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ABSTRACT In this paper, we propose clustering schemes appropriate for a cell-free massive multi-input
multi-output (CF mMIMO) system with centralized hybrid beamforming (BF) in the millimeter wave
(mmWave) band, with the aim of reducing computational complexity and achieving scalability at the central
processing unit (CPU) while ensuring system performance. Conventional access point (AP)-wise clustering
schemes have been proposed for a decentralized architecture that mitigates inter-user interference at each
AP through local digital BF and analog BF of each radio frequency (RF) chain to efficiently improve
performance. However, in a centralized architecture, in which the digital BF weights is designed at the CPU
while considering all RF chains of all APs together. In cases where each AP employs multiple RF chains
forming different analog beams, the coupling loss (the sum of the path loss and BF gain of the analog beam)
of each RF chain may differ even between the same AP and UE due to differences in the analog BF gain.
AP-wise clustering is not well suited because RF chains with a high coupling loss (the sum of the path loss
and BF gain of the analog beam) may be included among the APs of the cluster assigned to each UE. In the
method proposed in this paper, clusters are formed on a per-RF-chain basis (RF chain-wise clustering).
In this way, RF chains with lower coupling loss can be selected for each UE regardless of to which AP
an RF chain belongs when forming a cluster for each UE. Moreover, the existing clustering schemes do not
account for the amount of inter-cluster interference. Accordingly, we propose a cluster recombination scheme
to effectively mitigate inter-cluster interference. Then, by combining RF chain-wise clustering and cluster
recombination, a higher received signal power can be achieved while mitigating inter-cluster interference.
Through simulation-based evaluations, we show that the proposed RF chain-wise clustering and cluster
recombination schemes can achieve superior spectral efficiency while effectively reducing the complexity
of centralized digital BF.

INDEX TERMS Cell-free massive MIMO, centralized architecture, hybrid beamforming, millimeter wave,
clustering.

I. INTRODUCTION
Cell-free massive multiple-input multiple-output
(CF mMIMO) technology is a candidate foundation for sixth
generation (6G) networking [1], [2], [3]. In CF mMIMO,
a large number of access points (APs) distributed in an
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area are employed by a central processing unit (CPU) to
communicate with user equipment devices (UEs). Since the
distribution of the APs and their cooperation, CF mMIMO
can provide communications with uniform quality and high
reliability regardless of the locations of the UEs [4], [5].

Recently, the millimeter wave (mmWave) band has been
utilized in commercial mobile communication systems
such as fifth generation (5G) new radio (NR) to enhance
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communication throughput and capacity through the avail-
ability of a wide spectrum [6], [7]. For 6G, an even wider
spectrum is expected to be utilized, including the mmWave
band [8]. However, the short wavelength of mmWave signals
causes significant propagation and blockage losses [9].
On the other hand, the short wavelength also allows a
base station to deploy a large number of antennas with a
small antenna array [10]. Hence, in the mmWave system,
a beamforming (BF) scheme is typically employed at the
base station to address the above issues [11]. In the BF
architecture, there are two types of BF schemes: analog BF
at the antenna array and digital BF at the baseband unit.
Although digital BF can provide higher BF gain, it increases
the cost and power consumption of the base station because
it requires radio frequency (RF) chains for the number
of antenna elements. Therefore, a hybrid BF architecture,
combining digital and analog BF, has been employed in
mmWave communication systems, which typically have a
large number of antenna elements at the base station, in order
to reduce computational complexity while obtaining the
effects of the hybrid BF [11], [12].

Systems employing such hybrid BF schemes for
CF mMIMO in the mmWave band has been under inves-
tigated [13], [14], [15]. In CF mMIMO, by cooperating
among distributed APs, the effect of the blockage loss can
be reduced [16]. Typically, each AP has a large number of
antenna elements connected to multiple RF chains. Each
RF chain has an analog BF function that determines the
analog beam for each RF chain. In most cases, each AP
has a predefined analog BF codebook, and steers analog
beams according to the codebook in order to find the analog
beam that maximizes the signal power to the UEs [11], [17].
Considering that the number of available analog beams at
the same time for an AP is limited by the number of RF
chains, and it is typically assumed to be smaller than the
number of spatially multiplexed UEs. Therefore, the CPU
decides the assignment of analog beams to each RF chain
based on the analog beam sweeps. According analog BF at
each AP, the digital BF weights are calculated in order to
maximize the signal-to-interference-plus-noise ratio (signal
to interference-plus-noise ratio (SINR)) and reduce the
interference between multiplexed UEs. Combining analog
BF at the APs and digital BF, CF mMIMO with hybrid BF
can enhance the signal levels of the UEs and mitigate the
inter-UEinterference at the same time.

There are two approaches to splitting the responsibility
for hybrid BF processing among the APs and the CPU
in CF mMIMO. One is a decentralized architecture [15].
In decentralized architecture, each AP has a digital BF
functionality and mitigates inter-UE interference [18]. There-
fore, decentralized architecture can reduce the amount of
information needed to be exchange through the fronthaul
between the CPU and the APs. Moreover, implementing the
digital BF function on APs can reduce the computational
load on the CPU [15]. However, the interference mitigation

effect of digital BF is limited to the number of RF chains
in an AP. Therefore, in hybrid BF architecture. where the
number of RF chains is smaller than the number of antenna
elements, the performance in the decentralized architecture
tends to decrease as the number of spatial multiplexed UEs
increases [19].
The other approach is a centralized architecture. In the

centralized architecture, the digital BF function is deployed
at the CPU, and processed through RF chains in all APs
connected to the CPU [17]. Digital BF at the CPUmaximizes
the SINR with other UEs by means of minimum mean
square error (MMSE)-based digital BF weights. When
digital BF is implemented at the CPU, more UEs can
be spatially multiplexed simultaneously than is possible
under a decentralized architecture because all RF chains
of all APs can be used at the same time for interference
suppression of the spatially multiplexed UEs. On the other
hand, from the perspective of computational complexity at
the CPU, an increase in the number of users increases the
computational load imposed by digital BF on the CPU to
a prohibitive degree. Also, the amount of information to be
exchanged through fronthaul is larger than the decentralized
architecture. This is because the CPU needs to estimate
the channel between all APs and all UEs, also the CPU
calculates the digital BF weights to mitigate all inter-UE
interference according to the estimated channel. As a result,
the CF mMIMO system lacks the scalability.

From the above discussion, there is a trade-off between
decentralized and centralized architectures in terms of overall
system computational load and system performance. When
using hybrid BF in the mmWave band, the number of RF
chains per AP is assumed to be less than the number of
UEs which simultaneously connected [17], so the effects of
digital BF can be degraded due to decentralized architecture.
Therefore, to address the above issues, this paper focuses
on the reduction of the computational complexity at the
CPU with centralized architecture while ensuring the system
performance to strike this trade-off.

In order to reduce the computational load at the CPU
and maintain scalability in the decentralized architecture,
AP-wise clustering scheme has been considered in which
multiple APs are selected for each UE, thereby forming
clusters, and signal processing is performed based on these
clusters [18]. Each UE selects the subset of the APs and forms
an AP cluster. The channel estimation and the digital BF
weights calculation are processed by AP cluster basis, and
it enables CF mMIMO systems to maintain scalability even
with the increase of APs and UEs. In AP-wise clustering,
all RF chains in the APs selected to the cluster are utilized
to transmit signals for the UEs that forming the clusters.
In most cases, each UE selects the APs with higher received
signal power that are considered to be in relatively good
communication condition for the cluster. On the other hand,
when each AP employs hybrid BF and multiple RF chains,
in analog BF, each RF chain in the AP utilizes one analog
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beam for a certain UE. Therefore, with hybrid BF, even the
coupling loss (the sum of the path loss and beamforming gain
of the analog beam assigned to the RF chain) between the
same AP and UE is significantly different for each RF chain.
When hybrid BF is applied, AP-wise clustering may cause
the signal power for a UE to degrade due to the inclusion of
RF chains with high coupling losses in the cluster assigned to
that UE.

In order to ensure more received signal power for each
UEduring the clustering, we propose a RF chain-wise
clustering scheme. RF chain-wise clustering allows the
UEs to select the RF chains with higher received signal
power and include them in their clusters, regardless of to
which AP an RF chain belongs. This enables the UEs
to form clusters with higher received signal power while
achieving superior spectral efficiency. In our conference
paper [20], we introduced RF chain-wise clustering and
reported simulation results obtained with the proposed
scheme. In RF chain-wise clustering, each UEcan effectively
select RF chains with high received signal power, and at the
CPU, partial MMSE (P-MMSE) [19]-based digital BF can be
performed based on the RF chains with higher received signal
power for each UE so as to sufficiently suppress interference.
Notably, although the effectiveness of the existing clustering
schemes has been shown for scenarios in which inter-cluster
interference effects are relatively small, these schemes do
not consider the amount of interference between clusters.
In particular, the P-MMSE scheme mitigates inter-cluster
interference only between UEs that share RF chains between
their selected clusters. However, the amount of inter-cluster
interference depends not only on the combination of RF
chains selected for the cluster associated with each UE but
also on the combinations of RF chains selected for the clusters
associated with other UEs. Therefore, the spectral efficiency
may degrade when the effects of inter-cluster interference are
large.

To solve this problem, in this paper, we propose combining
cluster recombination with RF chain-wise clustering. For
cluster recombination, we consider that more inter-cluster
interference is expected to be suppressed by digital BF with
appropriate modifications to the RF chains belonging to the
clusters for UEs with large interference effects. Through
simulation-based evaluations, we simulate the impact of the
clustering scheme on the spectral efficiency (SE) of the
downlink (DL). In addition, we clarify scenarios in which
RF chain-wise clustering and cluster recombination will be
effective.

The contribution and findings of this paper are as
follows:

• We propose a per-RF-chain clustering scheme for
mm-wave CF mMIMO with centralized hybrid BF.
Numerical results show that the proposed scheme can
improve the received signal power by selecting RF
chains with high received signal power for each cluster.

• We clarify the impact of inter-cluster interference
on CF mMIMO in various simulation scenarios.

FIGURE 1. A mmWave CF mMIMO system with hybrid BF.

In particular, in theOpen Square scenario, inwhich radio
waves tend to spread over a wide area, the SE degrades
even with RF chain-wise clustering due to inter-cluster
interference.

• We propose a cluster recombination scheme for refining
the clustering results based on the received signal power.
Through simulation-based evaluations, we show that a
higher received signal power can be achieved while
mitigating inter-cluster interference.

The following notations are used through this paper. v
and V denote column vectors and matrices, respectively.
In addition, V (i,k), and V (i) denotes (i, k)-th element, and
(i)-th row vector of a matrix V , respectively. |·|, ∥ · ∥F, and
∥ · ∥0 denote absolute values, Frobenius norm, and L-0 norm
respectively. Furthermore, the transpose, complex conjugate
transpose, and pseudo-inverse matrix are denoted by ·

T, ·
H,

and ·
†, respectively. We define the imaginary unit as j and

the Napier number as e, and CN
(
µn, σ

2
n
)
is a complex

Gaussian distribution with mean µn and variance σ 2
n . IN

denotes the N × N identity matrix and diag[a1, . . . , aN ]
denotes the N ×N diagonal matrix with a1, . . . , aN diagonal
components. The operation min(p, q) compares real numbers
p and q and returns the smaller value. The operation arg(A)
returns a matrix containing the phases of the entries of A.
The operation argmaxx∈A f (x) represents an operation that
returns the argument x in the set A that maximizes f (x),
and the operation argminx∈A f (x) represents an operation that
returns the argument x that minimizes f (x) in the elements of
the set A.
The rest of the paper is organized as follows. The system

model of CF mMIMO, the channel model in mmWave
band and the procedures of hybrid BF are described in
Section II. The conventional clustering scheme is described
in Section III-A. The proposed clustering scheme is
described in Section III-B. Furthermore, we show the
evaluation results in Section IV. Finally, Section V concludes
the paper.

II. SYSTEM MODEL
We assume a mmWave CF mMIMO system with centralized
hybrid beamforming as shown in Fig. 1. In this paper,
we consider a DL data communication. There is one CPU,
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and the CPU employs L APs. Through the APs, the CPU
transmit signals to K UEs. The CPU does the baseband
signal processing including digital precoding, then the CPU
sends the baseband signals to each RF chain of each AP
via fronthaul. Each RF chain of the APs has an analog BF
function and the CPU controls analog beams of each RF chain
at the APs. Hence the system completely controls the hybrid
BF with digital BF at the CPU and analog BF at APs.

Each AP has NT antenna elements and M RF chains,
and each RF chain is connected to NT antenna elements.
We assume that the number of RF chains per AP M is less
than the number of UEs K , but the number of APs is greater
than the number of UEs K , LM > K > M [17], and each UE
has an single antenna. The system bandwidth is set to B and
divided into NRB resource block (RB)s. Each RB consists of
NSC subcarriers. In this paper, we assume flat fading within
each RB, and use the subcarrier located in the center of each
RB as a representative. The DL received signal of UE k at the
u-th RB is written as follows:

yk [u] =

L∑
l=1

hHl,k [u]xl[u] + nk [u], (1)

where xl[u] ∈ CNT×1 is the signal transmitted from the
l-th AP at the u-th RB and nk [u] ∼ CN (0, σ 2

k ) denotes the
Gaussian noise at the k-th UE at the u-th RB. hl,k [u] is the
propagation channel between the l-th AP and the k-th UE at
the u-th RB.

A. CHANNEL MODEL
In this paper, we assume a wideband fading channel model in
which the propagation model includes a line-of-sight (LoS)
propagation path and non-line-of-sight (NLoS) propagation
paths [21], [22], [23]. Additionally, we use a probability
variable depending on the distance between each AP and
UE to distinguish between the case in which the propagation
channel includes the LoS propagation path and the case
in which the propagation channel includes only NLoS
propagation paths. The channel between the l-th AP and the
k-th UE at the u-th RB, hl,k [u] in (1), can be expressed as
follows:

hl,k [u]=

√
1

Npath

Npath∑
i=1

β il,k,uδl,k,u√
αNLoS
l,k,u

au(θ il,k ) + ωl,khLoSl,k [u], (2)

whereωl,k ∈ {0, 1} is the probability variable which follows a
Bernoulli distribution, and ωl,k takes 1 with probability PLoSl,k .
PLoSl,k is the probability of the existence of the LoS propagation
path between the l-th AP and the k-th UE. PLoSl,k is based on
the distance between the l-th AP and the k-th UE, which is
denoted by dl,k , and is given by the following equation:

PLoSl,k = min
(

20
dl,k

, 1
) (

1 − e−
dl,k
39

)
+ e−

dl,k
39 . (3)

In other words, we assume the Rician fading channel model
between the l-th AP and the k-th UE in the case of ωl,k = 1

or the Rayleigh fading channel in the case of ωl,k = 0.
Additionally, Npath is the number of the propagation path.
β il,k,u ∼ CN (0, 1) and θ il,k,u are random channel gain and
angle of departure of the i-th path, respectively. δl,k,u =

e−j2πτ il,k f
u
c denotes the coefficient for delay, in which τ il,k and

f uc are the delay of the i-th path and the the carrier frequency of
the u-th RB, respectively. αNLoS

l,k,u is the path loss component,
and αNLoS

l,k,u is given by

αNLoS
l,k,u =20 log10

4π f uc
c

+ 10γNLoS log10(dl,k ) + XNLoS
σ [dB],

(4)

where γNLoS and XNLoS
σ are the path loss exponent of NLoS

path and the shadow fading term of NLoS path, respectively.
au(θ il,k ) is the array response vector for each AP. We assume
that APs are each equipped with one uniform linear array
(ULA) and that au(θ il,k ) is given by

au(θ il,k )

=

[
1, e

j2π
(
f uc
c dant

)
θ il,k , · · · , e

j(NT−1)2π
(
f uc
c dant

)
θ il,k

]
, (5)

where dant denotes the distance between antenna elements.
hLoSl,k [u] is the LoS propagation path vector and can be written
as

hLoSl,k [u] =
βLoS
l,k,u√
αLoS
l,k,u

au(θLoSl,k ), (6)

βLoS
l,k,u ∼ CN (0, 1) , αLoS

l,k,u and θLoSl,k,u denote the random gain,
the path loss component and the AoD of the LoS propagation
path between the l-th AP and the k-th UE at the u-th RB.
Similar to (4), αLoS

l,k,u is given by follows:

αLoS
l,k,u=20 log10

4π f uc
c

+ 10γ LoS log10(dl,k ) + XLoS
σ [dB],

(7)

where γ LoS and XLoS
σ denote the path loss exponent and

the shadow fading term for the LoS propagation path,
respectively.

To clarify the scenarios in which the proposed schemes
would be effective, in our evaluation, we consider the Street
Canyon andOpen Square scenarios and use different path loss
exponents γNLoS and γ LoS and shadow fading terms XNLoS

σ

and XLoS
σ in (4) and (7).

B. HYBRID BF
In this section, we formulate a hybrid BF scheme for the
transmitted signal xl based on (1). First, the digital baseband
signals are combined through digital BF at the CPU. In this
paper, we assume that the CPU processes digital BF for each
RB. The baseband signal of the u-th RB at the l-th AP after
digital BF, xDl [u] ∈ CM×1, is given by

xDl [u] =

K∑
k=1

FD
l,k [u]sk [u], (8)
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where sk is the transmitted symbol at the u-th RB for the
k-th UE and FD

l,k ∈ CM×1 denotes the digital BF vector
from the l-th AP to the k-th UE at the u-th RB. Then, the
CPU sends these baseband signals to the APs. At the AP,
the baseband signals xDl are combined with analog BF by
RF chains. We assume that the analog BF vector of the m-th
RF chain at the l-th AP f RFl,m ∈ CNT×1 is selected from the

predefined codebook set FCB
=

[
f CB1 , . . . , f CBNbm

]
, and the

same analog beams are applied to all RBs. After analog BF,
the transmitted signal from the l-th AP xl can be written by:

xl[u] = FRF
l xDl [u], (9)

where FRF
l = [f RFl,1, · · · , f RFl,M ] ∈ CNT×M denotes the matrix

of analog BF in the l-th AP.
From (1), (8) and (9), it is found that the received signal at

the k-th UE, yk [u], is given by

yk [u] =

L∑
l=1

hHl,k [u]F
RF
l FD

l,k [u]sk [u]

+

L∑
l=1

hHl,k [u]F
RF
l

K∑
j̸=k

FD
l,j[u]sj[u] + nk [u]. (10)

The SINR of the k-th UE, denoted by SINRk [u], and its
achievable SE, SEk [u], are given by

SINRk [u] =

Ptx
∣∣∣∑L

l=1 h
H
l,k [u]F

RF
l FD

l,k [u]
∣∣∣2∑K

j̸=k Ptx
∣∣∣∑L

l=1 h
H
l,k [u]F

RF
l FD

l,j[u]
∣∣∣2 + σ 2

k

,

(11a)

SEk [u] = log2 (1 + SINRk [u]) , (11b)

where Ptx denotes the AP transmit power, which we assume
to be the same for all APs.

C. ANALOG BEAM SELECTION
As mentioned above, the CPU selects the analog beams
for each RF chain from a predefined codebook. To select
effective analog beams that can provide higher BF gain to the
UEs, CPU and APs decide analog beams with the following
procedure presented in [17].

First, each AP transmits pilot signals with Nbm analog
beams in accordance with the predefined codebook FCB.
In this paper, we assume that eachAP uses the same codebook
FCB, and that the pilot signal is transmitted over a number
of RBs equivalent to the primary synchronization signal in
5G NR, using contiguous RBs in the system bandwidth [24].
The pilot signal is transmitted over the set of RBs Upilot

=

[u1, . . . , uNpilot ], where Npilot is the number of RBs used for
pilot signal. RBs of Upilot are located contiguous Npilot RBs
in the center of the system bandwidth. Each UE measures the
received signal power pl,k,i for each pilot signal sent by an
analog beam from the APs, where pl,k,i is given as follows:

pl,k,i =

∑
u∈Upilot

∣∣∣hHl,k [u]f RFi ∣∣∣2 . (12)

Then, each UE determines the analog beam f̃
RF
l,k with the

highest received signal power for each AP, where f̃
RF
l,k is given

as follows:

f̃
RF
l,k = argmax

f RFi ∈FCB

pl,k,i. (13)

After measurement, each UE reports the received signal
power and the beam index of f̃

RF
l,k to the CPU through the

APs.
The number of analog beams that an AP can use

simultaneously is limited by M , the number of RF chains in
an AP. We assume M < K , so the AP cannot use all the
analog beams with the highest analog BF gain to the UEs f̃

RF
l,k

calculated in (13) simultaneously. Therefore, the CPU needs
to determine the combination of analog beams of each AP.
In this paper, the CPU associates M UEs with each AP, and
each AP allocates analog beams to its RF chains directed to
the M UEs allocated to the AP. The CPU decide association
between APs and UEs by the following algorithm, which was
presented in [17].

By using feedback from the UEs, the CPU calculates the
total received signal power ξk from analog beam f̃

RF
l,k of all

APs for each UE based on (13). ξk is given by

ξk =

L∑
l=1

∑
u∈Upilot

∣∣∣hHl,k [u]f̃ RFl,k ∣∣∣2 . (14)

The CPU identifies the AP l̂k with the lowest received signal
power for UE k . l̂k is calculated as follows:

l̂k = argmin
l=1,L

∑
u∈Upilot

∣∣∣hHl,k f̃ RFl,k ∣∣∣2 , ∀k. (15)

Because the effect of analog BF is considered to be small, the
association between AP l̂k and the k-th UE is deleted. The
CPU starts this procedure from the UE with the highest ξk ,
i.e., the UE whose communication conditions are considered
the best. By starting this procedure with UEs with large ξk ,
the CPU can assign the APs with large BF effects to the UEs
where the communication conditions are considered to be
relatively worse. The CPU repeats this procedure until the
number of UEs associated with the AP, NUE, satisfies the
constraint NUE ≤ M for all APs. After this algorithm is run,
each AP is associated with M different UEs, and the APs
select analog beams for these M UEs, that is, AP l uses f̃

RF
l,k

to send a signal. Through this procedure, the CPU can select
the analog beams to obtain a high analog BF effect while
considering UE fairness.

D. DIGITAL BF AT THE CPU
Once the analog beams for all RF chains have been deter-
mined, the CPU processes digital BF. As aforementioned,
digital BF is processed for each RB. The CPU estimates the
effective channel matrix of each RB including the analog
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beam patterns, HCPU[u]∈CLM×K . HCPU[u] is given by

HCPU = [H1[u], · · · ,HK [u]], (16a)

Hk [u] =

(
hH1,k [u]f

RF
1,1, · · · ,hHL,k [u]f

RF
L,M

)T
. (16b)

The CPU calculates the weights for digital BF by using
HCPU[u] in (16). Suppose that the MMSE-based scheme is
used for digital BF; then, the weights are expressed by the
following equation:

WMMSE[u]=
(
HH

CPU[u]HCPU[u] + σ 2ILM
)†
HH

CPU[u].

(17)

In the DL transmission, the CPU multiplies the digital BF
weightWMMSE[u] and the transmit data symbol, then sends to
the APs via fronthaul. At the APs, each RF chain is assigned
analog beam by the aforementioned algorithm, and APs send
the transmit signals to the UEs. The computational load at
calculation of the digital BF weights in the MMSE is given
as follow [19]:

CMMSE =

K∑
k=1

(
(ML)2 +ML

2
K + (ML)2 +

(ML)3 −ML
3

)
.

(18)

As seen from (18), the computational load at calculation of
the digital BF weights under the MMSE scheme increases
as the number of APs L and the number of UEs K increase
significantly.

III. P-MMSE-BASED DIGITAL BF AND CLUSTERING
In the system described above, all APs are employed for
transmitting signals to each UE and the CPU computes the
MMSE-based digital beamforming weights based on the
effective channel between all APs and UEs. However, as the
number of APs (L) and UEs (K ) increases, the computational
load for channel estimation andweight calculation at the CPU
also increases, and this method is not scalable in practice.
Moreover, the APs are distributed and use analog beams to
the specific direction. If an AP is situated far away from a
UE or if the analog beam of an AP is not directed towards the
UE, the AP’s impact on the UE’s performance gain becomes
negligible. To effectively reduce the complexity, a P-MMSE-
based digital BF scheme, which is applied in conjunctionwith
AP-wise clustering, is considered to achieve scalability [19].
In AP-wise clustering, each UE selects subset of APs with
the highest received signal power to the AP cluster. The CPU
mitigates inter-UE interference through APs selected for the
cluster by using P-MMSE scheme.

In the following subsections, we first describe a scheme in
which the P-MMSE approach is applied in combination with
the conventional AP clustering scheme. Then, we propose
a clustering scheme that is suitable for the centralized
architecture.

A. AP-WISE CLUSTERING
The UEs measure the channel power between each AP
and themselves in order to determine subset of the APs
for inclusion in their own clusters. As in the analog beam
selection, we assume that channel power is measured from
the pilot signal transmitted over the set of RBs Upilot. The
channel power between AP l and UE k is given by

PAPl,k =

M∑
m=1

∑
u∈Upilot

∣∣∣hHl,k [u]f RFl,m∣∣∣2 , (19)

where f l,m is the analog BF vector of the m-th RF chain
of the l-th AP. In this paper, each UE selects Ncl APs with
high channel power for its own cluster. Then The UEs send
the index of APs which selected for their cluster. With AP-
wise clustering, the received signal of the k-th UE expressed
in (10) becomes

yk [u] =

L∑
l=1

hHl,k [u]F
RF
l

K∑
j=1

DAP
j,l F

D
l,j[u]sj[u] + nk , (20)

where DAP
k,l ∈ CM× is a diagonal matrix that can be written

as

DAP
k,l = diag(dAPk,l , . . . , d

AP
k,l ). (21)

Here, dAPk,l = 1 if AP l is included in the AP cluster of UE
k , and dAPk,l = 0 otherwise. As seen from (21), the AP-wise
clustering involves the decision of whether or not to include
all of the RF chains of an AP in a cluster. The P-MMSE-based
weight vector for the k-th UE at the u-th RB w̄AP

k [u] can be
written as the follows:

w̄AP
k [u] =

vAPk [u]√
vAPk

H
[u]DAP

k vAPk [u]
, (22)

vAPk [u] = pAPk

 ∑
i∈PAP

k

pAPi DAP
k Hk [u]HH

k [u]D
AP
k + ZAPk


†

× DAP
k Hk [u], (23)

with ZAPk = DAP
k

(
σ 2
k ILM

)
DAP
k ,

where DAP
k ∈ CLM×LM is the clustering indicator of the k-th

UE andDAP
k = diag(DAP

k,1, · · · ,DAP
k,L). PAP

k denotes the set of
UEs that share a selected APwith the k-th UE in their clusters
and pAPk is the transmit power for UE k . From (22) and (23),
the SINR of UE k is given as follows [19]:

SINRAP
k [u] =

pAPk
∣∣HH

k [u]D
AP
k w̄AP

k [u]
∣∣2∑K

i̸=k p
AP
i

∣∣HH
k [u]D

AP
i w̄AP

i [u]
∣∣2 + σ 2

k

. (24)

Equations (22) - (24) show that AP-wise clustering with
P-MMSE suppresses inter-user interference between UEs
that select the same AP for their cluster. This is because
interference between UEs that select the same AP for the
cluster is expected to have a significant impact.
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The computational complexity of calculating the digital BF
weights under the P-MMSE scheme for all UEs is given as
follows [19]:

CAP
P−MMSE =

K∑
k=1

(
(M |MAP

k |)2 +M |MAP
k |

2
|PAP

k |

+ (M |MAP
k |)2 +

(M |MAP
k |)3 −M |MAP

k |

3

)
,

(25)

where |PAP
k | ≤ K denotes the number of elements in the set

PAP
k and MAP

k denotes the set of APs transmitting signals
and suppressing interference with UE k , where |MAP

k | ≤ L.
As seen from (25) and (18), P-MMSE-based BF requires
only channel information between the UEs and the APs
selected by the UEs for the cluster. Therefore, the P-MMSE-
based BF and AP clustering can effectively reduce the
computational complexity of digital BF and the amount
of information to be exchanged through fronthaul while
ensuring effective interferencemitigation, which is crucial for
improving system performance.

B. RF CHAIN-WISE CLUSTERING
In the algorithm described above, each UE measures the
channel power for each AP and forms its own AP-wise
cluster. However, when a CF mMIMO employs hybrid BF,
especially when the CPU assigns analog beams to each of its
multiple RF chains independently, the channel power of each
RF chain may differ significantly even in the same APs. This
is because each RF chain in the AP may be assigned analog
beams with different directions. Therefore, with AP-wise
clustering, RF chains with low channel power for the UEmay
be included in the cluster, resulting in system performance
degradation. Therefore, in RF chain-wise clustering, power
measurement and cluster formation are performed not for
eachAP but for each RF chain.With the proposed scheme, the
UEs can use the RF chains with the highest received power
among the APs for cluster formation regardless of the APs to
which they belong.

1) RF CHAIN-WISE CLUSTER SELECTION
In the proposed scheme, the channel power measurement is
processed in each analog beam units (i.e., RF chain units),
and the effective channel power including the analog BF gain
between the m-th RF chain of AP l and UE k is given by

PRFk,l,m =

∑
u∈Upilot

∣∣∣hHl,k [u]f RFl,m∣∣∣2 . (26)

Regarding the channel power measurement, UEs select RF
chains to the cluster. In the AP-wise clustering, each UE
selects Ncl APs to be included in the cluster, and each AP
has M RF chains. In other words, a cluster contains NclM
RF chains. In this paper, to unify the number of RF chains
in a cluster, the UEs select NclM RF chains for the cluster
with highest channel power PRFk,m,l . The indicator matrix of

clustering between the l-th AP and the k-th UEDRF
k,l ∈ CM×M

can be written as follows:

DRF
k,l = diag(dAPk,l,1, · · · , dAPk,l,m, · · · , dAPk,l,M ), (27)

where dRFk,l,m = 1 if the m-th RF chain of the l-th AP
is included in the cluster of the k-th UE, and dRFk,l,m =

0 otherwise. Comparing (21) and (27), in the AP-wise
clustering, the diagonal components of DAP

k,l have the same
value dAPk,l , while in the RF chain-wise clustering, the diagonal
components of DRF

k,l can have different value. From (22)
and (23), the P-MMSE weight vector w̄RF

k can be written as
follows:

w̄RF
k [u] =

vRFk [u]√
vRFk

H
[u]DRF

k vRFk [u]
, (28)

vRFk [u] = pRFk

 ∑
i∈PRF

k

pRFi DRF
k Hk [u]HH

k [u]D
RF
k + ZRFk


†

× DRF
k Hk [u],

with ZRFk = DRF
k

(
σ 2
k ILM

)
DRF
k , (29)

where DRF
k ∈ CLM×LM is the clustering indicator of the k-th

UE and DRF
k = diag(DRF

k,1, · · · ,DRF
k,L). PRF

k denotes the set
of UEs that share a selected RF chain with the k-th UE in
their clusters and pRFk is the transmit power for UE k . Similar
to (24), (28) and (29), the SINR of the k-th UE can be written
as follows:

SINRRF
k [u] =

pRFk
∣∣HH

k [u]D
RF
k w̄RF

k [u]
∣∣2∑K

i̸=k p
RF
i

∣∣HH
k [u]D

RF
i w̄RF

i [u]
∣∣2 + σ 2

k

. (30)

From (25), the computational complexity of calculating the
digital BF weights under the P-MMSE scheme for all UEs is
given as follows [19]:

CRF
P−MMSE =

K∑
k=1

(
|MRF

k |
2
+ |MRF

k |

2
|PRF

k |

+ |MRF
k |

2
+

|MRF
k |

3
− |MRF

k |

3

)
, (31)

where |PRF
k | ≤ K denotes the number of elements in the

set PRF
k andMRF

k denotes the set of RF chains transmitting
signals to and suppressing interference with the k-th UE,
where|MRF

k | ≤ ML. Similar to AP-wise clustering, Each
UE informs the CPU of the index of the RF chains selected
for the cluster, and the CPU identifies the combination of
AP and UE that requires channel information. RF chain-
wise clustering in combination with P-MMSE-based digital
BF can effectively reduce the computational complexity of
digital BF and the information to be exchanged on fronthaul.

2) CLUSTER RECOMBINATION
The clustering schemes described above select the APs/RF
chains with the highest received signal power to increase the
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received signal power for each UE. However, these schemes
do not consider the amount of interference between clusters.
The P-MMSE scheme mitigates inter-cluster interference
between UEs that select the same AP for inclusion in their
clusters. However, the amount of inter-cluster interference
depends not only on the combination of APs selected by
each UE for its cluster but also on the combinations of APs
selected by other UEs for their clusters. If clustering is based
solely on the received signal power, then the system capacity
might degrade in environments with strong inter-cluster
interference. Therefore, we propose cluster recombination to
effectively suppress inter-cluster interference while maintain-
ing a high received signal power.

In the proposed scheme, the UEs reselect APs for their
clusters to refine the clustering results based on the received
signal power. As seen from (28), (29) and (31), the larger
the number of other UEs |PRF

k | that share a selected AP as
UE k for their clusters, the more inter-cluster interference is
mitigated by the P-MMSE scheme, while the computational
load imposed on the CPU for digital BF increases. Therefore,
the proposedmethod recombines clusters only for UEswhose
|PRF

k | values are small, i.e., UEs that are considered to be
strongly affected by inter-cluster interference. The steps of
the proposed scheme are as follows.

First, the CPU determines the UE lk with the lowest
|PRF

Lk |. Then, the CPU finds the RF chain ilk with the largest
received signal power among the RF chains that UE lk has
not selected for its cluster. Next, the CPU identifies the
RF chain ˆilk with the lowest received signal power among
the RF chains selected by UE lk for its cluster and not
selected by the other UEs. UE lk adds RF chain ilk to its
cluster and removes RF chain ˆilk from its cluster. Finally,
the CPU calculates |PRFk | for all k . The CPU repeats these
steps until |PRF

k | ≥ Pmin for all UEs. The computational
complexity of digital BF, CReComb

P−MMSE, can be calculated as
shown in (31) using |PReComb

k | and |MReComb
k |, which are the

newly obtained values of |PRF
k | and |MRF

k | from the clusters
after recombination.CReComb

P−MMSE can be written as follows [19]:

CReComb
P−MMSE =

K∑
k=1

(
|MReComb

k |
2
+ |MReComb

k |

2
|PReComb

k |

+ |MReComb
k |

2
+

|MReComb
k |

3
− |MReComb

k |

3

)
.

(32)

While cluster recombination can effectively mitigate
inter-cluster interference, the computational complexity of
clustering and digital BF becomes high. Additionally, cluster
recombination requires information on the Plk ,i,m values
between all RF chains and UEs. Therefore, for cluster
recombination, the UEs should send feedback on Plk ,i,m for
all RF chains.

IV. NUMERICAL EVALUATION
In this section, we present numerical evaluation results to
clarify the effectiveness of the proposed RF chain-wise

Algorithm 1 Cluster Recombination

1: while ∀|PRF
k | < Pmin do

2: lk = argminl=1,··· ,K |PRF
l |

3: ilk ,mlk = argmaxi,m/∈Mlk
Plk ,i,m

4: ˆilk , m̂lk = argmini,m∈Mlk∩i,m/∈Mk ,∀k ̸=lk Plk ,i,m
5: add ilk and mlk to the cluster
6: remove ˆilk and m̂lk from the cluster
7: end while

TABLE 1. Simulation parameters.

TABLE 2. Propagation model parameters.

clustering and cluster recombination schemes through com-
parisons with the AP-wise clustering scheme. The parameters
in the simulation are shown in Table 1 [24]. In AP-wise
clustering, each UE selects Ncl APs with higher received
signal power to include in its cluster. To unify the number
of RF chains per cluster, in RF chain-wise clustering, each
UE selectsNclM RF chains with higher received signal power
for its cluster. We evaluate and compare the DL SEs of each
UE under the proposed scheme (RF chain-wise clustering
and cluster recombination), AP-wise clustering and optimal
CF mMIMO without clustering in II-D as a benchmark.

To clarify the scenarios in which the proposed schemes
would be effective, in this evaluation, we consider the Street
Canyon andOpen Square scenarios and use different path loss
exponents γNLoS and γLoS and shadow fading terms XσNLoS

and XσLoS in (4) and (7). The values of γNLoS, γLoS, XσNLoS

and XσLoS in each scenario are given in Table 2 [21].
Fig. 2 shows the cumulative distribution of the average

DL SE in all resource blocks for each user with M = 2 in
the street canyon scenario. As seen from Fig. 2, clustering
causes the SE to degrade depending on the cluster size.
During the clustering, the CPU considers and mitigates
intra-cluster interference but does not take into account inter-
cluster interference. It can be seen that when the cluster size
is small, the effect of inter-cluster interference is greater.
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FIGURE 2. Downlink SEs per UE under different clustering schemes;
Street Canyon, K = 20, M = 2.

A comparison of the clustering schemes shows that especially
with Ncl = 16, RF chain-wise clustering improves the
SE compared to AP-wise clustering. With RF chain-wise
clustering, clusters can be formed of RF chains with high
signal power for the corresponding UEs, resulting in an
improved SE.

Although the proposed scheme can improve SE in the case
of Ncl = 16, the SE becomes worse with RF chain-wise
clustering for Ncl = 4. As the cluster size Ncl decreases, the
impact of inter-cluster interference becomes larger. This is
because there is a decrease not only in the number of APs
in each cluster but also in the number of other UEs that
select the same APs for their clusters, i.e., |PAP

k | and |PRF
k |.

Fig. 3 shows the probability density functions of |PAP
k | and

|PRF
k |. The results indicate that in the case of Ncl = 4, |PRF

k |

in RF chain-wise clustering tends to be small. In AP-wise
clustering, each AP uses several analog beams. Therefore,
an AP tends to be selected by various UEs that are located
in multiple directions relative to the AP. On the other hand,
in RF chain-wise clustering, each RF chain has one analog
beam. Therefore, an RF chain tends to be selected by UEs
that are in a particular direction relative to the AP. As a result,
|PRF

k | in RF chain-wise clustering becomes small compared
to |PAP

k | in AP-wise clustering.
As seen from Fig. 2, by combining RF chain-wise

clustering and cluster recombination, the SE can be improved
compared to AP-wise clustering. When Ncl = 4, |PAP

k | and
|PRF

k | (the numbers of UEs that select the same APs for their
clusters) decrease, and the inter-cluster interference tends to
be stronger, especially in RF chain-wise clustering. In cluster
recombination, the CPU recombines the clusters to increase
|PRF

k | for UEs with smaller |PRF
k | values to mitigate inter-

cluster interference, and this process is repeated until |PRF
k |

is larger than Pmin for all UEs. Fig. 2 indicates that in the
case of Ncl = 4, |PRF

k | increases with cluster recombination,
resulting in an increase in the SE. In the case of Ncl =

16, |PRF
k | is already sufficiently large for each UE when

RF chain-wise clustering is applied. Therefore, the inter-
cluster interference can be suppressed even when cluster

FIGURE 3. |PAP
k | and |PRF

k |, the numbers of UEs that select the same APs
for their clusters under different clustering schemes; Street Canyon,
K = 20, M = 2.

recombination is not applied. When the proposed scheme is
used, the SE at the 5-th percentile level increases by 14.04%
with Ncl = 4 and by 10.99% with Ncl = 16.
Figs. 4 and 5 show the SE and |PRF

k |, respectively, in the
Open Square scenario. Similar to the Street Canyon scenario,
RF chain-wise clustering can improve the SE when Ncl = 16,
and the difference in SE between the clustering schemes
becomes small whenNcl = 4 due to inter-cluster interference.
A comparison between the evaluation environments shows
that in Open Square, the SE is degraded when clustering
is applied in the CF mMIMO system. In the Open Square
scenario, the effects of path loss and shadowing are smaller
than in the Street Canyon scenario. When clustering is
applied, inter-cluster interference occurs. In the Open Square
case, the interference from distant APs is not strongly
affected by path loss and shadowing, resulting in an increased
interference power and a degraded SE. On the other hand,
in the case of CF mMIMO without clustering, the SE
becomes larger in an Open Square scenario compared to a
Street Canyon scenario. In the case of CF mMIMO without
clustering, all inter-user interference is mitigated by digital
BF. Therefore, in an Open Square scenario where the effects
of path loss and shadowing are small and the desired signal
power is large, higher SE can be achieved.

To clarify the impact of the number of RF chains per AP
on the proposed schemes, we compare the DL SE per UE in
a case in which each AP has more RF chains. Fig. 6 shows
the DL SE with M = 4 in the Street Canyon scenario.
Similar to the case with M = 2, the proposed schemes
improve the DL SE. Compared to Fig. 2, the difference in
the DL SE between AP-wise clustering and RF chain-wise
clustering is larger. Especially in the case of Ncl = 4, RF
chain-wise clustering can yield a superior DL SE compared
to AP-wise clustering, even without cluster recombination.
Under the assumption of a constant AP transmission power,
the transmission power per analog beam tends to decrease
as the number of RF chains per AP (M ) increases. This
is because, with an increasing M , the power of each chain
required for analog BF is reduced. In addition, the directions
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FIGURE 4. Downlink SEs per UE under different clustering schemes; Open
Square, K = 20, M = 2.

FIGURE 5. |PAP
k | and |PRF

k | under different clustering schemes; Open
Square, K = 20, M = 2.

of the analog beams are independent between RF chains at
an AP. Therefore, in AP-wise clustering, the received signal
power of the UEs may decrease. On the other hand, RF chain-
wise clustering can select RF chains for a cluster regardless
of the APs to which they belong. Additionally, increasing the
total number of RF chains is expected to increase the number
of RF chains for which analog beams with high analog BF
gains for the UEs are selected. Therefore, even ifM increases,
In RF chain-wise clustering, a UE can select RF chains with
high received signal power for its cluster.

Finally, we compare the computational complexity under
these clustering schemes. Table 3 shows the indicators
of computational complexity for each clustering scheme,
CMMSE, CAP

P−MMSE, C
RF
P−MMSE and CReComb

P−MMSE, defined in (18),
(25), (31) and (32). Table 3 shows that all clustering schemes
can reduce the computational complexity compared with the
case without clustering. As seen by comparing the clustering
schemes, cluster recombination causes the computational
complexity to increase as more intercluster interference is
mitigated by digital BF at the CPU. In the case of Ncl = 16,
however, the computational complexity of RF chain-wise
clustering alone is almost the same as that of RF chain-
wise clustering with cluster recombination. This is because
when Ncl = 16, intercluster interference can be mitigated

FIGURE 6. DL SEs per UE under different clustering schemes; Street
Canyon, K = 20, M = 4.

FIGURE 7. DL SEs per UE under different clustering schemes; Open
Square, K = 20, M = 4.

TABLE 3. Indicators of computational complexity: CMMSE, CAP
P−MMSE,

CRF
P−MMSE and CReComb

P−MMSE.

evenwithout cluster recombination because eachUE selects a
relatively large number of RF chains for its cluster. Therefore,
the clusters after cluster recombination show little difference
from the clusters before recombination.

V. CONCLUSION
We have proposed an RF chain-wise clustering scheme for
a mm-wave CF mMIMO system with centralized hybrid BF
in which each AP has multiple RF chains with an analog
BF functionality. In RF chain-wise clustering, a cluster
consisting of the RF chains with the highest received signal
power is formed for each UE, regardless of the APs to
which the RF chains belong. Additionally, to effectively
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mitigate inter-cluster interference, we have proposed a cluster
recombination scheme to be applied in combination with RF
chain-wise clustering. With this proposed scheme, a higher
received signal power can be achieved while mitigating inter-
cluster interference.

Through simulation-based evaluations, we have shown
that hybrid BF with the proposed RF chain-wise clustering
scheme can achieve a superior SE while effectively reducing
the complexity of centralized digital BF. On the other hand,
in the case of a small cluster size and the Open Square
scenario, in which radio waves tend to spread over a wide
area, the SE degrades even with RF chain-wise clustering
due to inter-cluster interference. However, by combining
RF chain-wise clustering and cluster recombination, the DL
SE can be improved even in such scenarios. In particular,
RF chain-wise clustering is effective in scenarios with a large
number of RF chains per AP, and cluster recombination is
effective for clustering with a small number of RF chains per
cluster.

Moreover, the proposed scheme requires only the received
signal power of the signals transmitted from each RF chain
and does not depend on the design method of the hybrid BF.
Therefore, the proposed scheme has the potential to achieve
high-quality communication while reducing the complexity
of CF mMIMO systems that use low-complexity hybrid BF
design techniques.
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