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ABSTRACT For the commercial deployment of cell-free (CF) massive MIMO, mobile-grade antennas
are envisioned for use in low-cost, low-complexity access points. It is essential to consider the practical
constraints of these mobile-grade components when comparing the performance of CF and cellular networks.
In this context, this paper focuses on the following main aspects: 1) we consider a generalized CF system
with multiple APs and UEs, each equipped with multiple antennas and supporting multiple data streams
per user. We exploit mobile-grade antennas with lower per-antenna transmit power constraints and compare
their performance with conventional cellular networks, which are typically less constrained in this regard;
and 2) we study a novel optimization problem aimed at achieving performance fairness in the presence of
multiple data streams per user. To solve this problem, we derive convex formulations for the number of
data streams, power allocations, and fairness weights. Based on these formulations, we propose a multistep
alternating optimization (mAO) algorithm. To reduce the computational complexity of the mAO algorithm,
we also propose a second algorithm based on closed-form solutions, which does not require convex solvers.
Given the same total power budget in CF and cellular systems, the numerical analysis highlights the impact of
mobile-grade antennas and shows that the fairness difference between cellular and CF is not as significant as
portrayed in idealized scenarios. Specifically, we show that to achieve a sufficient fairness gap, CF requires
up to 20 times more print-quality transmit antennas, i.e., radio stripes, than cellular systems. To assist future
comparative studies, we also provide a computational complexity analysis of the proposed solutions.

INDEX TERMS Cell-free systems, mobile-grade antennas, fairness degradation, multi-stream transmission,
alternating optimization, mFPI-AO algorithm, computational complexity, power allocation, fronthaul
constraints, generalized cell-free architecture.

I. INTRODUCTION This design moves away from traditional cellular networks
The evolution of wireless communication systems has seen a by incorporating macro-diversity and improved interference
major shift with the introduction of new network topologies. management as key principles [3], [4]. The motivation
One such concept is the cell-free (CF) massive multiple- for CF mMIMO comes from the limitations found in
input multiple-output (mMIMO) wireless network [1], [2]. conventional cellular systems, including issues with non-
uniform performance, interference, and limited scalability
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approving it for publication was Chuan Heng Foh . consistent connectivity [5]. To address these challenges, the
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CF mMIMO architecture is proposed as a strong candidate to
help shape the future of wireless communication systems [6].

Consequently, a substantial body of literatures [1], [7], and
[8] has systematically compared the performance of cellular
and cell-free (CF) wireless systems.

For example, in [9], the authors studied the total energy
efficiency of a CF mMIMO system. In [10], the authors
investigated the coherent gains of CF systems and discussed
the associated fronthaul overhead. Similarly, [11] and [12]
examined the spectral efficiency and energy efficiency,
respectively, of CF systems and compared them with those
of conventional cellular systems.

A consistent finding across these studies, including more
recent works such as [13], [14], and [15], is that CF
systems outperform cellular systems due to their macro-
diversity and centralized processing capabilities [3], [16].
However, a critical aspect to note is that the deployment
of CF systems requires a considerable number of access
points (APs) distributed across the region [4], [5]. The
envisioned commercial deployment relies on fabricating
these numerous APs with mobile-grade components, such
as low-cost radio frequency (RF) chains and antennas. For
example, print-quality radio stripes are promising candidates
for this purpose [17]. The practical performance of CF
systems could be significantly affected by the use of these
lower-quality components, in contrast to the high-quality
RF components commonly deployed in conventional cellular
systems. Therefore, when comparing the performance of CF
and cellular systems, it is crucial to consider the constraints
imposed by the use of these components, a practice that is not
commonly observed in the existing literature.

Another important aspect of cell-free architecture is
achieving fair and uniform performance among users geo-
graphically located in different areas. To achieve fairness,
several works in the literature discuss algorithms to optimize
spatial resources, such as digital filters and power allocations,
to meet this objective [1], [7], [8]. It is worth noting that
modern communication systems involve multiple antennas
not only at the transmitter side but also at the user-end
devices. Having multiple antennas at the user-end device
unlocks the potential for multiple spatial streams per user.
To optimally achieve performance fairness among users,
where each user has multiple receive antennas, it is necessary
to optimize the number of data streams, a discrete variable.

A few relevant works that we could identify are [18], [19],
[20], [21]. Specifically, [18] considers multi-antenna users;
however, it assumes simple conjugate beamforming, does
not include an explicit objective function, does not consider
multistream transmission, and ignores per-antenna power
constraints. Similarly, [19] studies a CF mMIMO system with
multi-antenna users employing nonlinear digital filters, but
does not address multistream optimization or the impact of
antenna radiation power.

In addition, [20] considers a system model similar to
ours; however, the study focuses on pilot design and channel
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estimation. The work most closely related to the proposed
work is [21], which investigates a CF mMIMO wireless
setup with multi-antenna UEs. However, the data stream
optimization in that work is based on maximizing diversity
gains rather than optimizing the number of streams per user
under a fairness objective, and it primarily focuses on access
point clustering, without analyzing fairness degradation.

To the best of our knowledge, achieving fairness with
multiple data streams per user has not yet been studied
in the literature. We believe that optimizing data streams
while achieving fairness is an important aspect that should
be studied to unlock the full spatial benefits of CF massive
MIMO.

A. CONTRIBUTIONS
The main contributions of this work are summarized as
follows:

o Given the per-antenna maximum power constraints of
mobile-grade antennas, we formulate a non-convex
optimization problem related to fairness performance,
whose objective is coupled with a discrete optimization
variable due to the possibility of multiple data streams
per user. To address this problem, we derive convex
formulations for the power allocations, fairness weights
per user, and the number of data streams per user.

« Based on the solutions, we propose a novel multistep
alternating optimization (mAO) algorithm that solves
the problem iteratively, maintains monotonic behavior,
and guarantees convergence.

o To reduce the computational complexity, we propose
a second algorithm, which is based on closed-form
expressions and provides similar performance to mAO
algorithm, without relying on general-purpose convex
solvers.

« Finally, through numerical analysis, we demonstrate that
the fairness of CF wireless systems is substantially influ-
enced when considering per-antenna power constraints.

« We also provide a computational complexity analysis of
the proposed algorithms.

Our numerical analysis addresses the following two
questions:

o If radio strips [22] are used to implement CF systems,
will it impact the SE or energy efficiency (EE) gaps
compared to cellular systems, due to lower per-antenna
power constraints?

o If it does impact, how many of these print-quality
antennas would be needed to maintain a sufficient
performance gap?

The remainder of this paper is organized as follows.
Section II presents the system model and formulates the
problem. Sections III and IV describe the developed solutions
and the proposed algorithm. In Section V, we provide
a numerical analysis and discussion. Finally, Section VI
concludes the paper.
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FIGURE 1. System model.
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FIGURE 2. Block Diagram of CPU, AP, and UE.

Notations: Scalars are denoted by italic letters, while
vectors and matrices are represented by bold-face lower-
and upper-case letters, respectively. For a complex-valued
vector v of length K, v/ denotes the conjugate transpose of
v. diag(v) denotes a diagonal matrix where each diagonal
element is the corresponding element of vector v. max(v)
represents the maximum value in the vector v. For a complex-
valued matrix M, [M]% denotes the square of the absolute
values obtained by column-wise summing the matrix M
and diag(M) is a vector containing the diagonal elements
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of the matrix M. The notation (-)* refers to the complex
conjugate of a complex number. e (A, B) denotes the
max

dominant generalized eigenvector of the matrix pair (A, B).
The Hadamard product of two vectors a and b is denoted by
a®b.

Il. SYSTEM MODEL
We consider a generalized CF mMIMO wireless communi-
cation system as shown in Fig. 1, which is equipped with
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A APs per fronthaul and F fronthauls per CPU. Each AP is
equipped with N; , transmit antennas, where a = 1, ..., A.
Similarly, there are a total of K users in the system, each
equipped with N, ; receive antennas and L; data streams,
where k = 1,...,K. This results in a total of N; =
SA VF NNy =38 Nop,and L = 3°K_ Ly transmit
antennas, receive antennas, and data streams in the system,
respectively. Note that the index of each AP is denoted by
AP,y in Fig. 1, where a, f, and 1 stand for the index
of the a-th AP connected to the f-th fronthaul and the 1st
CPU. In a generalized CF MIMO system, processing power is
envisioned to be distributed across the network; however, for
brevity, we show only one CPU here, corresponding to index
1. Additionally, we depict a block diagram of the CPU, AP,
and UE in Fig. 2. Specifically, Fig. 2 illustrates how the L data
streams in the system are mapped, precoded, and projected
onto the N; , antennas of an AP, and, upon reception, how
UE £ retrieves its Ly data streams. Specifically, the CPU+AP
and UE consist of several blocks, namely coding, mapping,
conversion, shaping, and the analog front end (AFE). To avoid
intricate mathematical formulations, the additional indices
for fronthaul and CPU are omitted for the sake of our
analysis. The downlink channel between AP a and user k
is denoted by H,{{ o € CNrkxNia which follows a standard

block fading model [23]. The total channel from all APs
to user k is then given by HkH € CNrkxNi e HkH =
[Hi 1, Hi o, ..., Heal™

Let si; and pi; denote the data symbol and power
allocation for the [-th data stream of user k, respectively.
The received signal at user k can be expressed as shown
in (1), at the bottom of the page, where wy ,; € CNeax1
denotes the transmit digital filter (beamforming vector) at
AP a for the [-th data stream of user k, and z; denotes
the noise vector. The first column of W in (1) can be
conceptualized as the cumulative transmit digital filter, i.e.,
Wi, from A APs for the [-th data stream of the k-th
user.

After receiving the signal y;, user k applies the
receive combining matrix, i.e., the receive digital filter,
to retrieve §;. Hence, the retrieved signal is expressed
as

= [f1.fi0e - ey, | HEWPs

Fi
H
Sl LTRTS FYRETI (ol 7% 2)

Fy

where fllz | € C!*Nrk denotes the receive combining vector
for the /-th data stream of user k.

Given the signal model from (2), the spectral efficiency
(SE) for user k, denoted as ci, provided by L; data streams,
can be written as (3), shown at the bottom of the next page.

The meaning of each expression in (3) is as follows: The

term
2

A
H
fllj,l Z HY ,Wk.a.1/Pk.a.l
a=1
denotes the received signal strength for the /-th data stream
of user k, while

K L M 2
H H

D 2 D HWiaj/Pia;

ik j=1 a=1
and

Ly A 2

H

DO D B WeajPray

J#l a=1
denote the inter-user and intra-user interference,

respectively.

A. PROBLEM FORMULATION
We aim to ensure performance fairness among users when
multiple data streams per user are involved, while considering
the maximum power constraints per antenna, per AP, and per
system. To achieve this, we need to optimize w ;, fx 1, pr.1,
and Ly, for all k and [. Thus, the formulated problem is given
in (P1), as shown at the bottom of the next page. Note that the
objective function of (P1) contains log-sum expressions and
fractions, and is coupled with the discrete variable Ly, making
it a non-convex mixed-integer problem.

The meaning of each expression in (P1) is as follows:
Constraint 1, i.e.,

K L

ZZ [Wk,l,z, Wio i, oo, Wk,A,l]
A H k=1 I=1
Sk = [fk,l’fk,zv e ’fk,Lk] Yk
O [ Prids Pkids + + JPkAL | < Pmax.ant
Fy
- H _ - _
k1 Wittt W2 o Wi o WrLLk VP11 511
H, , Wioa Wi22 "  Weor o Wik P12 512
Vi = ' ) ’ +z; (1)
H, , Wiat Wia2 " Weail " Wkalg Dk, Sel
LHe A 1 LWiar Wian o Wear Wrare 4 L ~PK.Lg | LSk 4 ]
[ ——
H,Ij w P s
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denotes the power allocated to each antenna at the APs,
where pmax,an: 18 the maximum power radiation constraint per
antenna.

For instance, consider the first term on the left-hand side of
Constraint 1 in (P1), where wy 1 ; is element-wise multiplied
with /pg 1,1 and summed over Ly and K. This results in the
precoder coefficients for the first antenna at the AP:

K L
D (Wkori/Prn)-
k=1 I=1

Subsequently, by taking the squared absolute value,
we obtain the power allocation for each antenna at that AP:

K L 2

D (Wkai/prn)

k=1 I=1

This formulation is similarly applied to the antennas at
other APs.

Now, the second and third constraints correspond to
the per-AP and per-system power limits. We note that a
per-antenna power constraint implicitly enforces maximum
power restrictions on both the AP and the overall system.
However, in a generalized system, antennas may have a
high capacity for fine power tuning, while the total power

approaches. In particular, these fairness-based algorithms are
typically limited to single-stream-per-user expressions and do
not account for the optimization of the variable Ly to find the
optimal trade-off between diversity and multiplexing per user
while achieving fairness.

As discussed earlier, when both the AP and UE are
equipped with multiple antennas, it is necessary to optimize
Ly for all k to ensure optimal fairness among users.
In the following two sections, we study (P1), derive convex
formulations for mixed-integer variables, and introduce
two multistep AO algorithms. Additionally, in Section III,
we discuss how an existing method in [24], i.e., the fixed-
point iteration algorithm, can be modified to solve (P1).

Ill. PROPOSED SOLUTION TO PROBLEM (P1)

We first decouple the problem (P1) with respect to each
optimization variable and derive its solution. We begin by
assuming an initial setup where the number of data streams
for user k, denoted by L, and the corresponding power
allocations py ; for all users are set as min(V;, N, ;) and PLL;",
respectively. In this case, the optimal linear MMSE filters for
the transmit and receive digital filters, wi ; and £} ;, are given
as follows:

. - I LUNRS
budget per AP could be lower than the combined maximum max (Sk 1 Ty ’1)
radiation capability of its antennas. Therefore, we retain all Wkl = 7R fer odis 4
three constraints in our problem formulation. ‘ W (Sk 10 Ty )
Before deriving a solution for (P1), we first review the AN Wkl Wk
. . . e (Sk 1 Ty )
relevant literature. Most studies addressing the resource £ max (5)
allocation problem in the context of CF systems propose kol H 2 (S k.l Tsz) H
algorithms similar to [24] or modified versions of these max \" K/
4 2
L £, > W Wi a1 /Pral
=1
k= log | 1+ - 3
k ; &2 Ll A 2 kL M 2 ©)
> | 2 Hy \Wi.a,j/Pk.a, + 2> Z Z Hl aWiajy/Piaj| + o?
J#l a=1 i#k j=1 a=1
N 2
f, Z H Wi a.1/Pkal
max rn1n log, | 1+ =1
Wi,a,8k,1, Lk .Pr.a,1 KE{1 K}Z Li - 2 - 2 5
2 |t ZHkaWka/vpka/ +ZZ £ ZHzawta/«/Pi-,a,.i +o
J#l a=1 i#k j=1 a=1
K L -2
(ZZ[Wk,l,z, Wi 2,05 --.,Wk,A,z] © [«/Pk,l, s A/Pk 2,15 ---M/Pk,A,I]) = Pmax,ant>
k=1 I=1
K L
Z Zpk,a,l = Pmax,aps Va,
k=1 =1
A K L
D> D Prat < Prmax. (P1)
a=1 k=1 I=1
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where the matrix Si"’; = Hyfy £, HY represents the correla-
tion matrix associated with the received signal strength, and
Tik ll is defined as
. K L
k1 H
Tei =2 > pijHifiiH]
i#k j=1
Ly
+ > peHiti f HY + 071, (6)
J#l

which represents the interference-plus-noise matrix, assum-
ing that f;; remains constant. Similarly, the correlation
matrix for the received signal strength when wy ; is fixed is
given by SX"I‘I = HkH W, lwg Hx. The corresponding matrix
for interference plus noise in this case is represented by

T Z ZPqu wi Wi it

i#k j=1

Ly

> v H wie jwil Hy + 01, (7)

J#l
which accounts for the interference and noise when wy ; is
fixed. The optimization process for wy ; and f; ; is described
in detail in Algorithm 1.

Given wi; and f;; for all k and [ from (4) and (5),
respectively, the problem (P1) for L; for all £ and the
corresponding py ; for all k, [ can be formulated as

max  min
Pk, Ly ke{l,...,K} Z

Pk,10k,1
log, (1 + —)
P bim + crj+o?
s.t. ag, = fleHiIWk’lwngkfk,l, vk, 1,
K L
bei =D > pimke By Wi mwi, Hific 1, ¥k, 1,
i#k m=1
Ly
Ck,l = ZPk,jka,lHkHWk,jWkH,ijfk,z, vk, 1,
J#l

min(N;,Ny k)

. |2
K mln(Nt )k)

Z Z Wit O Pr,i
k=1 1=l

K min(Nl ,Nr,k)

Z Z Pk.,a,l = Pmax,ap» Va,
k=1 =

= Pmax,ant»

Pk,a,l < Pmax, (P1.1)

where ay;, brj, and ci; denote the signal strength,
interuser interference, and intrauser interference of the [-th
data stream of user k, respectively. The fourth constraint
in (P1.1) is the same as the first constraint of (P1),

with we; = [Wer, Wear, -+, Weag | and pry =
[ Pr.10s P2 <+ 5 Proau | for brevity.
21172

To derive a convex formulation of (P1.1), we need to
address two main challenges:
1) The log-sum function, which is coupled with the
discrete variable L.
2) The fractional expressions in the objective function
of (P1.1).
To tackle these issues, we introduce auxiliary variables,
denoted as ¢, Vk. These variables represent the user
performances. Specifically, by incorporating these auxiliary
variables, (P1.1) can be rewritten as follows:

max Gk min
P.Lk, sk
min(N;,Ny k)
Pk, 14k 1
s.t. E log, (1 + —) > Ck.mins
= bim + ek j+0?
: 2
K min(N;,Nyx)

= Pmax,ant»

Z z Wil O Pr,i
k=1 1=
K min(N,,N,{k)
z 2z

K mm(N, rA)

ZZZ

a=1 k=1

Pk,a,l = Pmax,ap> Va,

Pk.al < Pmax- (P1.2)

where Gk min stands for . {IlninK} Gk, denoting the auxiliary
€

.....

variable of the user with the minimum performance.
We now define ¢ ; as auxiliary variables for each ¢, for
all k, [, such that

Li
> ki = sk
=1

This step will help remove the summation expression from
the first constraint of (P1.2) and rewrite it as a separate convex
constraint. More specifically, by introducing the additional
variables ¢ ;, Vk, I, (P1.2) can be reformulated as follows:
This approach will allow us to eliminate the summation
expression from the first constraint of (P1.2), and transform it
into a separate convex constraint. Specifically, by introducing
the auxiliary variables ¢/, for all k, [, (P1.2) can be restated
as:

min(N;,Ny k)

max E

Lk, Gks
P> Lk Sk»Gk,1 =1

min(N;,Ny k)
Pk, 10,1
s.t. lo 1+ —
Z gz( bi,m+Ck,j+02)
min(N;,Nr k)

I=1
z Z Skl

=1

Gk,I,min

2
K min(N,.Nyx) .

Z Z Wi,i O Pr,i
k=1 I=1

= Pmax,ant»
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K min(Nt r k)

Z Z Pk,a,l = Pmax,ap> Va,
k=1 =

A K mm(Nt Nrk)

2.2, 2

a=1 k=1 =1

Dk,a,l = Prax. (P1.3)

It is important to note that there is now a direct mapping
between the left and right-hand sides of the first constraint
in (P1.3). As a result, the summation term can be eliminated
from the first constraint and instead introduced as an
additional constraint, as follows:

Ly
max E Ck,I,min

WLk, Sk,
PoLics S St 97

Pk, 10k |
s.t. lo I+ —) > , VL,
52 ( bim + cxj+ 02) ot

. |2
Kk min(N;,Nyx)

Z Z Wi, i O Pr,i
k=1 1=1

K min(N;, Ny )

Z Z Pk,a,l < Pmax,ap> Va,
k=1 =1

A K mm(N, Ny k)

2.2 2

a=1 k=1
min(N;,Nr k)

Z Skl = Sk-

=1

=< Pmax,ant»

Dk.a,l < Pmax,

(P1.4)

Now, it is straightforward to show that the convex formulation
of the first constraint of (P1.4), i.e.,

Pk, 19k, 1
— ) = Gk
bim+ckj+o

can be derived as follows:

log, (1 +

praaky = (20 — 1) (bi,m + cxj+ az) .
Hence, the final convex formulation is given by:

min(N;,Ny k)

max E

Gk,l,min
P-Li, Sk Sk, —

st praags > (2% — 1) (bi,m + ckj +02) , VI,

2
Kk min(N;,Ny ) I

Z Z Wil O Pk,
k=1 I=1

K min(N;.Ny i)

Z Z Pk,a,l = Pmax,ap> Va,
k=1 =

=< Pmax,ant>

A K mm(Nr Nr k)
>y >

a=1

Pk,a,l = Prax,
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min(N;,Nr k)

Z Skl = Sk-

=1

(P1.5)

Note that the convex formulation in (P1.5) is derived
from (P1.1) without any loss in optimality. It can be
efficiently solved using general-purpose convex solvers, such
as CVX [25]. Solving (P1.5) with CVX yields the optimal
power allocations and auxiliary weights, from which the
optimal L can be determined as the number of data streams
assigned non-zero power, i.e., px; > 0 for the corresponding
k. Further details on the optimization of (P1), based on (4),
(5), and (P1.5), are provided in Algorithm 1.

Algorithm 1 Multi-Step AO Algorithm for Solving (P1)
1: Initialize: Set iteration index T = 0, and initialize:
e Ly = min(N;, N, x), for all k

« W =L 11,L,~~31K,L T
T }/ﬁ[ 1 K]

e Pr= % [Liz,.....
ZLk.r

k=1
e Gk,r, Yk, random but feasible

Ly,
o Skl Yk, I, suchthat > 70 ¢k 10 = ke
« Fairness tolerance &

Ix ]

2: repeat

3: Step 1: Given Fi ¢, Lk 1, k.1, Gk,1, for all k, [, and p;,
compute W using (4).

4: Step 2: Given pr, Li 1, Sk.r»> Gk,1.z forall k, [, and Wr4,
compute Fy 41 for all k using (5).

5: Step 3: Given W, Fy 41 forall k, Ly ¢, 6k,7,z+1 forall
k, 1, and p;, compute g 1 for all k using (P1.5).

6: Step 4: Given W1, Fy -1 forall k, Ly ¢, ¢k 41 for all
k, and p,, compute ¢x ;.r+1 for all k, [ using (P1.5).

7: Step 5: Given W1, Fi -1 forall k, ¢k r+1 and Gk 1 z+1
for all k, [, compute pr1 and Ly 4 using (P1.5).

8: Step 6: Update the iteration index: v < v + 1

9: until The stopping criterion is satisfied, i.e.,

max 8xr— min
kef{l,....K} kefl,...K}

or the maximum number of iterations is reached.

IV. LOW-COMPLEXITY PROPOSED SOLUTION TO
PROBLEM (P1)

To solve (P1), Algorithm 1 relies on a general-purpose
convex solver [25], making it computationally expensive
and thus impractical for real-time applications. To reduce
the computational complexity, we propose a modified fixed-
point iteration-based alternating optimization algorithm
(MFPI-AQ), which ensures fairness among users while also
accounting for per-user multi-stream allocations. Specifi-
cally, we show that, through the introduction and appropriate
selection of auxiliary variables, problem (P1.1) can be
transformed into a more recognizable formulation, to which
the existing fixed-point iteration (FPI) algorithm [14], [26]
can be adapted. We refer to this overall approach, which
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incorporates auxiliary variables, as MFPI-AO. Let us now
reconsider (P1.1).

Similar to (P1.3), we introduce auxiliary variables
Ck.1, Yk, I for each data stream in the system. Optimizing
k.1, Yk, [ allows us to transform problem (P1.1) into a per-
data-stream performance issue. Formulating an objective
function for each data stream simplifies the resolution,
treating each data stream as a virtual user in the system.

However, it is noteworthy that the goal is fair performance
among users with multiple data streams, not among indi-
vidual data streams. An appropriate selection of variables
k.1, Yk, [ can ensure that appropriate weight is assigned to
each data stream, ensuring that, while achieving the objective
of fair performance among users, the weaker eigen directions
of a user do not negatively impact the performance of other
users’ stronger eigen directions. In fairness problems, aiming
for equitable performance among all users may lead to the
maximization of worst-performance users, causing degrada-
tion in the performance of the best-performance users. This
issue becomes more significant when dealing with multiple
data streams per user. For example, when aiming for fairness
between data streams, the weaker eigen-directions or low
signal-to-interference-and-noise-ratio (SINR) data streams of
some users may negatively impact the performance of other
users. The introduced weights, i.e., {x.;, Vk, [, ensure that this
scenario is avoided.

More details on the selection of these variables, i.e.,
Ck1, Yk, I, using a closed-form formula are given in
Algorithm 2. More specifically, we propose to determine the
values of ¢, VI for user k as being inversely proportional
to the normalized eigen strengths of H,’j , or inversely propor-
tional to the normalized SINRs, as outlined in Algorithm 1.
Once pi,; and &y, Vk, [ are calculated, Ly for all k can
be retrieved using the similar method as we discussed in
Algorithm 1.

Nevertheless, given an appropriate number of data
streams per user k, i.e., Ly and corresponding weights,
ie., &1, Vk, I, allow to convert the objective function

Pk.19k,1

Ly
of (P1.1) from max min } l;logz(l + W)

p.Li ke{l, K
Pk, 19k,18k,1

bim+6kj+<72)’ which is

to max min

log,(1
P ke{l, - K}e{l, L} g1 +

. . Prid, .
essentially a function of " with terms (log2)

and (1 +), common and constant across all data streams.
By neglecting these common and constant factors, the final
optimization problem for p is reduced to:

. Pk,lak,z
max min —2
pits Yk kel K} \ bim +crj+ 0
le{l,....Li}
H yyH H
st ag; = fk,lHk Wk,lwk,lkak,l»
/
Ay.] = Ak, 18k, 1
K L;

bim= D > pimke HY wimwit Hifi .
ik m=1
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Ly
Ckj = Zpk,jfngfWk,ngijfk,lv
J#l
K L 2
k
(z Z Wi © pk,l) =< Pmax,ant»
k=1 I=1
K L
Z Zpk,a,l = Pmax,ap» Va,
k=1 I1=1
A K L

(P1.6)

Zzzpk,a,l < Pmax,

a=1k=1I=1

which can be efficiently solved based on the concept of
the fixed point iteration algorithm, i.e., the inner loop of
Algorithm 1. Further details on the optimization of W, Fy,
Ly, and pi 1, Vk, [ are provided in Algorithm 1.

A. mFPI-AO ALGORITHM
The meaning of each step in Algorithm 2 is as follows: Firstly,
similar to Algorithm 1, we initialize Ly, W, power allocations,
and the fairness accuracy metric. Then, we initialize two
loops in Steps 2 and 3, where the nested loop essentially
implements the FPI algorithm. More specifically, in Steps
4 and 5, we calculate the current SINR-proportional factor
for each user’s data stream and then divide the corresponding
per-data-stream power by these values—meaning that data
streams with higher SINRs are allocated lower power, and
those with lower SINRs are allocated higher power. This
process continues until the factor 6 ; ; becomes equal for all
k and all L. The selection of a}(’ /¢ ensures that fairness is
maintained among users, rather than among individual data
streams.

Steps 6 to 12 of Algorithm 2 check whether the power
allocations exceed Pmaxants Pmax»> OF Prmax,ap- If any of these
limits are violated, we normalize the power allocations to the

corresponding maximum values. For example, in Step 10,
K L

the expression max | > Zk: Dk.1:a.l
k=11=1

AP a with the highest allocated power budget and checks if

it exceeds Pmax.q; if so, the power is scaled accordingly in

Step 11.

In the outer loop (Step 14), we obtain power allocations
from the inner loop, which are then used to optimize W, Fy,
and Ly, similar to Algorithm 1.

Finally, in Steps 17-18, we update the weights as discussed
in the context of (P1.6).

extracts the index of

V. NUMERICAL ANALYSIS AND DISCUSSION

A. SIMULATION SETUP

To cover a communication area of 500 x 500m, the cellular
network consists of four square cells, as illustrated in [3], with
50 co-located antennas per base station (BS). The CF network
is deployed in the same area. Unless specified otherwise, the
simulation parameters are as follows:
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TABLE 1. Average CPU running time for Algorithms 1 and 2.

Algorithm 1: Cell-free Algorithm 2: Cell-free
Ny =64 | Ny =100 | Ny =200 | N¢ =64 | Ny =100 | Ny = 200
K=5 1.10s 3.61s 18.1's 0.11s 0.31s 1.71's
K =10 | 3.39s 7.09s 25.75's 0.28 s 0.62's 3.44s
K =20 | 7.12s 17.50 s 31.13s 0.63 s 1.34s 3.72s

Algorithm 2 mFPI-AO Algorithm for Solving (P1)

1: Set iteration T = 0 and initialize Ly ; = min (N;, Ny ),

W, =
Pmax

K

> min(N;,Ny k)

Accuracy e.

2: repeat

3: repeat

\/LNT[I’ | TR T 71K’LK]T, S

[1,1,--+ 110, . 1grc], and fairness

’
Pkt | ¢
biym,c+ckjc+o?’

4 Vk, Vi
3 Compute py ;. ; as 2oLt Vk, Vi
6

Compute & ;¢ as

Ok 1.t
Pmax,ant

7
P I

max > Wk 1OPk.!
K=1i=1

7 if sum (pr) > Pmay then
8: Update p; as Sbtlji;nﬁpr
9 end if

K L

10: ifmax | > > pr.1ai
k=11=1

Compute p; as P-

2 Pmax,ap then

11: Update p; as —Tx P
] £ 3 v
k=11=1
12: end if
13:until  max  (8gsc) — min_ (8) > ¢orthe
kefl,-- K} ke{l, K}
Ie{l,- L} le(l, - Ly}

maximum number of iterations are completed.

14: pry1 < pr

15:  Given pr+1, Lk.r, and Wy, calculate F
(5).

16: Given F

using (4).

17: Given F, 4l

kil Vk using

krtl Vk, Lg ¢, Vk, and p;41, calculate W4
Vk, W41, and p;+1, choose the
appropriate L; r+1, Vk by neglecting the relatively
worst-performing  eigen  directions, and  select
corresponding (i ; as the inverse of achieved normalized

SINRs, ie., [k1r+1, Sk2o41s s Sy o+1] =
max([‘sk.l,m(sk.z,zw“sfk,Lk,r]) vk
[8k,1,0:0k, 2,00 Skl 7 7
’
. PhLt419% 1,41
18: § — =k = 1,--- K, =
kolr+1 bi,ln,r+l+ck,_j,r+l+0'2
|
19: Update t = v + 1.
20: until  max (5k,l,r) — min (Sk,l,r) > ¢ orthe
kefl,- K} ke(l,-- K}
le{l,- Ly} le{l, - L}

maximum number of iterations are completed.

Total APs A = 50, transmit antennas per AP N;, =
4 for all a, the maximum power budget in both systems is
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400 watts, which translates to 100 watts per BS in the cellular
case. The number of users K = 20, N, y = 4 for all k, o2 =
—94 dBm, and the solution accuracy (i.e., € in Algorithm 1) is
set to 0.01. Further details on simulation setups and channel
models can be found in [3]. The maximum transmit power
constraint per antenna, denoted as Py max, 1S varied for both
cellular and CF systems to observe performance variations.

The transmit power constraints for mobile-grade quality
antennas depend on various factors and applications. For
example, antennas in consumer mobiles and household APs
have different quality measures and, consequently, different
costs. In general, power constraints for mobile-grade quality
antennas can span different ranges, ranging from 100 mW to
2000 mW. Similarly, for cellular wireless networks, the BS
antennas’ transmit power limits start from 10 W and extend
to higher values. To assess the impact on performance and the
performance gap between cellular and CF systems, we vary
these per-antenna transmit power constraints.

All simulation results presented in this study are averaged
over 50 channel realizations with 50 setups and computed
using MATLAB R2022a on an AMD Ryzen R7-5800H CPU
@3.20GHz with 16 GB of RAM. In this context, each setup
represents a random geographic distribution of K users in the
system.

B. CONVERGENCE BEHAVIOR AND COMPUTATIONAL
COMPLEXITY

In Fig. 3, we set Payrmax = 2 W and illustrate the
convergence behavior of Algorithm 1 and Algorithm 2 for
various values of A and K. It can be observed that Algorithm 2
provides similar performance and convergence behavior as
Algorithm 1, but with significantly lower computational
complexity, as will be discussed later. Additionally, we note
that increasing A and K results in a higher number of
iterations required for convergence. Specifically, for [A =
16,K = 5], [A = 25K = 10, and [A = 50,K =
20], Algorithm 1 requires 10, 14, and 200 iterations for
convergence, respectively.

The convergence curves in Fig. 3 exhibit a distinctive
pattern due to the two-loop structure of Algorithm 2. Notably,
the curve initially approaches zero, then ascends, maintaining
this pattern throughout the iterations. Each segment of the
curve represents the convergence behavior of the inner loop
of Algorithm 2 (i.e., the fixed-point iteration algorithm),
while the overall convergence reflects the effect of the outer
loop. Interestingly, the inner loop in Algorithm 2 typically
converges within approximately 2 or 3 iterations across all
values of A and K.
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Table 1 presents the computational time required for the
convergence of Algorithms 1 and 2 for various values of
N; and K. It can be observed that Algorithm 2, based on
the mFPI-AO approach, is significantly less complex than
Algorithm 1. For example, for [N, = 64, K = 10],
Algorithm 2 requires only 0.28 seconds, whereas Algorithm 1
takes 3.39 seconds—demonstrating nearly 12 times lower
computational time. We also provide a detailed analytical
computational complexity analysis in Appendix A. Due to
the comparable performance but much lower complexity,
we utilize only Algorithm 2 in the following numerical
results.

We also applied Algorithm 2 in the cellular architecture
shown in Fig. 1, and present the corresponding computational
time for convergence in both CF and cellular scenarios in
Table 2. Interestingly, the computational cost of Algorithm 2
for CF is higher than that for the cellular architecture.
This cost gap is more pronounced for smaller values of
N; and K, but diminishes as A and K increase. For
example, when [N, = 16,K = 5], the cellular case
requires 63.6% less computational time compared to the
CF scenario, whereas the gap narrows to 5.6% when
[N; =200, K = 20].
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51 O  Algorithm 2: convergence behavior with A = 25 and K = 10 [
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FIGURE 3. Convergence behavior of Algorithm 1 and 2 for various values
of A and K.

C. CF VERSUS CELLULAR WITHOUT PER-ANTENNA
CONSTRAINTS

Before discussing the impact of pgus, max On the performance
of CF compared to cellular, we first examine the perfor-
mance gains without any per-antenna constraints. In Fig. 4,
we present the cumulative distribution function (CDF) of
the SE of randomly located users in the system. It can be
observed that the performance gap between cellular and CF,
represented by the green and red solid curves, is substantial.
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FIGURE 5. CF versus Cellular: with per-antenna constraints.

A significant body of literature suggests this type of ideal
performance gap [1]. Interestingly, in Fig. 4, the performance
of cellular is much worse than expected [3]. To explain
the reason for this worse performance in the cellular case,
we also plot the cellular performance by neglecting fairness
among the users, i.e., the red dotted line. It can be observed
that when fairness among users is neglected, the cellular
network performance spans a large range of SE values. For
instance, the red dotted curve in Fig. 4 shows that 40%
of users achieve lower performance than 2 bits/s/Hz, while
roughly 10% of users achieve around 7 bits/s/Hz of SE in
extreme cases. Hence, to achieve fair performance among
users, i.e., to improve the worst-performance users, the best-
performance users are compromised, resulting in the solid
red curve, where almost 100% of all users achieve close to
2 bits/s/Hz of performance.
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TABLE 2. Average CPU running time for Algorithm 2 in Cell-free and Cellular systems.

Algorithm 2: Cellular Algorithm 2: Cell-free
Ny =64 | Ny =100 | Ny =200 | N¢ =64 | Ny =100 | Ny = 200
K=5 0.04 s 0.25s 1.51s 0.11s 0.31s 1.71s
K =10 | 0.11s 043s 3.12s 0.28 s 0.62's 3445
K =20 | 028s 0.67 s 351s 0.63 s 1.34s 3.72s
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FIGURE 7. CF versus Cellular: with per-antenna constraints (average
BER)..

D. CF VERSUS CELLULAR WITH PER-ANTENNA
CONSTRAINTS

Now we discuss the performance of cellular and CF with
per-antenna power constraints. In Fig. 5, we plot the CDF
of SEs of randomly located users in the geographic area
for cellular and CF cases with different values of Py, max-
Specifically, for the cellular case, we consider 10 and 20 watts
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of Pant.max, shown by red dotted and solid curves in Fig. 5,
respectively. Similarly, for the CF case, we consider 100 mW,
200 mW, 500 mW, 1 W, and 2 W of Puus max, plotted in
Fig. 5 with green [500 mW, 1 W, and 2 W], blue [200 mW],
and black [100 mW] colors. Remember that the total number
of transmit antennas in both cases, i.e., cellular and CF,
is the same, i.e., 200. In Fig. 5, it can be observed that the
performance of CF is worse than cellular when transmitting
antennas with Py, mar of 100 mW and 200 mW are used.
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Similarly, the performance of CF with Pt max 500 mW,
1 W, and 2 W is better than cellular but not as much
as portrayed in literature in ideal cases [3]. For instance,
at 90% likely SE points, CF with Pyt max 500 mW, 1 W,
and 2 W gets 0.4, 1.1, and 2 bits/sec/Hz more SE than cellular,
which is much lower than the ideal case, i.e., a 5.5 bits/s/Hz
gap, as shown in Fig. 4 and portrayed in literature [3].
Corresponding to Fig. 5, we also plot the bit error rate (BER)
curves considering 16-QAM modulation. More specifically,
in Fig. colorblackCorresponding to Fig. 5, we also plot the
bit error rate (BER) curves considering 16-QAM modulation.
More specifically, in Fig. 6, we observe similar performance
gaps to those discussed in Fig. 5.6, we observe similar
performance gaps to those discussed in Fig. 5.

Additionally, in Fig. 7, we demonstrate the average BER
for all scenarios and for different modulation schemes, i.e.,
BPSK, QPSK, and 16-QAM. Specifically, Fig. 7 shows the
BER performance corresponding to the Shannon capacity
data in Fig. 5. It can be noted from Fig. 7 that, for 16-QAM
modulation, the performance is worse in all cases for both CF
and cellular systems. This indicates that transmission requires
strong channel coding to reach the Shannon capacity values
depicted in Fig. 5. Similarly, for lower-order constellations,
i.e., BPSK and QPSK, Fig. 7 shows relatively good BER
values, e.g., 1075 and 102 for CF 1W and CF 2W,
respectively, with BPSK. Overall, the relative performance
gaps between CF and cellular systems follow the same trends
as discussed earlier in Fig. 5.

E. IMPACT ON EE AND SE

Notably, the performance difference between CF and cellular
with per-antenna constraints is not the full story of this
analysis. Interestingly, the actual power radiated per user
is also different for both cellular and CF with different
Punt.max- The reason is to meet the objective function of
fair performance among users, both cellular and CF systems
limit their power consumption instead of using all Ppgx.
Hence, in Fig. 8, we plot the CDF of actual power radiated
corresponding to the cases plotted in Fig. 5. It can be observed
that CF radiates much less power than cellular with all
Pant .max values. This lower radiated power is understandable
in cases of 100 mW and 200 mW, where CF can never
radiate all power budget with these Py, max values. However,
Pant max of 2 W allows the use of a Ppax budget of 400 W, but
CF still limits its consumption to much less power, resulting
in a much less performance (SE) gap as compared to that of
ideal cases. Nevertheless, Figs. 5 and 8§ depict that, regardless
of the values of Puus max, CF is always more energy-efficient
than cellular.

F. HOW MANY PRINT-QUALITY ANTENNAS DOES CF
NEED TO ACHIEVE A SUFFICIENT SE GAP COMPARED TO
CELLULAR?

We note that transmit antennas with Py max of 2 W are
typically used in household APs in Wifi cases. We would
like to emphasize that, for the commercial deployment of
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CF systems, these antennas are unlikely to be considered
as low-cost candidates. In the commercial deployment of
CF systems, it is envisioned that printable-quality transmit
antennas will be fabricated, which are, of course, of much
lower quality than the APs used in households for WiFi.
Hence, it is more reasonable to assume that Pgu max Of
100 mW or 200 mW might be suitable candidates to realize
low-cost printable-quality APs. The question then arises: how
many of these antennas do we need to surpass cellular systems
and maintain a sufficient performance gap? To answer this
question, we increase A from 50 to 200 and 1000 for CF cases,
resulting in a total of 800 and 4000 transmit antennas (with
100 mW and 2 W of Puut max, 1.€., both extreme cases) in
CF scenarios. We compare their performance with cellular
systems with A = 50, i.e., 200 total transmit antennas; all
other parameters remain the same as in Fig. 5.

The results are plotted in Fig. 9. It can be observed
that to achieve sufficiently better performance than that of
the cellular system, the number of antennas required for
CF is much more than for cellular systems. Specifically,
to achieve a four times performance gap between CF
and cellar, comparable to that of ideal cases in Fig. 4,
CF requires 4000 low-quality transmit antennas compared to
the 200 high-quality antennas of cellular, which is 20 times
more than that of cellular systems. Similarly, with Pans max
of 2 W, CF requires 800 transmit antennas to achieve a similar
performance gap, which is again 4 times more than cellular
systems.

G. DISCUSSION

Here, we discuss the results of the proposed study in the
context of distributed processing (DP) for CF systems.
Specifically, DP is an alternative approach for driving CF
systems, where resource allocation and optimization are
performed on distributed nodes with little or no feedback
from the CPU. While DP helps reduce the computational
burden on the CPU, it comes with performance downsides.
The performance gap between centralized and DP processing
has been well studied in the literature; however, we aim to
discuss the implications of the results for DP:

1) MULTI-STREAM TRANSMISSION WITH DP

Firstly, it is important to note that DP generally suffers
from performance degradation due to the absence of joint
processing and minimal cooperation between nodes [3].
With a high density of users and unfavorable channels,
DP performance is already suboptimal. Adding multiple data
streams per user exacerbates these performance challenges.
For example, DP struggles with canceling inter-user inter-
ference [24], and the introduction of multiple data streams
per user leads to both inter-user and intra-user interference.
Although having more antennas on the user equipment side
would be beneficial, A pertinent question is whether DP can
support multiple streams per user. For instance, assuming
a reasonable number of receive antennas at the UE, e.g.,
four antennas, theoretically, up to four data streams could
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be supported. However, when optimizing for fairness or
capacity (P1), DP may suggest transmitting a single stream,
as multiple streams increase interference more than they offer
benefits. Nonetheless, further analysis is needed to address
these questions and develop novel methods to optimize the
number of data streams per user in DP.

2) FAIRNESS DEGRADATION WITH DP
As we discussed earlier, fairness degradation occurs in cen-
tralized processing compared to cellular systems. Introducing
DP into CF will further degrade fairness. To achieve a
sufficient fairness gap compared to cellular systems, more
antennas will be required than those discussed in the previous
section.

Nevertheless, answering these questions requires careful
analysis and the development of novel algorithms, making it
a promising direction for future work.

3) POWER MODELING

In addition to the points discussed above, power modeling of
CF mMIMO systems is another important direction for future
research. Specifically, CF system requires extra hardware,
such as fronthaul links and high-performance CPUs, which
contribute to total power consumption. Considering these
components would provide a more accurate assessment of CF
energy efficiency compared to cellular networks. This topic
warrants a dedicated study and could be explored in a full-
length article.

4) HARDWARE AND CHANNEL IMPAIRMENTS

In addition to per-antenna power constraints, considering
hardware impairments arising from mobile-grade compo-
nents, such as IQ imbalance, nonlinearities, and local
oscillator-related imperfections from mixers, nonlinear dis-
tortion and saturation from power amplifiers, as well as
fronthaul capacity limits, jitter, and ‘“imperfect channel state
information in (P1), can further impact the performance
gap between CF and cellular systems. Note that our current
analysis considers centralized processing for the CF system,
while distributed processing-aided (P1) remains for future
work.

VI. CONCLUSION

This paper emphasizes the importance of accounting for the
impact of mobile-grade components when comparing cellular
and CF wireless systems. Specifically, we focus on the effect
of mobile-grade antennas, which are subject to lower power
constraints, on the fairness of CF wireless systems, and
we compare this performance with that of cellular systems.
Our study considers a generalized CF mMIMO wireless
network capable of supporting multiple data streams per
user. Under per-antenna power constraints, we formulate
a complex optimization problem aimed at ensuring fair
performance among users. To solve this, we propose a novel
AO algorithm that jointly optimizes transmit/receive digital
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filters, the number of data streams per user, and power
allocation.

To reduce the computational complexity associated with
this solution, we further propose a low-complexity mFPI-
AO algorithm that exploits closed-form expressions while
achieving performance comparable to that of Algorithm 1.

Our numerical analysis demonstrates that, for the same
total number of transmit antennas and power budget, the
fairness gap between cellular and CF systems is not as large
as previously suggested in the literature. In particular, under
practical Pgp max values, the overall SE of CF systems,
despite their energy efficiency, is lower than that of cellular
systems. Simulation results further reveal that, in order to
match the performance gap often claimed in the literature,
CF systems require a significantly higher number of mobile-
grade (print-quality) transmit antennas compared to the
high-quality antennas typically used in cellular systems.
Specifically, with Pgu max values of 100 mW and 2 W,
CF systems must deploy approximately 20 and 4 times
more transmit antennas, respectively, than cellular systems to
achieve a comparable performance gap.
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