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ABSTRACT Cell-free massive multiple-input-multiple-output (CF-mMIMO) systems provide spectral
efficiency (SE) gains with a more uniform quality-of-service in the network area compared to cellular
massive MIMO schemes but at the expense of higher capacity requirements on the fronthaul links. To reduce
the signaling overhead on fronthaul links, we propose a selective user forwarding method for uplink data
transmissions in CF-mMIMO systems, where each access point (AP) forwards the data of only a selected
subset of users to the central processing unit (CPU) for joint processing. The simulation results show that
the selective user forwarding scheme achieves nearly the same performance as a CF-mMIMO system with
selected number of users,M , being equal to less than one-fourth of the total number of users in the network
and resulting in a fronthaul signaling savings of about 75%. We then analytically study the performance
of the proposed system in the presence of channel aging by deriving expressions for SE. The numerical
evaluation of these expressions is shown to be close to the simulation results.

INDEX TERMS Cell-free massive MIMO (CF-mMIMO), central processing unit (CPU), channel state
information (CSI), channel aging, minimum mean square error (MMSE).

I. INTRODUCTION
In cell-free massive MIMO (CF-mMIMO) systems [1], [2],
[3], a large number of geographically distributed access
points (APs) jointly serve a relatively small number of users
by spatially multiplexing them on the same time-frequency
resources [4]. The coherent transmission in the downlink
and coherent reception in the uplink are coordinated by the
central processing unit (CPU). The APs are connected to the
CPU through wired/wireless fronthaul links. The coherent
processing allows CF-mMIMO to achieve more than ten
times improvement in the 95%-likely spectral efficiency (SE)
compared to small-cell networks, where the APs serve a set
of UEs within the cell and there is no cooperation among
the APs [4]. The performance of CF-mMIMO has been stud-
ied for different channel models such as spatially correlated
Rayleigh fading channels in [2] and [5] and with Rician faded
channels in [6].
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One of the major challenges in the practical implementa-
tion of CF-mMIMO is the huge signaling overhead it adds
to the fronthaul links. This is due to the fact that all the UEs
are coherently served by all the APs in the system [4]. This
requires the CPU to send the downlink data to all the APs and
receive the uplink data from all the APs. The high amount
of data that needs to be transmitted between the CPU and
the APs results in a substantial increase in signaling over the
fronthaul links. This is in contrast to the conventional mas-
sive MIMO, which requires only one or a few high-capacity
links that connect the AP (equipped with a large number of
antennas) to the core network. Hence the fronthaul links need
to be carefully designed to ensure that they can support the
bandwidth requirements of CF-mMIMO.

Also to realize the SE gains of CF-mMIMO, accurate
channel state information (CSI) is required at the CPU for
transmit beamforming in the downlink and receive combining
in the uplink. Due to the limitations in acquiring downlink
CSI, the time-division-duplex (TDD) mode of operation is
commonly employed for CF-mMIMO systems [4]. It allows
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the CPU to infer the downlink CSI from uplink pilot sym-
bols by exploiting channel reciprocity. Although the pilot
symbols are transmitted at every coherence block, in some
cases (e.g., mobility scenarios) the estimated CSI can be
outdated with respect to the actual channel conditions during
the data transmission phase. This is because the channel gains
vary continuously over time when there is a relative motion
between the transmitter and receiver. Thus, at the CPU, the
downlink beamforming and uplink combining vectors will be
calculated based on outdated CSI, which may not be optimal
for the channel gains at the time of data transmission. This
leads to a loss in SE, which is referred to as Doppler-induced
channel aging [7], [8].

In this work, we propose a selective user forwarding for
CF-mMIMO, in which each AP forwards the data of only a
fixed number of UEs to the CPU. This significantly reduces
the fronthaul signaling. Also, we analytically evaluate the
impact of channel aging on CF-mMIMO systems with selec-
tive user forwarding in the uplink.

A. RELATED LITERATURE
In this section, we review the prior works on reducing the
fronthaul overhead, channel aging, and performance analysis
in CF-mMIMO.

1) FRONTHAUL OVERHEAD REDUCTION
CF-mMIMO network assumes that all the APs are connected
to a central entity/CPU, which is responsible for coordinating
and processing the signals of all the UEs. This, in turn,
results in higher computational complexity and the signaling
overhead on fronthaul link (which will increase linearly with
system dimensions). To relax these complexities, an architec-
ture in which only a subset of APs serve a particular UE in
the system is proposed. Different AP clustering schemes (to
select the set of APs to serve a particular UE) are proposed
in [3], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
and [19]. The cluster formation can be user-centric [3],
[9], [10], [11], [12], [13], [14], [15] or network-
centric [16], [17], [18], [19]. In the user-centric architecture,
each user is served by a subset of APs which are close to
it. Generally, the serving APs are selected based on channel
conditions as in [10], [13], and [14]. In [3], a scalable
CF-mMIMO is proposed based on the concept of dynamic
cooperation clustering (DCC), which has originated from
network MIMO literature. DCC provides an algorithm for
joint initial access, pilot assignment, and cluster formation.
In network-centric architecture, UEs are grouped into disjoint
set of clusters, and each UE set is served by a cluster of APs.

2) CHANNEL AGING
Due to the time-varying nature of the wireless channel,
the CSI used for computing beam-forming/combining vec-
tors might be different from the actual CSI at the time of
data transmission/reception. The authors of [7] use chan-
nel prediction to compensate the effects of channel aging

in massive MIMO downlink/uplink, and it has been shown
that this approach allows to overcome the detrimental effects
of channel aging partially. Furthermore in [8], [20], [21],
and [22], the effects of channel aging with different precod-
ing/combining schemes taking into consideration different
practical aspects such as phase noise and hardware impair-
ments is discussed. In [23] an FDD conventional massive
MIMO is considered, and the effect of channel aging is
studied for both uplink and the downlink by deriving the
deterministic equivalents for the achievable rates. The authors
of [24] consider the FDD massive MIMO performance in
downlink, with predicted channel gains to combat channel
aging. Channel aging is shown to significantly degrade the
performance in a line of sight (LOS) environment [25] for a
multi-user MIMO.

The authors of papers [26], [27], [28] obtain expression to
study the performance of CF-mMIMO systems under chan-
nel aging conditions. In [26], the downlink performance of
CF-mMIMO systems with zero-forcing precoding is consid-
ered and authors also consider the effect of phase noise in
the analysis. In [27], authors derive a lower bound for the
achievable rate in the presence of channel aging and show that
the CF-mMIMO systems perform better than small cells for
uplink under mobility scenarios. The authors of [28] derive a
deterministic equivalent for instantaneous SINR, using fixed
point iteration for the uplink of CF-mMIMO under channel
aging scenario.

B. CONTRIBUTIONS
Wepropose anAP-centric selective user forwarding approach
for the uplink in a CF-mMIMO system to reduce the fronthaul
signaling overhead. Here, each AP independently selects a
few users based on certain criteria and serves only those users.
In this case, as each AP sends/receives data to/from the users
it serves, fronthaul signaling will be significantly reduced.
As will be shown later on (Section VI), this might lead to
a negligible or small loss in SE performance as a user is now
served by a subset of APs and not all the APs.

The feature of the proposed approach that distinguishes
it from the user-centric approach is that the selective user
forwarding scheme is where theAP is selecting a set of bestM
UEs. This architecture provides a key advantage of carrying
out the deterministic design of the fronthaul traffic avoiding
worst-case designs. In user-centric networks, the fronthaul
capacity dimensioning is user-traffic dependent and must be
done for the worst-case traffic, because the number of UEs
served by a particular AP would be variable. To support that,
the fronthaul should be designed to accomodate the worst-
case traffic. Also, in the proposed scheme, the UE selection
is based on the long-term channel statistics which remain
constant for several coherence intervals, so the APs select
the users once in a few coherence time intervals. In the
user-centric approach [14], [15], the selection is based on
instantaneous channel gains and UEs selection is done once
in every coherence interval.
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Also, to study the performance of the proposed system
under channel aging, we derive tractable expressions which
depend only on the spatial covariance matrices for min-
imum mean squared error (MMSE) based combining in
the uplink. This allows us to analytically study the perfor-
mance of the system with channel aging even when the
number of APs and the number of UEs are very high for
which the time and computational effort involved in the
system-level Monte Carlo simulations is very high. The
main contributions of the paper can be summarized as
follows.

• We propose an AP-centric scheme to reduce the fron-
thaul overhead of CF-mMIMO. In the proposed scheme
only a fixed number of UEs are served by each AP. This
also enables the deterministic design of the fronthaul
traffic, in addition to significantly reducing the fronthaul
signaling.

• We study the performance degradation of the proposed
system for MMSE combining under channel aging and
compare it with the casewhenCPUhas perfect CSI. This
allows us to quantify the degradation in SE that results
from using a combining vector optimized for perfect CSI
(theMMSE combining vector) when only aged/outdated
CSI is available.

• Wederive novel tractable expressions to approximate SE
only in terms of the long-term statistics of the channel,
both for the cases of perfect CSI and outdated CSI is
available at the CPU. The derived expressions are devoid
of any iterative terms as in [28] and hence do not require
any convergence guarantees.

• The derived expressions are asymptotic and we show
that they are quite accurate in predicting the system
behavior even for system dimensions in the range of
what we have in practical scenarios.

C. ORGANIZATION & NOTATIONS
The remainder of the paper is organized as follows. Section II
describes the system model. The uplink CF-mMIMO pro-
cessing is described in section III and selective user for-
warding for CF-mMIMO is detailed in section IV. The
performance analysis for perfect and outdated CSI scenarios
is shown in section V. Section VI presents the simulation
results followed by conclusions in section VII.
We denote vectors and matrices by bold-faced lower case

and upper case letters, respectively. The n× n identity matrix
is represented by In. We use superscripts, (.)∗, (.)T and (.)H

to represent conjugate, transpose and conjugate transpose
respectively. We denote a diagonal matrix as, diag(x1, . . . xn),
with x1, . . . , xn as the diagonal elements. We denote the
absolute value, expectation, and trace operator as | · |, E(·),
and tr(·), respectively. Finally, x ∼ CN (0,R) denotes a
circularly symmetric complexGaussian random vector xwith
zero mean vector and covariance matrix R. The cardinality
of set S is denoted as |S|. The frequently used symbols are
cataloged in Table 1.

FIGURE 1. A CF-mMIMO system with K UEs coherently served by L APs in
the network. All the activities of APs are coordinated by a CPU, and APs to
the CPU are connected through fronthaul links. Each UE has 1 antenna
and each AP has N antennas.

II. SYSTEM MODEL
We consider the uplink of a CF-mMIMO system with
L APs, each equipped with N antennas that serve K single
antenna users as illustrated in Fig. 1. The APs to CPU are
connected through fronthaul links. In this work, our focus will
be on the uplink scenario as many services such as machine-
type communications, Internet of Things (IoT), etc., are
uplink-centric.

A. CHANNEL MODEL
We model the channel gain between k th UE and l th AP at
nth symbol time, hkl[n], as Rayleigh distributed, i.e., hkl[n] ∼

CN (0,Rkl). It is assumed to be independent across all APs
and UEs. The complex normal Gaussian distribution models
the small-scale fading and, Rkl , models the large-scale fading
characteristics of the channel such as path loss, shadowing,
antenna gains, and spatial correlation [29].

The (u, v)th element of Rkl is given by [29, Section 2.6],

[Rkl]u,v = βkle2πdH(u−v) sinϕe−
σ2ϕ
2 (2πdH(u−v) cosϕ)2 , (1)

where ϕ is the nominal angle of arrival of the rays to the
AP antennas, dH is the height of the AP from the ground
level. The standard deviation, (σϕ ≥ 0) is the angular
standard deviation and determines how large the devia-
tions from the nominal angle are. The eigen-structure of
Rkl determines the spatial channel correlation of the chan-
nel hkl , i.e., which spatial directions are likely to contain
strong signal components than other directions. Strong spatial
correlation is characterized by large eigen-value variations.
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TABLE 1. List of Symbols.

The large-scale fading coefficients between k th user and
l th AP, βkl , is modelled using the 3GPP Urban Microcell
model as [30, Table B.1.2.2],

βkl[dB] = −30.5 − 36.7 log10

(
dkl
1 m

)
+ Fkl, (2)

where dkl denotes the minimum distance between k th UE and
l th AP across all wrap-around cases (to provide a uniform
scattering environment), and Fkl ∼ N

(
0, 42

)
models the

log-normal shadow fading. The correlation between shadow
fading coefficients is modelled as [30, Table B.1.2.1],

E
{
FklFij

}
=

{
42 2−δki/9m l = j
0 l ̸= j

(3)

where δki is the distance between UE k and UE i.
Note that,

∑Nt
n=1

1
Nt

|hkl[n]|2
a.s

−−−−→
Nt→∞

E{∥hkl∥2}, from the

law of large numbers and hence we have βkl = tr(Rkl)/N .

B. CHANNEL AGING MODEL
Under the channel aging scenario, the channel gains hkl[n]
vary as a function of symbol index time, n, causing the
channel gains to be correlated across time. Hence, the channel
gains, hkl[n] varies as a function of n and is correlated with
the delayed channel gains hkl[n − d]. Here d denotes the
aging parameter, in terms of number of delayed symbols.
Since these are jointly distributed Gaussian random vectors,
their joint distribution is completely specified by Rkl and the
temporal correlation coefficient ρ. For Jake’s fading model,
ρ = J0(2π fddTs), where J0(·) is the modified Bessel function
of the first kind and order zero, fd is the maximum Doppler
shift, and Ts is the symbol duration. We consider the follow-
ing model in this paper,

hkl[n] = ρhkl[n− d] +

√
1 − |ρ|2wkl[n], (4)

where wkl[n] is the independent innovation component that
has the same distribution as of the channel vector hkl[n].

III. UPLINK CELL-FREE MASSIVE MIMO PROCESSING
The uplink processing of the CF-mMMO generally consists
of the training phase and the data transmission phase. In the
training phase, the UEs transmit uplink pilot symbols, from

FIGURE 2. Illustration of channel aging where there is a delay of d symbol
times for processing the data at the CPU transmitted at nth time instant.

which the CPU obtains the CSI. In this work, we assume that
CPU has access to perfect CSI without any estimation errors.
The training phase is followed by the data transmission phase,
where each UE sends uplink data symbols. The different
steps involved in the CF-mMIMOprocessing are summarized
in Table 2.

A. UPLINK RECEIVE COMBINING
In this step, the CPU computes the combining vector to
detect the data transmitted by each user. For the perfect CSI
scenario, the CPU computes the MMSE combining vector,
vperk [n], for the user, k , based on the channel gains at time
instant n, and is given by

vperk [n] = pk

[
K∑
i=1

pihi[n]hHi [n] + σ 2I

]−1

hk [n]. (5)

Here, hi[n] = [hTi1[n], . . . ,h
T
iL[n]]

T is the LN -length vector
of channel gains to all the APs from user i at time n and pk is
the uplink transmit power of the k th UE. Note that the MMSE
combining vectors at time n are computed based on channel
gains at symbol time n, and are optimal in the sense that they
maximize the SINRs of users [29].

In the channel aging case, the CPU uses the combining
vector vk [n] at symbol time n, computed from channel gains
hkl[n− d] at symbol time n− d , for signal combining at the
receiver. Here, delay d models the outdated nature of CSI at
CPU (due to the time difference between the time at which
the channel is measured and is used for processing), fronthaul
propagation delay (due to the finite capacity of fronthaul),
and CPU processing delays. A pictorial representation of
the channel aging scenario is shown in Fig. 2. The channel
gains at CPU are delayed by d symbol times. In that event,
the MMSE combining vector is calculated as a function of
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TABLE 2. Summary of the steps involved in the uplink processing of the data send by a kth user in CF-mMIMO and CF-mMIMO with SUF.

outdated CSI, hi[n− d], and for i = 1, . . . ,K . It is given by,

vk [n] = pk

[
K∑
i=1

pihi[n− d]hHi [n− d] + σ 2I

]−1

hk [n− d].

(6)

Note that, vperk [n] is a special case of vk [n] when d = 0.
Here, the CPU is unaware of the outdated nature of CSI and
computes as if they are perfect.

B. UPLINK DATA TRANSMISSION
The CPU uses the combining vector vk [n] to detect the sym-
bol sk sent by user k at time n from the received symbol
vector yk [n] = [yT1 [n], . . . , y

T
L [n]]

T , for k = 1, . . . ,K . Here,
yTl [n] is the symbol vector received by AP l at time n, and is
expressed as

yl[n] =

K∑
i=1

hil[n]si[n] + nl[n], (7)

where nl[n] is the additive white Gaussian noise (AWGN) at
the l th AP. An estimate ŝk [n] of the symbol sk [n] is computed
by the CPU as ŝk [n] = vHk [n]yk [n]. Hence, the average SE of
user k is given by [29]

SEk [n] = E log2(1 + SINRk [n]), (8)

where, SINRk [n] is the instantaneous signal-to-interference-
ratio of the k th user at the nth time instant, and is given by,

SINRk [n] =
pk |vHk [n]hk [n]|

2∑K
i=1,i̸=k pi|v

H
k [n]hi[n]|

2 + σ 2∥vk [n]∥2
. (9)

Note that the delayed nature of the channel is embodied in the
combining vector used in the uplink.

FIGURE 3. Illustration of selective user forwarding (SUF), where each AP
forwards the data of 2 (M = 2) UEs to CPU.

IV. SELECTIVE USER FORWARDING (SUF) IN UPLINK OF
CELL-FREE MASSIVE MIMO
In this section, we propose selective user forwarding to reduce
the fronthaul signaling in a conventional CF-mMIMO sys-
tem. In selective user forwarding, each AP serves only a
subset of M ≤ K users and the selection of UEs is based
on βkl values. The algorithm to select the UEs is given in
Algorithm 1. Here, the combining vector coefficients for a
user are shared only with the APs that serve the user. Also,
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only the serving APs forward the local symbol estimates of a
user to the CPU. This helps to reduce the fronthaul signaling.
The idea of selective user forwarding is illustrated in Fig. 3.

Algorithm 1 Algorithm for Selecting the Best-M Set in SUF
M ≥ 0; & M ≤ K
for l = 1 : L

1) Each AP estimates Rkl by time averaging the received
signal over Nt coherence intervals, distributed over
time and frequency, as,

R̂
sample
kl =

1
Nt

Nt∑
n=1

hkl[n](hkl[n])H.

As the number of observations, Nt becomes large, the
elements of R̂

sample
kl converges to true value of Rkl .

2) Find large-scale fading coefficients βkl .

β̂kl =
1
N

tr(R̂
sample
kl )

3) Sort β̂kl for k ∈ {1 . . .K }, in descending order.
4) Select the set of M users corresponding to the first M

values.
end

For this process, the fronthaul signaling involved can be
calculated as follows, each AP sends the estimated channel
gains of all the users and the indices of best-M users to the
CPU. The CPU returns with the combining vectors of M
users. This happens only once in every coherence interval and
involves sending KLN +MLN +ML complex symbols over
the fronthaul. Further, the APs compute the local estimates
of the information symbols during uplink data transmission,
which are forwarded to the CPU. This involves sending
ML complex symbols over the fronthaul every symbol time.
For CF-mMIMO, the corresponding signaling isKLN+KLN
complex symbols every coherence interval and KL complex
symbols every symbol time. Thus, the fronthaul signaling is
significantly lower when M is small. However, for small M ,
SE reduces as a user symbol is processed only by a smaller
subset of APs.

The SINR of user k at time n, for CF-mMIMO with
selective user forwarding andMMSE combining, denoted by,
SINRsf

k [n], is calculated as follows. Let Lk denote the set of
APs that serve user k , and Tk denotes the cardinality of the
set Lk . Then, ŝk =

∑
l∈Lk

(
vsfkl[n]

)H
yl[n], where v

sf
kl[n] is the

vector of combining coefficients for user k and AP l. With
MMSE combining, the combining vector of user k vsfk [n] =

[vkl[n], l ∈ Lk ]T , is given by

vsfk [n] = pk

[
K∑
i=1

pihi,Lk [n− d]hHi,Lk [n− d] + σ 2I

]−1

× hk,Lk [n− d], (10)

where, hi,Lk is the vector of NTk channel gains from the ith

user to the set of APs inLk . Similar to (8) and (9), the average
SE and the instantaneous SINR of user k are obtained as
follows:

SEsf
k [n] = E log2(1 + SINRsf

k [n]) (11)

and

SINRsf
k [n] =

pk |vsfk [n]
Hhk,Lk [n]|

2∑K
i=1;i̸=k pi|v

sf
k [n]

Hhi,Lk [n]|2 + σ 2∥vsfk [n]∥
2
.

(12)

Note that (12) reduces to (9) whenM = K . The algorithm to
select the best-M users is given below in Algorithm 1.

V. ANALYTICAL EXPRESSIONS FOR SE IN TERMS OF
SPATIAL COVARIANCE MATRICES
In this section, we present a novel and tractable approxima-
tion of the expressions for the uplink SE of users. We derive
deterministic equivalents of SINR, which are asymptotically
tight. The large system limit is considered, i.e., K and L go
to infinity while keeping K/L finite. The proposed analyt-
ical expressions are ‘deterministic’ as they depend only on
the spatial covariance matrices and not on the small-scale
fading coefficients. We first provide some background
from random matrix theory before proceeding with the
analysis.
Theorem 1 [31, Theorem 3.7]: Let A ∈ CN×N and

x, y ∼ CN (0, 1
N IN ). Assume that A has uniformly bounded

spectral norm (with respect to N), and x and y are mutually
independent and independent of A. Then, we have

xHAx−
1
N
tr(A)

a.s
−−−−→
N→∞

0, xHAy
a.s

−−−−→
N→∞

0. (13)

As shown in Appendix A, we use Theorem 1 to derive
a diagonal matrix approximation for HH [n]H[n], where
H[n] =

[√
p1h1[n], . . . ,

√
pKhK [n]

]
, as follows. The

(k, k ′)th element
[
HH [n]H[n]

]
k,k ′ ofHH [n]H[n], for k, k ′

=

1, . . . ,LN , is approximated as,[
HH [n]H[n]

]
k,k ′

≈

{
pk tr(Rk ), for k = k ′,

0, for k ̸= k ′,
(14)

where Rk is a block-diagonal matrix with matrices
Rk1, . . . ,RkL along the diagonals. This approximation
allows us to derive compact and computationally simpler
expressions for average SE unlike the earlier deterministic
equivalent results reported in [28] and [32]. We note that
similar diagonal matrix approximations have been considered
in [11] and [33], and is justified by the fact the channel gain
vectors of the users become orthogonal as the number of
APs increases to infinity. As can be seen, the off-diagonal
coefficients compared to the diagonal coefficients become
smaller as L increases. We now present the analytical SE
expressions for the cases of perfect CSI (d = 0) and outdated
CSI (d > 0) at the CPU.
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A. PERFECT CSI AT CPU (WITHOUT CHANNEL AGING)
For the scenario wherein the CPU has the perfect knowledge
of channel conditions, we have the following result for the
selective user forwarding scenario. The SE of CF-mMIMO is
a generalization of the same.
Result 1: The average SE of user k is approximated as

SEk ≈ log2(1 + SINRk ), where SINRk is given by

SINRk =
pk tr(RkLk )

σ 2 −
pk
σ 2

K∑
i=1,i̸=k

pitr(RkLkRiLk )
σ 2 + pitr(RiLk )

, (15)

where RkLk is the spatial covariance matrix of the k
th user to

Lk APs. If we consider Lk to be set of all APs, L, we get the
expressions for CF-mMIMO.

Proof: The proof is given in Appendix B.
The SINRk expression can be easily evaluated given the

spatial covariance matrices, transmit powers, and noise vari-
ance. The interference experienced by user k from user i is
determined by the product matrix RkLkRiLk .

B. OUTDATED CSI AT CPU (WITH CHANNEL AGING)
The SINR expressions with outdated CSI at the CPU are
given as follows.
Result 2: The average SE of user k is approximated as

SEk ≈ log2(1 + SINRk ), where SINRk is given by SINRk =

Sk/ (Ik + Nk), where the signal power Sk , interference power
Ik , and noise power Nk are given by expressions (16), (17),
and (18), as shown at the bottom of the next page.

In the expressions, the constants ϑk and ζk are given by,
ϑk=

pk
σ 2+pkRkLk

, and ζk =
pkσ 2

σ 2+pk tr
(
RkLk

)
−pk

∑K
i=1;i̸=k

pitrRkLk RiLk
σ2+pitr

(
RiLk

) ,
where k denotes the user index.

Proof: The proof is given in Appendix C.
Note that the analytic expressions for CF-mMIMO can

be obtained from the expressions of selective user for-
warding by considering LN × LN spatial covariance
matrix of all the K users instead of best-M users in the
analysis.

VI. NUMERICAL RESULTS AND ANALYSIS
In this section, we first describe the simulation setup and then
provide the simulation results and insights into the results for
different system parameters and configurations.

A. SIMULATION SETUP
We consider a 1 km × 1 km network area with uniformly
distributed APs in it. Each AP is assumed to be at a height
of 10 m above the ground. We consider 3GPP Urban
Micro-cell model [30, Table B 1.2.1] with 2GHz carrier
frequency. The large-scale fading coefficients between k th

UE and l th AP is generated using equation (2). We assume
that all the users transmit with equal power pk = 100 mW
over the bandwidth of 20 MHz, and the noise power
is σ 2

= −96 dBm.

B. SIMULATION RESULTS AND DISCUSSIONS
We first discuss the fronthaul signaling computations for
the proposed scheme and compare its performance with a
user-centric scheme DCC [3]. In DCC, the criterion for
UE-AP clustering is the number of orthogonal pilot carriers.
We then study the SE analysis of the proposed scheme for
different system configurations.

1) FRONTHAUL SIGNALING COMPUTATIONS
In the selective user forwarding scheme, the total fronthaul
signaling will be KLN + ML + MLN complex symbols
for channel estimation and combining vector computation in
each coherence interval and ML complex symbols in each
symbol time. When K = M , the original CF-mMIMO
signaling is obtained. Substituting the value of M , L, and N ,
we see that, the selective forwarding scheme gives a fronthaul
savings of 77.5%, 62.5% and 50% for M = 9, M = 15 and
M = 20 respectively. In the DCC scheme, each AP can serve
at most |τp| users. Hence the total fronthaul signaling would
be |τp|LN + |τp|LN . Here |τp| is the number of orthogonal
pilot carriers. In one coherence interval and |τp|L complex
symbols in each symbol time.
Experiment 1: In this experiment we compare the perfor-

mance of selective user forwarding with the DCC scheme for
different values of M as, M = 9, and M = 15 for a |τp|

value of 10. Other system parameters are L = 100, N = 4,
K = 40 and ρ = 0.8.

The performance comparison of the DCC scheme with
the selective forwarding scheme is given in Fig. 4, both for
perfect and outdated CSI. For the case of perfect CSI, in the
90% likely SE regions, the relative drop in SE compared
to the conventional CF-mMIMO is 5.2% for selective user
forwarding (withM = 9) and 13.37% for DCC scheme (with
|τp| = 10). For the scenario, where the combining is based on
delayed CSI, the performance is almost similar for both of the
schemes. Also, as theM value increases, the SE performance
of CF-mMIMO with selective user forwarding gets close to
the conventional CF-mMIMO case. We see that, forM = 15,
the performance is almost similar to the CF-mMIMO with
more than 60% savings in fronthaul signaling. Also, when
M = 9 and τp = 10, selective user forwarding yields
better performance than DCC scheme for the case of
perfect CSI.
Experiment 2: In this experiment we study the variation

of SE with the number of antennas, N , at each AP. We study
two cases when N = 1 and N = 16. This experiment also
tries to analyze the effect of imperfect βkl values on SE, which
can happen due to the mobility of the UEs, for selective user
forwarding. We consider the case for M = 9, L = 100,
K = 40, ρ = 0.8.

As evident from Fig. 5, the performance improves signifi-
cantly with the number of antennas both for perfect CSI and
imperfect CSI. This trend holds true for both conventional
CF-mMIMO and CF-mMIMO with selective user forward-
ing. For instance, in the 90% likely SE regions, there is a
41.47% relative increase in the SE for perfect CSI. In the
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FIGURE 4. SE performance comparison with outdated combining vector for selective user forwarding (SUF) and DCC, and for (a) M = 9 (b) M = 15.

case of outdated CSI, there is a performance improvement
of 60.06%. A similar trend is also observed for selective user
forwarding case. This is because, as the value of N increases,
the number of antennas available for coherent combining in
the uplink also increases leading to better performance in the
presence or absence of perfect CSI.

The same figure also shows the effect of imperfect βkl
values due to mobility in the SE performance. We con-
sider the case when each βkl value is affected by a
1βkl value of relative variance 20% of the original βkl
value. Even then, from the figure, it is evident that the
performance of the system is not significantly impacted.

Sk = pkζ 2
k

[
|ρ|

2 tr2(RkLk ) + (1 − |ρ|
2) tr(R2

kLk ) −

∑
m̸=k

ϑm

[
|ρ|

2 tr(RkLk ) tr(RkLkRmLk ) + (1 − |ρ|
2) tr(R2

kLkRmLk )
]

−

∑
r ̸=k

ϑr

[
|ρ|

2 tr(RkLkRrLk ) tr(RkLk ) + (1 − |ρ|
2) tr(R2

kLkRrLk )
]

+

∑
m̸=k

∑
r ̸=k

ϑrϑm
[
|ρ|

2 tr(RkLkRrLk ) tr(RkLkRmLk )

+ (1 − |ρ|
2) tr(R2

kLkRmLkRrLk )1{r ̸=m}] +

∑
r ̸=k

ϑ2
r tr

2(RrLkRkLk )1{r=m}

]
. (16)

Ik = ζ 2
k

∑
i̸=k

pi(tr(RkLkRiLk ) − ϑm

[
|ρ|

2 tr(RkLkRiLk ) tr(RiLk ) + (1 − |ρ|
2) tr(R2

iLkRkLk )
]
1{i=m}

−

∑
m̸=k

ϑm tr(RkLkRiLkRmLk )1{i̸=m} − ϑr

[
|ρ|

2 tr(RrLk ) tr(RrLkRkLk ) + (1 − |ρ|
2) tr(RkLkR

2
rLk )

]
1{r=i}

−

∑
r ̸=k

tr(RkLkRrLkRiLk )1{r ̸=i} +

∑
i̸=k

ϑ2
i
[
|ρ|

2 tr(RkLkRiLk ) tr
2(R0.5

iLk ) + (1 − |ρ|
2) tr(RkLkRiLk ) tr(R

2
iLk )]1{i=r=m}

+

∑
m̸=k

ϑ2
m tr(RmLkRiLk ) tr(RmLkRkLk )1{m=r ̸=i} +

∑
m̸=k

ϑmϑi
[
|ρ|

2 tr(RiLk ) tr(RiLkRmLkRkLk )

+ (1 − |ρ|
2) tr(R2

iLkRmLkRkLk )]1{m̸=r=i}

+

∑
r ̸=k

ϑrϑi

[
|ρ|

2 tr(RiLk ) tr(RiLkRkLkRrLk ) + (1 − |ρ|
2) tr(R2

iLkRkLkRrLk )
]
1{m=i̸=r}

+

∑
m̸=k

∑
r ̸=k

ϑrϑm tr(RkLkRrLkRiLkRmLk )1{i̸=r ̸=m}). (17)

Nk = tr(RkLk ) −

∑
m̸=k

ϑm tr(RkLkRmLk ) −

∑
r ̸=k

ϑr tr(RkLkRrLk ) +

∑
m̸=k

ϑ2
m tr(RmLkRkLk ) tr(RmLk )1{m=r}

+

∑
r ̸=k

∑
m̸=k

ϑrϑm tr(RkLkRrLkRmLk )1{m̸=r}, (18)
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FIGURE 5. SE performance comparison with different number of antennas at each AP, N , and imperfect βkl values.

FIGURE 6. SE performance comparison with perfect and outdated combining for (a) ρ = 0.8 (b) ρ = 0.7 for MMSE and MR combining.

This in-turn shows that, for selective user forwarding, the
relative magnitude of large-scale fading coefficients is rel-
evant and not their absolute value. This is because the AP
selectsM users with the largest large-scale fading coefficient
values.
Experiment 3: In this experiment, we try to compare the

performance of two combining schemes for uplink. We con-
sider maximum ratio (MR) combining and compare it with
MMSE combining for ρ = 0.8 and ρ = 0.7. We consider
L = 100, N = 4, K = 40 and M = 9.
In the uplink of CF-mMIMO, we evaluate the performance

of MMSE combining and compare it with MR combining
in the presence of both perfect and outdated CSI. Note that
MR combining is employed to maximize the signal-to-noise
ratio (SNR). For MR combining, the combining vector for
the k th UE is vk [n] = hk [n], when perfect CSI is available at
the CPU, and vk [n] = hk [n − d], when only delayed CSI is
available.

Fig. 6 illustrates the performance comparison of MR and
MMSE combining schemes. It is observed that MR combin-
ing performs poorly even under perfect CSI scenarios. For
instance, when ρ = 0.8, in the 90% likely SE regions, the
SE is 1.42 bits/s/Hz which decreases to 0.898 bits/s/Hz due
to channel aging. As the ρ value decreases, the performance
becomes worse with delayed CSI. On the other hand, under
perfect CSI, the 90% likely SE of MMSE combining vector
is around 9 bits/s/Hz. Hence MMSE combining clearly out-
performs MR combining and is used in our analysis.
Experiment 4: In this experiment, we study the accuracy

of the derived analytical expressions for different number
of antennas and for different temporal coefficient values, ρ.
We consider, N = 4, K = 40 and M = 9.
Fig. 7, shows the performance of CF-mMIMO with selec-

tive user forwarding for both perfect and outdated CSI using
only the analytical expressions. From the figure, it is evident
that for selective user forwarding, the performance curves,
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FIGURE 7. SE performance comparison for perfect and outdated combining using analytical expressions for different number of APs (L). For SUF
scheme, M = 9 is assumed.

FIGURE 8. SE performance comparison of CF-mMIMO with selective user
forwarding(with M=9) under perfect CSI and for different number of APs, L.

become very close to the conventional CF-mMIMO, as the
system dimension is increased. Also, the loss in system
performance due to outdated CSI can be quantified using
analytic curves.

In Fig. 8, CDF of the SE for a random user in CF-mMIMO
with and without the selective user forwarding for the perfect
CSI scenario is plotted for L = 100, L = 256, and L = 400.
It also depicts the tightness of the analytical expressions.
We see that when the number of APs increases, the perfor-
mance of the CF-mMIMO system is improving significantly.
This is due to the increase in macro-diversity as a result of
the increase in the number of distributed APs, which in turn
yields SE performance gains. The same trend is observed
in selective user forwarding scenarios. Also, for the 90%
likely regions, the relative drop in SE when only selected

users data are forwarded decreases as the number of APs in
the network increases. For example, in the 90% likely SE
regions, when L = 100, the drop in SE is 5.2%, whereas
it reduces significantly to 1.2% and 0.5% for L = 256 and
L = 400 respectively.
Also, from Fig. 8, we can see that the derived ana-

lytical expressions have an excellent match in the perfect
CSI case. For example, in the 90% likely SE scenarios,
the relative difference is only 0.9% for L = 100 and is
very negligible for L = 256 and L = 400. We note
that the analytical approximation for the conventional
CF-mMIMO is much tighter than the selective user forward-
ing case since the accuracy of the diagonal approximation
improves as the system dimension increases. Also, recall
that these expressions solely rely on the spatial covari-
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FIGURE 9. SE performance with outdated combining vector for different correlation coefficient (ρ) values.

ance matrices, thereby enabling the quantification of system
performance without requiring knowledge of instantaneous
channel gains.

Fig. 9 depicts the comparison of SE for different values of
ρ, for CF-mMIMO with and without selective user forward-
ing. Several observations can be found from the results. First,
there is a significant degradation in SE when the combining
vector is computed using the delayed CSI. For example, for
a correlation coefficient ρ = 0.8, in the 90% likely SE
regions, there is a drop of 76.9% in the CF-mMIMO case.
This shows that having outdated CSI severely impacts the
system performance. Also, it can be seen that as the ρ value
increases, the curves for outdated combining move towards
the right. For example, in the 90% likely regions, the SE drop
is 83.13%, and 77.12% for a correlation coefficient of 0.7,
and 0.8, respectively, for the conventional CF-mMIMO case.
Second, we can observe that the analytical expressions are
quite accurate in predicting the behavior of the system for
both perfect and delayed CSI scenarios. Hence, as can be
seen, the proposed analytical expressions act as an effective
and accurate tool to characterize the performance of the
CF-mMIMO systems of large sizes.

Third, for the system with selective user forwarding, the
performance with outdated combining vector is almost sim-
ilar to that of the general CF-mMIMO case. There is a
significant drop in performance as the channel becomes out-
dated. For example, in the 90% likely SE regions, the relative
drop in SE is 83.13%, and 77.2% for ρ values of 0.7, and
0.8 respectively.

VII. CONCLUSION
In this paper, we proposed a selective user forwarding scheme
and studied its performance under channel aging. In the pro-
posed scheme, the data of only a subset of UEs are forwarded
to the CPU in the uplink. This approach enabled the determin-
istic design of the fronthaul as the number of UEs served by

each AP is fixed. Also, we have shown that the selective user
forwarding approach yields significant savings in fronthaul
signaling with negligible loss in SE compared to the conven-
tional CF-MIMO scheme. The performance of the selective
user forwarding scheme has been evaluated in different sce-
narios (e.g., with perfect and outdated CSI scenarios) and for
various system parameters, such as correlation coefficients,
system dimensions, etc.Moreover, it is shown that the derived
analytical expressions are accurate, and therefore due to their
simplicity of use, they can be employed as an effective and
easy-to-use design tool for the performance characterization
of future CF-mMIMO systems that may have arbitrar-
ily high dimensions. Analyzing the SE using Monte-Carlo
expressions for such systems would be computationally
complex.

Future efforts will involve extending this design frame-
work for CF-mMIMO downlink and formulating practical
optimization problems for finding the optimal set of APs to
which a particular UE gets associated to. Optimizing the set of
UEs associated with an AP subject to the maximum number
of UEs can also be an avenue for future research

APPENDIX A
DIAGONAL MATRIX APPROXIMATION
The (k, k)th element of HH [n]H[n] is pkhHk [n]hk [n], for
k = 1, . . . ,LN . Since hk [n] ∼ R1/2

k xk [n], where xk [n] ∼

CN (0, I), we have hHk [n]hk [n] = xHk [n]Rkxk [n]. Further,
using Theorem 1, we get hHk [n]hk [n] ≈ tr(Rk ).

Now, we consider the (k, k ′)th element of HH [n]H[n]
for k ̸= k ′. It is given by

√
pkpk ′hHk [n]hk ′ [n]. As before,

hHk [n]hk ′ [n] = xHk [n]R
1/2
k R1/2

k ′ xk ′ [n]. Since hk [n] and
hk ′ [n] are mutually independent, using Theorem 1, we get
hHk [n]hk ′ [n] ≈ 0.
Using the above approximations for hHk [n]hk [n] and

hHk [n]hk ′ [n], we get (14). The (k, k) element of HH[n]H[n]
converges to tr (Rk) and (k, k ′) element to zero.
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APPENDIX B
SINR EXPRESSIONS FOR PERFECT CSI SCENARIO
Here, we derive SINR for the general CF-mMIMO systems
in the perfect CSI scenario. The instantaneous SINR with
perfect CSI can be simplified as,

SINRk [n] = pkhHk [n]
(
H\k [n]HH

\k [n] + σ 2ILN
)−1

hk [n],

(19)

where,H\k [n] is a (K −1)× (K −1) dimension matrix of the
channel gains of all the users excluding the k th user. Applying
the Woodbury Inversion lemma [34, 2.1.3] in equation (19),
we have,

SINRk [n] = pkhHk [n]hk [n]

−pkhHk [n]H/k [n]
(
IK−1 +HH

/k [n]H/k [n]
)−1

×HH
\k [n]hk [n]. (20)

For k = k ′, we have

hHk [n]hk [n]
In

−−−−−−→
Distribution

xH[n]Rkxk [n], xk [n] ∼ CN (0, ILN )

Theorem 1
−→ tr (Rk) . (21)

For k ̸= k ′, note that we can write[
hk [n]
hk ′ [n]

]
=

[
Rk 0
0 Rk ′

]0.5 [xk [n]
yk [n]

]
,

xk [n], yk [n] ∼ CN (0, ILN ) .

we have,

hHk [n]hk ′ [n]
Theorem1
−−−−−→ 0. (22)

Based on (21) and (22), we have,(
IK−1 +HH

/k [n]H/k [n]
)−1

≈ diag
{

1
1 + pk ′ trRk ′

}
k ′ ̸=k

.

(23)

Substituting in (20), we get

SINRk [n] = pkhk [n]hHk [n] − pk
∑
k ̸=k ′

pk ′ |hHk [n]hk ′ [n]|2

1 + pk ′ tr (Rk ′)

(24)

Considering the numerator,∣∣∣hHk [n]hk ′ [n]
∣∣∣2

= hHk [n]hk ′ [n]hHk ′ [n]hk [n]
In

−−−−−−→
Distribution

xHk [n]R
0.5
k R0.5

k ′ xk ′ [n]xHk ′ [n]R0.5
k ′ R0.5

k xk [n]

Theorem1
−−−−−→ tr

(
RkR0.5

k ′ xk ′ [n]xHk ′ [n]R0.5
k ′

)
In

−−−−−−→
Distribution

xHk ′ [n]R0.5
k ′ rRkR0.5

k ′ xk ′ [n]

Theorem1
−−−−−→ tr (RkRk ′) . (25)

Substituting in (20), we get the desired expression for the
numerator.

APPENDIX C
APPROXIMATION FOR THE OUTDATED COMBINING
The outdated combining vector is computed from the delayed
channel gains and can be given as

vk [n] = pk

(
H\k [n− d]HH

\k [n− d]

+ pkhk [n− d]hHk [n− d]σ 2ILN

)−1

hk [n− d]

(26)

Using the matrix inversion lemma [35, Lemma 1], we
get

vk [n] =
pk�−1[n− d]hk [n− d]

1 + pk (hk [n− d])H �−1[n− d]hk [n− d]
,

where �[n − d] = H\k [n − d]HH
\k [n − d] + σ 2ILN , then

�−1[n− d],

�−1[n− d] =
ILN
σ 2 −

H\k [n− d]
σ 2

×

(
HH

\k [n− d]H\k [n− 1]

σ 2 + Ik−1

)−1

×
H\k [n− d]

σ 2 .

Using diagonal approximation for HH
\k [n− d]H\k [n− d] =

diag(tr (R)i)i=1,...K ;i̸=k , we will get

�−1[n− d] = ILN −

K∑
i=1;i̸=k

pihi[n− d]hHi [n− d]

σ 2
(
1 +

pi tr(R)i
σ 2

)
,

and substituting in the expression for vk and simplifying the
denominator, we get,

vk [n]=pk/

1+
pk tr (Rk)

σ 2 −pk
K∑

i=1;i̸=k

pi tr (Rk)Ri
σ 2
(
σ 2+ pi tr (Ri)

)


× �−1[n− d]hk [n− d].

i.e.,

vk [n] = ζ�−1[n− d]hk [n− d]. (27)

Now, instantaneous SINR of the k th user when using the
outdated combining vector can be expressed as,

SINRk [n]

=
pkvHk [n]hk [n]h

H
k [n]vk [n]∑K

i=1;i̸=k piv
H
k [n]hi[n]h

H
i [n]vk [n] + σ 2vHk [n]vk [n]

Substituting the value of (27) in the numerator of SINR
expression, we get the numerator of SINR expression as
pk |ζ |

2hHk [n−d]�−1[n−d]hk [n]hHk [n]�
−1[n−d]hk [n−d].

Substituting the value of �−1 and simplifying we get the
numerator of SINRk [n], SINR

Nr
k [n] as,

SINR
Nr
k [n] = hHk [n− d]hk [n]hHk [n]�

−1hk [n− d]
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−

∑
r ̸=k

ϑrhHk [n− d]hr [n− d]

× hHr [n− d]hk [n]hHk [n]�
−1hk [n− d]. (28)

where ϑr = pr/
(
σ 2

+ pr tr (Rr )
)
. Substituting the expres-

sion for �−1[n− d], we get,

SINR
Nr
k [n]

= hHk [n− d]hk [n]hHk [n]hk [n− d]

−

∑
m̸=k

ϑmhHk [n− d]hk [n]hHk [n]

× hm[n− d]hHm[n− d]hk [n− d]

−

∑
l ̸=k

ϑrhHk [n− d]hr [n− d]hHr [n− d]

× hk [n]hHk [n]hk [n− d]

+

∑
r ̸=k

∑
m̸=k

ϑrϑmhHk [n− d]hr [n−d]hHr [n− d]hk [n]hHk [n]

× hm[n− d]hHm[n− d]hk [n− d]. (29)

Using the lemmas 4 and 5 in [36] and using the temporal
correlations across consecutive channel realizations, we can
simplify as follows,

hHk [n− d]hk [n]hHk [n]hk [n− d]

= |ρ|
2xHk [n− d]Rkxk [n− d]

+

(
1 − |ρ|

2
)
xHk [n− d]Rkwk [n]wH

k [n]Rkxk [n− d]

= |ρ|
2 tr2 (Rk) +

(
1 − |ρ|

2
)
tr
(
R2k
)

hHk [n− d]hk [n]hHk [n]hm[n− d]hHm[n− d]hk [n− d]

= |ρ|
2xHk [n− d]Rkxk [n− d]xHk [n− d]RmRkxk [n− d]

+

(
1 − |ρ|

2
)
xHk [n− d]Rkwk [n]wH

k [n]RmRkxk [n− d]

= |ρ|
2 tr (Rk) tr (RkRm) + (1 − |ρ|

2) tr (RkRmRk)

Similarly,

hHk [n− d]hr [n− d]hHr [n− d]hk [n]hHk [n]hk [n− d]

= |ρ|
2 tr (RkRr ) tr (Rk) + (1 − |ρ|

2) tr
(
R2
kRr

)
Also,

∑
r ̸=k

∑
m̸=k ϑrϑmhHk [n − d]hr [n − d]hHr [n −

d]hk [n]hHk [n] × hm[n − d]hHm[n − d]hk [n − d] can be split
into two cases as r ̸= m and r = m. When r ̸= m,

hHk [n−d]hr [n−d]h
H
r [n−d]hk [n]h

H
k [n]hm[n− d]hHm[n− d]

× hk [n− d]

= |ρ|
2 tr (RkRr ) tr (RkRm) + (1 − |ρ|

2 tr (RkRmRr )).

and when r = m,

hHk [n− d]hr [n− d]hHr [n− d]hk [n]hk
×

H [n]hr [n− d]hHr [n− d]hk [n− d]

= |ρ|
2 tr2(R0.5

k R0.5
r ) tr(R0.5

r R0.5
k ) + (1 − |ρ|

2) tr2(R0.5
k R0.5

r ).

Substituting the expressions, we get the numerator term of
SINR. Similarly, we can prove the interference term and noise
terms. Because of the space constraints, we are omitting the
derivation of the same here.
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