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Abstract—We investigate the physical layer (PHY) spectral effi-
ciency and fronthaul network load of a scalable user-centric cell-
free massive MIMO system. Each user-centric cluster processor
responsible for cluster-level signal processing is located at one of
multiple decentralized units (DUs). Thus, the radio units in the
cluster must exchange data with the corresponding DU over the
fronthaul. Because the fronthaul links have limited capacity, this
data must be quantized before it is sent over the fronthaul. We
consider a routed fronthaul network, where the cluster processor
placement and fronthaul traffic routing are jointly optimized with
a mixed-integer linear program. For different numbers of users
in the network, we investigate the effect of fronthaul quantization
rates, a system parameter computed based on rate-distortion
theory. Our results show that with optimized quantization rates,
the fronthaul load is quite stable for a wide range of user loads
without significant PHY performance loss. This demonstrates that
the cell-free massive MIMO PHY and fronthaul network are
resilient to varying user densities.

Index Terms—Cell-free massive MIMO, fronthaul, quantiza-
tion, O-RAN.

I. INTRODUCTION

Cell-free massive MIMO is one of the promising tech-
nologies to meet the demands of future 6G wireless com-
munications. As each user equipment (UE) is served by the
joint processing of spatially distributed infrastructure antennas,
i.e., a user-centric cluster of radio units (RUs), the effects of
pathloss and blocking are mitigated, while the macrodiversity
is increased and cell boundaries are removed. If the system is
well designed and each UE can be served by every RU with
a significant channel gain, this design results in a system with
highly reduced interference compared to cellular networks.

While the physical layer (PHY) has been investigated in
countless works, the fronthaul has only recently been consid-
ered in few works (see [1] and references therein). A scalable
fronthaul network is considered in [2], [3], where each user-
centric cluster processor is located at one of N decentralized
units (DUs).1 In [2], [3], the maximum fronthaul link load
is minimized by routing the fronthaul traffic and placing the
cluster processors at one of the N DUs. The traffic routing is
done via dedicated routers placed in the fronthaul network [2]
or routers collocated at DUs, utilizing inter-DU links [3]. In
these works, a constant user load is considered.

1We use the scalability definition of [4], where a system is considered
scalable if the communication and computation complexity at each network
component remains finite if the network area grows infinitely with constant
density of UEs, RUs and DUs.

In a practical network however, the number of UEs in the
network can vary drastically, e.g., on a university campus or
at a sports venue. By scheduling K active UEs out of the
total number Ktot of UEs in the network on time-frequency
resources, the long-term average throughput rate and idle time
of each UE can be optimized. Depending on the user demands,
it may be more beneficial to serve many users simultaneously
at lower data rates than to serve fewer users at high data rates
but with longer idle times. In this case, even with optimized
fronthaul routing and cluster placement, increased fronthaul
link load is expected due to the larger number of simulta-
neously active UEs. However, another possible optimization
variable to optimize the fronthaul load is the distortion level
D with regard to the quantization accuracy.

Fronthaul network planners are generally interested in two
metrics: the expected average fronthaul load and the worst-
case fronthaul load at peak data traffic events (i.e., very high
user load). The average load is important because designing
and deploying networks only around peak traffic is costly
and will leave vast amounts of unused capacity most of the
time [5]. However, it is also crucial to understand what peak
traffic events look like due to an increase of demanded user
data rates or simultaneously active users in the network. Then,
even PHY data rates for the most basic functions such as text
messages or calls are hard to achieve, e.g., during sports games
or emergencies [6]. Understanding peak traffic events allows
operators to design the fronthaul and RAN to be resilient so
that they do not collapse under such conditions.

For these reasons, it is important to understand how a
relatively small number of users with high data rates will affect
the fronthaul network compared to many users with lower data
rates. Especially for user-centric cell-free massive MIMO with
a routed fronthaul and distributed DUs and RUs, this is a
complex and not well-studied problem.

A. Contributions

This paper contributes a first study of how the number of
simultaneously active UEs K affects the fronthaul load. This is
relevant as it will enable network planners to make RANs more
resilient during peak data traffic events. We identify the user
load, for which the RAN operates at full PHY performance,
and optimize the fronthaul quantization distortion level D. Our
results show that the fronthaul load for high user loads is
virtually the same as in a lightly loaded system. Further, the
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Fig. 1: An example of user-centric clusters, UE-RU association and
the data exchange over the fronthaul for user k and its cluster Ck.

PHY spectral efficiency (SE) is degraded only very slightly for
optimized D with regard to the fronthaul compared to smaller
distortion levels.

II. SYSTEM MODEL

We consider a cell-free massive MIMO RAN and a fronthaul
network with a set of Q routers Q = {1, . . . , Q} and N DUs
N = {1, . . . , N}, respectively. The RAN consists of K single-
antenna UEs K = {1, . . . ,K} and L RUs L = {1, . . . , L},
where each RU is equipped with M antennas. The UE-RU
associations in the RAN are described by a bipartite graph
Gran(K,L, Eran) with two classes of nodes (UEs and RUs).
The user-centric RU cluster serving user k ∈ K is denoted by
Ck ⊆ L. The set of UEs served by RU ℓ ∈ L is denoted by
Uℓ ⊆ K. The set of edges of Eran is such that (ℓ, k) ∈ Eran
iff ℓ ∈ Ck (or, equivalently, iff k ∈ Uℓ). The fronthaul
network connects each RU with a subset of the routers, which
are partially connected to the other routers and DUs. It is
described as a graph Gfront(L,Q,N , Efront), where the edges
Efront represent the connections between RUs, routers and
DUs. The overall network topology is described by the union
of Gran(K,L, Eran) and Gfront(L,Q,N , Efront) obtained by
merging the common nodes L (see Fig. 1).

The matrix H ∈ CLM×K describes the channels between
the K UEs and LM RU antennas. It consists of the vectors
hℓ,k ∈ CM×1 representing the channel between UE k and
RU ℓ. Each channel is a correlated complex circularly sym-
metric Gaussian vector with mean zero and covariance matrix
Σℓ,k = E[hℓ,kh

H
ℓ,k], where we use the well-known notation

hℓ,k ∼ CN (0,Σℓ,k). The large-scale fading coefficient (LSFC)
corresponding to hℓ,k is defined as βℓ,k

△
= 1

M tr(Σℓ,k). It
describes the average signal attenuation between RU ℓ and
user k due to distance and other macroscopic effects. The
channel coefficients remain constant over blocks of T signal
dimensions (time-frequency channel uses), referred to as “re-
source blocks” (RBs). This is a standard model in the (cell-
free) massive MIMO literature (see [4], [7]). For simplicity, we
focus on a generic resource block and we omit the resource
block index in this paper.

A. Cluster and pilot allocation

The user-centric clusters and uplink (UL) pilots for channel
estimation are assigned following the subspace information
aided overloaded pilot assignment scheme from [8]. All UEs
transmit with the same average energy per symbol P ue and we

define the system parameter SNR
△
= Pue

N0
, where N0 denotes

the complex baseband noise power spectral density. Each UE
is associated to a cluster Ck of RUs of cardinality at most Cmax

(a system parameter) with the largest LSFC, provided that

βℓ,k ≥ η

MSNR
, (1)

where η > 0 is a suitable threshold that defines how much
larger the useful signal in the presence of maximum possible
beamforming gain (equal to M ) should be compared to the
noise floor. We assume that τp out of T signal dimensions per
RB are dedicated to pilots and use a codebook of τp orthogonal
pilot sequences {ϕt : t ∈ [τp]}. Let Fℓ,k denote the matrix of
the orthonormal eigenvectors of Σℓ,k spanning the dominant
channel subspace, i.e., the subspace containing a sufficiently
large fraction of the total channel energy tr(Σℓ,k) = Mβℓ,k

(e.g., see [9], [10]). A RU can assign a pilot to multiple
UEs under the condition that the user channel subspaces are
approximately mutually orthogonal [2].

We let ti denote the pilot index of UE i. Then, each RU
ℓ obtains an estimate of the channel vectors {hℓ,k : k ∈ Uℓ}
using the subspace projection method of [9], given by

ĥℓ,k = hℓ,k + Fℓ,kF
H
ℓ,k

 ∑
i̸=k:ti=tk

hℓ,i

+ Fℓ,kF
H
ℓ,kz̃

(t)
ℓ ,

where z̃
(t)
ℓ is projected additive white Gaussian noise (AWGN)

with i.i.d. components ∼ CN (0, 1
τpSNR

) and the sum in the
second term contains the channels of co-pilot users with respect
to UE k. Since orthogonal pilots are used, the contributions of
non-co-pilot users are removed from the received pilot signal
by multiplying with UE k’s pilot sequence. When Fℓ,k and
Fℓ,i are nearly mutually orthogonal, i.e. FH

ℓ,kFℓ,i ≈ 0, the
subspace projection is able to significantly reduce the pilot
contamination effect. Since the subspace estimation scheme
in [9] achieves virtually the same performance as perfect
channel subspace knowledge, we assume channel subspaces
to be known in this paper.

B. Uplink data rates with fronthaul quantization

Let sulk be the UL data symbol of UE k (i.i.d. with mean
zero and unit variance) at a given channel use of a generic RB.
In this work, we consider “smart RUs” that operate according
to O-RAN split option 7.2x in the upstream direction. More
specifically, our chosen split option is most similar to 7.2x Cat-
B ULPI-A, where RUs do channel estimation and equalization
locally [11]. As in [2], [9], we consider “local detection with
cluster-level combining”, so that the equalized symbol (i.e., a
local observation rulℓ,k of sulk ) at RU ℓ for each UE k ∈ Uℓ is
sent to the cluster processor of Ck located at some DU over the
fronthaul. The cluster-level symbol estimate is then computed
at the DU.

In particular, the received UL signal at RU ℓ is given by

yul
ℓ =

√
SNR

∑
i∈K

hℓ,is
ul
i + zulℓ , (2)



where zulℓ is AWGN with components ∼ CN (0, 1). The local
observation is obtained as a linear projection of yul

ℓ onto a
suitably defined receiver vector vℓ,k, such that

rulℓ,k = vH
ℓ,ky

ul
ℓ . (3)

The receiver vectors {vℓ,k : k ∈ Uℓ} are computed at RU ℓ

using the local channel estimates {ĥℓ,k : k ∈ Uℓ}. We consider
linear MMSE receivers based on the partial local CSI at RU
ℓ, given by

vℓ,k =

(
νℓI+ SNR

∑
i∈Uℓ

ĥℓ,iĥ
H
ℓ,i

)−1

ĥℓ,k, (4)

where νℓ
∆
= 1 + SNR

∑
i̸=Uℓ

βℓ,i accounts for unknown
interference and noise [9]. The cluster processor for user k
collects the local observations from all RUs ℓ ∈ Ck and forms
a cluster-level combined observation which is then passed to
the channel decoder for user k as the soft-output of a virtual
single user additive noise channel.

Since the fronthaul network has finite capacity links, we let
each RU quantize its local observation rulℓ,k with Bℓ,k bits per
sample before sending it to the cluster processor. We use the
quantization scheme from [2] based on rate-distortion theory,
where Bℓ,k depends on the signal strength at RU ℓ regarding
UE k defined as σ2

ℓ,k

△
= E[|rulℓ,k|2]. For a given desired distortion

level D, each RU ℓ ∈ Ck uses quantization rate

Bℓ,k = max

{
log2

σ2
ℓ,k

D
, 0

}
(5)

to send the rulℓ,k to the corresponding cluster processor. Note
that if σ2

ℓ,k < D for some (ℓ, k) ∈ Eran, then rulℓ,k is simply not
sent from the RU to the cluster processor since the quantization
rate is Bℓ,k = 0. This is equivalent to removing RU ℓ from
cluster Ck. The quantized local observation is given by [2]:

r̂ulℓ,k = αℓ,kr
ul
ℓ,k + eℓ,k, (6)

where

αℓ,k =
σ2
ℓ,k −D

σ2
ℓ,k

, (7)

and where eℓ,k is a zero-mean Gaussian random variable
uncorrelated with rulℓ,k and with variance

σ̂2
ℓ,k = (1−D/σ2

ℓ,k)D. (8)

We let r̂ulk ∈ C|Ck|×1 denote the vector of the quantized local
observations {r̂ulℓ,k : ℓ ∈ Ck}. The cluster-level combined
observation is then given by

rulk = wH
k r̂ulk , (9)

where wk with elements {wℓ,k : ℓ ∈ Ck} is the cluster-level
combining vector that weighs the different local observations.
It is computed to maximize the nominal Signal to Interference
plus Noise Ratio (SINR) of the channel with input sulk and
output rulk , given the local knowledge of the cluster processor
Ck. Due to the limited local knowledge of cluster processor

Ck, we differentiate between the actual and nominal SINR.
The nominal SINR is only used to compute wk, while the
actual SINR is used to compute the actual achievable physical
layer user rate. The maximization of the nominal SINR with
respect to the vector of combining coefficients wk is a classical
generalized Rayleigh quotient maximization problem and is
given in [2].

The resulting actual SINR conditioned on the realization of
all the channel vectors is given by [2]

SINRul
k =

SNR
∣∣∑

ℓ∈Ck
g̃ℓ,k,k

∣∣2∑
ℓ∈Ck

d̃ℓ,k + SNR
∑

i̸=k

∣∣∑
ℓ∈Ck

g̃ℓ,k,i
∣∣2 ,

where g̃ℓ,k,i
∆
= w∗

ℓ,kαℓ,kv
H
ℓ,khℓ,i and d̃ℓ,k

∆
=

|wℓ,k|2
(
α2
ℓ,k∥vℓ,k∥2 + σ̂2

ℓ,k

)
. As a performance measure

of the physical layer, we consider the UL Optimistic Ergodic
Rate (OER) [12] given by

Rul
k = E[log(1 + SINRul

k )], (10)

where the expectation is with respect to the small-scale fading,
for given values of the LSFCs that depend on the placement
of UEs and RUs, the pathloss function and cluster formation.

C. Downlink data rates with fronthaul quantization

In the downlink (DL), the RUs operate according to split
option 7.3 of 3GPP (e.g., see [13]), where the cluster processor
sends the information bits to the RU, which carries out the
modulation and precoding of the data symbols. Since each
RU ℓ ∈ Ck sends the same signal to UE k, the cluster
processor sends the same information bits over the fronthaul
to the RUs. The DL fronthaul traffic is thus of type multiple-
multicast, requiring routers that enable multicast routing. Since
the information bits are sent, no quantization is necessary.2

We use the approximate UL-DL reciprocity of [2], [9] for
the DL precoding vectors uℓ,k. We let uℓ,k ∝ w0

ℓ,kvℓ,k where
vℓ,k are the local linear MMSE combiners for the UL defined
in (4) and w0

ℓ,k are the cluster-level combining coefficients as
in (9) for the case of zero quantization distortion. The actual
local precoding vectors uk are obtained by stacking the blocks
w0

ℓ,kvℓ,k for all ℓ ∈ Ck and all-zero blocks for ℓ ̸= Ck, and
normalizing the resulting vector of dimension LM ×1 to have
unit norm. In this way, except for the common normalization
factor, uℓ,k can be calculated from the local CSI at RU ℓ, with
sufficiently high resolution finite arithmetic.

We let hk denote the k-th column of the overall channel
matrix H and sdlk the (coded) information symbol for UE
k (independent with mean zero and variance qk ≥ 0). The
received signal sample at UE k corresponding to one DL
channel use is given by

ydlk = hH
k uk sdlk +

∑
j ̸=k

hH
k uj s

dl
j + zdlk , (11)

2However, note that the choice of D still affects the DL physical layer rates.
If σ2

ℓ,k < D for some (ℓ, k) ∈ Eran, the corresponding RU is removed from
Ck .



where, without loss of generality, we scale the received signal
such that the noise is zdlk ∼ CN (0, SNR−1). The corresponding
DL SINR is given by [2]

SINRdl
k =

| hH
k uk|2qk

SNR−1 +
∑

j ̸=k | hH
k uj |2qj

. (12)

We choose uniform power allocation to all data streams, i.e.,
qk = 1 for all k ∈ K. The corresponding DL OER is given by

Rdl
k = E[log(1 + SINRdl

k )]. (13)

Since the information bits are directly sent from the cluster
processor located at some DU to the RUs, the fronthaul load
corresponding to the DL is equal to the physical layer user
rate, i.e., Rdl

k .

D. Remarks on the fronthaul load
The choice of the split options aims to reduce the fronthaul

load by allocating many PHY functions to the RUs, thereby
limiting the DU to cluster-level signal processing. We notice
that the fronthaul load in this paper only considers quantities
directly related to combining and detection in the UL and
the information bits in the DL. The coefficients needed to
compute the weights {wℓ,k} and {w0

ℓ,k} for UL combining
and DL precoding, respectively, are not considered. Note that
these coefficients are constant during a coherence block of T
signal dimensions and that T − τp channel uses are dedicated
to UL and DL data transmission. Assuming τp ≈ 25 and T
typically in the hundreds or thousands (see [14]), the fronthaul
load related to the T −τp channel uses for data transmission is
relatively large compared to the number of coefficients needed
to compute the UL combining and DL precoding weights (see
[2]). We assume that these coefficients can be quantized very
accurately without increasing significantly the fronthaul load.
Therefore, we do not take into account the fronthaul traffic
to exchange the coefficients for computing {wℓ,k} and {w0

ℓ,k}
when defining the UL and DL fronthaul load per RB.

III. PROBLEM STATEMENT

In this section, we will describe how the user PHY data
rates translate to the UL and DL fronthaul load of the whole
system. The network operates in time division duplex mode,
where γDL ∈ (0, 1) denotes the resource fraction allocated
to the DL, and as a consequence (1 − γDL) is allocated to
the UL. We use half-duplex fronthaul links as in [2], i.e., the
fronthaul flow constraints must incorporate the fact that the
data rate generated by the RUs in the UL is weighted by a
factor (1−γDL) and the data rate generated by the DUs in the
DL is weighted by a factor γDL. The amount of UL fronthaul
load transmitted from RU ℓ to router q, from router q to router
q′, and from router q to DU n regarding user k is denoted as
xru
k (ℓ, q), x

fh
k (q, q

′), and xdu
k (q, n), respectively. For the DL, we

use a similar notation, where yru
k (q, ℓ), y

fh
k (q, q

′) and ydu
k (n, q)

is the amount of DL fronthaul data with respect to user k sent
from router q to RU ℓ, from router q to router q′, and from
DU n to router q, respectively. The load of any fronthaul link
(a, b) ∈ Efront is given by

∑
k xk(a, b), where xk(a, b) is one

of the load variables previously introduced.

A. UL fronthaul load flow

As defined in (5), RU ℓ ∈ Ck generates a quantization rate of
Bℓ,k bits per channel use that must be sent via the fronthaul
to the DU n that is the cluster processor of the user-centric
cluster Ck. Since the UL fronthaul contains only unicast flows,
for each user k every router q must satisfy∑

ℓ

xru
k (ℓ, q) +

∑
q′′

xfh
k (q

′′, q) =
∑
n

xdu
k (q, n) +

∑
q′

xfh
k (q, q

′).

(14)

Considering the TDD resource allocation fraction γDL, the UL
fronthaul flow constraint for UE-RU pair (ℓ, k) is∑

q

xru
k (ℓ, q) ≥ aℓ,k(1− γDL)Bℓ,k, ∀k, ℓ, (15)

and xru
k (ℓ, q) ≤ aℓ,k(1− γDL)Bℓ,k, ∀k, ℓ, q, (16)

where the UE-RU association binary variable aℓ,k = 1 if
(ℓ, k) ∈ Eran, and aℓ,k = 0 if (ℓ, k) /∈ Eran. Now, let
bk,n ∈ {0, 1} denote the cluster processor placement variable,
defined by

bk,n =

{
1, if Ck is hosted by DU n,

0, otherwise.

We have the constraints that each Ck must be hosted by exactly
one DU and a computation capacity constraint per DU, i.e.,

N∑
n=1

bk,n = 1, ∀k, (17)

K∑
k=1

bk,n ≤ Zn, ∀n, (18)

where Zn is a computation limit for the number of cluster
processors at any DU n. Given the cluster processor placement,
we note that the received flow relative to user k to DU n
hosting Ck must be not smaller than the sum of source rates
(1− γDL)Bℓ,k over all RUs ℓ ∈ Ck, i.e.,∑

q

xdu
k (q, n) ≥ bk,n(1− γDL)

∑
ℓ∈Ck

Bℓ,k, ∀k, n. (19)

We also introduce the individual load variables upper bounds

xdu
k (q, n) ≤ bk,n(1− γDL)

∑
ℓ∈Ck

Bℓ,k, ∀k, q, n. (20)

In particular, this means that if bk,n = 0, the rate relative to
user k from any connected router q to n will be zero.

B. DL fronthaul load flow

As explained in Section II-C, the DL fronthaul traffic is of
type multiple multicast and the number of information bits per
channel use necessary to encode the DL signal for user k at
each RU ℓ ∈ Ck is equal to the DL PHY rate Rdl

k . Since the
DL fronthaul traffic is of multicast type, the flow conservation
at the routers no longer applies (e.g., intermediate nodes may
duplicate some input to multiple output links). Considering the
data of user k, the output data of a router q to any RU ℓ or



router q′′ must be less than or equal to the sum input data from
the cluster processor and other routers, i.e.,∑

n

ydu
k (n, q) +

∑
q′

yfh
k (q

′, q) ≥ yru
k (q, ℓ), ∀k, q, ℓ, (21)

and∑
n

ydu
k (n, q) +

∑
q′

yfh
k (q

′, q) ≥ yfh
k (q, q

′′), ∀k, q, q′′. (22)

In the DL, the DU hosting Ck must transmit at least Rdl
k bits

per channel use to the connected routers, i.e.,∑
q

ydu
k (n, q) ≥ bk,nγDLR

dl
k , ∀k, n. (23)

On each individual link to a router q, the DU needs to transmit
at most Rdl

k bits and only the DU hosting cluster Ck transmits
fronthaul data for user k. These two constraints are summarized
as

ydu
k (n, q) ≤ bk,nγDLR

dl
k , ∀k, n, q. (24)

The constraint that guarantees that each RU ℓ ∈ Ck receives
Rdl

k fronthaul bits for user k is formulated as∑
q

yru
k (q, ℓ) ≥ ak,ℓγDLR

dl
k , ∀k, ℓ. (25)

C. Fronthaul optimization problem

Let C = {CL, CQ, CD} the maximum link loads for RU-
router, router-router, and router-DU links (with corresponding
weights ηL/Q/D). Further, B, X and Y denote the ensemble of
all {bk,n : ∀k, n}, UL load and DL load variables, respectively.
Then, we can use the mixed-integer linear program (MILP) of
[2] for joint optimization:

min
B,C,X ,Y

ηLCL + ηQCQ + ηDCD (26a)

s. t.
∑
k

(xru
k (ℓ, q) + yru

k (q, ℓ)) ≤ CL, ∀ℓ, q, (26b)∑
k

(
xfh
k (q, q

′) + yfh
k (q, q

′)
)
≤ CQ, ∀q, q′, (26c)∑

k

(
xdu
k (q, n) + ydu

k (n, q)
)
≤ CD, ∀q, n, (26d)

(14) − (25), (26e)

where constraints (26b)-(26d) ensure that each link load is
less than the link capacity. Note that MILPs can be solved by
existing highly efficient optimization tools [15]. To implement
(26), we utilize the MATLAB function intlinprog.

IV. NUMERICAL RESULTS

We start this section with an overview of the considered
network and parameters, before showing the impact of different
K and D on the PHY SE and fronthaul load. Our cell-free
massive MIMO network has an area of 200× 200 m2 with a
torus topology to avoid boundary effects. The LSFCs are given
by the 3GPP urban microcell pathloss model from [16, Table
7.4.2-1]. The spatial correlation between antennas follows the

one-ring scattering model with angular support Θℓ,k = [θℓ,k −
∆/2, θℓ,k +∆/2], i.e., it is centered at angle θℓ,k of the LOS
between RU ℓ and UE k with angular spread ∆. Then, the
channel between UE k and RU ℓ is given by

hℓ,k =

√
βℓ,kM

|Sℓ,k|
Fℓ,kνℓ,k,

where the index set Sℓ,k ⊆ {0, . . . ,M−1} includes all integers
m such that 2πm/M ∈ Θℓ,k (where angles are taken modulo
2π), Fℓ,k is the submatrix extracted from the M ×M unitary
DFT matrix F by taking the columns indexed by Sℓ,k, and
νℓ,k ∈ C|Sℓ,k|×1 has i.i.d. components ∼ CN (0, 1). Hence,
hℓ,k is a Gaussian zero-mean random vector confined in the
subspace spanned by the columns of Fℓ,k.

A. Simulation setup

We consider a system with L = 20 RUs, each equipped
with M = 10 antennas and placed on a rectangular 5×4 grid.
We set ∆ = π/8, τp = 25, the maximum cluster size |Ck| ≤
Cmax = 7, and the SNR threshold η = 1 in (1). We define the
expected pathloss β̄ at distance 2.5dL between UE and RU,
where dL =

√
A
πL is the radius of a disk of area equal to A/L.

The UL energy per symbol of each UE is β̄MSNR = 1 (i.e.,
0 dB) and thus depends on the RU density and the number of
RU antennas. This choice leads to a certain level of coverage
overlap among RUs, such that each UE is likely to associate
with several RUs. The complex baseband noise power density
is N0 = −174 dBm/Hz. The RUs are partially connected to
Q = 5 routers, which in turn are partially connected to N =
4 DUs.3 For each of the DUs, we impose Zn = K/2. The
optimization weights ηL, ηQ, ηD are set to 1.

Each coherence block contains T = 200 signal dimensions,
of which τp = 20 are used for UL pilots and γDL = 0.8.
We compute the expectation in (10) and (13) over 100
channel realizations and define the total UL/DL SE, i.e.,
the UL/DL PHY SE in bits per channel use (or bit/s/Hz)
of all users, as SEul = (1− γDL)

(
1− τp

T

)∑
k∈K Rul

k and
SEdl = γDL

(
1− τp

T

)∑
k∈K Rdl

k bit/s/Hz. The total sum PHY
SE is given by SEtot = SEul + SEdl.

B. Evaluation of the user load and quantization level

We evaluate the impact of the user load K and distortion
level D on the fronthaul load and PHY SE. We let K =
[75, 200], which ranges from a lightly loaded to an overloaded
system compared to LM (see [17]). Recall that a UE-RU
association is removed if σ2

ℓ,k < D. Therefore, the smallest
distortion level D is chosen such that D/σ2

min < 1, where
σ2
min = min(ℓ,k)∈Eran

σ2
ℓ,k. As D is increased, Bℓ,k in (5)

decreases and more UE-RU associations are removed.
As Fig. 2 shows, each increase of D leads to a significant

reduction of the fronthaul load, i.e., ηLCL + ηQCQ + ηDCD,
while the sum PHY SE only decreases for large D. We note

3We use the same fronthaul links as [2] and refer the reader to [2] for a
description and illustration of what links exist between RUs, routers and DUs.
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Fig. 2: Sum UL/DL fronthaul load and SE vs. D.

that as D is increased, the fronthaul load becomes smaller for
large K than for small K in some cases. This is explained
by smaller {σ2

ℓ,k : (ℓ, k)} for large K due to multi-user
interference. Increasing D leads to more UE-RU associations
being removed and reduced quantization rates Bℓ,k compared
to a low user load. When D is increased in the high distortion
regime, the sum PHY SE first decreases slightly and then, as
more UE-RU associations are removed, significantly. Fig. 3
confirms and explains this behavior. The degradation of the
5th percentile DL user SE γDL

(
1− τp

T

)
Rdl

k is observed at
D/σ2

min ≥ 10. No quantization is needed in the DL, so this
effect is caused solely by removing UE-RU associations. The
degradation of (1 − γDL)

(
1− τp

T

)
Rul

k in the UL occurs for
smaller D due to fronthaul quantization distortion. Since a
larger fraction of resources is used in the DL, the impact of D
on SEtot in Fig. 2 becomes more significant for D/σ2

min ≥ 10.
We further notice that the average cluster size decreases from
nearly Cmax = 7 RUs with D/σ2

min = 1 to ≈ 6 and ≈ 5 RUs
at D/σ2

min = 10 and D/σ2
min = 20, respectively. As another

result from Fig. 2 we observe that the sum SE grows with larger
K, but only in the range K = [75, 150]. For K > 150, multi-
user interference becomes more severe and it is recommended
not to serve much more than 150 UEs.

C. Concluding remarks and future work

A wide range of user loads can be supported by the same
cell-free massive MIMO RAN and fronthaul network if the
distortion level D is optimized. For example, in this setup,
D/σ2

min ≈ 5 for K = {75, 100} and D/σ2
min ≈ 10 for

K = {125, 150} are good choices. Then, the fronthaul load
for the recommended user load K = [75, 150] is between 200
and 225 bit/s/Hz (i.e., in a relatively small margin) and the
PHY SE is degraded only very slightly compared to smaller
D. This is also an interesting result for scheduling problems. If
the total number of users Ktot in the network area is varying,
the scheduler can flexibly react to different user loads and
demands, and change the number K of simultaneously active
users without overloading the fronthaul network. We conclude
that dense cell-free massive MIMO deployments are a very
promising approach to achieve resilient 6G (radio access and
fronthaul) networks with regard to varying user densities.

Future work includes investigating the impact of the dis-
tortion level for different fronthaul network topologies and
fronthaul load optimization algorithms, and to study scheduling
with flexible user loads under fronthaul constraints.
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Fig. 3: 5th percentile user SE in the DL (left) and UL (right, same
legend as for the UL applies) vs. D.
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