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Abstract—This paper investigates rate-splitting multiple access
(RSMA) in a cell-free massive multi-input multi-output (MIMO)
system with integrated sensing and communication (ISAC). In this
sytem model, we consider the maximization of the minimum rate
subject to radar sensing constraints and a maximum power budget.
A successive convex approximation based scheme is developed
to solve the non-convex problem by optimizing the precoding
vectors for radar and communication, as well as the common rate
variables. Numerical results show the superior performance of
the proposed RSMA method over conventional cell-free massive
MIMO schemes under different scenarios with varying numbers
of APs, antennas, and users.

Index Terms—Cell-Free massive MIMO, integrated sensing and
communication (ISAC), rate-splitting multiple access (RSMA),
transmit beamforming.

I. Introduction

Next generation wireless networks are envisioned for a
wide range of applications such as vehicle-to-everything, smart
manufacturing, smart homes, and remote sensing, which rely
on robust and accurate sensing capabilities. To meet these
demands, integrated sensing and communication (ISAC) has
emerged as a promising technology that enables joint radar
sensing and wireless communication using shared infrastructure
and spectrum resources. This allows for efficient spectrum
utilization and cost-effective deployment [1]–[4], and has
inspired recent waveform designs [5].

The authors in [1] investigated the co-existence of radar
and communication, demonstrating the benefits of shared
deployment where all antennas are used for radar and downlink
communication. In [2], a dedicated radar signal was designed
to provide full degrees of freedom (DoF) for radar sensing,
and the radar beampattern was optimized subject to signal-to-
interference-plus-noise ratio (SINR) requirements at users. A
new radar sensing design was proposed in [3] by maximizing
the minimum beampattern gain. These works laid the foun-
dation for ISAC systems but primarily focused on co-located
MIMO architectures.

Recently, cell-free massive multi-input multi-output (MIMO)
has attracted attentions as a promising technology to meet the
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requirements of future networks [6]- [9]. In this system, a large
number of access points (APs) are distributed geographically
within an infrastructure, which are connected through backhaul
links to a central processing unit (CPU), enabling coordinated
transmission and reception. In [7], a cell-free massive MIMO
system with multi-antenna APs was considered to maximize the
total energy efficiency subject to a maximum transmit power
at each AP. It was shown that cell-free massive MIMO can
outperform conventional co-located massive MIMO.

On the other hand, rate-splitting multiple access (RSMA)
has been introduced to mitigate multi-user interference in multi-
antenna systems. The RSMA partially decodes interference and
treats as noise by optimizing the information split between the
common and private messages, where the common message
is decoded by all users with the successive interference
cancellation (SIC) procedure [10]. RSMA has proven to be an
effective technology to improve spectrum and energy efficiency
compared to traditional methods [10]- [16].

An overview of RSMA principles and applications is
provided in [11]. In ISAC systems, RSMA has been recognized
as a powerful interference management strategy [13], [14],
capable of reducing both inter-user and sensing-communication
interference. Specifically, the work [13] introduced RSMA’s
dual-function interference mitigation, while the authors in
[14] demonstrated RSMA’s superiority over conventional
schemes such as non-orthogonal multiple access (NOMA) and
space-division multiple access (SDMA). Prior research has
investigated the integration of ISAC with cell-free massive
MIMO [17], but without incorporating RSMA. While RSMA
has been studied in ISAC [13], [14] and in cell-free massive
MIMO systems [15], [16], its joint application within a cell-
free ISAC framework remains unexplored. This integration
introduces new challenges, including distributed interference
management, coordinated beamforming across multiple APs,
and joint optimization of radar and communication operations
under power and beampattern constraints.

In this paper, motivated by the performance gains of RSMA
in both ISAC systems and cell-free-MIMO networks, we
propose a new approach based on the RSMA framework
to more effectively manage interference between radar and
communication functions, as well as among communication
users, in a cell-free massive MIMO system with ISAC by
optimizing the precoding vectors and power allocation. To the
best of our knowledge, this is the first research which considers
RSMA for ISAC in a cell-free massive MIMO system. The
main contributions of this paper can be summarized as follows:
• In a cell-free ISAC massive MIMO system with RSMA,

we aim to jointly optimize communication and radar
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Fig. 1. Cell-free massive MIMO system with ISAC.

beamforming by maximizing the minimum rate of users
under constraints on the minimum required beampattern
gain, common rate decoding requirements, and maximum
power budget.

• To address the formulated non-convex optimization prob-
lem, we propose a successive convex approximation
(SCA)-based technique, which relies on tailored surrogate
functions to optimize the precoding vectors for radar and
communication, as well as the common rate variables.

Numerical results show that the proposed RSMA-based ISAC
scheme achieves similar performance to RSMA without sensing
operations and provides superior performance compared to
conventional non-RSMA methods.

II. SystemModel and Problem Formulation
We consider a cell-free massive MIMO system with ISAC

as illustrated in Fig. 1. The system model consists of K single-
antenna users, and M geographically distributed APs equipped
with N antennas. We assume that each AP performs sensing
for one target. The CPU executes the cooperation among APs
through fronthaul links. The set of APs sends information-
bearing signals along with a dedicated radar signal to carry
out sensing and communication simultaneously.

Under the RSMA strategy, the message Wk intended for the
k-th user is divided into a common part Wc

k and a private part
W p

k . The common parts of all messages are grouped together
into the common stream s0 by using a shared codebook and
are decoded by all users, as illustrated in Fig. 2 for the i-th
AP. Each private message W p

k is encoded into an independent
stream sk (k = 1, ...,K) to be decoded only by the k-th user. Let
pi,0 ∈ C

N×1 and pi,k ∈ C
N×1 be the precoder vectors at the i-th

AP for the common stream and the private stream, respectively.
Also, the dedicated radar signal sR at the i-th AP is precoded
by the precoder vector pi,R ∈ C

N×1. Then, the transmit signal

of the i-th AP is expressed as xi = pi,0s0 + pi,RsR +
K∑

k=1
pi,k sk.

Thus, the received signal at the k-th user is obtained by

yk =

M∑
i=1

hH
i,kpi,0 s0 +

M∑
i=1

K∑
j=1

hH
i,kpi, j s j +

M∑
i=1

hH
i,kpi,R sR + nk, (1)

where hi,k ∈ C
N×1 represents the channel vector from the i-

th AP to the k-th user, and nk ∼ CN(0, σ2
k) is the additive
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Fig. 2. RSMA transmission framework at the i-th AP.

noise at the k-th user. In RSMA, each user first decodes the
common stream by treating all private streams as noise. Once
the common stream is successfully decoded and canceled using
the SIC procedure, each user then decodes its private stream.

Then, the SINR for the common stream s0 at the k-th user
is written by

SINRc
k =

∣∣∣∣∣∣ M∑i=1
hH

i,kpi,0

∣∣∣∣∣∣2
K∑

k′=1

∣∣∣∣∣∣ M∑i=1
hH

i,kpi,k′

∣∣∣∣∣∣2 +
∣∣∣∣∣∣ M∑i=1

hH
i,kpi,R

∣∣∣∣∣∣2 + σ2
k

. (2)

Also, the SINR at the k-th private stream sk is computed by

SINRp
k =

∣∣∣∣∣∣ M∑i=1
hH

i,kpi,k

∣∣∣∣∣∣2
K∑

k′=1,
k′,k

∣∣∣∣∣∣ M∑i=1
hH

i,kpi,k′

∣∣∣∣∣∣2 +
∣∣∣∣∣∣ M∑i=1

hH
i,kpi,R

∣∣∣∣∣∣2 + σ2
k

. (3)

Thus, the achievable rates at the k-th user for the common
and private stream are equal to Rc

k = log2

(
1 + SINRc

k

)
and

Rp
k= log2

(
1 + SINRp

k

)
, respectively. To ensure that the common

stream s0 is successfully decoded by all users, its maximum
transmission rate cannot exceed R0 = min

{
Rc

1, ...,R
c
K

}
. Since

s0 carries the users’ sub-messages, R0 is distributed among the
users in proportion to the size of their respective sub-messages.
Let rk denote the common rate for the k-th user, representing

the portion of R0 allocated to transmit Wc
k such that

K∑
k=1

rk = R0.

For the precoder design of the private streams, we adopt
maximum ratio transmission (MRT), which is widely chosen
for its computational simplicity in cell-free MIMO systems
[6], [7]. The MRT precoder at the i-th AP for the k-th user
is defined as pi,k = ηi,kwi,k, where η2

i,k is the transmit power at
the i-th AP for the k-th user, and wi,k equals wi,k =

hi,k

∥hi,k∥
.

Next, for radar target sensing, we employ the transmit
beampattern metric [1], [3]. At the i-th AP, both information
and radar signals are used to detect the target and transmit
data simultaneously. Then, the transmit beampattern gain is
given by

Pi (θ) = aH (θ)

pi,RpH
i,R + pi,0pH

i,0 +

K∑
k=1

pi,kpH
i,k

 a (θ) , ∀i, (4)

where a (θ) =
[
1, e j2πd∆ sin θ, ..., e j2π(N−1)d∆ sin θ

]T
represents the

steering vector of direction θ with d∆ being the normalized
spacing between consecutive array elements in relation to



3

the carrier wavelength. Also, we denote the set of angles
Θi =

{
θ1,i, ..., θL,i

}
where L indicates the number of quantized

angles for the target associated with the i-th AP.
The proposed approach aims to guarantee a minimum

beampattern gain Gmin
i for angles Θi at the i-th AP, as in

[3]. Note that the angles in the set Θi are within the main
beam for sensing. Our objective is to maximize the minimum
rate of users subject to constraints on a power budget and a
minimum beampattern gain for all angles in Θi at each AP.
This problem is formulated as

max
pi,0 ,pi,R ,ηi,k ,rk

min
k

rk + Rp
k (5a)

s.t.
K∑

j=1

r j ≤ Rc
k, ∀k (5b)

Pi
(
θl,i
)
≥ Gmin

i , ∀θl,i ∈ Θi, ∀i (5c)

pH
i,Rpi,R + pH

i,0pi,0 +

K∑
k=1

η2
i,k ≤ Pi,max, ∀i (5d)

rk ≥ 0, ηi,k ≥ 0, ∀k,∀i, (5e)

where Pi,max represents the maximum power available at the
i-th AP, constraint (5b) guarantees that the common stream
can be decoded by all users, and (5c) establishes the minimum
beampattern gain for the angles associated with the i-th
target, which quantifies the spatial distribution of transmit
signal power required to satisfy specific sensing requirements.
Note that problem (5) is non-convex due to user-coupled
SINR expressions in both the objective and the common
rate constraint. Thus, we propose an SCA-based approach
utilizing tailored surrogate functions to obtain its solution in
the following.

III. Proposed Scheme

In this section, we present our proposed solution to the
problem (5). First, by introducing an auxiliary variable t, we
reformulate the problem (5) as

max
pi,0 ,t,pi,R ,ηi,k ,rk

t (6a)

s.t. rk + Rp
k ≥ t, ∀k (6b)

(5b) - (5e). (6c)

To develop the proposed SCA-based method, we stack the
channels and precoding vectors of all APs for each user and
define p̃0 =

[
pT

1,0, ...,p
T
M,0

]T
∈ CMN×1, h̃k =

[
hT

1,k, ...,h
T
M,k

]T
∈

CMN×1, p̃R =
[
pT

1,R, ...,p
T
M,R

]T
∈ CMN×1, w̃k =

[
wT

1,k, ...,w
T
M,k

]T
,

and η̃k =
[
η1,k, ..., ηM,k

]T
∈ RM×1.

In (2) and (3), the term

∣∣∣∣∣∣ M∑i=1
hH

i,kpi,k′

∣∣∣∣∣∣2 can be expressed

as
∣∣∣cT

k,k′ η̃k′
∣∣∣2 where ck,k′ =

[
hH

1,kw1,k′ , ....,hH
M,kwM,k′

]T
. Also,

utilizing the slack variables ωk and Bk, the minimum rate
constraint (6b) can be reformulated to∣∣∣cT

k,kη̃k

∣∣∣2
Bk

≥ ωk − 1, (7a)

K∑
k′=1,k′,k

∣∣∣cT
k,k′ η̃k′

∣∣∣2 + ∣∣∣h̃H
k p̃R

∣∣∣2 + σ2
k ≤ Bk, (7b)

2t−rk ≤ ωk. (7c)

Further adding the slack variables υ and Ck, constraint (5b)
is transformed into∣∣∣h̃H

k p̃0

∣∣∣2
Ck

≥ υ − 1, (8a)

K∑
k′=1

∣∣∣cT
k,k′ η̃k′

∣∣∣2 + ∣∣∣h̃H
k p̃R

∣∣∣2 + σ2
k ≤ Ck, (8b)

2b ≤ υ, (8c)

where b =
∑

rk. As constraints (7a) and (8a) are still non-
convex, we employ a linear lower bound approximation from
[10]. An approximation of (7a) is defined as

2ℜ
((
η̃(n)

k

)T
ck,kcT

k,kη̃k

)
B(n)

k

− Bk


∣∣∣cT

k,kη̃
(n)
k

∣∣∣
B(n)

k

2 ≥ ωk − 1, ∀k, (9)

where ℜ(·) denotes the real part of a complex number, and{
B(n)

k , η̃
(n)
k

}
represents the optimal

{
Bk, η̃k

}
obtained at the n-

th iteration. Similarly, an approximation of (8a) at the n-th
iteration point

(
p̃(n)

0 ,Ck
(n)
)

is given as

2ℜ
((

p̃(n)
0

)H
h̃kh̃H

k p̃0

)
Ck

(n) −Ck


∣∣∣h̃H

k p̃(n)
0

∣∣∣
Ck

(n)

2 ≥ υ − 1, ∀k. (10)

Regarding the approximation of the non-convex constraint
(5c) for radar sensing, we adopt the first-order Taylor expansion

at a given point p(n)
i, j with

∣∣∣∣pH
i, ja (θ)

∣∣∣∣2 ≥ 2ℜ
{
aH (θ) p(n)

i, j pH
i, ja (θ)

}
−∣∣∣∣(p(n)

i, j

)H
a (θ)
∣∣∣∣2. Then, by applying the approximation to the

remaining terms, constraint (5c) is transformed into

2ℜ
{
aH (θl,i)p(n)

i,RpH
i,Ra
(
θl,i
)}
−

∣∣∣∣(p(n)
i,R

)H
a
(
θl,i
)∣∣∣∣2

+ 2
K∑

j=0

ℜ
{
aH (θl,i)p(n)

i, j pH
i, ja
(
θl,i
)}

−

K∑
j=0

∣∣∣∣(p(n)
i, j

)H
a
(
θl,i
)∣∣∣∣2 ≥ Gmin

i , ∀θl,i ∈ Θi, ∀i.

(11)

Therefore, given the initial feasible points{
p̃(n)

0 , p̃
(n)
R , η

(n)
k ,Ck

(n), B(n)
k

}
, problem (5) is expressed as

max
υ,t,{pi,0 ,pi,R ,ηi,k ,ωk ,rk ,Bk ,Ck}

t (12a)

s.t.
∥∥∥pi,0

∥∥∥2 + ∥∥∥pi,R

∥∥∥2 + K∑
k=1

(
ηi,k
)2
≤ Pi,max, ∀i (12b)

t, rk, Bk,Ck, ωk, υ ≥ 0, ∀k,∀i, (12c)
(7b), (7c), (8b), (8c), (9), (10), (11).

Problem (12) is convex and can be solved using CVX
[18]. At the n-th iteration, given the initial feasible points{
p̃(n)

0 , p̃
(n)
R , η

(n)
k ,Ck

(n), B(n)
k

}
, problem (12) is solved to update

the precoding vectors and common rate variables. The
updated solution then serves as the new feasible points{
p̃(n+1)

0 , p̃(n+1)
R , η(n+1)

k ,Ck
(n+1), B(n+1)

k

}
for the (n − 1)-th iteration.

This process is repeated until convergence
The proposed iterative algorithm for problem (5) relaxes

the non-convex constraints (7a), (7b), and (5c) using tight
convex lower bounds given in (9), (10), and (11), respectively.
Then, the solution to problem (12) at the n-th iteration remains
feasible at the (n + 1)-th iteration. Moreover, given a finite
power budget, the objective function is non-decreasing and
bounded, ensuring convergence.
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IV. Numerical Results

In this section, we present the simulation results to evaluate
the performance of our proposed scheme through Monte
Carlo simulations averaging over 500 independent channel
realizations. The simulation scenario adopts the wrap-around
technique where APs and users are randomly distributed in
an area of 200 × 200 m2. The channel vectors are modeled
as hi,k =

√
χi,kh̃i,k, where h̃i,k indicates Rayleigh fading with

CN ∼ (0, 1), and χi,k represents the large-scale fading [6].
The noise power is set to σk = −94 dBm. The angles
θl,i ∈ Θi for the target sensed by the i-th AP are taken from
θ∗i −

π
18 ≤ θl,i ≤ θ

∗
i +

π
18 , where θ∗i is the azimuth angle of the

target based on radar prior knowledge and is assumed to be
randomly selected from [−90◦, 90◦].

To sense the target, the dedicated radar signal sR can be
adopted in (1b). Instead, RSMA can exploit the common
stream which can be utilized as a radar sequence, managing
communication-radar interference. We will show that the
proposed scheme can meet radar sensing requirements without
the need for the dedicated radar signal sR. To investigate the
performance loss due to the removal of sR, we consider two
cases in RSMA: “RSMA with sR” where a dedicated radar
signal is utilized in RSMA, and “RSMA without sR” where
RSMA operates without the dedicated radar signal and uses
the common stream for sensing.

Moreover, we consider the following baseline schemes:
“noRSMA” applies ISAC without RSMA, “RSMA without
sensing” employs RSMA without sensing capabilities, and
“Radar only” in [3] assumes only radar sensing without any
users. The noRSMA scheme does not divide the message
intended for each user and therefore does not consider both
the common stream and the common rate variables. The
baseline schemes without sensing capabilities do not include
the dedicated radar signal, and the sensing constraint (5c) is
removed. The minimum beampattern gain Gmin required at the
sensing angles of interest is defined as Gmin = κG∗, where κ
equals the relative gain and G∗ represents the beampattern gain
obtained for the solution of “Radar only”.

Fig. 3 illustrates the max-min rate with respect to κ with N =
6, Pmax = 20 dBm and M = 3. We can see the improvement
in the proposed scheme compared with the traditional method
without RSMA. The reason is mainly due to the capability of
RSMA to decode interference by using the common stream.
Note that the proposed scheme uses MRT for private precoding,
while optimizes the common precoder to manage both inter-
user and communication-radar interference. Fig. 4 shows the
transmit beampattern for the target associated with the first AP
with K = 9, κ = 0.9, and θ∗1 = 0◦. We observe that the noRSMA
method performs similarly to RSMA, as both satisfy the radar
constraint (5c) and allocate remaining resources to maximize
user rates. As shown in Fig. 3 and 4, the performance of RSMA
with and without the dedicated radar signal is quite similar,
showing that removing sR does not impact on the performance.
This observation extends to suboptimal radar schemes, such as
conjugate sensing beamforming based on the target’s direction,
which is a special case of RSMA with sR. Thus, we conclude
that the proposed scheme works well without the dedicated
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radar signal. Therefore, in the following simulations, we do
not consider the dedicated radar signal in RSMA and denote
our proposed scheme as “RSMA”.

Fig. 5 presents the convergence behavior of the proposed
scheme and traditional methods with N = 6, Pmax = 20 dBm,
and κ = 0.9. We can check that the RSMA-based scheme
converges within 12 iterations.

As a comparative scheme, we include the NOMA-based
method, optimizing the radar precoder and employing MRT
and user grouping [19]. Users are grouped into clusters with
two users each, applying NOMA within clusters and treating
inter-cluster interference as noise. In each cluster, SIC follows
a descending decoding order so that the k-th user decodes the
messages of all users with indices u ≥ k. A SIC constraint
ensures that the rate allocated to the u-th user’s message does
not exceed the rate at which the k-th user can decode it.

Fig. 6 illustrates the max-min rate with respect to the
maximum transmission power at each AP with N = 6,
K = 6 and κ = 0.9. We observe that RSMA achieves a
higher max-min rate compared to noRSMA and NOMA due
to the common stream which manages interference between
sensing and communication, enabling a trade-off between fully
decoding the interference and treating it as noise. Furthermore,
the proposed RSMA scheme with sensing can achieve similar
performance to RSMA without sensing. At high transmission
power, the noRSMA method cannot efficiently use the available
power due to inter-user interference. The performance of the
NOMA-based method is limited by the SIC constraint, which
requires that the far user’s rate allocation does not exceed the
rate at which the near user can decode the far user’s message.

Fig. 7 shows the max-min rate with respect to the number
of APs with κ = 0.9. For a fair comparison, we set a maximum
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Fig. 7. Max-min rate with respect to the number of APs.

total power as PS = 2 W, while the maximum power of each AP
is given by Pmax = PS /M. Moreover, we fix the total number of
antennas as NS = 108, such that the number of antennas of each
AP equals N = ⌊NS /M⌋, where ⌊·⌋ represents the floor function.
We can see that deploying more APs significantly improves
the overall performance because APs can be located closer
to users. Similar to Fig. 6, we can check that the proposed
scheme with sensing can deliver performance comparable to
RSMA without sensing. This indicates that our joint design
of RSMA and radar does not sacrifice data rate performance
compared to RSMA without sensing capabilities.

The simulations are performed on an Intel Core i9-14900K
computer with 64 GB of RAM. We confirm through simu-
lations that RSMA requires almost the same computational
complexity compared to the noRSMA while providing a
considerable improvement in system performance. The com-
putational complexity of the “RSMA without sR” scheme
is given by Problem (12), excluding pi,R, and can be ex-
pressed as O

(
T (MN +MK + 4K + 2)3.5

)
[12], where T denotes

the number of iterations required for convergence. For the
noRSMA scheme, the computational complexity is given by
O
(
T (MN +MK + 2K + 1)3.5

)
.

V. Conclusion
In this paper, we have proposed a new approach based

on RSMA with ISAC in a cell-free massive MIMO system.
We aim to maximize the minimum rate of users subject to
radar sensing requirements. To this end, we have introduced
an SCA-based scheme to optimize the power allocated to the
private streams of users and the precoding vectors. Simulation
results have validated the superior performance of our proposed

scheme compared to traditional methods. Additionally, we have
confirmed that the proposed scheme can provide radar sensing
capabilities without impacting the communication performance
and demonstrated that the common stream can replace the
dedicated radar signal to approximate the beampattern and
manage interference between users, as well as that between
radar and communication.
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