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Abstract—This work considers a joint sensing and commu-
nication sum rate maximization problem in a full-duplex (FD)
cell-free (CF) multiple-input multiple-output (MIMO) system.
The setup consists of FD multi-antenna access points (APs) that
send integrated sensing and communication (ISAC) data in the
downlink (DL) for both communication and target localization.
The APs simultaneously receive uplink (UL) data from multiple
single-antenna users and target echoes same time-frequency
resources. The concurrent data transmission and reception results
in self-interference (SI), inter-AP interference (IAI) and cross-link
interference overhead. An optimization technique is proposed to
provide optimal UL/DL transmit and receive beamformers. The
half-duplex (HD) variant of the model is used as a benchmark for
the communication case. For the sensing scenario, a variant of
the proposed model which considers a sum rate maximization of
the communication functionality with an unconstrained sensing
component is considered as a baseline. For both sensing and
communication setups, the proposed model outperforms the
benchmark cases significantly in terms of spectral efficiency (SE)
gain.

Index Terms—Integrated sensing and communication, cell-free
multiple-input multiple-output systems, sum rate maximization,
full-duplex.

I. INTRODUCTION

NTEGRATED Sensing and Communication (ISAC) is a

paradigm shift in wireless system architecture wherein
radio frequency (RF) hardware, spectral bands, and signal
waveforms are natively shared to simultaneously execute data
transmission and radar-like environmental sensing. Rather
than operating as decoupled, self-contained systems, ISAC
converges these functionalities to optimize mutually restricted
physical resources, transforming the wireless network into a
dual-functional ecosystem that provides both high-capacity
connectivity and high-precision localization, tracking, and
imaging [1].

A single base station (BS) serving as an ISAC transceiver
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results in geographical constraints and signal processing com-
plexity [2]. To resolve this, cell-free (CF) multiple-input
multiple-output (MIMO) technology is employed which con-
siders geographically distributed access points (APs) cooper-
atively serving a number of user equipment (UE) within the
same time-frequency resource blocks. The AP coordination
is handled by a central processing unit (CPU) [3], [4]. The
advantages offered by the CF MIMO system are spatial
degrees of freedom (DoF) and macro-diversity gain due to
the distributed antenna system. Combining this architecture
with the ISAC technology results in effective target sensing
and better uplink/downlink (UL/DL) communication [2], [5],
[6].

Due to the transmission and reception of both commu-
nication and sensing signals, there is a need for effective
interference management and resource allocation [7], [8]. A
number of literature have delved into optimal beamforming
and power allocation schemes for CF ISAC systems. The work
in [5] designed a beamforming technique for CF ISAC MIMO
systems. The authors in [6] proposed a transmit beamforming
scheme for an CF massive MIMO ISAC system within the
communication-sensing domain. These aforementioned works
however consider half-duplex (HD) mode operations. This
scheme does not efficiently use the available bandwidth due to
the transmission and reception of signals in different resource
blocks [9].

Thus, practical ISAC systems can consider full-duplex (FD)
technologies, where we have concurrent DL transmission of
ISAC signals and UL reception of communication and target
echo signals [10], [11]. The introduction of FD transmission in
CF ISAC comes with a self-interference (SI) cost. Few works
have tackled this issue due to the complexity it presents. In
[12], the authors solved a weighted maximization problem of
sensing and communication signal-to-interference-plus-noise
ratios (SINRs) in a reconfigurable intelligent surface-aided FD
CF MIMO integrated cooperative sensing and communication
system. This was achieved by the joint optimization of the
UL/DL beamformers and UL transmit powers. However, DL
communication was not studied in this work. In [8], an
interference management scheme was proposed for an FD
multi-static ISAC system. In order to avoid SI, [8] considered
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a network-assisted FD technology which deploys half-duplex
(HD) APs.

This work considers an FD CF ISAC MIMO system, where
the FD APs transmit ISAC signals for both DL communication
and sensing while simultaneously receiving UL communica-
tion signals. This results in SI at each AP, inter-AP interference
(IAI) and UL-to-DL interference (UDI) between the UL and
DL users. We formulate a sum-rate maximization problem of
the UL/DL communication rate and sensing rate. We jointly
optimize the DL communication and sensing precoders, UL
communication and sensing receive filters and UL transmit
power allocation. The proposed optimization scheme shows a
significant SE gain over the HD counterpart and the system
that maximizes the total communication SE while neglecting
the sensing constraint.

The rest of the paper is structured as follows: Section II

provides the system model. SE analysis for both UL/DL com-
munication and sensing is elaborated in Section III. Numerical
results are discussed in Section IV and the conclusion is
provided in Section V.
Notation: Bold lower and upper case letters represent vectors
and matrices, respectively. CA(0,0) signifies a circularly
symmetric complex Gaussian random variable with variance o
and zero mean. The Hermitian, trace and expectation operators
are denoted by (-), Tr(-), and E{-}, respectively.

II. SYSTEM MODEL

We consider an FD CF MIMO system consisting of M FD
MIMO APs, L single antenna DL users, K single antenna
UL users and one target. The m-th AP possesses N, transmit
antennas and NV, receive antennas. The m-th AP sends ISAC
signals to L-single antenna DL users and a sensing target while
simultaneously receiving communication signals and reflected
sensing signals from the K UL users and the target in the UL.
The users in this system operate in an HD mode. There is an
SI/IAI bottleneck due to the concurrent data transmissions and
receptions at the APs on the same frequency band. We assume
the conventional block-fading model.

The communication channels from the k-th UL and [-th
DL users to the m-th AP are defined as h,,;, € CN~*! and
gmi € CNeX1 respectively. They are modeled as line of sight
(LoS) channels with [h,, 3], = e ~7(?=D27d/A)sin(0mk) where
d, A, and 6,,,; represent the antenna spacing, wavelength, and
angle of arrival (AoA) from the k-th UL user to the m-th AP.
Also, [gmi]n = eI (n=1)@2md/N)sin(0m) with @,,; denoting the
Ao0A from the m-th AP to the [-th DL user. Also, we define
d = \/2, for simplicity.

It is assumed that the radar channel consists of LoS
paths and both the transmit and receive uniform lin-
ear arrays at the m-th AP have half-wavelength antenna
spacing. The transmit array steering vector is given as
a;(0ps) 2 [1,ed™n0ms) eim(Ne=1)sin(@me)]T  The re-
ceive array steering vector is denoted as a,(6,s) £
[1,edmsin(Oms)  eim(Ne=1)sin(0ms))T The radar channel be-
tween the transmit and receive antennas of the m-th AP is
expressed as G, = Ay, (Ons), Where o, ~ CN(0,¢2) is

the sensing channel gain [8]; A, (0,n) £ a,(0ms)all (01ns);
Oms 1s the angle between the target and m-th AP.

The ISAC signal x,, € CNt*! is sent by the m-th AP
for DL communication and target localization. The integrated
signal is given as x,, = ZzL:1 VmiSi + VmsSs, Where
vy € CNexland s; € C denote the DL communication
transmit beamformer and the data symbol of the [-th DL
user, respectively. It should be noted that s; ~ CAN(0,1).
Also, v,,s € CNe*! represents the sensing beamforming
vector and s; € C denotes a sensing signal with covariance
E{|ss|>} = 1. The signals {s;}%_; and s, are assumed to be
mutually independent. The signal received at the [-th DL user
is given as

M K
yi = Z g Xm + Zledk + 1, (D
m=1 k=1

where dj, ~ CN(0,py), n, € CN(0,1) and g, ~ CN(0,03;)
are the UL communication signal, noise and the UL-to-DL
interference (UDI) channel from the k-th UL user to the [-
th DL user, respectively. O',%l = lefgp where €g; represents
the large-scale fading between the [-th DL user and the k-th
UL user and &2 denotes the residual SI. The UDI channel
is modeled acoording to Rayleigh fading. This is justified by
considering that the LoS components can be eliminated by
exploiting the surrounding buildings and properly separating
the transmit and receive antenna chains.

Moreover, 0 < pi < ng",‘c" denotes the transmit power of
UL user k, where ng‘}c" is the maximum available power.

The received signal at the m-th AP is written by

K M
Ym = Z h’rnkdk + GnLX’m + Z H'rrmxn + 0y, (2)
k=1 n=1

where n,,, € CVr*! denotes AWGN with covariance 021, ;
H,,, € CN~*Nt i the residual SI channel at the m-th AP
whose elements are modeled as CN(0,02,,), where o2, =
emnggl; €mn denotes the large-scale fading from the n-th AP to
the m-th AP. The SI and TAI channels are Rayleigh distributed
based on the assumption of antenna isolation and exploiting
nearby structures. At the m-th AP, the receive beamformers
W,k € CV1 and w,,, € CN7>1 are employed to decode the
data signal sent by the k-th UL user and echo from the target,
respectively, before forwarding to the CPU. Hence, the CPU

receives the UL data and echo signals

M M
H s H
yz = Z unka’rrL and Z/S = Z W'rnYWL? (3)
m=1 m=1

respectively.

III. UL/DL COMMUNICATION & SENSING SE

For the k-th UL user, the communication SINR is derived
from (3) as

prlug hy[?
K )
> imt ek Pilug 2+ [uf Gx|2 + [uf Hx|? + [0 2
“4)

=
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where v, = [uf .. ul, ] € CMN>X1h, =
kel € 5 RS oGS S
" ‘ _ [Hmn’ ""H]\/[]W] e C " “ and
x =[x xEH ¢ CMNex1,
Similarly, the sensing SINR can be obtained from (3) as
H 2
7 = WG SNE)

Sy ol wWHh |2 + [wHHx|? + |[wh |2

where w = [wH ﬁ]H c CMN.x1,

s ey W
Using (1), the communication SINR of the /-th DL user is

written by

d_ |ng VZ\Q 6
=T Hy |2 Hy |2 K 2 » (6
v |8 Ve P+ gl vsl? + 2o prlaw® + 1
where the numerator represents the desired [-th DL
communication signal gain and the denominator de-

notes the interference-plus-noise power. Moreover, v; =

H H 1H MNix1 o _ [oH H 1H MN;x1
Vil ...,VMZL € (CH ’H ,glM—N[glll, gt e CYNexL
and vy = [viy,..., vy ]" € CMNed

IV. SUM RATE MAXIMIZATION

To maximize the total communication and sensing rates of
the proposed FD CF ISAC MIMO system, we jointly optimize
the UL transmit power pg, receive beamformers uy, w, and the
DL transmit beamformers v;, vs. The problem is formulated
as

Zlog2 1+1) Jerog2 L4+

AN e —

{w}.{px>0}
L
+logy(1+17%), sit. Cl: Z ||V%1le“ + ”VmsH2 PR,
=1
C2:pp < 3:?;(, Vk € K, 7

where P;#* is the total power budget per AP. The problem
proposed in (7) is non-convex due to coupled optimization
variables in the objective function and NP-hard. To solve it, we
first determine the optimal UL receive communication/sensing
filters. Implementing the generalized Rayleigh quotient [13],
the optimal UL communication filter is derived from (4) as

K —1
u;:< > pjhjh§1+GQGH+HHQH+IMNT> hy,
J=1,j#k

®)

where Q £ E{xx"} = Zl vivil+ Vg and vyvi = V.
Similarly, we define the optimal UL sensing receive filter
based on (5) as

K —1
= <Z pkhkth + HQHH + IMN,.) ar(9)7 (9)
k=1

where a,(6) = [af(61,), .. al (a7.)] € CHN,

Substituting (8) and (9) into (4) and (5), re-
spectively, the UL  communication and  sensing
SINR  expressions are reformulated as ~° =

a;(0)"Qa.(0)a, ()" ¥ a,.(0), and 7} =
where a;(0) = [cqall(0yy), ..., anrall (Oar)]T €
- (Zf prhyhil + HQHT IMN,,_)

b, = (Z];ékah hH + GQGH + HQHH + IJ\INT>

To reformulate the problem (7) into a convex form, we
introduce the auxiliary variables zx > 0 and r» > 0 for the
UL communication rate and sensing rate in (7). Thus the
problem (7) is reformulated by

pihll®, Thy,
(CMNtxl’

and

K L

max Zlog21+z;€ +Zlog21+’yl)
{Vl}l 0> {zk>0} k=1 1=1
{r=0},{pr=>0}

+logy (14 1), s.t. Cl, C2, C3: r<7°, C4: z, <A}, (10)

g Vig
>, 121 81 WVigi+> 1Pk\qm\2+1

on the DL communication SE Zz 1 log,(1 + 4¢) which
is a non-concave expression due to the variables {V;}L
and {pk},C 1- To resolve this, we first define the variable
c= Zl’ =0,I'£1 81 Vl’gl + Zk; 1pk|le| + 1. We employ the
successive convex approximation (SCA) technique to linearize
the DL communication SE expression with respect to {V;}£_,
and {py }H< | by using the first-order Taylor expansion. Thus,
a lower bound on the [-th DL user rate is given by

where 'Yz We now focus

V
log2(1+v?)21og2<1+ e i‘f’"—al>, (1n

HV(J 1)
where ay = 7(50 5 ((Zz/ Ol/;ﬁl gVig —
1
l’ 0, l/Zél g'V /j 'g)) + (o Prla? -
Zk o 1)|le| and the (j — 1)-th iteration cU—1.

We now seek to resolve the non-convex constraints. Starting
with the radar constraint C3 in (10), we can state Q > 0 and
afl(0)Qay(0) > 0 since {V; 3= 0}~ . Thus, by dividing both
sides of C3 by al'(0)Qa;(#), it results in

' (0)® " a(0) > r(a}!(0)Qay(0)) ",

The expression on the left-hand side of (12) shows that W is
an affine function with respect to {{V;},, {px}=_,} which
is a convex expression. Moreover, the right hand side of (12) is
convex with respect to {{V;}£_, which makes the constraint
in (12) a difference of convex function. We use the first-
order Taylor expansion to derive a lower bound for the left-
hand side. At the j-th iteration, the following lower bound is
obtained

12)

a; (0) ¥ a,(0) > a7 (0)(LVU~Y)"

r

'a,(0) —a}(6)
)) 1

X (EUTD) (@ - $UT)(wUD) a, (0)
£ f(e, w07y, (13)
where WU~ = YK 1p,j*1>hth + HQU-VHH |

Iyy, and QU™Y = SEL VI with {(pY VYK and
{VZ(J 71)}le0 being the solutions derived in the (j — 1)-th
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iteration. The radar constraint C1 in (10) is now reformulated
into a convex subset which is given as

F(2,20D) > r(af (6)Qay(6)) ! (14)
Considering constraint C2 in (10), it can be proved that
for each k, hE@;lhk is convex with respect to ®;. We
employ the first-order Taylor expansion to attain an affine
approximation as

hi'®; 'hy, > b (@ V) 'hy, — bV )" x

(@ — @ ) (@) Ty 2 fiu(@r, @), VR, (15)
where ®U-1 = Zj;kpu 1)h hi' + GQU-UGH 4

HQU-VH" 41,y is obtained from the (j — 1)-th iteration.
Using the results in (15), the constraint C2 in (10) is given as
(16)

ZE < pp(@y, @97V, V.

Pk
However, the fractional part of (16) makes the constraint still
non-convex. To overcome this challenge, we introduce a real-
valued auxiliary variable {tk}szl. This is used to equivalently
convert (16) into two separate constraints as
i < & {)(] 1)
= < fo( P, sk (17)

Zk S tk?

where 1k - is convex with regards to p; > 0. This equivalence

can be proved by contradiction. The convex function ¢2 is

substituted by its first-order Taylor expansion to derive an

approximate convex expression of (17) as

|78 (J 1)

{pk Sf’z(q”? () ) Gy Yk ()
2o < ()2 (e =),

The problem (10) is now resolved by using the SCA frame-
work. We solve the following convex problem in the j-th
iteration

max
{VL%O}ZL:O){TZO}W
{2k >0,t%>0,px >0}

X (C(j_l))_l — al) + 10g2(1 +T), s.t. CL C2’ (14)7(18)7
19)

K L
Zlog2(1 + 2i) + ZlogQ (1+ngVlgl
k=1 =1

It should be noted that the rank-1 constraint is removed in
(19), i.e., rank(V;) < 1,VI > 1, based on rank relaxation. The
solutions {{V;}X, {px |} can be obtained at convergence.
It is possible to attain a rank-1 solution for (19) based on [11,
Theorem 1] without performance loss.

The algorithm required to provide the optimal solutions
of the convex problem (19) is provided in Algorithm 1.
The computational complexity of Algorithm 1 is given as
O(I(MBLA*K® +log(1 + x)))-

Algorithm 1 SCA Algorithm for solving (19)

Initialization: {{Vl(o) = 0 07{p(0) > 0, z(o) > 0, t(o) >
0} ,,7 > 0} with iteration index j = 0, and convergence
value e.

1: repeat )

Solve (19) and update {{VY = 0}, {pY >

0,2 >0t > 01K 1.

3: until Convergence.

: Compute the DL transmit beamformer and the UL trans-

mit power using [11, Theorem 1].
5: Compute the receive beamformers using (8) and (9).

Output: {vi}/,, V§ {u} >0,p; > 0,25 > 0,15 > 0.

n

N

V. NUMERICAL RESULTS

We employ the following parameters unless otherwise
stated: A cell size of 200 x 200 m?, M = 4 APs, K = 3
UL users, L = 3 DL users, and N; = N, = 8 per-AP
transmit and receive antennas, respectively. The path-loss for
the LoS channels between the APs and the UL/DL users and
LoS channels to the target are computed using the 3GPP Urban
Micro-Street Canyon model [14, Table 7.4.1-1]. The non-LoS
version of this model is used to determine the inter-AP and
UL-to-DL user path-loss. The noise power N, = —96 dBm,
transmit powers PIX = Pm/N_ - and Py = Pg“,‘c"/N
as the maximum power per AP and k-th UL user power,
respectively. The powers are allocated as ]53“,1" = 100 mW
and ]5,"”;‘”‘ = 1 W. The normalized residual SI is given as
€2//N, = 40 dB, respectively.

Remarks: For a fair analysis, we compare the communi-
cation functionality of the proposed FD CF MIMO ISAC
system with its HD counterpart. The HD setup is attained
by assuming a time division duplex system in which UL
and DL communication functionalities occur in different time
resource blocks. For the DL case, the APs perform both target
localization and DL data transmission. In the UL, there is
simultaneous reception of UL data signals and target sensing
by the APs. The UDI term is set to zero and a pre-log value
of 1/2 is allocated to the UL and DL communication sum SE.
The HD scheme is labeled as “HD Opt” in the plots. For a
baseline scheme for the sensing case, we consider a variation
of the optimization problem where only communication sum
SE is maximized with no constraint on the sensing [11]. This
scheme is denoted as “FD Opt (no SC)” in the plots. The
derivations for the proposed baseline schemes for comparison
are omitted due to space constraints. It should be noted that
“Communication” is denoted as “Comm” in the plots. We
represent the optimized proposed model as “FD Opt” in the
simulation results.  In Fig. 1, the total communication and
sensing sum SEs are plotted against number of APs, for
varying number of users. For both the communication and
sensing cases, there is an increase in the sum SE for high
number of APs M for all schemes being compared. This is due
to the consequent increase in macro-diversity gain which is a
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Fig. 1: Sensing/Total Communication Sum SE vs Number of
APs M.

crucial benefit in CF MIMO systems. For the communication
case, it can be observed that the FD case possesses a significant
SE gain over the HD counterpart. Also, a high number of
UL/DL users K, L results in a higher sum SE for both the
FD and HD setups. For the sensing functionality, the “FD
Opt” scheme outperforms the “FD Opt (no SC)” case. This
is because the “FD Opt” case ensures the attained macro-
diversity gain benefits both ISAC functionalities whilst the
“FD Opt (no SC)” scheme seeks to benefit communication
only at the expense of sensing. Also, for increasing number
of UL/DL users K, L, there is a decrease in the sensing SE
for both schemes. This is due to the growth in the UL user
interference which causes SE degradation.

The Fig. 2 considers a plot of the total communication and
sensing sum SEs against UL/DL transmit power budgets for
varying number of UL/DL users. For both ISAC functionali-
ties, an increase in the maximum UL/DL powers gf"}j, prax
results in improved sum SEs. This is due to the simultaneous
increase in distributed beamforming gain. One significant point
of note is that the “FD Opt” case outperforms the baseline
schemes for both communication and sensing setups. This
affirms the robustness and feasibility of our proposed model
and optimization scheme.

VI. CONCLUSION

This work studied a FD CF MIMO ISAC model, where the
sum rate maximization of both the UL/DL communication and
sensing sum SEs was solved with our proposed optimization
algorithm. The proposed FD setup attained a significant SE
gain over its HD counterpart for the communication case for
both varying number of APs and UL/DL power budgets. A
similar pattern was attained in the sensing case where the
proposed model outperforms its variant which considers only
communication maximization devoid of a sensing constraint.
This proves the stability and viability of our proposed FD CF
ISAC MIMO system.
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