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ABSTRACT CELL-FREE massive multiple-input multiple-output (MIMO) is a promising technology for
next-generation communication systems. This work proposes a novel partially coherent (PC) transmission
framework to cope with the challenge of phase misalignment among the access points (APs), which is
important for unlocking the full potential of cell-free massive MIMO technology. With the PC operation,
the APs are only required to be phase-aligned within clusters. Each cluster transmits the same data stream
towards each user equipment (UE), while different clusters send different data streams. We first propose
a novel algorithm to group APs into clusters such that the distance between two APs is always smaller
than a reference distance ensuring the phase alignment of these APs. Then, we propose new algorithms
that optimize the combining at UEs and precoding at APs to maximize the downlink sum data rates. We
also propose a novel algorithm for data stream allocation to further improve the sum data rate of the PC
operation. Numerical results show that the PC operation using the proposed framework with a sufficiently
small reference distance can offer a sum rate close to the sum rate of the ideal fully coherent (FC)
operation that requires network-wide phase alignment. This demonstrates the potential of PC operation
in practical deployments of cell-free massive MIMO networks.

INDEX TERMS Cell-free massive MIMO, downlink, coherent transmission, non-coherent transmission,
partially coherent transmission, precoding, combining, data stream allocation.

. INTRODUCTION

ELL-FREE massive multiple-input multiple-output

(MIMO) is an innovative technology for next-
generation communication systems, where user equipments
(UEs) are served by a large number of access points
(APs) distributed over an extensive geographic area [1],
121, [3], [4], [5], [6], [7], [8]. It inherits the multi-antenna
benefits of cellular massive MIMO [9], [10] and provides
extraordinary macro diversity gains [3]. In cell-free massive
MIMO networks, inter-cell interference is eliminated due to
the absence of rigid cell boundaries, providing uniformly
great service to all UEs.

Precise phase alignment of the APs is crucial to unlock
the full potential of cell-free massive MIMO [11], [12],
[13], [14]. With phase alignment, all the APs can coordinate
together and transmit the same data stream toward each
UE, leading to a high beamforming/array gain, and hence, a
high data rate. In this case, the APs are working in a fully
coherent (FC) operation of cell-free massive MIMO systems.
Note that the FC operation represents an upper bound on
the performance of cell-free networks.

However, ensuring a full phase synchronization of all the
APs in the preferable FC operation of cell-free massive
MIMO networks is practically very challenging [11], [15].
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The APs are driven by independent local oscillators (LOs)
that may drift independently with time, which results in
phase mismatches between them. This requires frequent re-
alignment of the phase between different APs [14], which
is infeasible for large-scale networks. This raises the need
for finding solutions to operate cell-free massive MIMO
networks in the presence of phase alignment errors, to unlock
all the benefits of these networks.

There are two operations to cope with the problem of
phase misalignment in cell-free massive MIMO networks.
The first is a fully non-coherent (FNC) operation, where the
APs are not phase-aligned and send independent data streams
toward UEs [16], [17], [18], [19], [20] (see Section I-A
for more details). The second is a partially coherent
(PC) operation, allowing both coherent and non-coherent
transmissions of APs in the same cell-free massive MIMO
network [21]. With PC operation, there are multiple clusters,
in each of which the APs are aligned in phase. The APs in
the same cluster send the same data stream toward each UE,
while those in different clusters send different data streams.
The PC operation is more practical compared to the FC
operation as phase alignment is only performed among APs
within a relatively small area. Such PC operation can offer
higher data rates compared to the FNC operation. The PC
operation does not require network-wide synchronization,
which makes it practically feasible and attractive for realizing
future cell-free massive MIMO communication systems.

In this paper, we propose an innovative framework for the
PC operation in cell-free massive MIMO networks. First,
an algorithm is proposed to group APs into multiple phase-
aligned clusters, which is fundamentally different from the
current AP clustering algorithms where the phase misalign-
ment is not taken into account. Then, novel signal processing
and data stream allocation algorithms are developed to
significantly improve the performance, compared to the
FNC operation. Our AP clustering method is based on the
insights from recent advances in phase alignment techniques
proposed in [11], [12], [13]. Even though network-wide
phase alignment might be infeasible, these works show that
it is possible to synchronize the phases of APs that are close
to each other in the network. This leads to two research
questions: (Q1) What is the maximum “reference” distance
between the APs such that they are considered to be in a
phase-aligned cluster? (Q2) Given this reference distance,
how to cluster the APs, and how to improve the performance
of the system? In this work, we focus on answering the
question (Q2). Answering question (Q1) requires detailed
studies from field measurements, which is out of the scope
of this paper.

A. RELATED LITERATURE AND DISCUSSIONS

A large literature on the FC operation of cell-free massive
MIMO systems is available, assuming all the APs are
operating coherently without considering the problem of
phase misalignment. Comprehensive surveys of the field are
provided in [4], [15]. The advantages of cell-free massive
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MIMO in terms of energy and cost efficiency are considered
in [8]. The survey paper [15] provides a comprehensive study
on the centralized and distributed operations of cell-free mas-
sive MIMO. Uplink performance analysis is studied in [22]
and under limited fronthaul and hardware impairments are
studied in [23]. The paper [24] studies the user-centric
operation of cell-free massive MIMO to reduce the fronthaul
overhead. To maximize the uplink sum rate of UEs, a max-
min approach under power constraints is studied in [25]. A
centralized precoding and power control strategy is proposed
in [26] when users are served by overlapping clusters of
APs. The paper [27] studies a scalable implementation
of distributed massive MIMO systems exploiting dynamic
cooperation of clusters and considers initial access, pilot
assignment, cooperation cluster formation, precoding, and
combining strategies. These existing works have shown that
cell-free massive MIMO with perfect phase alignment offers
significant gains in terms of spectral and energy efficiencies,
compared to cellular massive MIMO networks.

The FNC operation of cell-free networks, which do
not fully exploit the multi-antenna benefits of cell-free
massive MIMO, have been studied in [16], [17], [18],
[19], [20]. The asynchronous arrival of signals at the
UEs increases the interference and degrades the system
performance. The work [16] proposes a rate-splitting strategy
by splitting the messages into common and private parts to
improve the data rate with non-coherent operation between
the APs. The paper [17] investigates the non-coherent joint
transmission and poses the beamforming vector design as
an optimization problem, with the objective of maximizing
the sum rate of the system. This optimization problem is
non-convex and NP-hard and different schemes have been
proposed in the literature to achieve near-optimal solu-
tions [17], [18], [19]. The work [17] develops an algorithm
based on the alternating direction method of multipliers with
an inner approximation technique to achieve a near-optimal
solution. The paper [18] proposes an algorithm based on
multi-agent reinforcement learning to maximize the sum
rate with low computational complexity. The paper [19]
uses tools from fractional programming, block coordinate
descent, and compressed sensing to construct a smooth non-
decreasing algorithm to optimize the beamforming vectors.
The spectral efficiency of cell-free massive MIMO systems
under Rician fading channels and phase shifts of the line-
of-sight (LoS) path is studied in [20]. These works have
shown the significant importance of optimizing beamforming
in improving the performance of cell-free massive MIMO
networks with FNC operation.

The research on the PC operation of cell-free massive
MIMO networks is still in its infancy, and we are only aware
of one related paper [21]. The work [21] proposed a mixed
coherent and non-coherent transmission scheme for cell-free
systems with single-antenna UEs. Here, there are multiple
central processing units (CPUs), and the APs connect to
a CPU and operate coherently within a cluster. Different
CPUs or different clusters work in a non-coherent fashion.
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Reference [21] showed that a mixed approach performs
in between the coherent and non-coherent approaches.
However, [21] assumed that the AP clusters are already
known, and did not take into account the practical problem
of phase misalignment. Moreover, [21] considered fixed
beamforming and did not consider the aspect of optimizing
the beamforming to achieve maximum beamforming gains
and data rates for the PC operation.

Clustering in cell-free massive MIMO has been studied
in [4], [7], [19], [27], [28], [29], [30]. The purpose of
the clustering methods in these papers is to maximize
the spectral efficiency or energy efficiency with limited-
capacity fronthaul. None of them takes into account the
phase misalignment problem. Moreover, the works on
user clustering and cooperative transmissions in cell-free
networks assume network-wide synchronization of the APs.
In practice, network-wide full synchronization is not feasible.
Using state-of-the-art methods for synchronization described
in [11], [12], [13], it is possible to synchronize APs within
a small area. How such areas and clusters of APs can be
determined has not been studied so far. In this work, we
propose a PC framework to overcome the challenge of phase
misalignment. It consists of an AP clustering algorithm to
determine the APs within a reference distance that can be
fully synchronized.

The studies on the systems with multi-antenna
UEs have been studied primarily for cellular massive
MIMO [31], [32], [33], and recently for cell-free mas-
sive MIMO in [34], [35], [36]. Optimizing combining,
precoding, and data stream allocation is important for
these systems. It is normally preferred to achieve higher
multiplexing gains by using multiple data streams at the
same time. However, multiplexing more data streams towards
one UE can bring more inter-stream interference, which
degrades the data rates and requires optimized combin-
ing/precoding techniques to mitigate. A proper method to
allocate data streams can strike the best trade-off between
high multiplexing gains and low inter-stream interference.
The work [31] proposes a maximum-ratio (MR) precoding
scheme to enhance the channel hardening effect in systems
with limited hardening capabilities in cellular massive
MIMO. A joint precoding and combiner design in the
presence of reciprocity calibration errors is studied in [32].
Data stream allocation for multi-antenna UEs for a cellular
massive MIMO system is studied in [33]. Downlink spectral
efficiency (SE) of cell-free massive MIMO is derived in [34]
considering imperfect channel state information (CSI), non-
orthogonal pilots and power control. An iterative weighted
minimum-mean-square-error (WMMSE) precoding scheme
for uplink cell-free massive MIMO is proposed in [35] which
shows a higher SE with a large number of UE antennas.
An eigenbasis-based uplink precoding scheme is proposed
in [36] to improve the SE. These existing works focus on
the FC operation and do not consider the PC operation
and data stream allocation for cell-free massive MIMO
networks.
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B. RESEARCH GAP AND MAIN CONTRIBUTIONS

PC is an innovative and practical way of unlocking the full
potential of cell-free massive MIMO networks. To the best of
our knowledge, there is no systematic study of this operation
available in the literature. The designs of AP clustering based
on the reference distance, precoding/combining optimization,
and data stream allocation significantly impact the data
rate performance of the PC operation in cell-free massive
MIMO systems. By proposing an innovative framework
that involves these aspects, the paper makes the following
contributions:

o« We propose an AP clustering algorithm for cell-free
massive MIMO systems, providing a set of non-
overlapping phase-aligned clusters for PC operation.
The proposed algorithm groups the APs into phase-
aligned clusters based on both the reference distance of
phase alignment and the channel conditions, which is
different from that in [21].

« We develop an algorithm for optimizing the combining
and precoding matrices to maximize the downlink sum
rate. The formulated optimization problem involves
per-AP power constraints and varying-size variable
matrices. It is also a non-convex and NP-hard problem,
which is very challenging to solve for global opti-
mality. We propose an algorithm that tailors the
WMMSE framework to obtain a sub-optimal solution to
the formulated optimization problem. Importantly, the
developed algorithm only requires calculating closed-
form expressions for the combining and precoding
matrices in each iteration, which is computationally effi-
cient for large-scale networks. Note that the WMMSE
algorithms proposed in existing works [37], [38] cannot
be directly applied to solve the formulated problem.
We show that our proposed scheme performs signif-
icantly better than the fixed beamforming techniques
in [21].

« We propose a greedy data stream allocation algorithm
for multi-antenna UEs, which further maximizes the
sum rate of the network. The data stream of each UE is
iteratively allocated to have both strong channel gains
and low interference strengths.

o We analyze numerically the performance of the PC
system with the proposed algorithms. We also make
detailed comparisons in terms of sum data rates between
the PC and the traditional operations FC and FNC.
Numerical results show that the PC operation with
phase-aligned AP clusters clustered based on an appro-
priate reference distance offers similar performance as
that of the FC operation. This means that it is possible
to approach the ideal performance of the FC operation
by using PC operation, without the strict requirement
of network-wide phase alignment. This highlights the
importance of the PC operation in the practical deploy-
ment of cell-free massive MIMO networks. The results
also show that data stream allocation plays an important
role in improving the performance of the PC.
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The rest of the paper is organized as follows. Section II
provides a motivational example to explain why studying the
operation of non-phase-aligned APs is important. Section III
introduces the system model and problem formulation. The
proposed AP clustering algorithm is presented in Section I'V.
Section V provides algorithms to optimize precoding and
combining matrices to maximize the sum rate of the
network for a PC system, while Section VI provides the
greedy data-stream allocation, and Section VII discusses
the complexities of the the proposed algorithms. Numerical
results are provided in Section VIII and concluding remarks
are given in Section IX.

Notations: Bold lowercase letters are used to denote
vectors and bold uppercase letters are used to denote
matrices. C denotes the set of complex numbers. For a matrix
A, A", AT and AH denote conjugate, transpose and conjugate
transpose of the matrix A respectively. CA'(0, o) denotes
a circularly symmetric complex Gaussian random variable
with zero mean and variance equal to o'>. Tr(A) denotes the
trace of A. The identity matrix of size N x N is denoted
by Iy.

Il. MOTIVATING EXAMPLE

In this section, we consider a small example to understand
the motivation of the PC operation and the importance of
beamforming in operating APs with phase misalignment.
Consider two APs, each with M antennas, and a single UE
with N antennas. Let G; and G, be the N x M channel
between the APs 1 and 2 to the UE, respectively. We assume
that the channels are known to every entity. Let p be the
operating signal-to-noise ratio (SNR) (normalized transmit
power) at each AP.

A. PHASE ALIGNMENT SCENARIO

When both APs are phase-aligned, they can form a
virtual large massive MIMO array with 2M elements
and operate coherently together. This is analogous to a
point-to-point MIMO system and the achievable rate is
10g2|I+pHKHH| [10, eq. (C.28)], where H = [G| G ]
is the combined MIMO channel and

Kii  Kp2

K= |:K21 K22:| M
is the covariance matrix of the signal transmitted from the
virtual large massive MIMO array. Each AP has a maximum
transmit power constraint given by

Tr(Kip) =1, Tr(Kp) < 1. 2

The achievable rate under per-AP power constraints is
determined by the following maximization problem:

Ruligned = mla(lx log, |I +pHK HH| (3a)

(3b)

This problem can be solved to global optimality using
standard convex programming software packages. Raligned
will be used as the ideal data rate for comparisons with the
data rates in practical scenarios of phase misalignment.

subject to Tr(Kij) <1, Tr(K») < 1.
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B. PHASE MISALIGNMENT SCENARIO

When both APs are not phase-aligned, the relative phase
between the two APs is unknown. This scenario is likely to
happen in practice due to the drift of the clocks between
the APs unless a strict phase-synchronization protocol is
implemented. To cope with this phase misalignment problem,
several transmission strategies can be used as follows.

1) TRANSMIT ONLY FROM THE BEST AP

The first strategy is to simply let UE pick the AP that gives
the maximum rate and receives its data stream from that AP
only. The UE achievable rate in this case is

Rues Ap = max{Rap 1 only, RAP 2 only | 4)

where Rapionly is the data rate when only AP i, Vi € {1, 2},
is in operation is

(5a)
(5b)

RAPionly = max log, [T+p G K;; G|
subject to Tr(Kj) < 1.

2) TRANSMIT INDEPENDENTLY CODED DATA STREAMS
WITH OPTIMAL BEAMFORMING AND SUCCESSIVE
INTERFERENCE CANCELLATION

Another strategy is to transmit independently coded data
from the two APs. The transmitted signals from APs 1 and 2
have the covariance matrices K11 and Kj;, respectively. The
UE applies successive interference cancellation (SIC) and
the achievable rate is given by [39, Sec. 8.3.3]

Rsic = Jnax logy[T+0 G1 K11 G +p G2 K2 Y| (6a)
11,1822

subject to Tr(Ky1) <1, Tr(K») < 1. (6b)

This approach can be used when we have multi-point to
single-point communication. However, in scenarios with
multiple users, this approach requires all users to know the
channels of all other users, and hence, becomes infeasible
in practice. Thus, it is necessary to look for sub-optimal
strategies.

3) TRANSMIT INDEPENDENTLY CODED DATA STREAMS
WITH SUB-OPTIMAL BEAMFORMING

Another strategy is to find sub-optimal solutions for beam-
forming from each AP and combining at the UE. For
example, consider a simple case where APs beamform a
rank-one signal each in the direction wi and w», respectively,
satisfying the power constraints at each AP. If a zero-forcing
(ZF) combiner is used at the UE, the rate obtained is given by

Y 1Y
Rnon—aligned = 10g2 <1 + _2> + 10g2<1 + _2> , @)
o (o}

1 2

where o? = [H'H)™'];,Vi € (1,2}, and H =
[Giw; Gawsy] € CN*Z is the overall effective channel.
Then, the remaining problem is to select the beamformers
w1 and wy to maximize the rate under the power constraints.

A natural approach is to select the beamformers w; and w;
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FIGURE 1. Achievable rates with different beamforming designs and transmission
schemes for the example considered in (8) and (9).

to be the dominant right singular vectors of G; and G3,
respectively, to maximize the per-stream SNR from each AP.
The selection of beamformers must also consider the angle
between G; w; and G, wy as well.

To gain more insights on the above concept, we consider
an example with N = 2 such that the UE receives signals
from two directions and

G| = ga'l ®)
G, = gb'! + afctl. )

Here, |igll = 1, [Ifl = 1, llal = 1, [[bll =1, Jic|l = 1 and
la| < 1 is some constant, and such that g'f = 0 and
cfb = 0. The above channels correspond to a situation
where the signal to the UE arrives from AP 1 from a single
direction (direction g) and signal from AP 2 arrives from two
directions: (i) from direction g (same direction as AP-1); (ii)
a weaker signal from direction f. Selecting dominant right
singular vectors as the beamformers, i.e., w; = a and w, =
b, gives G| w; = g and G, wo = g. This makes the effective
channel H non-invertible, creating huge interference during
decoding. Instead, choosing w, = ¢, the second-strongest
singular vector of G, we have G| w; = g and G, wp = of.
Thus the second option is better, even though the signal from
AP 2 in the direction of ¢ is weaker than that in the direction
of b.

Fig. 1 shows the achievable rates in all transmission
strategies for the above example. For this plot, we consider
M =16, N =2, and o = 0.7. The key observations are:

1) APs with phase-alignment give the maximum rate.
Hence, the phase of APs should be aligned whenever
possible to improve data rates.

2) The gap between optimal and sub-optimal beam-
forming significantly varies based on the designs of
beamforming and transmission schemes.

The above observations give motivations for proposing
and optimizing the PC operation in a general network that
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contains many APs and UEs, which will be considered in the
rest of the paper. Although not all APs can be phase-aligned,
it is possible to synchronize the APs in clusters, and hence,
there are phase-aligned clusters in the network. A cluster
can operate coherently, while different clusters operate non-
coherently, thus yielding a PC scenario. Maximizing the sum
rate of the network with the PC operation will strongly
require optimizing the beamforming. Also, multi-antenna
UEs require optimizing the combining and data stream
allocation to cope with inter-stream interference as discussed
in Section I-A.

lll. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a cell-free massive MIMO system with L APs
and K UEs. We assume that each AP is equipped with M
antennas and each UE is equipped with N antennas. All
APs are connected to a CPU through high-capacity fronthaul
links. Let Gy € CV*M be the channel matrix between the
UEkeK={l,...,K}and the AP le L& (1,...,L)}.

We consider a network with the PC operation, where the
APs are grouped into phase-aligned clusters. Each cluster
forms a virtual large antenna array to transmit data symbols
coherently. Different clusters are not phased-aligned, and
hence, their transmissions are performed in a non-coherent
way. Let there be L, < L clusters. There are no common
AP among any pair of clusters. We will propose an AP
clustering algorithm to cluster APs in Section IV.

The considered PC system model is a general system
model for the networks with the traditional operations FC
and FNC. In particular, L, = L means that there are no
clusters and all APs operate independently, which is the FNC
operation. Similarly, L, = 1 means that all the APs are in a
single phase-aligned cluster, which gives the FC operation.

Let C. be the set of APs in cluster ¢ € {1,2,...,L.}. Let
qy € C% 1 be the data symbol vector transmitted by cluster
c to UE k, where di. < min(M|C. |, N) is the number of data
streams, E{q;.} = 0, E{q;. q}.} = 14, and E{q;.q} .} =
0,VK' # k, ¢’ # c. Note that APs within each cluster send
the same data stream to achieve high beamforming gain.
The APs from different clusters transmit independent and
different data streams. Cluster ¢ transmits a data stream
toward UE k with the collective precoding matrix

(10)

Wy

c|Ccl

where Wy, ; € CM*dic is the precoding matrix at AP I
in cluster C., and j € {1,...,|C.|}. The transmitted signal
from cluster c is

K
Xe =P Y WieQic, (11)

k=1
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where p is the normalized maximum transmit power at each
AP. The per-AP maximum power constraint is expressed as

K
D Tr(Wy Wip) < 1, VL
k=1

(12)

CNXI

The received signal yi € at UE k is given by

Lc
Yi = Z GieXe +ng

c=1

Le K
=P Gie Y WieQue +my.
c=1 k=1
where Gp = [Gkipys - Gy, 1 € CN*MICel ig the
collective channel matrix of the APs in cluster C. to UE
k and n; is an additive white Gaussian noise (AWGN)
vector with independent and identically distributed (i.i.d.)
CN(0, 1) entries. To estimate data symbol qi., UE k applies
the combining matrix Vi. € CN*%e ag

13)

A —H
ke = VY

Lc
vie w —H -
= \/kachCWqukc + ﬁVkC E GkC’ch’ch’
=1,c'#c

Le K
Ve Y Gre Y. Weetue + Vieny. (14)
=1 K'=1,k #k

The desired signal for the data stream from cluster ¢ to UE
k is the first term of (14), while the inter-cluster and inter-
UE interference are the second and the third terms of (14),
respectively.

Treating the interference terms as Gaussian noise, the
achievable rate Ry, for the data stream from cluster ¢ to UE
k as [40], [41]

—H——1—

Ree = 1og2\1d,“ + pH,,Q;, Hy|, (15)
where
J— 7H7 —_
ch = chchWsz (16)

Le
— —H — — —H =H
Qe = ch P Z GkC’WkC’ch’ ch’
c'=1,c'#c

k'=1,k'#k

L. K
+0Y Gy ( > Wer/Wk/C/) G + IN) Vie-

A7)

Since the data streams for each UE are independently coded
among the clusters, the rate at UE k is the sum of the
achievable rates of the data streams from all clusters to this
UE, ie.,

(18)

We aim to optimize precoding and combining matrices as
well as the number of data streams per UE to maximize the
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total sum rate under the per-AP maximum transmit power
constraints. This problem can be formulated as

K L
7maxi7mize Z Z ch<{ch}, Vie, {dkc})
[Wee) Vie} i) i=1 o=

subject to (12). (19)

Problem (19), even for the fixed values of {dy.}, has a similar
mathematical structure as that of the problem [42], which
was shown therein to be NP-hard. Therefore, it is challenging
to obtain a globally optimal solution to Problem (19). In this
paper, we propose sub-optimal solutions to find beamforming
vectors and data stream allocation. These solutions are
discussed in Sections V and VI, respectively.

In this work, the challenge of phase misalignment is
overcome by using the proposed PC framework. The PC
framework involves three parts: (i) AP clustering to group
APs into phase-aligned clusters based on reference distance;
(ii) optimizing the precoding and combining to maximize the
sum rate for given AP clusters; (iii) allocating data streams
to further improve the sum rate performance. Specifically,
the AP clustering in part (i) makes sure the APs are phase-
aligned in their clusters to achieve higher beamforming gains.
Compared to the ideal FC operation (where all the APs are
phase-aligned), the PC framework only requires APs to be
phase-aligned in clusters, which is more feasible in practical
deployments. In return, the PC operation brings inter-cluster
interference to the system because the APs clusters are
not mutually phase-aligned. This is the price to pay when
overcoming the challenge of phase misalignment using the
PC framework. The optimization of precoding/combining
and the data stream allocation in parts (ii) and (iii) efficiently
manage inter-cluster interference to improve the system
performance. Problem (19) belongs to part (ii), which aims
to manage the inter-cluster interference for maximizing the
sum rates for given AP clusters obtained by part (i). The
sum rates are functions of inter-cluster interference as shown
in (15). Thus, the problem of phase misalignment is taken
into account by managing the inter-cluster interference.

IV. AP CLUSTERING ALGORITHM
This section discusses how phase-aligned AP clusters can
be formed for coherent transmission and high data rate.
Synchronizing the phases of all the APs in the network
is practically very challenging as discussed in Section I.
Despite that, a certain set of APs that are near to one
another can be phase-aligned as shown in [11], [12]. Two
APs are guaranteed with an acceptable phase alignment if
their distance is within a reference distance D, which is
assumed to be known.

Let Dy be the distance between APs [ and /. We say that

AP ! is a neighbor of AP [ if Dy < D. Let
Z={l\Dy <D,lI'€{1,2,...,L}} (20)

be the phase-aligned zone of AP [, which includes AP [
itself and its neighboring APs. An example of how zones
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(a) Phase-aligned zones. The zone of an AP is marked according to the
color of that AP.
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(b) Non-overlapping phase-aligned clusters.

FIGURE 2. AP Clustering.

are formed for each AP is provided in Fig. 2(a). For each
AP zones are marked according to the color of the AP in
the figure. Note that, all the APs included in the zone of
an AP are within the reference distance D and hence, can
be phase synchronized. With zones, we are considering only
neighboring APs of an AP and hence, the zones can overlap
with each other.

The APs in a phase-synchronized zone can perform
coherent transmission to a UEs. Here, the terminology “zone”
instead of “cluster” is used. This is because some APs might
share the same phase-synchronized zones and some phase-
synchronized zones can overlap with each other, while the
clusters are non-overlapping. An example of phase-aligned
zones and clusters is given in Fig. 2.

VOLUME 5, 2024

Algorithm 1 AP Clustering in PC Transmission in Cell-Free
Massive MIMO Systems
Input: Channel matrices Gy, Vk, .
Initialize: n=1, Z\” = 2, VI, C=¢
1: Update Ly, S{x using (21), (22)
2: while L%, > 1 do

3 if |S{, | =1 then
4: Update C =CU SI(I'I';X.
5:  else
6: for all Zl([_") e S do
7: Update Ekl,- = I:Gk]“ , leil’ e, lel_ o i|
end for
Update C =CU Zl(f),
where [f = arggnax Y kel ||Ek1[. ||%
10:  end if l

11:  Update n:=n+1

12: Update Ly, S, 2" using (21)~(23)
13: end while

14: for all  such that |Z{"| 0 do

15 Update C=CUZ"

16: end for

17: Output: Set C of non-overlapping AP clusters

We propose an AP clustering approach to find the
non-overlapping phase-aligned AP clusters among the phase-
aligned zones, which is provided in Algorithm 1. Since the
phase of APs should be aligned whenever possible for high
data rates as discussed in Section II, the number of APs
in a phase-aligned cluster should be as large as possible.
Therefore, the key idea of Algorithm 1 is to select a cluster
as the phase-aligned zone that has the largest number of APs
in each iteration.

Let Z;n) be the zone of AP-I at iteration-n. For the first
iteration, we initialize Z;l) = Z;. Denote by
) (21)

max

L — m?X) zm

the largest number of APs in all the zones in iteration n. Let

sic=1{2" 12" =1, (22)

max

be the set of zones having the same size of LSI'QX. For
iteration 1 for Fig. 2(a), Lipyx = 6 and Stax = 2 =
{9,3,10,6,8, 1}, the zone of AP-9. If |[S™. | > 1, a
cluster is selected as the zone in SI(I'I';X that has the largest
desired signal strength to the UEs. Hence, the proposed AP
clustering algorithm focuses on increasing APs in a cluster
considering both the reference distance (largest zone) and
the UE positions (largest signal strength).

Let Zl(f' ) be the chosen phase-aligned zone in iteration n,
where [* is the index of the corresponding AP. For the
example in Fig. 2(a), there are no other zones with size
6, and hence, C; = Z;l) is chosen as cluster in the first
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iteration. Then, the set of phase-aligned zones is updated by
removing the APs of the selected zones from the zones that
are not selected, i.e.,

P =z""\[rirezinzp L @

Thus, for the example, we have
zZP=@s), 2P =, 2P =02}

The AP clustering algorithm continues with the next iteration
with the updated zones. With the clustering algorithm,
we have

Cr=1{4.5}, C3={2}, C4a={T}.

Algorithm 1 terminates when there are no zones in which
the numbers of APs are larger than 1. The output of
Algorithm 1 is a set C of non-overlapping phase-aligned AP
clusters with L. = |C|.

V. PRECODING AND COMBINING OPTIMIZATION
ALGORITHM FOR SUM RATE MAXIMIZATION

For given values of {di.}, the optimization problem of
maximizing the sum rate is given by

K L.

Z Z ch({ch}, ch>

k=1 c=1
(12).

maximize
[ v

subject to

(24)

In this section, we develop a sub-optimal solution to
problem (24) that is workable but still provides good
performance. Specifically, we propose a novel algorithm to
optimize the design of precoding and combining matrices for
a given number of data streams, by tailoring the WMMSE
framework [37], [38] to solve (24). The algorithm exploits
the relationship between the mean square error (MSE) and
data rate to transform the problem into a more tractable
form, which can be solved by a block coordinate descent
(BCD) method. Note that the power constraints (12) are per-
AP, rather than per-cluster constraints. Moreover, the cluster
sizes differ from cluster to cluster, causing the size of the
optimization variable matrices in the objective function to
have varying dimensions. Therefore, the WMMSE frame-
work in [37], [38] cannot be directly applied to solve (24).

There are two key properties of the objective function
of problem (24) that motivate the use of the WMMSE
framework [37], [38]. These properties are stated in the
following propositions.

Proposition 1: For given {ch}, the instantaneous rate
- —H—l= . .
Ric(Vie) = log, g, + pH;Qy. Hic| is maximized by the
minimum mean square error (MMSE) combining matrix
Lo
> G Wi Wi Gy

=1,c'#c

TMMSE

Vie = \/E(P
LKoo -

+0 Y Y GueWie Wy G + IN> GieWie.
d=1k'=1

(25)

which results in the achievable rate for UE k in a MIMO
broadcast channel given by (26) on the bottom of the page.
Proof: See the Appendix. |

.= <=MMSE
Proposition 2: For given Vi = V.
rate Rr.({Wgc}) in (26) can be written as

R[] =

Ekc

, the instantaneous

+ max log,
Cie>0,Up,

where Cj. € Cdxde Uy, e C%>de are additional
variables, and

B (0 (W)

= (Id;“. —\/ﬁﬁgakcwkc) (Id,“. —\/ﬁﬁ;tlcakcwkc>H

- Tr[EkCEkc (6](67 {ch })] , (27)

Lc
Oelo Y GuWie WG
'=1,c'#c
L K
+p0 Z Z ch/wk/c/wgc/ag/ + Iy | Uke
=1 K=1K#k
(28)

has the same form of tlf, MSE yith combining matrix ﬁkc.
The optimal values of Uy, and Cy. are

t —MMSE
Uy =V (29)
—1
t A\H— —
Ce = (Idkc ~vo(Ui) chch) SENED)

Proof: The proof follows [38, Lemma 4.1], and hence, is
omitted. [ |

The function log, |6kc| — Tr[CieEpe (Uge, {ch})] is
concave with respect to each variable Cre, Uk, and
{ch}, and hence, is a tractable function. Thus, from
Propositions 1 and 2, the MMSE combining matrix V%MSE is
shown not only to maximize the rate of UE k from cluster c,
but also to transform the rate function into a more tractable
form (27) with respect to {W;.}. Using the properties from

L

N = = =—H=H — — —H —=H
Rie =logy |y + p WG [0 Y GueWieW oG + 0D Y GreWie Wy G + Iy

c'=1,c'#c
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Gy Wi|. (26)
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Propositions 1 and 2, we transform problem (24) into an
equivalent problem as follows:

35 (0 (T [ ])

k=1 c=1

minimize
Wie 141 Vie 51 Che
Wi Vi) €]

—logz‘ékc ) 31)

subject to (12).

The objective function of problem (31) is the weighted
sum-MSE with the weight matrices {Cy.}. It is jointly non-
convex over all the block variables ({ch} {ch} {Ckc})
but convex over each block variable {Wy.}, {Vic} or {Ckc}.
This motivates the use of the BCD method to iteratively
minimize the weighted sum-MSE in the objective function
of problem (31). In particular for fixed ({Wieh, {Cie D),
we update {Vi.} based on the insights of Proposition I
as follows:

<MMSE

Vie=V,. , Vke. (32)
For fixed ({Vic}, {Wie}), we update {Cy.} using the insights
of Proposition 2 as

— —H— — —1
Ckc = (Idkf _\/5kachch>

Vk, c. (33)

Algorithm 2 Solving Problem (31)

Initialize: {Wy.} that satisfies (12)
1: repeat
2. Update {Vi.} as (32)
3:  Update {Cie} as (33)
4 Update {Wy.} by solving (34)
5. until convergence

Since GgWie = Zlecc Gj; Wy, the problem (34) can
be equivalently written as problem (35) (see the bottom of
the page). In light of the per-AP power constraints in (12),
{Wy;} can be considered as a block variable. Therefore, we
apply the BCD approach with block variables {Wy,}, for all
k e K,1 € L, to solve problem (35). Since problem (35)
is convex with a single quadratic constraint, we can obtain
a closed-form solution by dealing with its dual problem as
follows.

The Lagrangian function associated with problem (35)
with a Lagrangian multipliers {A;} for the power con-
straints (12) is defined as

LAWut, (M)

For fixed ({Vic}, {Ci}), we update {Wy.} by solving the L K
problem (34) (see the bottom of the page). We summarize the =Ff({(Wu)) + Z Ay Z Tr(Wi,, Wiy, ) — 1] (36)
steps to solve problem (31) (or problem (24)) in Algorithm 2. I=1 k=1
K
mlr‘l){,mlze Z Z Tr(cklcl (Idk]L, —VP ‘klchlelwklcl)(Idklcl —VP iklchklclwlel> )
kc
k] IC| 1
Le Le H H —H
+ Z Z Tr| pCrye, Z VklclleCZWkICZWkICZlecZVleI
ki=1c1=1 c=l,c2#c)
Le K H H —H
+ pChyc, Z Z VklclleCzwk262wk2chk1csz161
ca=1ky=1,ky £k
subject to (12). (34)
K L
mlI{}lvmlze FUAWKDH —Jp Z Z Tr(Clelelc1 Gy, W/q[l)
{ } k] 1C1 llleC
K L
H ~H v ¢
VP Z Z Tr<wk111 Gk111 Vklflcklcl)
ki=1c1=11¢€C,,
K Lo L "
H ~H Y © VvV
+p Z Z Z Tr(wk112 Gk]lz VleleICIVklcl G 1y Wklll)
ki=lci=1c=11 ECCZ leCCZ
K K Lo L H
H ~H V. & vV
+p Z Z Z Z Z Z Tr(W,le Gy, Viner Chyey Vi e, Graly szll)
k=1 k2=1,k2;ﬁk1 c1=1cr=1 lleCQ leCCZ
subject to (12). (35)
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Then, the dual problem of problem (35) is

max}ijnize Z(Al) (37a)
subject to A; > 0, (37b)
where Z(M) is the dual function, which is given by
L£(\;) = minimize LW}, 7). (38)
(Wi}

Problem (38) is convex and its optimal Wy; can be obtained
by taking the partial derivative of L({Wy}, {A;}) with respect
to Wy and setting it to zero. The optimal Wy, for a given
A; is given by (39) (see the bottom of the page), where ¢/
is the index of the cluster where /-th AP belongs to.

The Lagrangian multiplier A; > 0 should be chosen to
satisfy the complementary slackness conditions (of strong
duality) corresponding to the power constraint (12), i.e.,

K
M (Z Tr(W5 (W) — 1) =0, VL
k=1
Towards this, we analyze the transmission power constraint
using the optimal value Wy, (A;) for given A; as follows.
Problem (34) is convex quadratically constrained quadratic
program (QCQP) and can be solved by a commer-
cial interior-point optimization solver such as CVX [43].

(40)

However, using CVX to solve (34) is computationally
demanding, especially when the numbers of APs and UEs are
large. Therefore, in the following, we propose an algorithm
to find the solution to (34) with closed-form expressions in
each iteration. The proposed algorithm will require much
lower computational resources in a large-scale system than
using a commercial convex solver.

Using the singular value decomposition (SVD), (41)
and (42) (see the bottom of the page) hold. From (39)
and (41), the transmission power at AP [ can be written in
terms of XA; as (43) (see the bottom of the page). Let

Ty = VH Ay Ay, . (44)
Then, from (43) and (44), it is true that

K K
> TH(WHWH) = D Tr(p(o Zu+2 T 2 T

k=1 =1
K

k=1m

>~

oL Tkt m
* (Ot lm + 2)*

M=

(45)

As seen from (45), the transmit power at AP [ is a
monotonically decreasing function in A;. Based on this
property, we can choose A; that satisfies the slackness

K L.

Wi=1e >

k1=1,k1#k c1=1

Le -1

— — —H v ~ oH
Z Gglelc. Ciie Viye, Gy +p Z G} Ve, Cre, Vie, G +AiIn

c1=1

Le
= = - — <=H
VPGEVCra =0 Y Y Gy Vie Cie, Vi, Gy Wiy,
Clzl [1 EC(.] \{[}

K Lz?
— —= —H
=0 > > > 6 Ve Che Vi, Gun Wi (39)
klzl,kl;bkclzlhecr[\{l}
L. Lc
Wy Xy W =p Z Z lelvkw] Cklcle]C1 Gy, +p Z Gl Vi, Ckc.ch1 Gu (41)
k1=1,k1#k c1=1 =1
L. "
Au= oGy ViuCri—p Y > GpVie,Cic, Vi, Grty Wiy (42)
ci=111eC \{l}
K K
* * \H * \Hyxrx
ZTr (WaWipt) = ZTY((Wkl) W)
k=1 k=1
K 1 1
= Z Tr[/) AR (o Wi T i +aIn) " (0 Wi T Wh +a1y) Akl]
k=1
K
= > T oo Za+2 T2 W Aw AT W] 43)

»
Il
_
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Algorithm 3 Bisection Search for Solving Problem (35)

Input: {Vic}, {Cic}s (Wi, €.
Initialize: {Wj;} and {X}
1: for/=1:Ldo
2:  Update {Ay}, V k using (41)
3:  Update {Ty}, V k using (44)

4:  Initialize A = 0 and Ay, = \/Zle Z/,‘Z:l oL Ti Tnum
5:  while |, — Ap| < € do

6: Update A= ’\”’“‘”’

7 it YK Tr(wr ,l(kl)(W*,l(Al))H) > 1 then

8 set Ajp = Ag

9: else

10: set Ayp = Ag

11: end if

12:  end while

13:  Set )»? =N

14:  Update {Wy;} for given A7 as (39) Vk.
15: end for

condition in (40) by a bisection search, i.e., choosing A; > 0
to ensure Zszl Tr(W,:l(WZl)H) — 1 = 0. In the bisection
search method, A; is searched within the range (Ajp, Ayp).
Here, we choose

Ap =0 46)
K M
v = | DY p[Thtlym: (47)
k=1 m=1
so that
K M
po[T T
Z Z (Tk1limm < Z Z ol ké]mm < 1. (48
k=1 m=1 (o[ Zwlpm + )\l) 1 m=1 )‘1

The bisection search algorlthm to solve problem (35)
is provided in Algorithm 3. Algorithm 3 converges to a
stationary solution to problem (35) (hence, problem (34)).
The proof of the convergence of Algorithm 3 follows a
similar proof as in [37], and hence, is omitted.

VI. DATA STREAM ALLOCATION

This section will answer the next question of how to
optimally allocate the data streams to the UEs. If ML > KN,
the maximum number of orthogonal data streams that can
be transmitted from the effective array constituted by the
APs is KN, which is ideally achieved in a system with full-
rank channels, appropriate combining and precoding designs.
However, if KN > ML, then KN data streams cannot be made
orthogonal over the channels, resulting in strong inter-stream
interference. Therefore, it is important to efficiently allocate
data streams to UEs, which helps to manage inter-stream
interference and improve the sum rate.

In this section, we allocate data streams to the UEs in a
greedy manner. This helps to avoid an exhaustive search over
all possible UE data stream allocations, which is practically
impossible when L, M, K, N are large. It has been shown that

VOLUME 5, 2024

greedy UE scheduling algorithms can provide a performance
that is close to the optimum in downlink MIMO systems
with a block diagonalization precoding approach [44], [45].
Therefore, the greedy UE scheduling approach is expected
to provide good performance.

Let Py, be the orthonormal basis matrix of Ekc. Then, let

Gie= Y, PiGr. (49)
K=1 k’;ﬁk
Gie = Z PGy (50)

c'=1,c#c

be the projections of the intra-cluster and inter-cluster
interference channels onto the channel Gy, respectively.
Define a matrix S € RK*Lc whose elements, i.e.,
G 12
Sl = ~||ch|| . 51)
1+ 1G> + 1 GielI?

are channel-to-noise-plus-interference-channel ratio (CINR).
Let R({di}) be the sum rate obtained from using
Algorithm 2 to solve problem (24) for a fixed {d.}. A greedy
data allocation algorithm for sum rate maximization in cell-
free massive MIMO systems is provided in Algorithm 4.

The key idea behind the proposed greedy data stream
allocation algorithm is to prioritize allocating data streams
for the user-cluster pairs with the strongest CINRs. The data
stream allocation Algorithm 4 takes the minimum required
values of D = {dj.} as input. To ensure seamless connectivity
for all the UEs, it is normal to allocate at least one data
stream to each UE. Then we initialize the CINR matrix
according to (51). The algorithm runs for all cluster-user
pairs, until data streams are allocated for all the pairs. In
each iteration, we pick the cluster-user pair that has the
largest CINR in S. Denote this pair as (lAc, ¢). Then we
compute the sum rate as per (24) for different values of data
stream, i.e., d € {l,..., min{M, N}}, for this cluster-user
pair. Let

d* = argmax

R(D\ i} Wi =), 52)
de{l,...,min{M,N}}
be the allocation quantity that maximizes the sum rate. We
update the data stream allocation quantity for this cluster-
user pair to be d*, if d* > d o otherwise we allocate the
minimum required quantity. Then we remove this cluster-
user pair from the matrix S, and the allocation proceeds with

the next strongest pair in matrix S.

VII. COMPLEXITY ANALYSIS
In this section, we provide a complexity analysis of the
proposed algorithms.

A. AP CLUSTERING ALGORITHM

Algorithm 1 for AP clustering has low complexity because
it involves only the computation of distances and Frobenius
norms of channel matrices. The complexity for the compu-
tation of distances between APs has a complexity of O(L?).
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Algorithm 4 Greedy Data Stream Allocation for Sum Rate
Maximization

Input: D = {dy.}, where {dj.} are minimal values required
from the system.
Initialize: S according to (51)
1: fort=1: KL. do
2. Update k, ¢ = argmax [S]j.

k,c
Compute d* as per (52)

3:

4. if d* > dl%& then
5: dl?& =d*

6: end if

7. Update [S]ice =0
8: end for

The system has L APs and K UEs and thus, the Frobenius
norm involves O(KLMN) computations. Hence, the total
complexity for Algorithm 1 is O(KLMN + L?).

B. PRECODING AND COMBINING OPTIMIZATION
ALGORITHM

Algorithm 2 for the precoding and combining optimization
involves the computation of the matrices Vie, Cre, and Wy
for each cluster-user pair in each iteration. The computation
of the MMSE matrix ch in (32) consists of an N x N matrix
inversion and some matrix multiplications. The complexity
of computing ch involves computations of O(KL.(N? +
N2ML + N%d + NMLd)), where d is the maximum number
of data streams allocated. The complexity of computing Cj
in (33) involves computations of OKL(d>+N3d +NMLA)).
To compute Wy, we use Algorithm 3 with closed-form
expressions. The computation of Ay requires O(LMNd +
LMd? +LM2d) operations. Thus, for all UEs and APs, the
total complexity is of O(KL?MNd + KL*Md* + KL*M?d)).
Similarly, the complexity of computing a{W;} is O(KL(M>+
KL.-MNd + KL.Md* + KL.M?d)). The bisection search
completes in a few iterations and thus Algorithm 3 requires
L times the computation of {Ay} and {¥y;}. Thus, the total
complexity of an iteration of Algorithm 2 is O(KL.N> +
KL.N*ML + KL:N*d + KL.NMLd + KL.d> + KL:N*d +
KL.NMLds + KL’*MNd + KL’Md*> + KL>*M?d + KL*M? +
K2I2L.MNd + K*L*L.Md?* + K*L*L.M?d).

C. DATA STREAM ALLOCATION ALGORITHM

Algorithm 4 for greedy data stream allocation involves the
computation of the CINR matrix, which has the complexity
of O(KLcMNL), and running Algorithm 2 whose complexity
is discussed in the previous subsection.

VIIl. NUMERICAL RESULTS

We consider a cell-free massive MIMO system, where the
APs and UEs are randomly distributed in a 0.5 km x 0.5 km
square area, whose edges are wrapped around to avoid
boundary effects. The distances between adjacent APs are at
least 50 m [46]. We set the bandwidth to B = 50 MHz and
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the noise figure to ' = 9 dB. Thus, the noise power a,% =
kgToBF, where kg = 1.381 x 1023 Joules/°K is Boltzmann’s
constant, while 7o = 290°K is the noise temperature. Let
P; = 1 W be the maximum transmit power of the APs.
The normalized maximum transmit power p is calculated by
dividing P, by the noise power.

The channels are modeled as uncorrelated Rayleigh fading.
More specifically, Gy = +/BuGu. where By is the large-
scale fading coefficient, and Gy, are i.i.d. CN'(0, 1) variables
representing the small-scale fading coefficients. We model
the large-scale fading coefficients Sy, as [46]

PL(dy)  Fiy

ﬂkl =10"10 1070,

(33)

where

d
PL(djy) (dB) = —30.5 — 36.7log10<1i), (54)
m

represents the path loss, and Fyy; € NV(0, 4%y (dB) represents
the shadowing effect. The correlation among the shadowing
terms from the AP [, VI € L to different UEs k € K is
expressed as:

42270 oM if [ =]

EAF. Fv é
{FuFpr} 0. otherwise,

55
VI e L, (53)

where d is the physical distance between UEs k and
k. In this work, we assume that the channel coefficients
are perfectly known at the APs and CPU. In practice, the
channels are estimated using pilots. For example, a system
using time-division duplexing operation has two phases:
(1) an uplink transmission phase for channel estimation and
(i1) a downlink transmission phase. In the uplink transmission
phase, all the UEs transmit their pilots to all the APs, and
then the APs use the pilot signal to estimate the channels.
When the coherence interval is sufficiently long, the channel
estimation is nearly perfect, which is the case considered in
this work. Here, the PC operation combining the coherent
and non-coherent transmissions is performed in the downlink
transmission phase, and hence, does not have any impact on
the channel estimation.

For simulations, we consider D = 200 m such that there
is approximately a 10% drop of the maximum sum rate
compared with that of the ideal FC scheme. Note that this is
an example value of D, while the exact value of D depends
on used phase-synchronization technologies.

Fig. 3 shows a sum rate comparison between FC, PC,
and FNC under different network settings. Our proposed PC
scheme can achieve much better performance than the FNC
scheme. Moreover, as the number of APs in the network
increases, it can achieve performance close to the FC scheme.
This is reasonable because the PC scheme has higher
beamforming gains obtained from the phase-aligned clusters,
compared to the FC operation without any phase alignment
among the APs in the networks.

To show the superiority of our proposed AP cluster-
ing algorithm, we compare our algorithm with an even

VOLUME 5, 2024
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—— Partially coherent (PC) L =5, M =5
= Fully coherent (FC) L =5, M =5
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--=-PCL=10, M =5
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FIGURE 3. Comparison of FNC, PC, and FC under different network settings.
Parameters for the plot: K =5, N =2, D =200 m, and d,. = 2 ¥k, c.
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FIGURE 4. Performance of the proposed AP clustering algorithm. Parameters for the
plot: L=10, K =5, M =5, N =2, D =200 m, and dx. =2 Vk, c.

distribution of APs among the clusters; see Fig. 4. With
even distribution, we cluster the APs based on the shortest
distance between each other. Moreover, the APs are within
the reference distance D of the phase-alignment. Those
APs which are beyond the reference distance operate
independently and are not assigned any cluster. From the
figure, it can be seen that the proposed AP clustering
algorithm outperforms the baseline schemes with an even
clustering of APs. This is due to the fact that the proposed
AP clustering algorithm maximizes the channel power in a
cluster along with assigning a maximum number of APs per

cluster.
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FIGURE 5. Performance of PC scheme compared to scheme in [21]. Parameters for
the plot: L=10, M =5, K =5,and N =1.
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FIGURE 6. Sum rate of PC scheme with respect to the reference distance D. The
dashed lines represent the sum rates of the FC operation. Parameters for the plot:
M=5,K=5,N=2,and d,. =2Vk,c.

In Fig. 5, we compare the proposed scheme with a
baseline using MR precoding scheme as in [21] for a PC
system. For fair comparison with [21], in this figure, we
consider single antenna UEs and allocate only a single data
stream for every cluster-user pair. Here, the baseline uses
the same AP clustering as that of the proposed PC scheme.
Note that [21] assumes that the AP clusters are known,
and does not take into account the practical problem of
phase misalignment. Also, [21] considers MR precoding and
does not consider the aspect of optimizing the beamforming
to achieve maximum data rates for the PC operation. As
discussed in Section II-B.3, a fixed beamforming technique
without considering the channel of the whole network
performs poorly as can be seen in the figure. Figure 5
shows that the PC scheme obtains a significantly higher sum
rate than the baseline, which confirms the importance of
optimizing precoding and combining in a PC system.

Fig. 6 shows the performance of the PC system with
AP clustering under difference values of the reference
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FIGURE 7. Spectral efficiency per user for different transmission schemes.
Parameters for the plot: L =10, M =5, K =5, D =200 m, and d,. = 2 Yk, c.

distance D. Note that the more D increases, the more PC
system becomes a FC system. The larger the reference
distance is, the less inter-cluster interference or the price of
overcoming phase misalignment (by AP clustering) is. This
is confirmed in Fig. 6, where the sum rate saturates after a
certain value of the reference distance D. For a 500 x 500 m?
system, it can be seen that forming phase-aligned clusters
with approximately up to the reference distance of only
300 m is needed to achieve a sum rate that is significantly
close to that of the system with the FC operation. Thus,
from a system design perspective, it is possible to achieve
a near-maximum sum rate of the network without the phase
alignment of all APs as in the FC operation. A PC system
with an appropriate reference distance as well as optimized
precoding/combing and data stream allocation would suffice
to achieve approximately the sum rate of the FC system.

The spectral efficiency per user for different schemes in
the paper is shown in Fig. 7. The PC scheme performs
significantly better than the FNC scheme and is close to
the FC system. The PC system achieves better beamforming
gain from the phase-aligned clusters and hence higher rates
than the FNC system. Note that the optimization objective
considered in this paper is the sum rate of the network.
Therefore, the difference in the rates of UEs over the network
can be large.

The sum rate performance of cell-free massive MIMO with
multiple-antenna users is provided in Fig. 8. The sum rate
increases significantly with the number of UE antennas as the
number of data streams allocated to each user increases, until
dye = min(M, N) Vk, ¢, beyond which the rate of increase
is less. This is reasonable because higher beamforming gain
is achieved with a larger number of data streams allocated
to each user. However, a very large number of data streams
allocated to each user leads to high inter-stream interference.
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FIGURE 9. Performance of data stream allocation algorithm compared with other
methods in a PC scenario. Parameters for the plot: L =10, M =3, K =10, N = 4, and
D =200 m.

To show the effectiveness of our proposed data stream
algorithm in PC scenario, we compare our algorithm with
two additional heuristic baselines: (i) even data stream
allocation where every user-cluster pair is allocated the
same number of data streams, i.e., dy. = d, Vk,c; (i)
random data stream allocation where the numbers of data
streams allocated for each user-cluster pair are selected
randomly, i.e., di. = U(1, min(M, N)). The performance
is plotted in Fig. 9. From the figure, it can be seen that
our proposed algorithm performs significantly better than the
other approaches.

The performance of greedy data stream allocation for all
schemes is presented in Fig. 10. From the figure, it can be
seen that the improvement in the performance of PC with
data stream allocation as compared to fixed data allocation
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is much higher than for FNC and FC. This highlights the
importance of data stream allocation in the PC operation.

IX. CONCLUSION

In this paper, we have proposed a novel framework for
the PC operation of cell-free massive MIMO networks
with multi-antenna UEs, when there is phase misalignment
between the APs. In the proposed framework, the subsets
of APs form phase-aligned clusters that work together in a
non-coherent manner. We have proposed an algorithm for
clustering APs based on the reference distance of phase
alignment. We have also developed algorithms to optimize
the precoding and combining matrices to maximize the
network sum rate, for a given allocation of data streams.
We also proposed a greedy data-stream allocation algorithm,
which improves the sum rate of the PC operation. Numerical
results showed that the PC scheme can obtain significantly
higher rates than that of FNC operation. The proposed PC
can offer a sum rate that is significantly close to that of
the FC operation, without the need for network-wide phase
alignment of the APs. This highlights that the PC operation
is a promising solution to enable the practical deployment of
cell-free massive MIMO technology in future communication
systems.

APPENDIX
Let (17) be written as

_H J—
Qie = Vi Ake Vie, (56)
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where Ay, is the second-order interference term given by

Lc
— — —H =H
Are=Iy+p Z GieWie WGy
c'=1,c'#c¢
Le K H H
0 G| Y. WueWpy [Gron (57)
=1 k'=1,k' £k

It can be shown that the optimal combining matrix
that maximizes the instantaneous rate Ry, 1S Vi =
/P AL GicWie [47, Appendix C.3.2]. Each column of
Vi is the optimal combining vector for one data stream
of UE k from cluster ¢. The structure of V. can be
intuitively explained as follows. To detect the data symbol
qi. from (13), we first whiten the inter-UE interference plus
noise in the received signal y, and obtain A,:cl/ 2 Y. After
whitening, the desired signal is highest in the spatial direction
Ak_cl/ 2 GicWie, while the interference plus noise is lowest
in this direction. Following the maximum-ratio combining
(MRC) approach, the optimal combining matrix for the
whitened signal Ak_cl/ 2 Vi is Ak_cl/ 2 GicWye. Therefore, the
desired part of the signal at UE k from cluster c is

i \"
<Ak02 chwkc> Akcz chWkC Qic
= = H_ __
= (Akc chwkc‘) GkCWkC Qe (58)

which means that the optimal combining matrix is Vie-
Using the matrix inversion lemma and after some matrix

manipulations [47], the relationship between the optimal

combining V. and the MMSE combining matrix Vie =

V%MSE in (25) can be found. Consider the term
= = — = —H=H\ = —
AL GieWie = (A +Gi Wi Wi Gy ) GucWie
[ — — — \—1
x (L, +WieGre AL GWie) - (59)

. —H-H  _|= — .
Letting By = (Iy,. + WGy, Akc1 GicWie) L. Tt is true that
=~ =MM . .
Vie = Ve Bj.. Also, the maximum instantaneous rate
Ry obtained using V. is

~H — — —H—-H\o~
Vie (e +61 Wi Wy Gy ) Ve

ch(vkc) = log, VH v
ke ke Yke

v = w wH=H\v
B};Ic Vie (AkC +Gkakakchc)ch By

= 10g2 —H —
BILV,. A Vie By,

—H — — —H=<H\—=
Vie (Akc +chwkcwkchc) Ve

= 10g2 —H —
ch Akc ch

=Ry, (ch) = Ry (VkoMSE)

The third equality in (60) holds due to the fact that | XY | =
|X]]Y]if X and Y are square matrices. Hence, from (60),

(60)
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<MMSE . . .

Vie can achieve the maximum instantaneous rate Rp.
Substituting (25) in (15) gives (26), which completes the
proof.
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