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ABSTRACT

Cell-Free Massive Multiple Input Multiple Output (CF-mMIMO) is considered a
leading technology to be enrolled in 6G Networks, offering larger capacity which will
satisfy the higher rate requirements by the large number of User Equipment (UEs) in next-
generation networks, as well as giving better macro-diversity while avoiding inter-cell
interference encountered by collocated mMIMO. With Power Domain Non-Orthogonal
Multiple Access (PD-NOMA), cell-free massive mimo is expected to support higher
capacity for overloaded systems. While utilizing PD-NOMA for CF-mMIMO offers more
capacity and also better spectrum efficiency compared to the usual Orthogonal Multiple
Access (OMA) Cell-Free system, the achievable sum-rate is still limited by the induced
interference from users within the same or different clusters leading to lower levels of
Signal-to-Interference and Noise Ratio (SINR) at the receiver side. To remedy such a
problem, we’re going to integrate Carrier Aggregation (CA) into PD-NOMA Cell-Free
Massive MIMO system, offering additional frequency bands and thus giving higher rates.
Simulation results have shown improvement by a factor of two for the sum-rate, compared
to the case when carrier aggregation is not utilized.

Keywords: Cell-Free Massive MIMO, Successive Interference Cancellation, Non-
Orthogonal Multiple Access, Carrier Aggregation.

1. INTRODUCTION

1.1 Collocated and Distributed Massive

MIMO

number of antenna elements serving a smaller number of
users, and thus separating them in spatial domain, giving
what is also known as Space Division Multiple Access
(SDMA). This separation in spatial domain gives rise to
the concept of Favorable Propagation [4-5], where the
channels of multiple users become nearly orthogonal,

Massive Multiple Input Multiple Output (mMIMO)
has revolutionized the wireless & mobile communication
systems [1-2], for giving a better performance and yet
simpler beamforming and coding capability compared to
the complex dirty paper coding utilized in Multi-User
MIMO [3]. Massive MIMO system can be considered an
enhanced version of Multi-User MIMO [1], [4], which
relies mainly on beamforming by means of a large

leading to lesser inter-user interference, and thus giving
higher spectral efficiency. Massive MIMO has also
introduced another advantage to the communication
systems, which is Channel Hardening. Channel
Hardening [1] is the conversion of the random nature of
the propagation channel into a semi-deterministic one,
since paths from the transmitted antennas become too
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close to each other, leading to smaller fluctuations on the
level of the large-scale fading.

Cell-Free Massive MIMO (CF-mMIMO) [6] is
regarded as the distributed variant of Massive MIMO
system [1] and is predicted to have a greater role in 6G
networks [7]. CF-mMIMO uses the same principle of
spatial multiplexing which employs a huge number of
antenna elements commonly known as Access Points
(APs), but instead of being located at the Base Station
(BS), they are spread over a wider region giving better
signal coverage, lower inter-cell interference and higher
macro-diversity, assuming that the number of APs is
greater than that of the users or User Equipment (UEs).
These APs are connected to a Central Processing Unit
(CPU) via a front-haul link (e.g. Optical fiber), which is
responsible for exchanging data as well as selecting the
power-control coefficients [6]. While CF-mMIMO
employs SDMA to separate users’ channels, spatial
separation becomes challenging when the number of UEs
is close to that of APs or even exceeds it, and here comes
the role of another multiple access technique which is the
Non-Orthogonal Multiple Access (NOMA).

1.2 Non-Orthogonal Multiple Access and CF-
mMIMO

Non-Orthogonal Multiple Access (NOMA) [8] is a
multiple access technique that permits the transmission of
several data streams over the same radio resources and
thus allows intentional interference by superimposing
several signals over the same resources using
superposition coding at the transmitter side, while
interference cancellation is utilized at the receiver side to
separate them and thus decode the corresponding data
stream of each user. Those data streams are multiplexed
using power, allowing the transmission or reception of
multiple users’ data over the same time, frequency or
even code resource giving higher capacity and better
spectral efficiency compared to its Orthogonal counter-
part. NOMA can be classified into two main types:
Power-Multiplexed or Power Domain NOMA (PD-
NOMA) where Power is utilized to separate users, and
Code-Domain NOMA (CD-NOMA) where code is added
to power as another dimension for separating users’
signals, such as: Sparse Code Multiple Access (SCMA),
Pattern Division Multiple Access (PDMA), Interleave
Division Multiple Access (IDMA) and Low-Density
Spreading (LDS), where coding is used as another
dimension to separate users [9] in addition to power.

In PD-NOMA, allocating power to UEs depends on
their corresponding path-loss from the Base Station (BS),
so that far-UE from BS has higher power relative to its
weak channel and near-UE has low power owing to its
strong channel, leading to higher inter-user interference
resulting from the superimposed users’ signals sent over
the same channel. Thus, users in NOMA system may
encounter three types of interference. The first one is the
intra-cluster interference resulting from the contribution

of the near-UE signal seen by the far-UE. While such
contribution may be assumed as noise and thus neglected,
its effect becomes more significant with increasing
number of users and also when power difference between
signals is reduced. The second type is the imperfect
successive interference cancellation (ISIC), where the
near-UE needs to decode higher power signal before
decoding its own, and so with statistical Channel State
Information  (CSI), channel estimation becomes
inaccurate leading to errors in detecting higher power
signals, and therefore, this error propagates to other
symbols or signals leading to error propagation and thus
imperfect SIC. Another impairment is the inter-cluster
interference occurring between different clusters as a
result of poor beamforming of the downlink signal from
APs.

1.3 Related Works

In [10-11], the authors discussed the combination of
NOMA and CF-mMIMO. NOMA has demonstrated to be
a good candidate for allowing CF-mMIMO to serve more
users over the same allocated resources and thus offer
higher capacity while giving better macro-diversity since
each UE can receive its signal from a large number of
geographically distributed APs. While its OMA
counterpart seems to offer a higher achievable sum rate in
the regime of the low number of users owing to the intra-
cluster pilot contamination and imperfect SIC
encountered by NOMA systems, it becomes inefficient
when number of UEs approaches that of APs or even
exceeds it, making NOMA CF-mMIMO a good choice
for massive connectivity systems. Since the inherent
interference in the received affects the Signal-to-
Interference plus Noise Ratio (SINR) badly, many studies
have tried to reduce such effects to help give a boost to
the sum-rate.

Several works have studied techniques to minimize
such interference. In [12], the authors employed a
technique called group-level SIC (GSIC) by dividing
users into different groups based on their differences in
equivalent path loss, so users in different groups follow
the principles of NOMA, and GSIC is used to remove
inter-group interference, whereas users within the same
group are separated via SDMA. Another contribution was
made by the authors of [13], where they tried to improve
the achievable sum-rate of the system by introducing
cooperative links between UEs by means of short-waves,
while also introducing an adaptive switching technique
that switches the system between OMA and NOMA. In
[14], Raezi et.al has showed the sum-rate of CF-mMIMO
system for a number of precoders including conjugate
beamformer, zero-forcing, and regularized zero-forcing
beamformer. It also showed an improvement in the sum-
rate owing to the increasing number of antennas allowing
more degrees of freedom (DoF). In [15], the achievable
sum-rate is maximized by jointly optimizing the power
allocation and user clustering for NOMA CF-mMIMO to
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Figure 1: NOMA CF-mI\i/IIMO with 3 users per cluster
support Ultra-Reliable Low Latency applications
(URLLC).

Another factor that impacts the performance of the
NOMA CF-mMIMO is the number of users served per
cluster. While the studies [10—15] assume two users per
cluster, other studies such as [16—17] showed a NOMA
system with larger number of users per cluster. In [16],
the author studied the performance of NOMA system in
downlink direction assuming three users per cluster and
showed the necessary power constraints required for a
proper SIC decoding of all users’ symbols. In [17], the
authors introduced unsupervised machine learning
algorithms for user clustering in a NOMA CF-mMIMO
system and tried to enhance the system capacity through
allowing three users per cluster instead of only two.
Motivated by those studies, we’re going to assume three
UEs per cluster in our system and analyse the system
performance accordingly.

1.4 Carrier Aggregation

Carrier Aggregation [18] was introduced to LTE
system, to support high-rate data services through
combining multiple frequency bands, also known as
Component Carriers (CCs), to increase the allocated
frequency resources for a system, and thus offering higher
rates. Carrier Aggregation (CA) can be classified into
three main types according to the position of aggregated
CCs with respect to each other: contiguous intra-band,
non-contiguous intra-band and inter-band aggregation. In
contiguous intra-band, the CCs are adjacent to each other
within the same frequency band, whereas in case of non-
contiguous aggregation, the aggregated CCs are non-
adjacent but within the same band. For the inter-band
type, the CCs are located within different frequency
bands, and is considered to be difficult to implement [18],
since CCs from different frequency bands may require
different transceiver chains owing to the frequency
separation in between.

CA has been introduced to Massive MIMO systems in
[19], to improve the network rate as well as the Energy
Efficiency (EE) of the system allowing the reduction of
deployed antennas without reducing the rate performance.
In [20], CA has been utilized with NOMA system, to
offer larger bandwidth and higher data rate for users in
Ultra-Dense Network (UDN) system and to circumvent
the inherent interference in NOMA resulting from the
superimposed signals of various UEs over the same
resource.

While the work in [12] tried to enhance the
performance of the system and SIC, it didn’t give any
insights on the achievable sum-rate of the system, and
instead showed the effect of the proposed technique GSIC
on the transmit power compared to OMA and SIC-
NOMA. The cooperative links technique studied in [13],
despite giving better sum-rate, it adds more complexity to
the system, since it requires an additional channel
estimation step for the channel between stronger and
weaker UEs exchanging data over the established
cooperative links, and also increases power consumption
at the user side, requiring the re-transmission of the
decoded symbols of farther UEs, degrading the power
efficiency. The works in [19] and [20] are more focused
on collocated systems, and no analysis has been given to
distributed systems such as cell-free networks.

In this study, we’re going to take a different approach
for improving the achievable rate, by utilizing carrier
aggregation method (CA), by extending the allocated
frequency band offering higher data rate. The
introduction of carrier aggregation (CA) to the PD-
NOMA CF-mMIMO system is investigated, and the
performance of the system is discussed in light of the
added carrier components (CCs) to the system. While
integrating carrier-aggregation with NOMA has been
discussed before in [20] for Ultra-Dense Networks
(UDNS), to the extent of our knowledge, this is the first
time to apply such a technique to NOMA CF-mMIMO.
This study is organized as follows: Section 2 discusses
the system model showing the downlink signal model and
achievable sum-rate. Simulation results are discussed in
section 3 to show the performance of the proposed for
applying carrier aggregation. For readability, Table 1
defines the common symbols used in this study.

Table 1. Table of Symbols

Symbol Description
M Number of APs
K Number of Users per cluster
N Number of clusters
P, Pilot sequence power
hnk Channel of k™ UE from m™ AP over n™ cluster
Brnk Large-scale fading coefficient
@pn Pilot sequence of n' cluster

B Estimated Channel of k™ UE from m™ AP over n" cluster

Ymnk Estimated Large-scale fading coefficient

8nk Estimated Small-scale fading coefficient
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Figure 1: Downlink Signal in NOMA CF-mMIMO with
Carrier Aggregation

2. SYSTEM MODEL

2.1 System Model

This system involves an M single-antenna APs
distributed randomly to serve a larger number of single-
antenna UEs grouped into N-clusters (Fig.1), so that each
cluster has K-users.

2.2 Channel Model

The downlink channel h,,,; between the mth AP and
the kth UE within each nth cluster is represented as
shown:

Rk = ‘ank Cmnke €]

The coefficients Bk and oy are the large scale
and small-scale fading coefficients respectively. oy, 1S a
circularly symmetric complex Gaussian distributed
random variable with zero-mean and unit variance
Omnk ~ CN(0,1). The large-scale fading (Bpnk) is
assumed to be known a priori, since it’s slowly varying
and may be estimated every 40-coherence interval
[10-11]. This makes the channel hp, ~ CN(O, Bpnk) @
complex gaussian random variable with zero-mean and
variance of Bnnk, and accounts for quasi-static Rayleigh
fading.

2.3 Uplink Pilot Signal and Channel
Estimation

According to [1],[11] each AP uses the uplink pilot
signal to estimate the channel to each UE while assuming
the existence of channel reciprocity and utilizing Time
Division Duplexing (TDD), which permits the estimation
of downlink channel. To reduce the overhead of
allocating many pilot sequences, the same training
sequence is shared among all users within the same
cluster, while each cluster takes a unique orthogonal pilot

o . 2 .
sequence, satisfying the condition ||(ppn|| =1 to give
the received signal vector as:

N K
Y= D [TPolmnic@p + Tt @
n=1k=1
Where, ym, € C™1 is the uplink pilot signal vector at

mth AP representing t samples of the pilot sequence. P,

@pn, Tand C™1 are the pilot power, pilot sequence
length, pilot sequence allocated for K users in nth cluster
and complex Gaussian random vector with independent
and identically distributed (i.i.d) CN(0O,xq, I), where L is
the identity matrix. ny, is the complex gaussian noise
such that n,,, € C™1,

Projecting the uplink signal over the transmitted pilot
@pn to get the uplink signal as:

N K
= Yoy @l = Zlkzl TPphuie + M, (3)
n= =

Applying the MMSE Estimator [21], should give the
estimated channel as shown:

~ 4/ Th kmn
[— ’ i 4
mnk 14+ TPp 25:1 ﬁkmn m ( )
As the signal is gaussian distributed, then the uplink
estimated channel can be represented as:

Emnk = V }/mnkamnk (5)

TP Bz
where &,k € CN(0,1) and yynk = m

are the estimated large-scale, and small-scale fading
coefficients. Channel estimation will be defined as
Emnk= hmnk - hmnk ,where €mnk ~C(0' (Bkmn -
Ymnk)) and thus Var(emnk) = E[lemnklz] = Bkmn -

Ymnk -

2.4 Beamforming and Downlink Signal Model

In the downlink direction, APs utilize the conjugate
beamformer using the locally estimated CSI in the uplink,
as shown in fig.(2). The downlink signal is actually the
superposition coded symbols of all K-users within the nth
cluster, and so we’ve:

K
Xn = z vV PrieXni (6)
k=1

Where x, is the superposed signal over nth cluster,

ne{12,...,N} , of the kth user with k€
{1,2, ....,K}. Assuming a unity powered data symbol, we
should have:

_ 1 n:Z,k=janda=b
ElxpeXzi] = {0 otherwise 2

Therefore, the transmitted power can be formulated as

shown  E[l%,[2] = E [ yPactur] | = B P =
P,. Using the uplink MMSE channel estimates, we can
construct the conjugate beamforming weights to be as
shown in (8).

*

_ ﬁmnk* _ 5mnk (8)

- |Flmnk*| - |‘§mnk

Wmn
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Since  NOMA employs power multiplexing to
separate users over the same carrier, then UEs in the same
nth cluster are sorted based on the channel strengths as
shown:

|Wmnﬁmn1| 2 |Wmnﬁmn2| = 2 |WmnﬁmnK| (9)

Thus, the received signal at ith user over nth cluster
from all APs should be as shown in (10):
M k-1

Ynk = Z Z PiWmnhmniXni +

m=1i=1

Intra—cluster interference

M K
z Z vV Pninn (hmnixni - E(hmni)ﬁni)

m=1i=k+1
Imperfect Successive Interference cancellation

M
+ Z Y, 1:)nkvvmnhmnkxnk
m=1

Desired User signal (k)

M N
+ Z Z vV Pananhmannlk + E’ (10)
m=1n'=1 AWGN
n'#n

Inter—cluster interference

Assuming that the precoding weights and the channel
coefficient can be grouped into qmpx = Yome1 WinnNmnk »
then the simplified form of the received signal will take
the form in (11).

k-1
Ynk = E PridmniXni +
i=1
<
Intra—cluster interference

K
Z vV Pni(qmnixni - E(qmni)f(ni)

i=k+1
Imperfect Successive Interference cancellation

+ Pnianank
-
Desired User signal (k)

N
+ Z\/Pnlqmnlkxnlk + E (11)
n’=1

AWGN

n’#n

Inter—cluster interference

Since statistical CSI is employed at UE, the estimated
symbol &, and the actual symbol x,; are jointly gaussian
distributed with a correlation coefficient pnk, as X,y =

2
1+05,
the error between the actual and estimated data symbol

and py = 1/4/1+ 02, is the correlation coefficient
between the estimated and actual data symbol.

2
N o
pRpk + €k, and ep~CN (0, enk > represents

2.5 Achievable Rate Analysis

Assuming only statistical CSI available to the receiver
then, another term appears representing the amount of
error introduced by the use of statistical CSI, and
therefore, the signal model should be:

Ynk = + PnkE[qmnk]Xnk

x - - 2
Desired User signal (i)

+ vV Pnk{qmnk - E[qmnk]}xnk

Statistical CSI uncertainty

k-1
+ Z vV Pnianani
i=1

<
Intra—cluste interference

K
+ z V Pni(qmnixni - E(qmni)ﬁni)
i=k+1

Imperfect Successive Interference cancellation

N
) VPl + 1 (12)
n'=1 AWGN
n’#n

Inter—cluster interference

Therefore, the Signal-to-Interference plus Noise ratio
(SINR) for the statistical CSI case for the k™ UE over the
n' cluster, should be calculated as shown in (13).

Py

SINRjj = =—————
n L'5=2Pl'+o-1;l

(13)

M 2
Desired User Signal - P; = PyE[|qmnkl?] = Pax (Z 1/ymnk) (13a)
m=1
Statistical CSI Uncertainty —» P, = PoxE[|qmnk — E(Qmni)|%]

M
=P, [Z Bramn — vmnk)] (13b)

m=1
Intra — cluster interference — P;
k-1

ference = £y =
z PyiEllqmnil*] = <Z 1\/Ymnk> Po; (13¢0)
i=1 m= i=1
K

mperfectSIC = Py = > BuiEll(@mni¥ni — E@mnd)2a) ] =
i=k+1

M 21 K
<Z \/Ymnk> [Z Py (1- ani)] (13d)
m=1 .
i=k+1
N N M
Intercluster — Pg = Z PoEllqmnkl?] = Z P, (Z Bkmn> (13e)
n’=1 n’=1 m=1

Using (13), the achievable rate of k™ user over n®
cluster can be calculated using the following formula:

Rui = @log, (1 + SINR) (14)

where @ is the pre-log scale factor defined as ¢ =
TC_T/TC , and t is the training sequence length.

According to the above formula, the achievable sum-rate
of the NOMA CF-mMIMO for all clusters over the fth
carrier component should be calculated as shown below:

N K
R¢ = z Z Rik ¢ (15)
n=1k=1

66



2.6 Carrier Aggregation for NOMA CF-
mMIMO

With intra-band contiguous CA, and using the
formula in (15), the achievable sum-rate of the system
over all CCs can be approximated to the following
formula:

Ra = ) Ry (16)
f=1

3. RESULTS AND DISCUSSIONS

This system is assumed to have M APs distributed
uniformly within a region having an area of L X L km2 to
serve a larger number of UEs grouped into N clusters,
each having K users, with L representing the length of the

given region. The path-loss model is Bk = 1/d—°‘

where (d) is the distance between the mth AP and kth UE
in the nth cluster, and a is the path-loss exponent [11].
Transmitting powers of AP, and UE are Pyp and Pyg,
respectively. Minimum and Maximum distances between
UE and AP are represented as dmin and dmax
respectively. The same pilot sequence is shared among all
UEs within the same cluster, while mutually orthogonal
pilots are utilized between different clusters, with a pilot
sequence length of tnoma = N, where N is the number of
clusters, and for OMA we’ve toma = KN, and the
coherence interval ist. = 196 symbols, which is the
maximum number of wusers that can be served
simultaneously in OMA system [11]. Noise variance is
02, =290 X ky, X BW x NF, where k, is Boltzmann’s
constant, BW is the allocated bandwidth of the system,
and NF is the Noise Figure. Power coefficients of UEs are
ratios of the power allocated to each UE to the power of
cluster Pn, taking the values (0.1 : 0.3 : 0.6). The power
of cluster is represented by Pyp/N [14]. These power
coefficients are not necessarily optimal but can be further
optimized. Simulation parameters of this system are
mainly set from the works [11], [13], [14], and [15]. The
values of the system parameters mentioned in this section
are shown in Table 2.

Analytical results of achievable sum-rate in (16) are
compared against Monte-Carlo simulated results of the
same equation in the given three figures. The simulation
tool used to generate such results is MATLAB.

In Fig.(3), the NOMA CF-mMIMO achievable sum-
rate is shown for the two cases: two UEs per cluster, and
three UEs per cluster. This figure demonstrates that
serving three UEs within each cluster offers larger system
capacity, but at the expense of higher interference
introduced into the system, since UEs with lower power
will face increasing imperfect SIC decoding errors from
those with higher power levels, and at the same time,
introducing more UEs leads to more intra-cluster
interference faced by farther UEs from their serving APs,
and thus the overall sum-rate is reduced.

Table 2. System Parameters

Parameter Value

Number of APs M 100
Number of UEs per cluster K 3
Path-loss exponent o >2
Noise Figure NF 9dB
Minimum/Maximum distance AP-UE 10 m, 50 m
(dmin, dmax)
Coherence Interval T, Tc =196

Transmitting power (P,p, Pyp) 200 mW, 100 mW

Bandwidth BW 10 MHz
Correlation Coefficient p; 0.1
L 1 km

In Fig.(4), the achievable sum-rate of the system in
case of using OMA & NOMA techniques are shown,
where three cases are discussed here which are: No
Carrier Aggregation (CA), the case of utilizing CA, and
NOMA with cooperative links between UEs. The curve
with solid line (bottom curve) represents the sum-rate of
the NOMA CF-mMIMO system when no CA is used,
while the dotted line shows the achievable sum-rate for
the case of using cooperative links, and the dashed line
above it shows the rate in case of utilizing CA. It’s
apparent that the utilization of CA is superior to that of
cooperative links and offered a higher sum-rate by a
factor of two owing to the introduction of an additional
carrier component to the system, giving an achievable
rate of approximately 16.25 bps/Hz compared to that of
8.13 bps/Hz for the case of no CA, and 9.72 bps/Hz for
the case of using cooperative links at 100 simultaneous
UEs.

Fig.(5) shows the achievable-sum rate in case of
adding two carrier components instead of only one.
Aggregating two CCs instead of only one leads to 3x
increase of the sum-rate compared to the one without any
additional CA, and the overall system performance seems
to be improved by the aggregation of multiple CCs to the
system bandwidth, which helps compensate for the drop-
in rate made by the inherent interference either intra-
cluster interference, or imperfect SIC. The dotted line
representing the aggregation of two CCs shows a sum-
rate of 24.68 bps/Hz at 100 simultaneous UEs. This
demonstrates that utilizing CA is much better in terms of
the achievable sum-rate compared to the use of
cooperative links.
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4. CONCLUSION

In this study, we investigated the achievable sum-rate
of NOMA CF-mMIMO considering the effects of intra-
cluster pilot contamination, inter-cluster interference and
imperfect SIC. We also investigated the performance of
the NOMA CF-mMIMO with carrier aggregation. It has
been demonstrated that the introduction of carrier
aggregation to cell-free system can improve the sum-rate
of the system, thanks to the extra CCs added to the
system, offering higher-rate that can compensate for the
reduced performance owing to the inherent interference in
the received signal. Simulation results demonstrated an
increase in the sum-rate by a factor of two and three
respectively.
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5. FUTURE WORKS

In our study, we assumed a simplified analysis for a
NOMA CF-mMIMO employing intra-band contiguous
CA which is considered the simplest type of CA in terms
of implementation; however, more analysis is required for
other types of CA such as: non-contiguous intra-band
CA, and inter-band CA. While CA managed to give a
higher achievable rate for the system, it also adds a
number of challenges such as: increasing hardware
complexity, non-contiguous CA interference
management, and variations in channel parameters over
different frequency bands. Integrating of CA into CF-
mMIMO adds more complexity to the system, requiring
power amplifiers, radio frequency chains, and oscillators,
which may be costly to integrate into the APs whose
power capabilities are limited. Another limitation to the
CA technique is the interference resulting from utilizing
non-contiguous CA, which arises when mobile phones
aggregate carriers across various frequency ranges such
as low-band and mid-band. Channel estimation also poses
a challenge in CA, specifically when CCs are non-
contiguous, since each carrier component is considered a
separate channel introducing higher complexity and
overhead in channel estimation stage specifically at the
user side, which can also worsen when the channel
suffers frequency-selective fading.

NOMA CF-mMIMO with CA have a number of
implications on 6G networks including: scalability,
network deployment, front-haul capacity, and cost
efficiency. Some of these challenges have been addressed
for CF-mMIMO in [22], however, they may need more
extensive study in case of integrating NOMA & Carrier
Aggregation together, since CA may add more overhead
on the CPUs and thus limit the system scalability. Many
studies [6], [11—-15] have assumed that all UEs are being
served by all APs within the system, which imposes a
challenge in making the system unscalable and unrealistic
in practice [22], since all APs are required to estimate
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channel parameters between them and each UE, and also
carry out power control and precoding, while keeping
complexity at an acceptable level, which is difficult to
attain as number of UEs increases. This can be solved by
investigating user-centric and network-centric approaches
for cell-free networks where only a limited number of
APs in the vicinity of the user can serve such a user, but
not all of them. Front-haul capacity relies mainly on the
ability of CPU units to handle all transmissions from APs,
and thus with utilizing multiple bands in case of NOMA
CF-mMIMO with CA, it increases the overhead and
complexity of processing of those signals at the CPU
which requires further optimization. Deployment is
considered one of the main challenges in CF-mMIMO
system, so the authors in [22] studied a cell-free network
without introducing costly hardware and cabling by
means of radio strips [22], where the internal
communications between APs are eliminated by
integrating all cables between them and the antenna
processing units (APUs) are all gathered into the same
cable, giving simpler hardware with lower cost. Cost
Efficiency for NOMA CF-mMIMO with CA tries to
minimize the cost of implementing such a system, while
keeping its performance at an acceptable level, and this
may rely on a number of factors including: number of
APs, number of clusters, cooperation level between APs,
implementing a front-haul network able to withstand the
large number of APs, power consumption of AP, and also
number of aggregated bands. In [23], the authors
provided a cost-analysis for CF-mMIMO system, and
showed a unified model encompassing cell-free systems
with variable number of antennas at each AP. This can be
considered a good starting point for further analysis
regarding cost efficiency of NOMA CF-mMIMO with
CA.
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