in contrast to the analysis for the centralized
implementation, the channel statistics from UT k to its connected APs will be used locally
at each AP for designing the combiner and estimating the transmitted signal.

2.2. Combiner Design and Signal Detection

After the channels are estimated locally at the APs, the UTs transmit their data symbols.
The received signals are processed at each APs to detect the desired signal £. The detection
process in the distributed approach involves two stages of data estimation:

First, based on Equation (2), the transmitted signals can be estimated locally at the
APs by applying a linear combiner as

s CF_ H K H H
R =aeyr = aphpxt 21’ — 1 4 hixi + apw (6)
P4k

where a; ; represents the combiner that contains vectors from all APs that communicate
with the UT k. Note that the detection process in the user-centric approach is constrained to
a subset of APs (i.e., Qp C {1,2,...... ,L}) corresponding to the UT k.

Then, based on Equation (6), another stage of signal estimation is performed centrally
by the CPU. This process is known as large-scale fading decoding (LSFD), which involves
using the LSFD weight vector {v; : I =1,..., L} to estimate the data symbols as

L

A X A

Xk = sz,kxz,k
=1
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In general, the ergodic capacity of the large-scale MU-MIMO system has not yet been
defined. However, different bounds on the capacity are available. These bounds are also
known as achievable SE and can be used to evaluate the system performance. In this
paper, a lower bound technique is used to study the uplink system performance with local
distributed combing schemes. Following the same argument in [33], the uplink achievable
SE of UT k for the user-centric cell-free system can be given as

SECT = <1 - T”)E {10ga( 1+ SINREF) } (8)

Tc

where SINR is the effective signal to interference and noise ratio, which can be given as

Pk ’va {gk,k} ‘2

2 2
} —pk‘zsz{gk/kH + 020t Fray

SINR; = )

25:1 p,E { ’vilgi,k

It is to be noted that the capacity bound in Equation (8) can be used for many channel
fading distributions. The expression in Equation (9) has deterministic terms which can be
calculated due to the fact that the transmitted signal can be identified as if it was transmitted
via an AWGN channel with gain E{ﬂﬁch/khl,k}-

By employing the DCC concept where the aﬁ( in Equation (7) can be replaced with

aﬁ(Dl/k and select the LSFD vector vy as vy = pi (Z{i 1Pi { gi/kgﬁc} + O'ZFk), the expression
in (9) can be further maximized. Hence, the maximized SINR can be written as

-1
SINR™ = Pk{g;’fk} X (i pi{gi,kgfi} +0%F — pE {gk,k}E {g{'k}> {gk,k} (10)
=

. T
where Dy = dig(Dyy,..., Dix), g = [ukalkth, ...... /angL,khL,k] , and

Fe = dig({Il Digall, [}, {Il Disafl |I}).
In the combiner design process, the vector that maximizes the effective SINR in

Equation (8) is the optimal combiner. To maximize the effective SINR, we consider two
scalable combining schemes: Local-Partial Zero-Forcing-based and Local MR-based.

In the presence of inter-user interference, ZF-based schemes provide better perfor-
mance as compared to MR schemes. The Local-Partial RZF combining for UT k at AP [ can
be expressed as

-1
~ ~H N
ar " = py ( Y pihihy + UZINAP> Dyhy (11)
i€ D[
The Local-Partial RZF vectors from all APs that serve the UT k can be written in a
matrix form as

~ N ~H N1
ALPRZF — p fip, (HDZHD[ + aZPD}) (12)

where all the vectors of 1;;, with the indices i € D, are staked together and form the matrix
Hp,. All the transmit powers p; for i € D; are contained in a diagonal matrix P.

After the Local-Partial RZF detection process, all signals are forwarded to the central
unit over fronthaul links. Then, another stage of signal detection is performed by the CPU,
which applies the LSFD scheme and detects the desired signal. By substituting Equation (12)
into Equation (10), the average sum SE of UT k is obtained by Equation (8).
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The MR combining vector can be expressed as
at = Dyl (13)

MR combiner maximizes the received power and neglects the inter-user interference.
In order to suppress the inter-user interference, sophisticated combining schemes are used.

3. Computational Complexity and Fronthaul Signaling

This section presents a detailed analysis of the basic tradeoffs between maintaining
improvement in performance and the increase in computational complexity. Using the
technique propounded in [17], which was proposed for cellular networks, the computa-
tional complexity of different distributed schemes in cell-free systems will be evaluated
and compared with that of centralized schemes. The key advantage of using alternative
combining methods than MMSE-based approaches is the reduction in the computational
complexity. Local ZF-based schemes are more practical in terms of minimizing the compu-
tational complexity and the number of channel statistics required to design the combining
vector. Combining schemes that achieve higher SEs have higher computational complexity.
Hence, a reduction in complexity comes with the cost of decreasing the SE.

Counting the required complex multiplications and divisions is one way to quantify
the computational complexity in the large-scale MU-MIMO. For example, for a correlation
matrix R € CN*MN2, the required number of complex multiplications for R x RH is given as

No. of complex multiplications = ((le + Nl) / 2) N, (14)

If the multiplication is carried out with a different matrix, for example, Q € CN2*Ns;
the R x Q multiplication needs N1 x N, x N3 complex multiplications.

The downside of centralized implementation is that the digital baseband processing
system in the CPU has to process all the signal observations forwarded by all the APs. The
channel estimates that are utilized in the combining process are computed at the CPU for
all UTs. However, in the distributed implementation, the channel estimates are computed
at each AP once per coherence block for each corresponding UT. When the computational
complexity per UT of a combining scheme is independent of K, it is known as a scalable
scheme. The received combining schemes considered in Section 3 are scalable schemes, i.e.,
they exhibit a finite complexity as K — co.

In the locally distributed MR scheme given in Equation (13), the required number of
complex multiplications for estimating the channels can be written as

(Ng, +N? )y (15)

Here, we are considering the case of using the MR combined along with the LSFD. For
the Local-Partial RZF scheme given in Equation (11), the number of the required complex
multiplications can be given as

(NTP + N2 )Zie o, D1 (16)

Compared to the corresponding centralized schemes, the distributed MR scheme
with LSFD is equivalent to the centralized MR [33]. However, for the ZF-based schemes,
the distributed Local-Partial RZF has a lower complexity as compared to the centralized
Partial RZF. The reason is that the distributed operation in the Local-Partial RZF involves
computing only the inverse of N X N matrix.

4. Spatial Correlation Model

In this section, the spatial correlation matrix R y is generated using a physical geometric-
based stochastic channel model. This channel modeling accounts for several channel as-



Electronics 2022, 11, 2757

8 of 15

pects, including antenna correlation, geometric characteristics of the antenna elements and
the scatterers, and the UTs’ locations. Assuming that the scattering process happens only in
the proximity of the UTs, a 3-D Gaussian Local Scattering scheme is assumed in this study.
In this scheme, signals from different paths (Z) reach the APs, and the correlation matrix
can be given as [46]

zZ
RX—JE{ZaiafI} (17)
i=1

where &; denotes the array response of i’ path and can be redefined as a function of the
azimuth (¢;) and elevation (0;) angles as

;= o9, 0;) (18)

For a particular (I, m) element, Ry can be given as

[R]l,m = ,B / / ej ﬂ(mfl)sin(a)cos(g)f(¢,é)dad? (19)

where B denotes the large-scale fading coefficient for the i multipath component, which
arrives from a certain azimuth angle @, and a certain elevation angle 6, while f (@, 6) is the
PDF of ¢ and 6.

In the considered scheme and similar to [47], the scatterers are distributed in a Gaussian
distribution, and hence the Ry is rewritten as

(@-9)

Ry =p [ [ i tsm@es® Lo 25 (20)
S ¢

2 a_g\2

where Ay, and Ay denote the horizontal and vertical angular standard deviations (ASD)
with respect to azimuth and elevation angle, respectively. This model is shown in Figure 3,
which illustrates the multipath variations in the azimuth angle.

Scattering Cluster

Figure 3. Three-dimensional physical channel model, where the scatterers are distributed around the
user terminal (UT). Each path is characterized by two angles: the azimuth (¢;) and elevation (6; ).
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The horizontal angular ASD defined as
Ay =tan"!(r/d) (21)

where r and d denote the radius and the horizontal distance. The mean elevation angle and
the vertical ASD are defined with respect to the maximum and minimum elevation angles
as follows. Maximum elevation angle can be achieved by a scatterer located at a distance
d — r and defined as

1 h
emgx = tan 1 ﬁ (22)

where h denotes the height. Similarly, the minimum elevation angle can be achieved at a

distance d + r as

4 h
emin = tan 1 m (23)

Hence, the mean elevation angle and the vertical ASD can be computed as follows

0 — emux + Qmin (24)
2
AG _ Gmax ; gmin (25)

5. Numerical Results and Discussion

In this section, a series of Monte-Carlo simulations are carried out to evaluate the
distributed implementation of the cell-free system. The uplink transmission is considered,
and the network is considered to be a suburban environment deployed in an area of 2 Km?.
The UTs and the APs are distributed uniformly at random in the deployed area. For this
simulation setup, the key simulation parameters that have been selected are reported in [25].
The large-scale fading coefficients are given as [17]

d
,Bkl [dB] = Ado — 10’)/ IOglo <dk()l) + Fkl (26)

where A, denotes the average channel gain at a reference distance dy, y represents the
path loss exponent, di; denotes the distance between the antenna element and the UT,
Fg ~ N (0, Uszh ad Ow) is a random variable with a zero mean and variance ‘Tszh adowr Which
models the shadowing. The 3-D Gaussian Local Scattering scheme in Section 4 is used in
all the simulations.

By focusing on the system performance with a distributed implementation, two Local-
Partial combining schemes are considered to study the benefits of locally performing the
channel estimation and the combiner designing at the APs. Next, we consider the LSFD
to study the effect of having two stages of data estimation in the cell-free system. Then,
we investigate the effect of increasing the number of antennas at the APs. Finally, the
computational complexity and the effect of increasing the number of UTs of the distributed
schemes are presented. Note that for the sake of comparison, different centralized schemes
are presented as a reference in all the simulations.

5.1. Local-Partial Distributed Implementation

Considering a user-centric approach, Figures 4 and 5 illustrate the system performance
and present a comparison of three different implementations: centralized, partial (one
stage), and Local-Partial with LSFD (two stages). It can be seen that the highest average SE
is obtained with the centralized approach at the expense of higher fronthaul requirements.
However, to decrease the fronthaul requirements, the distributed approach is investigated
in this section.
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10 | T T
=
= 8] F——
) —@— Partial RZF
?‘ = % = Local-Partial RZF, LSDF
: = B =Local-Partial RZF
67 <cv.g-e- MR-Dist., LSDF
z wevotfeess MR-Dist.
=
T V- -
T 4% et S
= ==
E E------" o m--— o 8- -
F‘: P M nrsa s "‘"'""""':"‘-""="="i-rr..... i
£ o2l
[T S ;S N N PR
0 i i
1

Pilot scaling factor ¢

Figure 5. Average achieved SE as a function of pilot scaling factor, with K = 128, L = 1024, and 15 = 8.

Figure 4 shows the CDF distribution as a function of the achieved average SE. Under
the fronthaul constraints, the simulations are carried out for the different system imple-
mentations with total active UTs K = 32, serving single antenna APs L = 256, pilot length
Tp = 8. It can be seen that there exists a significant gap in the performance between the
ZF-based and MR-based combining schemes. This is because the MR schemes are unable
to suppress the inter-user interference. For instance, the Local-Partial RZF scheme gives a
43% higher improvement in the average SE. Moreover, it can be observed that the system
performance with Local-Partial RZF and MR can be enhanced by adding the LSFD scheme
as a second detection stage.
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Figure 5 illustrates the impact of using higher pilot scalers on the system achievable
SE with locally distributed detection. Here, we employ single antenna APs with K = 128,
and L = 1024. In the cell-free systems, each AP is allowed to serve up to UTs = 7,. Let { be
the scaling factor controlling the pilot length (7;,), and 7, given as

Ty = g X T (27)

where, 19 = L/K is the initial pilot length.

It can be observed that increasing the pilot scalers will improve the system performance
due to the reduction in the pilot reuse, which in turn reduces pilot contamination. Thus,
the average SE continues to increase up to a specific point. Furthermore, different schemes
are saturated at different points. After these saturated points, any increase in the scaling
factor will result in a decrease in the system average achievable SE. It is clear from Figure 5
that ‘8’ and ‘2’ are the saturation points for Partial RZF and MR distributed combining,
respectively, while ‘2’ is the same saturation point for Local-Partial RZF and MR-Dist. This
is the case when the LSFD scheme is employed. However, the two schemes without LSFD
are saturated at ‘2’ and “1’, respectively.

5.2. Multiple Antennas APs

Considering the achievable SE, Figures 6 and 7 depict the average SE of Partial RZF,
Local-Partial RZF, and MR as a function of L. We consider K = 8, L increases with a
constant rate, and the number of antennas per APs either one (Figure 6) or four (Figure 7).

1{) I

—&— Partial RZF
9 H= % = Local-Partial RZF, LSFD
= B = Local-Partial RZF
«o-«Bie==- MR-Dist.

Per-Terminal SE [bit/s/Hz]

50 100 150 200 250
Number of APs (L)

Figure 6. Average achievable SE as a function of L, with K = 8, and 19 = 8. Each AP is equipped by a
single antenna.
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Figure 7. Average achievable SE as a function of L, with K = 8, and 1y = 8. Each AP is equipped by
four antennas.

As can be seen in Figures 6 and 7, a significant improvement in the achievable SE can be
obtained for all schemes when L grows higher. This is due to the increase in diversity gain,
which increased with L. Furthermore, one can observe that Partial RZF, Local-Partial RZF,
and Local-Partial RZF with LSFD benefit more as compared to the MR when L grows higher.
This is because of the ability of ZF-based schemes to minimize inter-user interference.

Among different local combining schemes in the distributed approach, Local-Partial
RZF with LSFD scheme offers the highest achievable SE. Figure 7 shows that deploying
each AP with more than one antenna significantly improves the average achievable SE. The
reason is that increasing the number of antennas per AP increases the ability to suppress
the different users’ interference; hence, the average achievable SE is increased.

5.3. Computational Complexity

Unlike centralized-based schemes, distributed combining schemes have the ability to
reduce the amount of interference caused between users in a distributed manner, which
implies that the APs perform the estimation and design the combining vectors locally.
Furthermore, the computations of local distributed-based combining schemes have lower
complexity than centralized schemes. This is because the matrix inversion in the local
distributed-based schemes has a much smaller dimension.

Figure 8 shows the complexity in terms of the number of complex multiplications
as a function of UTs. Among all the five schemes, two centralized schemes, namely,
Partial MMSE and Partial RZF, have the highest computational complexity. In the case
of Partial MMSE using the dynamic cooperative clustering for a centralized scheme, the
computational complexity decreases as the number of UTs increases [33]. In addition, the
partial MMSE is a scalable combining scheme that can be employed with a slight loss in SE;
as a benefit of this, a reduction in complexity is observed in Figure 8. The Partial RZF has
achieved less complexity than Partial MMSE. However, as the number of UTs increases, the
computational complexity increases, and the gap between the two schemes decreases. The
reason is that in the partial RZF, on average, the number of UTs served by the same group
of APS increases as K increases.



Electronics 2022, 11, 2757

13 of 15

6
10 £ T : :
i
r = -
2 o~
£ TE .
a - S
E 105 - O~ - - - . _ _ 4
j=
% e =l ———-——— g
g PO il
» a-~"" - & - Partial MMSE
;1 1[}4 g e - & - Partial RZF E
g _- - —&— Local-Partial RZF
g &~ - — = MR Cent.
o x MR Dist.
g 3
= 10%¢ % 4 ¢ ©
= * - - - == H——-—— == H— - - — = = - - x
= ]
2 i A A 4
10
20 40 60 80 100

Number of UTs, K

Figure 8. The number of computational complexities as a function of UTs. The total number of ASs
in the network L = 100, and each AP is equipped with 4 antennas. We consider 7y = 8.

For the Local-Partial RZF distributed scheme, it can be observed that the computational
complexity is independent of the UTs, so it does not grow as K — co. Despite having the
lowest complexity, MR schemes in both implementations (centralized and distributed) are
known to be suboptimal schemes due to their neglecting the existing inter-user interference.

5.4. Discussion

Considering that the proposed scheme entails sharing of the computational load
between the CPU and the APs, the Local-Partial RZF distributed scheme would be suitable
for modern ‘edge computing’, wherein more and more processing is being delegated to
the edge devices and being off-loaded from the central processing node (or the cloud) [48].
This may facilitated by a rapid increase in the computational capabilities of the edge nodes
and the availability of high-performance mobile, which can be very effectively utilized for
fast matrix inversion operations and complex multiplications.

Furthermore, the observation that the computational complexity for LP-RZF is inde-
pendent of the number of UTs would imply that the APs (serving as the edge node) need
not be upgraded and/or re-configured with an increase in the user count.

6. Conclusions

In cell-free large-scale MU-MIMO, it is assumed that all the UTs are being served by all
the APs in the same time-frequency resource. The signal processing is then performed and
administered by the CPU with unlimited fronthaul capacity. These characteristics make
a system more complex, unscalable, and impractical. In order to reduce the load on the
fronthaul connections, local distributed detection schemes have been considered in this
paper with realistic and practical system considerations. The results demonstrate that for
various distributed configurations, Local-Partial RZF provides the highest achieved average
SE while the distributed MR offers the lowest performance. Further, the performance of
the distributed schemes can be substantially enhanced by deploying LSFD as a second
stage of data detection at the CPU. Moreover, in terms of computational complexity, the
Local-Partial RZF distributed scheme can achieve less complexity than the centralized
schemes since the computational complexity in the Local-Partial RZF is independent of
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the UTs, so it does not grow as K — co. The distributed combining scheme can potentially
reduce interference from other UTs in a distributed manner.
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