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Abstract—This paper considers the cell-free integrated sens-
ing and communication (CF-ISAC) networks utilizing reconfig-
urable intelligent surface (RIS)-mounted uncrewed aerial vehicles
(UAVs). We aim to maximize the sum of weighted sum rate
within the whole ISAC period by jointly optimizing access points
(APs)’ transmit beamformings, RISs’ phase shifts, user-RIS
association, and UAVs’ locations. To deal with a highly complex
non-convex optimization problem, we propose an alternating
optimization solutions by decomposing the original problem into
three subproblems. In particular, for optimizing APs’ transmit
beamformings, RISs’ phase shifts, and user-RIS association, we
convert the log-sum problem into a quadratically constrained
quadratic programming problem using the Lagrangian dual
principle and multi-ratio fractional programming. For optimizing
UAVS’ locations, the successive convex approximation technique
is used to transform it into a convex problem. Simulation
results highlight the considerable performance advantage of the
proposed network compared to benchmark schemes employing
fixed RISs, without RIS-mounted UAVs (URISs), and collocated
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network with URISs.

Index Terms—Cell-free (CF), integrated sensing and com-
munication (ISAC), joint optimization, reconfigurable intelligent
surface (RIS), uncrewed aerial vehicle (UAV).

I. INTRODUCTION

In recent years, the rapid advancement of wireless technolo-
gies and the increasing demand for seamless connectivity have
driven continuous innovation in wireless network systems.
With the development of sixth-generation (6G) networks,
there are growing expectations for extremely fast data speeds,
nearly zero delay in connections, and smart networks that
can automatically adjust. These future networks will need
to support many new technologies, such as self-driving cars,
smart cities, drones, healthcare systems, and more [1], [2].

To address these demands, integrated sensing and commu-
nication (ISAC) has emerged as a promising approach that
combines communication and sensing functionalities into a
unified platform [3], [4]. By enabling the concurrent execution
of wireless transmission and environmental perception over the
same frequency spectrum and hardware infrastructure, ISAC
significantly improves spectrum efficiency, reduces latency,
lowers hardware cost, and enhances situational awareness,
making it indispensable for 6G applications, such as intelligent
transportation systems, smart cities, and uncrewed systems.

However, deploying ISAC in real-world environments, es-
pecially large and dynamic ones, is quite challenging. Tra-
ditional cellular networks, which depend on centralized base
stations, often face signal coverage problems and low sens-
ing performance in areas where obstacles block the line-of-
sight (LoS) signals, like cities with tall buildings, forests,
or hilly regions [5]-[7]. These limitations have led to the
development of cell-free ISAC (CF-ISAC) networks, which
remove fixed cell boundaries and use a large number of access
points (APs) spread across the area to jointly serve users and
perform sensing tasks [8], [9]. This decentralized structure
enhances signal strength, reduces interference, and improves
location accuracy. However, it also introduces new challenges,
including coordinating beamforming, managing interference,
and allocating network resources.

To further enhance communication reliability and sensing
precision, a promising advancement in CF-ISAC is the in-
tegration of reconfigurable intelligent surfaces (RISs). RISs
consist of passive and programmable meta-surfaces that can
dynamically manipulate electromagnetic waves, thereby im-
proving signal strength and coverage in challenging environ-
ments [10]-[13]. Furthermore, RIS can help improve both



communication and sensing by redirecting signals toward users
and targets in challenging locations, reducing interference, and
making better use of the wireless spectrum [14]. However,
when RISs are installed in fixed positions, their functionality
is limited by the surrounding environment and infrastructure.
For instance, if a user moves behind a building, a stationary
RIS may no longer provide effective support.

To solve this issue, uncrewed aerial vehicles (UAVs)
mounted RIS (URIS) systems have been proposed. These
airborne RISs can move freely, adjusting their position in real-
time to optimize both communication and sensing wherever
they are most needed [15]. This makes it possible to perform
3D beamforming by optimizing both the UAV’s position and
the RIS configuration, which leads to better network coverage,
stronger communication links, and more accurate sensing [15],
[16].

However, combining UAV with RIS also makes the system
more complex. It becomes necessary to jointly optimize sev-
eral things at once like the UAV’s flight path, the phase shifts
of the RIS, and the way communication signals are sent and
received. These optimization tasks become even harder when
the number of users and network demands increase. Another
important part of CF-ISAC systems with URIS is RIS-user
association deciding which user should be served by which
RIS. If the system connects a user to a distant URIS, the
signal might be weak. So, the system must carefully decide
which URIS should help which users in each situation. A good
RIS-user association strategy balances communication quality
and sensing accuracy by efficiently assigning users to URISs
based on their positions, signal conditions, and network needs
[17], [18].

Given these technical challenges and practical needs, this
paper focuses on designing a joint optimization framework
for CF-ISAC networks assisted by URISs. The main goal
is to improve both communication and sensing performance
by jointly optimizing UAV’s trajectories, RIS’s phase shifts,
beamforming strategies, and RIS-user associations in a dy-
namic and distributed environment.

A. Related Work

ISAC has become a promising approach to solve spectrum
scarcity by allowing both sensing and communication to use
the same time and frequency resources [19], [20]. While early
research primarily centered on centralized or single-cell archi-
tectures, recent efforts have extended ISAC principles to more
scalable and distributed frameworks. One such example is
CF multi-input multi-output (MIMO), where many distributed
APs serve users cooperatively. This architecture improves
network coverage and provides better user experience, making
it suitable for joint sensing and communication tasks [21]-
[24].

In [25], the authors proposed a multi-static CF-ISAC system
using a maximum a posteriori (MAP)-based detector and
a power control algorithm to improve sensing performance
while meeting communication needs. Similarly, the authors
in [26] studied how to allocate power in distributed multi-
antenna systems for a single user, either using one base station

TABLE 1
VARIABLE DEFINITION

Notation | Description

L Number of APs

F Number of SRs

K Number of Users

R Number of RISs

M Number of antennas at each AP and SR

N Number of reflecting elements at each RIS

T Total number of time slots

t Time slot index

A,r 2D position vector of URIS 7 at time slot ¢

Wi ik Beamforming vector of AP [ at time slot ¢
for user k

Wt 1.0 Beamforming vector of AP [ at time slot ¢
for sensing target

W, Aggregate beamforming matrix of AP [

O, Diagonal phase-shift matrix of RIS r at
time slot ¢

d; Distance between AP [ and RIS r at time
slot ¢

d¢ o Distance between RIS r and target at time
slot ¢

di i Distance between RIS and user k£ at time
slot ¢

Gir Channel from AP [ to RIS r at time slot ¢

8tk Direct channel vector from AP [ to user k
at time slot ¢

gt,rk Channel from RIS 7 to user k at time slot
t

8trs Channel from RIS r to target at time slot ¢

gt f Channel from target to SR f at time slot ¢

Gy s Cascade channel AP-RIS-target-SR at time
slot ¢

Ut ke, r Association between RIS r and user k at
time slot ¢

Ytk SINR received at user k

Ve,s Joint sensing SNR

T, Weighted sum rate of all users at time slot
t

or in a cell-free setup. They used regularized zero-forcing
beamforming, where the sensing beam was placed in the null-
space of the communication channel. However, this method
did not include any extra optimization steps to improve system
performance. Furthermore, joint sensing-communication (JSC)
beamforming was studied in [23] using a max-min fairness
approach. The authors compared communication-prioritized
and sensing-prioritized beamforming and showed that opti-
mized beamforming can improve overall system performance.
The results show that their joint design approach offers a
communication signal-to-interference-plus-noise-ratio (SINR)
nearly matching that of the communication-prioritized scheme,
while also maintaining a sensing signal-to-noise ratio (SNR)
comparable to the sensing-prioritized method.

To improve flexibility and signal quality, several works



have added RIS to CF-ISAC systems. For example, [6]
proposed a RIS-assisted full-duplex CF-ISAC setup where
APs’ beamforming, RIS’s phase shifts, and power allocation
were jointly optimized using fractional programming (FP)
and majorization-minimization (MM) algorithms. In [27], the
authors focused on securing CF-ISAC systems from eaves-
droppers by designing joint communication and sensing beam-
formers using semidefinite relaxation (SDR). The authors in
[13] investigated a RIS-assisted ISAC system and proposed a
joint design of transmit beamforming and RIS’s phase shifts
to maximize communication SNR while ensuring sensing
accuracy using a Cramér-Rao bound (CRB) constraint. The
authors formulated a non-convex optimization problem and
solved it using penalty dual decomposition and successive
convex approximation (SCA). The results demonstrate an
effective trade-off between sensing precision and communi-
cation performance. Additionally, the authors in [28] studied
a CF-ISAC system assisted by multiple RISs and focused on
maximizing the minimum SINR across users while optimizing
APs’ beamforming and RISs’ phase shifts. They proposed
an alternating optimization (AO) method to jointly improve
communication and sensing performance. Results showed that
their approach effectively boosts both user fairness and sensing
quality. However, in all of the above-discussed studies, the RIS
was placed in a fixed location, so it couldn’t adapt to changing
network demands.

To address dynamic environments, some recent studies have
introduced URIS to CF-ISAC networks. For instance, [29]
used deep reinforcement learning to optimize the UAV’s path
along with beamforming and RIS control in a ISAC system
with single antenna users. In contrast, [30] tackled a multi-
user setup by optimizing UAV’s location, active beamforming
at BSs, and passive beamforming at the RIS using SCA and
FP, showing improvements in rate and coverage. Furthermore,
the work in [31] proposed a URIS-assisted ISAC system that
jointly optimizes the UAV’s position, transmit beamforming,
and RIS’s phase shifts to enhance communication secrecy and
sensing accuracy. The authors used techniques like particle
swarm optimization (PSO), SDR, and MM to solve the non-
convex problem efficiently. Results show improved secrecy
rates and sensing performance, making the approach suitable
for secure ISAC applications.

It is important to note that these URIS-based studies op-
erate in conventional ISAC architectures with a single BS
or centralized controller. In contrast, none of these works
consider the distributed CF-ISAC framework, where multiple
APs and SRs jointly serve users and the sensing target under
CPU coordination. Therefore, the CF-ISAC architecture with
multiple URISs studied in this paper differs fundamentally
in system assumptions and design challenges. Furthermore,
one crucial aspect, i.e., RIS-user association, remains underex-
plored. [17] and [32] have focused on RIS-user association and
beamforming using optimization techniques. However, these
were mainly applied to traditional cellular systems and did
not support sensing features, UAV’s constraints, or dynamic
RIS configuration. Despite improved efficiency, the method
did not incorporate sensing or UAV’s mobility.

B. Motivation and Contributions

The integration of ISAC into CF architectures, enhanced
by the flexibility of URIS, has opened new directions in
wireless system design. Existing CF-ISAC researches have
made substantial progress in enhancing spectral efficiency,
joint beamforming, and secure communication. However, sev-
eral critical challenges remain unaddressed. Most existing
studies assume static RIS placements, limiting the system’s
ability to dynamically adapt to user distribution and channel
variations. Additionally, RIS-user association is typically fixed
or ignored, which restricts the system from fully leveraging
RISs in multi-user setups. UAV-mounted RIS, offering mo-
bility and coverage flexibility, has emerged as a promising
enhancement, but prior work often considers simplified or
single user models. Furthermore, UAV’s energy constraints and
multi-static sensing capabilities are rarely incorporated into
joint optimization frameworks.

These limitations are clearly summarized in Table II, which
compares the scope of existing works against key dimensions:
ISAC integration, CF architecture, URIS, RIS-user association,
and UAV’s energy constraints. As shown, most existing studies
cover only a subset of these aspects, often assuming static RIS
deployments or neglecting joint optimization involving RIS-
user mapping and UAV’s energy constraints.

Motivated by these gaps, we propose a comprehensive
CF-ISAC framework that leverages URISs to provide flexi-
ble signal reflection, improved coverage, and energy-efficient
operation in multi-user environments. To the best of our
knowledge, this is the first work to jointly optimize APs’
beamforming, RISs’ phase shifts, RIS-user association, and
UAVs’ placement, under both UAVs’ energy constraints and
multi-static sensing considerations, with the objective of maxi-
mizing the weighted sum rate in a multi-user CF-ISAC system.

Our main contributions are summarized as follows:

¢ We propose an URIS-assisted CF-ISAC system that maxi-
mizes the achievable weighted sum rates within the whole
ISAC period while satisfying radar sensing constraints.

o We design a joint optimization framework to maximize
the weighted sum rate within the whole ISAC period by
optimizing APs’ beamforming, RISs’ phase shifts, RIS-
user association, and UAVs’ positioning. This is done
while also considering radar sensing requirements and
the UAVs’ energy limitations. The problem is challenging
due to the coupling among the involved variables.

e We incorporate multi-static radar sensing into the CF-
ISAC system by using URISs to assist in signal reflection
for sensing.

o To solve the optimization problem, we develop an effi-
cient AO framework that divides the considered problem
into three subproblems including APs’ beamforming,
RISs’ phase shift design with RIS-user association, and
UAVs’ location optimization. First, we transform the
objective function with logarithmic terms by applying
the Lagrangian dual method, which helps simplify the
non-convex expressions. Then, to handle the non-convex
multi-ratio fractional terms, we use the multi-dimensional
complex quadratic transform (MCQT) for optimizing



TABLE II
COMPARISON OF RELATED WORKS AND OUR KEY CONTRIBUTIONS

Ref

ISAC CF URIS RIS-user UAV’s  energy
association constraints
(6] 4 v X X X
[17] X v X v X
[23] v v X X X
[25] v v X X X
[28] v v X X X
[29] v X v X v
[30] X v v X X
[32] X X X v X
[33] v v X X X
[34] v X v X v
our paper v v v v v

APs’ beamforming and RISs’ phase shifts, which refor-
mulates them into a more tractable form as a quadratically
constrained quadratic programming (QCQP) problem. To
address the user-RIS association subproblem, we intro-
duce a penalty-based method to manage the non-convex
and discrete nature of the user-to-RIS assignment. Next,
for UAV placement, we apply the SCA technique. These
subproblems are then solved iteratively in an alternating
manner until convergence is achieved.

e Our simulation results show that using URISs improve
weighted sum rate, sensing performance, and network
coverage. The proposed method works better than other
baseline schemes, proving its effectiveness.

The remainder of this paper is organized as follows. Sec-
tion II describes the system model. Section III outlines the
problem formulation, which involves the joint design of APs’
beamforming, RIS’s phase shifts and RIS-user association, and
URISs’ location. Section IV presents the proposed solution
framework to maximize the weighted sum rate through joint
optimization of all involved variables. Section V provides sim-
ulation results and performance evaluation. Finally, Section VI
concludes the paper and discusses future research directions.

C. Notation

We use vectors in bold lowercase (e.g., w) and matrices
in bold uppercase (e.g., W). The transpose, conjugate, and
conjugate transpose (Hermitian transpose) of W are W7,
W, and W# | respectively. The absolute value and Euclidean
norm of W are [W| and ||W||. The space of M x 1 complex-
valued vectors is CM*1 and M x N complex-valued matrices
are denoted by CM > The Hermitian transpose of W is W1,
and diag(v)) is a diagonal matrix with entries from . The
real part of an expression is extracted using R{-}, and Iy
represents the N x N identity matrix.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a system comprising
multiple URISs to enhance the communication and sensing
quality within a CF-ISAC network. The system includes a set

Fig. 1.

The system model of CF-ISAC network with URISs.

of L ={1,...,L} APs, F = {1,...,F} sensing receivers
(SRs), R ={1,...,R} URISs, K ={1,..., K} users, and a
single sensing target. Each AP and each SR is equipped with
M antennas arranged as a uniform linear array (ULA), used
for transmitting communication and radar signals at the APs
and receiving radar echoes at the SRs. Each RIS consists of
N ={1,..., N} reflecting elements to improve the commu-
nication and sensing from the APs to single-antenna users and
the target, respectively. All APs and SRs are connected to a
central server via high-speed wired links, while the URISs
communicate wirelessly with the central server, forming a
unified and high-performance network infrastructure.

The UAV and RIS act as a single entity for simplicity and
the impact of the RIS’s size and weight on the solution is
neglected [30]. The URISs are only allowed to fly within a
defined horizontal area E, and each URIS r € R operates
at a fixed altitude, based on safety regulations and stabil-
ity constraints [29], [34]. The ISAC operation, with a total
duration Tp, is partitioned into 7' uniform time slots, each
with a fixed duration g, such that Ty = T'p. The r-th URIS
location at time slot ¢ is expressed as Q¢ = [Ztr, Yt.r), 1.€.,
q:,» € E . Furthermore, each URIS starts from an individual
initial location q,,0 = [%r,0, Yr0]. To ensure flight safety and



operational constraints, the UAV is restricted to the designated
area X x ), throughout its mission, formalized as

Qr€X XY, Vte{l,2,....,T}, VreR. (1)

Moreover, the UAV’s mobility is subject to a maximum
allowable velocity vmax, yielding the constraint

T}, VreR.

2
Following common simplifying assumptions in multi-UAV
planning [35], [36], we consider straight-line URIS trajectories
from their initial positions to the optimized locations and as-
sume that they operate in a controlled airspace with sufficiently
separated configurations (e.g., through altitude planning), so
that inter-URIS collisions do not occur during the translation.
The propulsion energy consumed by the r-th URIS is mainly
influenced by its velocity, acceleration, and flight duration. The
instantaneous propulsion energy expenditure at time slot ¢, for
r-th URIS, is given by

1
3v N 1,4 U? . ’ E
P14+ +P 1+ =) el e )
( U§p> < qui 202 b

Ut’r — ||qt77" _th”r1|7 (4)

where v, denotes the r-th URIS’s velocity at time slot
t. Py, P1,Up,v0, and g are system dependent constants
determined by the aerodynamics and propulsion characteristics
of the URIS platform. The standard numerical values for these
parameters are summarized in Table III [29], [34]. Further-
more, the UAV’s limited flight time is implicitly enforced
through the total propulsion-energy constraint [37].

Hqtﬂ' —qtr—1 H < OUmax; Vit = {27 ey

URIS _
gt,r -

TABLE III
STANDARD PARAMETER VALUES FOR (3)

Parameter | Description Value
Py Blade profile power 80 W
Usip Blade tip speed 120 m/s
Vo Mean rotor induced velocity | 4 m/s
Umax Maximum allowable velocity | 20 m/s
Py Induced power coefficient 3143 W
© Fuselage drag coefficient 0.0046
kg/m

The spatial location of r-th URIS at time slot ¢ can be
denoted as q;%. = (zfi,,yf%.)". The I-th AP, the k-th user,
and the target are positioned at x = (zf,y")7T, xK =
(zE,yE)T, and xy = (20,90)T, respectively. The height of
k-th user, target, [-th APs and r-th URIS is denoted as hg, h,,
h;, and h,., respectively. The distance between the r-th URIS

and [-th AP, target, and k-th user is respectively denoted by

duge = \/laf,

dero = /llaf, = Xoll2 + |hr = hol2, (6)
dori = \/lafl, -

A. Transmission Model

XN + |hye — h?, (5)

X2 + By — T 2. 7

The complex baseband signal at time slot ¢ transmitted by
l-th AP is represented as

Xt = Z Wi 1 kSt,k T Wt,1,05¢t,05 (8)
kek
where wy ;. € CM*! and w, ;o € CM*! denote the beam-
forming vectors for transmitting data to k-th user and sensing
stream to target, respectively, with s; ; and s; o representing
the associated k-th user’s data and sensing stream.

B. Channel Model

The AP-user link consists of both LoS and URIS-assisted
non-LoS paths, while the AP-target direct LoS link is assumed
to be blocked due to environmental obstructions [33]. There-
fore, only the URIS-assisted AP-to-target links are considered.
Additionally, a direct LoS link is assumed between the target
and the SRs, ensuring reliable signal reception for radar
sensing tasks. Furthermore, we assume perfect CSI for all
links, which can be obtained using effective channel estimation
methods [38]. The channel gains at time slot ¢ between the
[-th AP and r-th RIS, r-th RIS and k-th user, r-th RIS
and target, [-th AP and k-th user, f-th SR and target are
denoted by Gy, € CN*M g, ., € CN*1 g, ., € CNXL,
gk € CM*1 and g p € CM*!, respectively, which are

shown as
B o 1 o
(FTSHr ty G | ©)
B

— Ie) 1 o}

8t,rk = adt,zk ( B+1 ET% + B+ 1g215\7]7Iij) , (10)
- B o L Nio

Brrs = adt,35< G180 Ty garsee | (D

gl k= \/m (Fgmf + rgi\lﬁfs> 7
\/mg??;f :
\/ﬁg%ﬁ,

where « and [ represent the path loss per unit distance and

the Rician factor, respectively. GFZLTOS, g}ﬁfs, and gf}s"s

represent the NLoS channel components, which follow the

12)

LOS
1 gt fS

ﬁ

NLoS
mgtfg >,

13)



Gaussian distribution. The LoS component of the G ; , chan-
nel is given by

G99 =a (0rr0, ber)21(Ortr, brir),

where 0;; , and ¢, ; . represent the elevation and azimuth an-
gles, respectively. Since each AP and each URIS are equipped
with the ULA of size M = M, x M, and N = N, x N,
respectively, where M, and M, represent the number of
antenna elements at each AP along the x-axis and y-axis, while
N, and N, denote the numbers of reflecting elements at each
URIS along the corresponding axes. The array response vector
is defined as

al(et,l,’r) ¢t,l,7“) — I:l’ ey e_jQW%(Mm_l) Sin(at,lm) Sin(‘bt,lﬂ')]

(14)

& [17 e o927 % (My—1) ‘305(9t,l,1v)]7

8Bty But) = [1..., P2 AN D S0 ) cos(0)]

® [17 o ej27r§(Ny71) sin(0y,r,1) sin(q&t‘nl)] 7

where the spatial parameters are calculated as

ylt —yf
sin(0,,) sin(e ) = #7 (15)
t,lr
hr —h
cos(by1r) = ! (16)
dt7lr
P
sin(0 1) cos(¢r 1) = % (17)
t,lr
L R
. . Y — Yir
sin(0y 1) sin(¢e 1) = ldilt (18)
t,lr

C. Communication Model

For each user, the signal transmitted from the APs can
propagate through two distinct paths: the direct AP-to-user
link and the indirect AP-to-URIS-to-user link, where the RIS
enhances connectivity by reflecting the signal towards the
user. To model the association between users and RISs, let
ue k. € {0,1} indicate whether k-th user is associated with r-
th RIS or not. The association vector for k-th user, representing
its connection to all RISs, is given by
(19)

Uik = [ut,k,la cee 7Ut,k,R]T~

For all users and RISs, the association matrix is represented
as
T e REXE, (20)

Uy = [ut,la cee 7ut,K]

Therefore, the signal received by the k-th user at time slot
t is expressed as

H H
Yik = E E 81k T Ut k8 £ Otr G 1) Xe 1 + Nt ks
leL reR

21

where n; i, ~ CN (0, Uf, 1) denotes the additive white Gaussian
noise (AWGN) with variance 0152’ i at the k-th user. The phase

shift matrix of the r-th RIS, represented by

O, = diag(ejetml’ s ejet,r,N)
= dlag (wt,’l‘,h N 7’(/}75,7“7N) , (22)

defines the phase shift matrix of the r-th RIS, where 6, ,
denotes the phase shift of the n-th element at time slot ¢. It
is assumed that these phase shift values can be continuously
tuned within the interval [0, 27). The received SINR at time
slot ¢ at the k-th user can expressed as

5 |gg,{kwt,k 2
t,k —
> lglwil? + 07, (23)
JER\Kk
where
gtHJ,k = (gtH,ng + ut,k,rgﬁr_’th,rGt,l,r)a (24)
K =Ku{o}, (25)
N N H
gtk = [gfl,k ) gtI?L,k} ) (26)
Wi £ {Wy1.0, Wik ies kekcs (27)
H
wio=[wilo, ... wio] (28)
wi e = (Wi wilp ] (29)

The weighted sum rate of all users at time slot ¢ can be
expressed as

T =Y wikloga(l+7ek),
kex

(30)

where w, ;, denotes the communication weight of k-th user at
time slot .

D. Sensing Model

We consider a multi-static sensing configuration, illustrated
in Fig. 2, where the transmitters and receivers are deployed
at separate locations. In this setup, L APs are responsible for
transmitting the sensing signals, while ' SRs collaboratively
receive these signals to detect the target. The CPU then collects
and processes the signals from all ' SRs to perform target
detection [28], [39]. The signal received at the f-th SR at
time slot ¢ can be expressed as

Yy = Z Z kG s + 1y,

leLreR

€Y

where the sensing channel between transmit AP [ and SR f
is defined as [33], [40]

Gy = gt,f(GtH,l;p@t,'r‘gt,r,s)Ha

and the radar cross section (RCS) for the sensing path between
transmit AP [ and SR f is denoted by rf;. According
to the Swerling-I model, the RCS is assumed to remain
constant throughout the transmission period and is modeled
as a complex Gaussian random variable, rf; ~ CN(0,0% ;).
We assume that all x7; values are known in advance, and
that the RCS values for different transmitter-receiver pairs

(32)
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are statistically independent. This assumption is commonly
adopted in multi-static sensing models [41], where the RCS
associated with a given target class is treated as a known
parameter. The receiver noise at the f-th SR is denoted by

ny, ~CN (0,07 Ip) € CM*L (33)

Hence, the joint sensing SNR at the CPU can be derived
by jointly processing the signals from all SRs and is given by
[33]

> 2 krillGe s W2
_ JEFleL

Fo?

sS

Vt,s ; (34)

where

} c CMX(K+1)

Wi =W 0, Wi1,...,W K (35)

concatenates the beamforming vectors of all users and the
sensing target.

III. PROBLEM FORMULATION

Our objective is to maximize the sum of weighted sum rates
within the whole ISAC period, through the joint optimization
of beamforming w, phase shifts ©, UAVs’ locations q, and
RIS-user association /. Let us define

w = {wi }er, (36)
© £ {0,},cr; 37)
a = {q/}rer, (38)
U £ {Ushter. (39)

Therefore, the optimization problem can be formulated as

Wtr,r(l")at)y(Qt-, Z Tt (403)
u, vt ter
s.t.
Ves 2 Ven sV (40b)
IwWeroll? + > Iwenl® < P™.Vie £,¥,  (40c)
ke
[Y1.rn| = 1,Vr € R,Vn € N, Vt, (40d)
Z Ut k,r < Rconne(,'th S }C,Vt, (40e)
reR
ug . € {0,1},Vk € K,Vr € R, Vt, (40f)
qu € E.Vr € R,Vt, (40g)
SIS (qy,) < €MV Vr € R, (40h)
teT
laer =aurall o oy g e R “00)

4

Constraints (40b) and (40c) represent the minimum sensing
SNR requirement for the target and the maximum transmit
power for the [-th AP, respectively. Constraint (40e) illustrates
the number of URIS with which k-th user can be paired
is limited to Rconnect- Finally, constraints (40h) and (40i)
represent the URIS’s energy limitation and the maximum
allowable flying speeds, respectively. Problem (40) is non-
convex because of the non-concave objective function (40a)
and non-convex constraints (40b), (40d), (40f), and (40h).

IV. PROPOSED SOLUTION
A. Transformation of Objective Function

To simplify the objective function (40a), we use the FP
method to convert the objective function into a more favorable
polynomial expression. As derived in [13], [42], we introduce
an auxiliary variable b, = [b;1,b2....,b: k|7 to separate
the ratio term <y ; in (30) from the logarithmic function via
the Lagrangian dual reformulation. This transforms (40a) into
a solvable polynomial form at time slot ¢, expressed as

w1 (14be k) Ve, ke
T4+7¢, % ’

(41)

Y wikloga(1+ber) — >0 wewbir + D
ke ke ke

where the optimal value of b; ;, at time slot ¢ can be obtained
by computing the first-order partial derivative of equation (41)
with respect to b, ; and setting it equal to zero. When this
optimal value is found, the objective function in (40a) becomes
equivalent to (41). The value of b; ;, at optimality is therefore
determined by

b:,k = Vt,k- 42)
Nevertheless, the final term in (41) remains a complex non-
convex fraction. To simplify the solution process, we apply a

quadratic transformation [13], [42] to convert it into a more



tractable form, which is shown as follows:
2w (1+ b RET llowe s} — [0l | Ielfowesl + 07 |
JER\k
(43)

where the optimal value of the relaxation variable oy is
determined by

o V(L b)g Wik

k=
> |gt}_,[kwt,j|+0t2,k
JER\K

. (44)

After determining the auxiliary variables b and d; x, and
applying the corresponding transformations in (41) and (43),
the objective function (40a) can be expressed in terms of wy
and ©; as

f(We, O, At r, be iy Oe1) = Z 2\/ Wt,k(l + bt,k)%{(szkgf{k"vt,k}

kek
=D 16kl | D Iethewisl + otk
keK JER\k

(45)

B. Beamforming Optimization

With fixed ©y, q¢, by i, 0¢ k., Uy, the transmit beamforming
optimization problem is reduced to

S 2y @+ bR gt} (60

max
wi,Vt
teT ke
2 H 2
_E E |0t k| E |gt,kWt,j|+‘7t,k
teT kek JER\K
s.t.

(40b), (40c), (46b)

where numerator term of 7, in the non-convex constraint
(40b) is convexified by employing the following inequality
I7]1? = 2R{(+ )} — |72,

where T = G ;W,. This technique effectively convexifies the
numerator term of vy ;. As a result, (40b) is rewritten as

> 2 mpa(2R{(r) T} —[[rO]2)

feFleL

(47)

e )

Fo?,
C. Phase Shift and User-RIS Association Optimization

With fixed wy,qy, bt i, 0¢ 5, the URISs’ phase shifts and
user-RIS association optimization problem can be formulated

as

oMEX D> V@ k(U + b )RS W gk} (49)

teT ke
=D okl | D] i g8k + ot
teT kek jeR\k

s.t.

(40b), (40d), (40e), (40f), (49b)
where "

o p(l+b ;
62,1@ _ t,k( t,k)¢t 8t.k,j (50)

H H 2’
Z by 8t.k.j8k ¥Vt T ik
JER\K

H T _H
gt,k,jwt,k,k:E E (gt,l,k+ut,kgt,r,k®t,rGt,l,T)Wt,l,j

leL.TeER
= 'l/fflgt,k,j,
8tk = Z Z (diag(gt k) Gi,t,r) Wi,
leL.TER
gtf,lk,j =0+ utT,kCt,k,ja (5D
. where
Ctkgr = Zgg«,kgt,r(}t,l,rwt,l,j, (52)
lel
Cong = [Cekgns-- - Curarl” (53)
0= Z 8,1 kWt - (54
leL
Similarly,
8t,sWt, 1 = Z Z [gt,f(ggp,s@t,rGt,l,r)] Wil (55)
leLreR
where
g =Y > & Wl diag(el, )G | (56)
leLreR
Hence, (40b) can be approximated as
Y rpR{wlgll g wi} - Foi, =5 (57)

teT

Next, for the binary association variable indicating the user-
RIS matching wu ., we first relax (40f) into a continuous
variable. Let us define

E(w) =Y > uks (58)
reRkeK
M(u) = > Y (urrr)? (59)
reRkeK
Then, we impose the following constraints [17]
E(uz) — M(uy) <0,V Vr, Yk, (60)
0 < uppp <1,V Ve, Vk. 61)

Note that (60) represents a difference of convex (DC)
programming relaxation constraint. The lower bound of IT(u;)



is derived as
(u) > M(ul™) + V,, T(uf) (u, — ul®) 2 06 (uy),

(62)

_ H(g)(ut) <0,
where at the ¢-th iteration, H(ugg)) represents the current
value, and the gradient term is computed as

V., I(u (g)) (ﬁ) Z Z

keKrer

=(ur) (63)

(s) ).

utrk utrkiutrk

(64)

By incorporating the constraint (63) as a penalty term in
the objective function and introducing the slack variable pi <)
we effectively address all non-convex terms in the association
problem, and the convex approximation of problem (49) is

formulated as

&, Z (Z 2\ @ k(1 + bt’k)%{éj,kwfgt,k,k} (65a)
o1, Vt teT \kek

=Dl | Y dl sl ot | — 970

ke jER\k
s.t.
|1/Jtrn|<1VT€RVnENVt, (65b)
> Utk < Reonnect + 915, VEVE € K, (65¢)
reR
(57),(63), (65d)
where
P15 = (2(ur) — T (wy)), (66)

which can be updated by

R
<07 Z uz(gflz’r - Rconnect) )
r=1

to permit violations. A penalty weight 9(¢) is applied to
enforce pgg,z — 0, ensuring that constraint (40e) is ultimately
satisfied.

() _

O = max

(67)

D. UAVs’ Location Optimization

This section focuses on optimizing the location of the UAVs
by decoupling the variables of the UAV for a streamlined
process. With fixed ®, Wy, by i, 0y i, Uy, we reformulate the
channel equations as follows:

H H
(gt Lk T Utk rgt,r,kgt,rc't,l,r)wt,l,j

A A (68)
dt Ir dt_7k(gtH,l,k + ut,k,rgi{:[r,k@tﬂ“GtJ,T)wt,l,ja
where
th’r (Hﬁ‘i‘l %?’? Vﬁ+1G¥f\IlI’;‘OS>7 (69)

gt,r,k =

1
Va (,/Bf_lg%ﬁ% T\ FrT 1g§175’5> . (0

Let us define

H ~H A~
Stk = &k T U kr8trk©@rrGrir)Werj, (71

Then, we simplify

H H —2 -2
(kU k8 kOtr G )Werj = \/dy 1 d; 1St k5-

(72)

The AP-RIS and user-RIS links depend on URIS’s location,

making optimization problem complex. To manage this, we

adopt a local area optimization approach, restricting RIS

movement within a small threshold to maintain a near-constant

channel model. To maximize the weighted transmission rate,
we define the optimization problem as follows:

maxz Z wy, th k

q,V

teT kek
s.t.
q:r € F, (73a)
(40h), (40i). (73b)

The rate function Tt,k is given by

Stlk lk
Tow=log | 3 =5 + ok

leL jeK tl7 trk:
St1k,55
2J tlk,_] 2
— log, E E: T2 2 + ik
lEL jeR\k tlr‘ t,rk

However, 'Aftﬁk is highly nonlinear, which complicates direct
optimization. To address this, we introduce relaxation variables
Xk and Yy 1, and reformulate Tt,k as a concave function
as follows:

Stl/wstlk
}:2: » J 2
Ttk» > Ttk 710g2 7){ +0—t,k
€L jex t.hk

St l kJ t,l k](Xf Lk — Xt(gl)}c)
(X, 58)?

-1

lEL jex

St1k,55
Stk
DD T i

IEL jek X1,k

Stl/w t,lk
—logy | D > T 4ol

lEL jeR\k Ve

(74)

For convexity, the constraint X ; j > dt det 1 must hold.



By using the SCA method, we approximate

dfrkdt r S [(d?rk + dt )’ — (dz(tfgk)4:|

)

- Q(dg,?k)Z((lt,r - Xf)T(Qt,r - qggr)) (75)
—2(d) ) (aer — xP) (e — af)
=4 (t, L k).

Thus, by leveraging SCA, we transform the problem into a
convex optimization framework, ensuring an efficient solution.
To ensure a lower bound on Tt, &, the relaxation variable Y} ; 1,
must satisfy:

Yok < df ppdi - (76)

. 2 2 . .
Smcg dt,rkdtj 1 18 a product of two convex terms, its upper
approximation is formulated as

4
t lr = |:(dt§7213 tgl)TQ) (dt?ﬁ tgl)r >:| (7721)
+2 [ tork - dt i) (qi,gr) XkK)T(Qt,r - qz(s,gr))}
+2 | (A} + i) = xP) (@i — al)]
— So(t, 1, k).

When Ss(t, 1, k) > Yi i, the constraint Y3 < dt det I
holds, ensuring convexity. Standard convex optimization meth-
ods, such as the primal-dual interior-point algorithm, are then
applied to solve the problem.

Next, to address the nonconvexity of constraint (40h), we
adopt a similar approach as in [43], [44], by introducing a per
URIS slack variable {u; , > 0,Vt,Vr}, defined as

4 2
2 Ut,'r Ut,'r‘
=4/1 , 78
Bt + qoug 203 (78)
which is equivalent to
1 s | Uiy
=+ (79)
pie T wo

where the term u%

tr

is convex with respect to i ,, while

the expression u?,, + U;;:‘ is jointly convex with respect to
both {qy., gt }. Thus, at given local points ql(fr) and Mﬁfﬁ,
we approximate
(£)y2
1 (Vi)
< () S 2 (e — 1)
/Lt,r Vo
(80)
20
+ (- vt(cr))),Vt,Vr.
Vo
1
’U2 2
As a result, the term P, - 2:;‘ o in con-
0

straint (40h) can be approximated by the linear term P i 0.
Consequently, the constraint (40h) can be reformulated as

2.2 |

teT reR

2
UQ 0+ Pipero+ pi,v7 0| < E™
tip

81

The convex approximation of problem (73) is given by

qt?@f\ﬁ tEZT ];C Tin (82a)
S.t.

air € E, (82b)

Xk > S1(t, k), (82¢)

Yiie < Sa(t, 1 k), (82d)

(40i), (81), (82¢)

which can be solved by CVX.
The proposed AO algorithm is outlined in Algorithm 1.

Algorithm 1 Alternating Optimization for Problem (40)
1: Initialize ¢ =0, w, ©, q, U
2: repeat
3: ¢=¢+1
4: if max HZ/{(C) U(g DH > ¢ then
Update U, pts) by solving (65)
end if
Update b, j,
Update 47 ., by (44)
Update wy, by (46)
10: Update ®;, by (65)
11: Update q; ., by (82)
12: Compute T,E().
13: umtil [T — 1Y <€
14: return w*, ©*, q*, U*, T}

o A

Convergence Analysis: Due to the iterative nature of
Algorithm 1, it is essential to verify its convergence to
ensure the effect1veness of the proposed AO framework.
Let (L{(g @(g) ()) denote the feasible solutions
obtained at the s- th iteration. The optimization process
proceeds as --- — (u(c-l—l)’w(c)’@(d’q(d) N
(u(<+1),w(<+1)’@(§)7q(<)) N (u(c+1)7w(<+1)’@(<+1)7q(<))
— (U“*l),w(g‘”),®(g+1)7q(<+1)) — .... The subproblem
(65), which is solved using DC programming relaxation
for the binary user-RIS association variables, is optimized
sequentially while keeping the remaining variables fixed.
Consequently, the objective function exhibits a monotonic
improvement behavior across iterations, which can be
expressed as

YED @+ w(©) @)
w(c),®(§),q(‘)). (83)

Likewise, for problem (46), which is convex in w and solved
as a maximization problem, the objective value T; gradually

q'))
=1 U,



increases across iterations, i.e.,
Tﬁ‘“) U, Wt @) q()
> 1D @+ w9 @) g©)). (84)

The optimal ® is derived by solving problem (65), which
maximizes the weighted sum-rate, and it satisfies:

ng—l) (u(§+1)a W(§+1)7 ®(§+1)7 q(g))

> T U, W) @), ql9). (85)

Finally, g1 represents the optimal solution to the prob-
lem (82), and it can be expressed as

T§§+1) (u(§+1)a W(ngl)v ®(§+1)7 q(§+1))

> T§<+1)(u(<+1)7 w(st) @+ q(<))_ (86)

Thus, the objective function Y, exhibits a monotonic,
increasing behavior across iterations. Since Y; is inherently
bounded due to the power constraints, the proposed AO-
based algorithm is guaranteed to converge to a stationary
solution. The AO framework ensures convergence to a locally
optimal solution that satisfies the Karush-Kuhn-Tucker (KKT)
conditions.

Computational Complexity: This subsection summarizes the
computational complexity of the Algorithm 1. In each itera-
tion, three optimization subproblems are updated sequentially.

First, the beamforming update in (46) is formulated as a
QCQP after applying the MCQT transformation. This block
involves LM (K + 1) variables, and the associated matrix
operations scale as O((LM (K + 1))3).

Second, the RIS phase shift and RIS-user association update
in (65) jointly optimizes RN phase variables and K R associa-
tion variables. The SCA/DC update requires matrix operations
with complexity on the order of O((RN)? + (K R)?).

Third, the UAV location update in (82) optimizes 2R
position variables, and the resulting convex update has a
computational order of O(R?).

By combining the dominant terms of the three blocks,
the overall complexity of one iteration can be expressed as
O((LM(K +1))* + (RN)* + (K R)* + R®).

V. SIMULATION RESULTS

This section presents the simulation outcomes to evaluate
the performance of CF-ISAC system with URISs. In the
considered setup, there are L = 4 distributed APs, K = 4
users, R = 4 RISs, and F' = 4 SRs. The users and sensing
target each have a single antenna, while both the APs and
SRs are equipped with 4 antennas. Each RIS is composed of
N = 10 passive reflecting elements. The maximum transmit
power at each AP is limited to Pt‘f}a" = 1W, and the noise
power is set to 02 = —110 dBm. The minimum SNR threshold
for sensing are set at v;7"° = 1 dB. All APs, users, and SRs
are uniformly distributed within a total area of 100 m x 100
m.

We implement the algorithms using MATLAB R2023b
and solve the convex optimization problems with the SDPT3
solver. The iteration process is stopped when the improve-
ment in the objective function between two consecutive steps
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Fig. 3. Convergence behavior of Algorithm 1.

becomes less than 10~3. We evaluate the proposed algorithm
by comparing it with three benchmark schemes, as follows:

o CF with fixed RISs: In this scheme, each RIS is installed

at a fixed location, such as on a wall or a tall building.

e CF without URISs: In this scheme, we exclude the use

of RIS-mounted UAVs.

o Collocated with URISs: In this scheme, a single AP is

placed at the center of the area to serve all users. This
AP is equipped with LM antennas and has a maximum
transmit power of L P ™.

Fig. 3 shows the convergence behavior of Algorithm 1. Our
proposed scheme achieves the highest sum rate of approxi-
mately 21.11 bits/s/Hz compared to other baseline schemes,
and converges within just four iterations, demonstrating fast
and efficient convergence. In comparison, CF with fixed RISs,
Collocated with URISs, and CF without URISs schemes con-
verge to lower sum rates of 15.33, 12.22, and 11.93 bits/s/Hz,
respectively. This clearly highlights the effectiveness of our
proposed algorithm in maximizing the sum rate. We note that
the convergence speed may vary under certain conditions, such
as very large optimization dimensions or highly time-varying
UAV-RIS channels, which aligns with known behaviors of AO
and block-coordinate methods.

Fig. 4 shows the impact of the number of RIS’s elements
on the sum rate of the users with respect to the association
of the users. As the number of RIS’s elements increases
from 10 to 45, our proposed scheme consistently achieves
the highest sum rate in both cases. Notably, when each user
is allowed to associate with up to 4 RISs, the sum rate
improves from 21.11 to 24.5 bits/s/Hz. In contrast, the 2 RISs
association case shows a more modest improvement from 19
to 22.8 bits/s/Hz. This demonstrates that enabling users to be
served with greater number of RISs enhances spatial diversity
and system flexibility, leading to better spectral efficiency.
Additionally, CF with fixed RISs and Collocated with URISs
schemes follow similar trends, but their overall gains are
significantly smaller, and the performance gap between the
2 RISs and 4 RISs settings is more modest. At N = 10
elements, the proposed scheme with maximum 4 RISs per
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users outperforms CF with fixed RISs and Collocated with
URISs by 37.7% and 72.8%, respectively.
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Fig. 5 illustrates the impact of the number of AP’s transmit
antennas on the sum rate of users. At M = 4 antennas, the
proposed scheme outperforms CF with fixed RISs, Collocated
with URISs, and CF without URISs schemes by 32.2%,
48.7%, and 54.8%, respectively. This improvement is due to
the fact that more antennas provide better spatial diversity
and stronger beamforming capabilities, enabling the system
to transmit signals more efficiently and reliably compared to
the baseline schemes.

Fig. 6 illustrates the trade-off between communication per-
formance and sensing requirement. It is clear that the weighted
sum rate for all cases decreases as the sensing SNR threshold
increases. This happens because a stricter sensing constraint
requires more power for the sensing beamformer, leaving less
power available to optimize the communication beamformers
for maximizing the weighted sum rate. Besides, our proposed
scheme considerably outperforms the CF-ISAC systems with
fixed RISs and without URISs, thus confirming that the
proposed scheme better balances the trade-off between sensing
and communication, maintaining higher spectral efficiency
even under stringent sensing constraints.

In passive RIS-assisted systems, accurate acquisition of
the cascaded CSI is essential for efficient transceiver and
RIS phase shift optimization. In practice, however, channel
estimation errors and time-varying propagation conditions
introduce uncertainty in the estimated CSI [45]. To examine
the robustness of the proposed design under such imperfec-
tions, we adopt a bounded CSI error model for the cascaded
AP-URIS—user channel. The imperfect channels are modeled
as

Gt,l,r = Gt,l,r + AGt,l,ra (87)

8t.r.k = gt,r,k + Agt,r,k; (88)

where Gt,l,'r and g; . denote the estimated CSI available at
the central server, respectively. AGy;, and Ag; . represent
the estimation errors, which satisfy the following conditions:



(89)

[AG 1 lF < NGy irl|Fs

HAgt,r,kHQ S N”gt,r,kHZa (90)

where N € [0,1) denotes the level of CSI uncertainty.

We study two cases of channel uncertainty: partial and
full. In the partial channel uncertainty, only the cascaded
channel is considered uncertain, as described in (87) and
(88). For the full channel uncertainty, it accounts for both the
cascaded and direct channels, where the bounded error model
is also applied to the AP-user direct link. As shown in Fig. 7,
the achievable sum rate decreases as the uncertainty level N
increases. Under perfect CSI, the proposed scheme achieves
the highest sum rate, while performance degradation becomes
more evident under the full channel uncertainty due to errors
in both the cascaded and direct links. Nevertheless, the relative
performance advantage of the proposed URIS-assisted CF
ISAC system is largely preserved across all uncertainty levels,
as the CSI errors affect the proposed and baseline schemes in
a similar manner [21], [46].

VI. CONCLUSION

In this paper, we proposed an efficient AO framework for
URISs assisted CF-ISAC system. QOur approach jointly op-
timizes APs’ transmit beamforming, RISs’ phase shifts, RIS-
user association, and URISs’ locations to maximize the sum of
achievable weighted sum rates within the whole ISAC period
while satisfying radar sensing and UAVs’ energy constraints.
The original non-convex problem is decomposed and solved
iteratively through tractable subproblems. Simulation results
demonstrate significant performance improvements, showcas-
ing the potential of our proposed approach for future RIS-
mounted UAVs assisted CF-ISAC applications.

This work focused on a single sensing target for tractability.
Extending the framework to multiple targets while account-
ing for inter-target interference, additional channel estimation
overhead, and increased optimization complexity represents an
important direction for future research. Future work will also
focus on investigating dynamic URIS trajectories with user
mobility, applying machine learning for adaptive optimization,
and exploring sensing-communication trade-offs in more com-
plex environments.
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