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Abstract— This paper proposes a framework for designing
robust precoders for a multi-input single-output (MISO) system
that performs integrated sensing and communication (ISAC)
across multiple cells and users. We use Cramer-Rao-Bound
(CRB) to measure the sensing performance and derive its
expressions for two multi-cell scenarios, namely coordinated
beamforming (CBF) and coordinated multi-point (CoMP). In the
CBF scheme, a BS shares channel state information (CSI) and
estimates target parameters using monostatic sensing. In contrast,
a BS in the CoMP scheme shares the CSI and data, allowing
bistatic sensing through inter-cell reflection. We consider both
block-level (BL) and symbol-level (SL) precoding schemes for
both the multi-cell scenarios that are robust to channel state
estimation errors. The formulated optimization problems to
minimize the CRB in estimating the parameters of a target and
maximize the minimum communication signal-to-interference-
plus-noise-ratio (SINR) while satisfying a given total transmit
power budget are non-convex. We tackle the non-convexity using
a combination of semidefinite relaxation (SDR) and alternating
optimization (AQO) techniques. Simulations suggest that neglecting
the inter-cell reflection and communication links degrades the
performance of an ISAC system. The CoMP scenario employing
SL precoding performs the best, whereas the BL precoding
applied in the CBF scenario produces relatively high estimation
error for a given minimum SINR value.

Index Terms—ISAC, precoder, Cramer-Rao bound, CoMP,
CBF.

I. INTRODUCTION

NTEGRATED sensing and communication (ISAC) has
been identified as an enabler for next-generation wireless
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networks to augment communication services with sensing
for emerging applications spanning connected vehicles, remote
healthcare, smart homes, and more [1], [2]. The availability of
large bandwidth, multiple antennas, and dense deployment of
5G-Advanced and 6G networks enable high-resolution radio
sensing capability [3]. ISAC has been recognized as one
of the key enablers for 6G by the standardization bodies
such as the International Telecommunication Union (ITU) and
Third Generation Partnership Project (3GPP) [4], [5]. Having
sensing and communication capabilities mutually benefits both
systems: sensing can be used by the communication system to
understand the environment better and enhance, for instance,
interference management and beamforming, whereas the con-
nected network infrastructure enables coordinated sensing at
an unprecedented scale.

Numerous works have considered designing optimal trans-
mit waveforms/precoders to improve a single-cell ISAC
system’s sensing and communication performance [6], [7],
(81, [91, (101, [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20]. However, the dense deployment of next-generation
small-cell BSs causes the signals transmitted from a BS to its
users to affect the sensing and communication performance of
neighbouring BSs. When the BSs use the same time and fre-
quency resources to serve users, a user experiences intra-cell
interference by the signals intended for other users in the same
cell and inter-cell interference (ICI) due to co-channel signal
leakage from the neighbouring BSs, reducing the received
SINR. The work in [21] discusses various resource allocation
schemes and precoder designs to improve the received SINR
for a communication-only multi-cell system by suppressing
interference. In multi-cell ISAC, a notable difference lies
in the fact that while the communication aspect is often
limited by interference, multi-static sensing is not necessarily
interference-limited. For ISAC, in addition to this, inter-cell
reflections (ICR) will be received by a BS from its target
due to the signal transmitted from the neighbouring BSs. The
received power through ICR can degrade target parameter
estimation if the BS is unaware of the data transmitted from the
neighbouring BS. This emphasizes the need for coordination
among BSs to effectively manage inter-cell communication
and sensing links.

The ISAC BSs can coordinate at different levels through
coordinated beamforming (CBF) and coordinated multi-
point (CoMP) schemes, similar to the communication-only
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multi-cell system. In an ISAC CBF scheme, a single BS serves
a disjoint set of users and estimates its target’s parameters
through mono-static sensing. Here, the signal power received
through the inter-cell links negatively affects the sensing and
communication performances. Hence, each BS selects a trans-
mit strategy jointly with other BSs to minimize the ICI and
ICR using the globally shared CSI obtained from the users via
feedback channels. Conversely, a user is served by all the BSs
in an ISAC CoMP scenario, thereby improving the received
communication SINR at the user. Since the CoMP scheme
shares the user data to be transmitted and the CSI globally
among the BSs through a high bandwidth backhaul network,
the additional power received through ICR and ICI links
enhances estimation accuracy and communication SINR at the
expense of increased coordination overhead. In particular, ICR
enables bistatic sensing.

Each of these multi-cell scenarios can employ either of two
existing precoding strategies that differ in how they deal with
the co-channel interference experienced by a user: a) block-
level precoding (BLP) [21] and b) symbol-level precoding
(SLP) [22]. Conventional precoding, also called BLP, designs
precoders for a set of users to transmit a given block of
symbols. It treats the interference experienced by a user as a
harmful element, whereas constructive interference (CI)-based
precoding, also called SLP, uses the signal power received
through the instantaneous interference to aid the received
communication SINR. The SLP technique exploits knowledge
of both CSI and downlink data to be transmitted at the BS
to ensure the received symbol at a user falls within the con-
structive region of the signal constellation [23]. Considering
the SLP in the CoMP scheme, each BS can utilize both the
intra-cell and inter-cell interference to enhance the received
signal power. Conversely, the SLP in the CBF scheme can only
utilize the intra-cell interference due to the non-availability of
the user data from the neighbouring BSs. The design of the
optimal precoders for both coordination schemes depends on
the available CSI at the BSs and the users. In practice, CSI
is prone to errors necessitating that the designed precoders
exhibit robustness to potential CSI uncertainties.

Multi-cell ISAC setups with various combinations of CBF
and CoMP schemes have been considered in [24], [25],
[26], [27], [28], [29], [30], [31], [32], and [33]. The work
in [24] and [25] consider orthogonal transmission among BSs,
whereas [26] uses an additional BS as the receiver to enable
bi-static sensing and hence does not consider the inter-cell
interference links. Reference [27] considers a multi-static
scenario where one BS transmits signals to one vehicle, and
the echoes are captured by several other BSs for sensing
purposes. The paper [28] presents a resource allocation strat-
egy for ISAC in distributed antenna networks, demonstrating
significant energy savings and operational efficiency through a
novel alternating optimization algorithm. The authors of [29]
propose a multistatic architecture in coordinated multi-cell
networks for ISAC, featuring an alternating optimization
algorithm to optimize transmit and receive beamforming,
thereby reducing self-interference and enhancing quality of
service. The study in [30] considers CoMP mode to serve
a set of users while detecting a target. Here, the transmitter
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employs distinct sensing and communication signals, allowing
for modeling the interference between them. The authors
of [31] model multi-cell ISAC interference considering 3 BSs
operating in CBF mode where the users are considered as tar-
gets. Reference [32] models the inter-user and inter-subsystem
interference. In [33], the BSs serve the users in the CBF mode
and neglect the inter-cell reflection links. The work in [26],
[28], [29], and [30] consider BLP design to achieve various
objectives spanning minimizing energy consumption [28],
beampattern mismatch error [29] or total transmit power [30]
to maximizing the minimum communication SINR [26] sub-
ject to radar and or communication constraints. Reference [31]
employs a collaborative SLP to mitigate mutual interference in
a 3-cell ISAC system and minimize the total transmit power.

A. Main Contributions and Paper Organization

The existing multi-cell ISAC works consider no uncertainty
in CSI. Moreover, the work in [24], [25], [26], [27], [28], [29],
[30], [31], [32], and [33] employ either orthogonal schemes or
CoMP for serving the users, and the sensing model follows the
properties of CBF in which the reflections from other targets
are considered interference. The proposed sensing models do
not capture the property that the reflections from other targets
can aid or degrade the sensing depending on the coordination
level among the BSs. Furthermore, the sensing performance
is quantified using radar SINR value. Explicit optimization
of estimation performance metrics has not been considered
in [24], [25], [26], [27], [28], [29], [30], [31], [32], and [33].
We considered this aspect in our previous work [34] while
deriving the CRB expression for estimating the azimuth angle
of a target in a multi-cell ISAC setup. Subsequently, this
expression is utilized to design block-level precoders that opti-
mize a weighted combination of sensing and communication
metrics without considering channel state uncertainty. It is
important to note that the derived CRB expression becomes
invalid when dealing with scenarios involving more than one
unknown parameter per target or multiple targets per cell.
Recall that the precoding design should be robust to CSI
uncertainties. The work in [35] designed robust symbol-level
precoders for a multi-cell communication system that mini-
mizes the total transmission power without considering the
sensing capability. Even though the problem formulations in
the aforementioned works consider multi-cell ISAC scenarios,
a relative system performance analysis under different levels
of coordination amongst BSs spanning from CBF to CoMP
in the presence of channel state estimation error has not been
investigated. To the best of our knowledge, explicit optimiza-
tion of a weighted combination of the estimation error and
communication performance metrics under CSI uncertainty
has not been considered in the context of a multi-cell ISAC
network. Our main contributions are:

o We propose a robust precoder design framework to min-
imize the target parameter estimation error variance and
maximize the minimum communication SINR experi-
enced by a user in a multi-cell multi-user MIMO ISAC
system under CSI uncertainty.

o We consider two multi-cell scenarios, CBF and CoMP,
and extend the corresponding CRB expressions in [34] to
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Fig. 1. Diagram of a multi-cell ISAC system, illustrating intra-cell and
inter-cell communication links and reflections between BSs, communication
users, and targets.

multiple parameters (location and complex amplitudes)
per target. The important distinction between the two
cooperation modes in terms of sensing is that in the
CRB, the adjacent BSs’ signals act as interference to the
monostatic sensing of the serving BS, while in CoMP,
the same signals can be used as an additional source of
bi-static sensing.

o The derived CRB expressions are then utilized to for-
mulate optimization problems that jointly minimize the
CRB value and maximize the minimum communication
SINR value subject to a total transmit power budget.
The formulations consider block-level and symbol-level
precoding techniques for the CBF and CoMP scenarios.

o We solve all the non-convex optimization problems using
a combination of the semidefinite relaxation (SDR) and
alternating optimization (AO) methods.

« Finally, we compare the sensing and communication per-
formances of all the considered precoder design schemes
through simulations.

The remaining content of the paper is organized as follows:
in Section II, we explain the system model and derive the
CRB expressions for the CBF and CoMP multi-cell scenarios.
Section III and Section IV discuss the block-level and symbol-
level robust precoding schemes for the considered multi-cell
scenarios. Finally, in Section VI, we present our main findings
through numerical evaluation, and the paper is concluded in
Section VII.

Notations: Matrices, vectors, and scalars are denoted by
bold uppercase, lowercase, and normal font letters, respec-
tively. We use tr(), ()T, ()Y, and ()* to represent trace
operation, transpose, Hermitian transpose, and the complex
conjugate of the matrices or vectors. The real and imaginary
parts of x are represented as x" and x', respectively, and
[l denotes the Is norm. We represent an N x N null matrix
and an N X N identity matrix as Oy and I, respectively.
Additionally, 61\; denotes an N x 1 null vector.

II. SYSTEM MODEL

We consider a multi-cell multi-input single-output (MISO)
ISAC system with J cells and K single-antenna users per
cell. As shown in Fig. 1, in addition to the users, each cell
has a target and a BS with a uniform linear array (ULA)
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of Niy transmit antennas spaced at /2 distance, where \
is the wavelength. The BS is also equipped with a \/2-spaced
receive ULA of N, elements for sensing and isolated from
the transmit antenna elements. Moreover, the BSs are inter-
connected through optical cables to synchronize and exchange
information.

A. Communication Model and Performance Metric

For the communication service, we aim to maximize the
minimum SINR value experienced by a user in a cell. Recall
that the corresponding SINR expressions vary depending on
the BSs’ coordination level (CBF or CoMP) and precoding
mode, BLP or SLP, and are detailed in the following. The
proposed algorithm requires the channel state information
(CSI) to be available at the BS and the users. We consider the
system operating in time division duplexing (TDD) mode so
that the downlink CSI can be derived from the uplink channel
observations based on the received uplink sounding reference
signal (SRS) transmitted by the users. Additionally, each user
employs a simple equalizer for the composite channel h™w,
where h is the communication channel from the serving BS
and w is the precoding vector.

1) Coordinated Beamforming: Let U, represent the k'
user of the m™ cell. In practice, the CSI is imperfectly
known at the BS. Let the CSI uncertainty be limited within
the spherical set &, = {emx lemsl* < 6%} [22].
Then, the actual CSI, flmmk, from the nf" BS to U, is the
sum of the observed CSI, denoted as {hy, ;.1 }, and e,

fln,rnk’ = hn,mk + enmk, vUmk- (1)
Let the m'™ BS transmits the symbol matrix X,, =
[Xmla Xm2y -« - 7xmL] = W,S, S CNtXXL, where
W, = [Wn1,Wma,...,Wnk] ¥V m € {1,2,..,J} are the

dual-functional beamforming matrices to be designed, with
L > Nix being the length of the radar pulse/ communication
frame. Here, S,, € CX*L is the orthogonal data stream

transmitted to K users of the m*® BS: (1/L)S,,SY = Ig.
Then the received signal at U,,; is expressed as
J
Yonk = l~1Em,mkxm + Z ﬁz,kan + Zks 2)

n#m

where z$,, € C'*© is an AWGN noise vector with variance of
each entry being 02,. Since no data is shared among the BSs in
CBF mode, the first term in the RHS of (2) contains the useful
signal and intra-cell interference from the users of the same
cell, whereas the second term represents the inter-cell interfer-
ence from the neighbouring cells. In a multi-carrier system, for
example, based on orthogonal frequency-division multiplexing
(OFDM), the input—output model (2) could describe one of the
subcarriers.

2) Coordinated Multipoint: Since the BSs share the user
data and the CSI in the CoMP mode, the J - K users in the
multi-cell ISAC system can be considered to be served by a
virtual single-cell BS with N = J - Ny, antennas. In this
scenario, the precoder design occurs at a designated base
station serving as the central node. The resulting precoder
matrices are then shared with the respective base stations
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through optical cables. Let Uy for k € {1,2,...,J - K}
represent the k' user of the virtual single-cell system. Note
that Uy, for k € {K - (m — 1) +1,..., K -m} represents K
users of the m*™ BS. Let hy, € CV*1 be the actual channel
vector from all the BSs to Uy, represented as

flk = h; + ey, 3)

where ey, € & = {ey. : ||ex||?> < J§2}. The received signal at
Uy is expressed as

y§ =hiX + zf, 4)

where X = [X;;Xo,...;X ;] € CV*L is the concatenated
symbol matrix available at each BS and z{ € C'*I is
an AWGN noise vector with variance of each entry being
oZ. Since intra-cell and inter-cell interference are treated
differently by BLP and SLP, we will present the corresponding
SINR expressions in the respective sections.

B. Sensing Model and Performance Metric

As shown in Fig. 1, the BSs transmit simultaneously, and
each BS receives its echo signal and multiple echo signals
from the neighbouring BSs due to ICR; we consider the
dominant path among the ICR paths and the signal power
received through the weaker paths is included in the noise
term. Hence, the resulting echo signal received by the m'™!
BS from its target is given as

J
Y, = GnXm+ Y G X, 47, (5)
n#m
—_———
ICR
where G,, = ana,vyvm,n = {1,2,..,J} = J, is the

target response matrix at the m*™ BS due to the transmission
from the n'" BS in which a,, and v,, are the array response
vectors in the directions at the angle-of-arrival 6,, and the
angle of departure 6,,, respectively. Here, o, represents the
complex amplitude of the received signal due to pathloss and
the radar cross section of the target and ZR € CNexL g
an additive white Gaussian noise (AWGN) vector with the
variance of each entry being 0. Equation (5) assumes that
all the neighbouring BSs have a line-of-sight (LoS) link to
the m*™ BS’s target. The first term on the right-hand side
(RHS) of (5) is the mono-static intra-cell reflection due to
the signal vector from the same BS, whereas the second term
represents ICR due to the signals from the remaining BSs.
Note that when J = 1, (5) reduces to the sensing model
proposed in [11]. Furthermore, the transmit antennas at the BS
are conventionally down-tilted, resulting in negligible BS-BS
interference received through the side lobes of the transmit
beampattern [36], and hence in (5), we neglect the direct
interference link between the BSs. Note that (5) applies to
scenarios where users necessitate simultaneous sensing and
communication services. In such instances, { G, } include LoS
channels to the users.
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1) Sensing Performance Metric: We assume the target
parameter estimation happens locally in the CBF and CoMP
modes. The sensing process aims to estimate the target param-
eters using the received echo signal samples Y. . We aim to
minimize the variance of the error in the parameter estimation.
For an unbiased estimator, the error variance is lower bounded
by the CRB given by the inverse of the Fisher information
matrix (FIM). In general, not all the unknowns need to be
estimated. Let 6,, . be the set of parameters of interest, and
M, Tepresents the nuisance parameters which are of no
interest but present in the received echo signal. Hence, the
FIM can be represented as

Fo, .0 Fo

m,xOm « RO/

Fm,* = T F " ) (6)
ewn,*nm,* Mo, Mm%

where Fo,, .0,,., Fo, .y, and Fp ., are the block

matrices. The element at the /™ row and the p column of

F,, « can be calculated by [37],

dpll dp
Fp =tr | =—"2C, L, =" |,
v ( del ’ dgmp

where Gty Gmp € {Om s My« ) Equation (7) is derived from
the observation that the received echo signal at the m'™® BS is
a multi-variate Gaussian random variable with mean p,, , and
covariance matrix C,, .. The entries of Gm’*,nm’* [T and
C,n,« depend on whether the BSs are operating in the CBF or
the CoMP mode, whose corresponding expressions are derived
in the following propositions by extending the CRB derivation
in [37] to a multi-cell ISAC scenario.

2) Coordinated Beamforming for Mono-Static Sensing: In
the case of CBF, ICR acts as an interference term to the serving
BS’s mono-static sensing since {X,,} is unknown to BS m.
Therefore, from Eq. (5),

)

lj’m7cbf = Gme’ (8)
J
Comevt =L Y G, W, WG + ofly,,. ©)
n#m

Here, the set of unknown parameters is {0,,,, a% ol }. In this
work, we consider each BS needs to estimate its’ target’s
azimuth angle. Hence 0y, cbt = O, and n,, o = {of}, 0, }.

Consequently, the FIM will be a 3 x 3 matrix given by !

R
Fom,cor = 2 [ffeme’" ot ] ., 10
O M cbe Mm,cbt m cbf
whose elements can be calculated using Proposition 1. Addi-
tionally, when (,,; = {0m}, (7) represents the Fisher
information value derived in [34].
Proposition 1: The entries of ¥, cvr are computed as

_ R I
fem'nm,cbf - [Fern am Fg'm (XWL], (1 1)
Foli{ a _F(i a
an,cbfnm.cbf = _an " mem (12)
Am Om Am Om

IThe extension to multiple targets and multiple parameters can be done
using (10) of [37].
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with Fy, g, and the elements of £y,  and Fyy o
determined using the following equations:
1 .
Ta2 Fy o, =a Cm cbflm "V RX Vi
m
1 H
+ a C beam : VmR;(me
H
+ afl Cm bedm - VR R v,
H~—1 . H
+ amCm,cbfam : va;(mVWh (13)
1
Tor Fy o, =2a Cm obf@m "V RX Vi
m
+ all Cm bfam - VmR;cn Vi, (14)
1
EFamam =a Cm beam v RX"LV (15)
1 H H K H
wh}e(re, Rx, = : XX, =W, W =3 Wk W, =
> i1 Wmnk. Here, the derivatives of a,, and v, with respect

to 0,, are denoted by a,, and v,,, respectively.

Proof: In CBF, as no data is shared between the BSs,
the m*™ BS knows only the data symbol matrix X,,. Using
the definitions of G,,,, we have

d

% = (mam Vi, + aman Ve ) X, (16)

d

% =a,viX,,. (17)
We get (13)-(15) using (16) and (17) and the cyclic property
of the trace operation: tr(ABC) = tr(BCA) in (7). O

3) Coordinated Multipoint Enabling Bi-Static Sensing: In
the case of CoMP, ICR becomes useful as an additional
source of bi-static sensing, in addition to the serving BS’s
mono-static sensing. However, the ICR-related parameters

{0,}, {an}} 2 {6.,, ,, } are unknown to the m™ Bs. The set
of unknown parameters associated with BS m in the CoMP
mode is represented as 1), comp = {On, W Ay, 00, €y,
The FIM for the CoMP case F,, comp is similar to (10) with
the entries computed using Proposition 2.

Proposition 2: For the m'™ BS configured in CoMP mode,
the FIM is expressed as

R
F — 2 Fe'm 0771 f()
m,comp — fT

m M, comp

(18)

m'rlm ,comp MNm,compMm,comp

The entries of the FIM are computed using using (19)-

(26), shown at the bottom of the next page, where
D,, = dlag(ONu, .. Ich7 . ONR) c CNXN’.
V;n = {ONUU <y Vimy - ONtx} S CNXI, and RX =

D,RxD;' Vo,p € {m, n}

Proof: Since each BS knows the transmitted symbol
matrix of the other BSs, the ICR of (5) aids the target’s angle
estimation in a bi-static manner. Consequently, the received
echo at the m'™ BS is a multi-variate Gaussmn random
variable with mean ., ..., = G, DX + S GLD,.X

and the covariance matrix C,, cmp =

n#m
; 1T

where G|, = apran,Vv,

o1, . Hence,

dll’m,cmp

. " 1T
10 =y, [amvm +an,Vv,, | DnX
m

G, ,0m
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J T
+ Z anamv, DX, (27)
n#m —
Gn.ér,,,,
dp, /
Hmemp _ o 3" D, X, (28)
dﬁn ——
Gn,en
dp,
%: [amv }DX Yo € {m,n}. (29)
Qo ~——
Go,ao
Equations (19), (23)- (26) are obtained using (27) - (29) in (7).
a

The corresponding Fisher Information matrices, F,, cn¢ and
F. comp, are obtained using (13)-(15) and (19)- (21) in (10).
The following problem formulations optimise the precoders
towards a specific direction of interest [37].

III. ROBUST BLOCK LEVEL PRECODING

The BLP constrains the co-channel interference experienced
by a user so that the received symbol is within a certain dis-
tance from the nominal constellation symbol. In this section,
we explain the BLP design framework for CBF and CoMP
BS coordination schemes.

A. BLP: Coordinated Beamforming

We take a worst-case approach for the transmit precoding
design to guarantee the resulting solution is robust to all
possible channel uncertainties within &,,,. Hence, in the
CBF mode, for the m BS, we aim to solve the following
optimization problem:

t 1—o)-
(P1) : maximize P gll ,cbf ( bl?) 77
{Wmicstm,cbe 7} NFRibf NFC,I::bf
R
st FOmQTm — tm,cbf fem"m,cbf -0
emnm,cbf M, cbf Thm,, cbf -
(30a)
min (Y) 27 VW, (30b)
K
Z tr (Wonrwiy,) < P, (30c)
k=1
where
_ ‘Bgl,mkwmkp
Ymk = K K )
T 2 J =T 2
Z ‘hm,mkwml‘ + aném Z |hn,mkw7bl| +U%
£k =1
InClL,, ICILyn, mk
(31)

is the received SINR at U,,,;; obtained using (2). The objective
function of (P1) is the weighted sum of two components:
minimizing the CRB in estimating the target’s angle and
maximizing the minimum SINR value among the users of
the m*™® cell. The weighting factor, p € [0, 1], determines the
balance between the communication and sensing performance
matrices. The normalization factors NFR “pe and NF}élfébf are
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determined by solving (P1) for p = 1 and p = 0, respectively.
Using (30a), we limit Fisher information value to be less than
or equal to t,, cbr using the Schur complement: Fg‘ 0, —
= tm.cbf. Moreover, (30b)

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 10, OCTOBER 2024

Iélaii ('ﬁ?;,mkwmkF) =tr (Q7mmkak)+62tr (Wonr)
+6||hm mkWWLk”_HSHW khm mkH

femTlm cbe"m cbf M, cbf menm b (34)
is the SINR constraint derived from (2), whereas (30c) is the " L LT IW H
total power constraint with P; being the total available power W er; Qm_vm]’i = MmmkMm,mk A mk = Wmk Wi,
at the BS. Problem (P1) is difficult to solve because of (a) roof: Let,
the infinite possibilities of e,,; in (30b), (b) the non-convex |}~1T kwmk|2
multiplication between vy and the interference terms in (30b) mem
and (c) the non-convex form of C,, cpr in (30a). =tr (Qm,mkwmk) (35)
We tackle the infinite possibilities of e, by representing it — o (B BT ow 16
as the ratio of the minimum of the numerator to the maximum = u ( m,mkim,mk VY mk ) (36)
of the denominator: —tr ( T mkakhm mk) (37)
: nT 2
Ié[lll’l (|hm mpWmk|?) . 32 = tr ((hm mr T emk) W,k (h;“n mk e;';Lk)) (38)
= 7-
maX(InCImk + Zn;ﬁm In,mk + U%) =tr (hm mkwmkhm mk) +tr (hm mkW"Lkemk)
emk
The minimum value of the numerator and the maximum
value of the denominator of (32) can be determined using Now,
Proposition 3. -
Proposition 3: For a given CSI uncertainty set Eqni = le Tﬁl§<52tr (Qm,mkwmk>
ée,zk : lemr||? < 6%}, the following equalities hold for any _ t; (Qu W)
=T ) + Hhm mkWMkemk” + HemkWMkhm mk”
g}i?‘hm,mkwmﬂ =tr (Qm,mkwmk) ) (33) 4 otr ( mkemkak> (40)
. . J . .
Fo0, =t | lam’Gm o, Rx,.,.Grng,. + Y @50mGmo, Rx,. Gy +05anGro, Rx,, G,
n#m
JoJ
+ > > |G, Rx,, Gl | € (19)
L
femnm,comp = T[feR;nen7Faljinam,’ - alm,am,’ evnan fe ] € ClX(Sljil) (20)
F ’f fga _fé FG oy, FG o,
fgnanz Fé{mam _Fimanl fol?man _fg‘man
an comp m ,comp = £2 _féTohn - ‘ima'm F‘Emam _fI QA &y aRWLa‘n. ? € C(Slt]_l)X(g.J_l) (21)
’ ' oR FR% £RT _elt FR _F!
! a7L a'mTan aT’f'la'ﬂ a”V’_?[‘a"l aTLa'VI
Fﬂnan fti an faR Qn _F}xnan anan
fo,.0, = [Fo,.0,] €CV " Fy 0, €CVify 0, = [Foa,] €CXU7Y;
Fenen = [Fanen] E C(Jil X(J 1) F(lmam e ClX1;
fo, 0, = [Fo, o] c c-Dx1, :Fo. o, = [Fo.a.l ecU-DxU-D.p (Fo o] e cU-Dx(-D).
foran = [Fanan] € - 1)§ (22)
Fo,.0, = tr (afnanGn,enRXmGH 0, + oG, Rx,,, GHem> i Fone, =tr (\Oén|2Gn,9nRmeg,en> ;
(23)
Fo,.a,, = tr (OéfnGm,am Rx,,,.Gho, + aZGm,amemGE,em) i Fona, =tr (QZGm,am Rx,,GH,
(24)
Fo,a, =tr (O‘:nGn an RXnm Gm Omm tag (e ,Qn, RX GE,G ) ;o oo, =tr (a;Gn,anRXmGEﬂn) ; (25)
Fawnam = tr (Gm (Xm Xmm GIT)_I’L Chn) ) Fam,(xn =tr (Gn7an RX Gm Oé7n> ) Fanan =tr (G”705n Rxnn Gfll,()tn) .

(26)
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S tI‘ (Qm,MkWMk) + 5||h;lr‘z,’mkwmk”
+ 0| Wnihy, x|l + tr (efxemi) T (Wok)
<tr (Qm,mkwmk) + 5||h;rn,mkwmk”

+ 6 Wnihyy, il + 0%tr (W) . (41)

Here, (41) is derived from (40) using Cauchy-Schwarz inequal-
ity. The minimum value of the numerator is obtained by

substituting § = 0 in (41). O
Consequently,
K
rélaic(InCImk) = Ztr (Qumk W) + 5thz,mkaIH
" 1#k

+ 8[| Wby, el + 8%t (Wint) . (42)

K
maX(ICIn’mk) = Z tr (Qn,mkwnl) + 6Hh37mkwnl ||

emk
=1

+ 8[| Wby, il + 0%t (W) . (43)

The non-convex multiplication between ~ and the interference
terms in (30b) is addressed by representing (30b) through a
set of intra-cell and inter-cell leakage constraints (44)-(46):

max(InCI,,;) < IR VU,,, (44)
emk ’

inter
max(ICL, 1) < =L VU,xn # m, (45)
enk ’ J -1

tr (Qm,mk‘wmk) - ’Y(Iﬁlggf + Iér‘étfer) > '70'% YU (46)

Equation (44) limits the intracell interference to any user
served by m'™ BS to be less than I’ The left-hand-side
(LHS) of (45) gives the maximum ICI from mt™ BS to Up.
The constraint (45) satisfied by all the BSs restricts the ICI
to any user in the system to I)°". Note that for given 2%
and [ érgtfer values, the constraints (44)-(46) become convex.
Lastly, for a given {W,,;.}, C,,, cbr can be estimated using (9),
which makes the entries of F,;, ¢ of (30a), an affine function
function of Rx,, = Zf W,.x. Hence, we solve (P1) by

solving the following two optimization problems alternatively:

(P1.A) :

: tm c 1-— :
maximize d blé bf ( bfl)g ’y’
{W ik stm,cbe, 7} NFR,cbf NFQbe
K
s.t. Ztr (Wor) < P, (47a)
k=1
rank(W,.) = 1; W, = 0, (47b)
(30a), (44) — (46). 47c)
(P1.B):
minimize I};ggf I;gl’tgéf
(W Ittty TR (J = 1) - LR
FR —tr f
s.t. emeTm m,cbf Om M e =0,
Om M oot Mm,cbf T, cbf
(48a)
tr (Qm,mkwmk) - (Ivlvrzltégf + Ié%tfcr) > ’7*01227
(48b)
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inter ] )
max(ICLy, ny) < —eell. pinter - pimter (490
enk ’ J—1 ’
(47a), (44), (47Db). (48d)

The first problem, (P1.A), minimizes the CRB and maximizes
the minimum communication SINR for a given {W .} Vn #
m e J, [N, and IR values. Equation (47a) is the equiv-
alent representation of (30c). Using the solution of (P1.A): ~*,
and t7 ., (P1.B) minimizes the leakage power towards the
neighbéuring BSs’ users while guaranteeing given sensing and
communication performance through (48a) and (48b). Here,
Iintra and Jintra represent the maximum tolerable intra-cell
and inter-cell interference values, respectively. Omitting the
rank constraint, (P1.A) and (P1.B) are convex optimization
problems solved using MATLAB’s CVX solver [38]. The
overall procedure is given in Algorithm 1. In the CBF mode,
initially, all BSs select beamforming vectors w,,; randomly
and estimate their covariance matrices C,, cs. Each BS
then independently solves (P1.A) to optimize the weighted
combination of sensing and communication performance in
parallel. Subsequently, (P1.B) is solved to minimize interfer-
ence to neighbouring BSs, using the solutions from (P1.A).
A similar approach is used in the CoMP mode, as outlined in
steps 7-9. We can obtain w,,,;; from W,,; using Eigenvalue
decomposition technique if the rank of W,,,;, > 1 [17].

B. BLP: Coordinated Multi-Point

The corresponding optimization problem in the CoMP sce-
nario can be formulated as,

. 1—p)-
(P2) :maximize ];pp ( blﬁ) ’y,
(Wit} NFR,comp NFC,comp
FR o —tm com f
s.t. Gmfe’fn ,comp Omnm,comp ] t 0’
Om M. comp Mm,comp Tm,comp
(49a)
tm,comp Z f7 Vm, (49b)
hlwy|2
min ( JKl J‘ka|2 5 ) >y, VK, (49¢)
er Zl;ﬁk|hkwl| +0’C
Yk
K
Ztr (Dwiwi D) < P, V. (49d)
k=1

The objective function of (P2) is the weighted combination
of minimizing the maximum CRB and maximizing
the minimum SINR values. Using (49a), we limit
the Fisher information value to be less than or equal
0 tm,comp using the Schur complement:Fgfn 0., =
f(;anm,compF’?m,cmpﬂm,comp £0,.1m comp > = tm,comp- In (49b),
f is defined as the minimum Fisher information value
for estimating 6,. Equation (49c) is the minimum
SINR constraint written using (4) whereas (49d) is the

per-BS power constraint. The constants NF?{lf;omp and
NFglréomp are the corresponding maximum values of f

and ~ obtained by setting p = 1 and p = 0, respectively.
Here, Wi = [W1k; Wk .w,.] CV ! represents the precoding
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vectors for user k from all the BSs stacked vertically. Problem
(P2) is non-convex due to the infinite possibilities of e and
the non-convex SINR constraint (49c¢). Similar to the CBF
case, we tackle the infinite possibilities of e; by adapting
Proposition 3 to the CoMP case. Using Proposition 3, we have

min|h} wy|? = tr (Q W), (50)
max (|ﬁgwl|2) = tr (QyW)) + J6%tr (W)
€r
+ VI8|[hE W || + VS| Wihi|, (51)

where Q = hyhll € CV*N, W, = wwll € ¢VXN]
and Rx = Zifl W .. Then, (49¢) is reformulated into the
following pair of constraints.

tr (kak) - rylcomp Z 70-(2]7 (52)

JK B

Z max <|h;£wl|2) < Ieomp- (53)
€x

I#k
Equation (53) limits the total interference experienced by any
user to be less than I.omp. For a given Icomp value, (52)
and (53) become convex constraints. Hence, we solve (P2)
by solving the (P2.A) and (P2.B) alternately.

. 1—p)-
(P2.A) : maximize J;p/) ( blg) fY,
{Wi,f} NFR’comp NFc,comp
K
s.t. Ztr (D,,W;DH) < P, (54a)
k=1
Wy = 0Vk, rank(Wy) = 1, (54b)
(49a), (49b), (52), (53). (54¢)
(P2.B) : {r{)l\}gijcntljnzs} Ieomp,
FR ., —t f
s.t. 0’”9171" m,comp 9m"7m,wmp t 0’
em'rlm,comp M ,comp Tm ,comp
(55a)
tm,comp > f*7 Vm7 (55b)
tr (QeWi) — v Leomp > 708 Yk, (55¢)
(53), (54a), (54Db). (55d)

Problem (P2.A) maximizes the objective function of (P2)
for a given maximum value of the co-channel interference
Icomp- Equation (54a) is the equivalent representation of (49d).
Problem (P2.B) minimizes the co-channel interference while
guaranteeing a maximum CRB f* and minimum SINR ~*
through (55a)-(55¢c). Dropping the rank constraints, (P2.A)
and (P2.B) are convex optimization problems. Algorithm 1
summarizes the robust block-level precoder design procedure.

Note that, for a given v, p =1, § =0 J = 1 setting, (P1),
and (P2) are equivalent to the BLP design formulation, Eq.
(18), of [11]. We verify the equivalence of the corresponding
CRB expressions in Fig. 3. Certainly, our investigation into
the multi-cell version of the CRB minimization problem intro-
duces substantial differences in modeling. These distinctions
make it impractical to directly apply the solutions presented
in [11]. Furthermore, when § = 0, both (P1) and (P2)
reduce to the respective CBF and CoMP BLP design problems
considered in our previous work [34].
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Algorithm 1 Robust Block Level Precoder Design

1 Input: u, {hy, nr}, {hi}, Iyirrzl,tcrgf’ Iérl;tfer’{wmk}v Teomp;
2 while no convergence do

3 if BSs in CBF mode then
4
5

Determine C,;, cbe using {W,;.} in (9);
Solve (P1.A) for each BS to obtain v* and
{t;;ll,cbf}; .
6 Solve (P1.B) to update Int2

m,cbf>

inter __ inter
chf = max <{Im,cbf})

I AW

if BSs in CoMP mode then
Solve (P2.A) to obtain v* and f*;
Solve (P2.B) to update Icomp:

| [comp = max ({Im,,comp})

OIltput:{Wm,k b AW}

—
=)

Cl region

dmks A

[yaé

Re

Fig. 2. _ SLP: the (d,,rs rotated noiseless received signal
Umks = h% mksXmsdmis should fall in the CI region of the transmitted
QPSK symbol d,, k-

IV. ROBUST SYMBOL LEVEL PRECODING

In this section, we explain the SLP design framework for
CBF and CoMP BS coordination schemes.

A. Overview: SLP

The main idea involves leveraging co-channel interference
constructively to increase the received signal power. This is
achieved by instantaneously aligning the interfering signals
with the desired signal at each receive antenna, as shown in
Fig. 2. For a single-cell system, if the s*! transmitted symbol
is M-PSK-modulated: d,,;, = de??m*s, the received signal at
Ui can be represented as

K
yg@ks = h%,mk Zwmldmls + 27(311657
=1
K
— hE’L,mk Zwmlermls*(bmks)dmkS + ZSLICS?
=1

m,mksmedmkS + Z’r(rjzksﬂ (56)

QT _RT i —
where hl . = hl L, e/7¢mk) and xp,, =

Z{il Wl (®mis) (for d = 1). Hence, from Fig. 2, the
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condition for y$,  lying in the CI region of d,s to achieve
a SINR of « can be expressed as,

[Tm (fl%mksxmg | < ( (hm mksXms — acﬁ)> tany,
(57)

where, 1) = W/Mpsk. For a detailed discussion about SLP,
we refer the readers to [22] and [39].

B. SLP: Coordinated Beamforming

In the CBF case, the s*" received symbol at U, is obtained
by extending (56) to a multi-cell scenario as follows:

J
ySzks = hgz,mk:sxmsdmks + Z hg,mksxnsdnks + Z%km
n#m
(58)
h?t =

n,mks

Where flz’mkej(_¢nks)

Z{il wnlej(¢7lls). Since the data symbols are not shared
among the BSs in the CBF mode, the SLP design can only
align the intra-cell interference to enhance the received signal
power, whereas the inter-cell interference degrades the SINR
value. Hence, the SINR constraint is equivalently written as
a CI constraint given by (60a), shown at the bottom of the
next page, where 7/ = /7.

The corresponding problem formulation using SLP is given
by

and X, =

tm c : 1 - -y
(P3) : maximize zf po 5) v ,
{x7YLS7R'X,n57 m,cbfyY } NFRpbe NFCpbe
Feljn,é‘m - tmvaf fem"m.chf
s.t. T ' =0,
O M bt M'm,cbt Mm cbf
(59a)
1 L
—t R <P, 59b
Lr<; xm>_ : (59b)
I:l:j’{)éms X'rlns:| > 0; ]_:{XmS = 0Vs, (59¢)
(60a). (59d)

The objective function of (P3) is the weighted combina-
tion of minimizing the CRB and maximizing the minimum
SINR values. Note that, unlike the BLP design problem
(P1), the optimization variables in this context are the trans-
mit symbol vector X,,s and its covariance matrix Ry ..
Additionally, the entries of F,.cor value is a function
Ry, = (1/L) E = (1/L) ZS 1 Rx,,.. Similar
to (P1), NF%"be and NFC ob¢ are determined by solving
(P3) for p = 1 and p = 0, respectively. Equation (59a)
limits the Fisher information value to be less than or
equal to %, cpr using the Schur complement: F(}j‘ngm —
famrr’m,cbfan,cbfnm,cbfférm”]m&bf >= t.cbf- Equation (59b)
is the average power constraint. Equation (59c) is the
semi-definite relaxed (SDR) representation of the relation
between R, and x,,s using the Schur complement. Solving

—1 xmsx

Xms
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(P3) poses challenges stemming from (a) the infinite possi-
bilities of e,,xs in (60a), (b) the non-convex multiplication
between ~’ and the interference terms in (60a) and (c) the
non-convex form of C,, cbf in (59a).

To tackle (a) and (b), let Dy, yps = l~1m mks

h?n mks + jh%n,mks + egiks + jegnks’ then

+]h =

m,mks

T T 5 AT &
Im {hm mksxms} = Im, mksXms + €mksXms) (61)

Re { m, mksxms} - f;l mks ms + emks ;ns’ (62)

where fmmks = [hR

. hl A _ R .al
m,mks7hm,mks > €mks = [emks7emks]’
& _ I . (R &/ _ R . I
Rms = [XmS,XmS], and X . = |X;s; —xms] Then (60a)

can be equivalently expressed as (60b) and (60c), shown at
the bottom of the next page. Taking the maximum value of
the LHS, the constraints are equal to,

T A T s/ / 2inter
fm,mk‘sxms - fm,mksxmstanw +7 + I sl,cbf tanw

+0llRms — Ry tany|| < 0, (63)

- fg,mksivms - f;{;,mksi;nstanlp + ’7/ + Izllg%efrtam/)

+ 0| Xpms + X, tantp|] <0, (64)
where Isluclfffr is the maximum ICI that satisfies
2inter

||Bgl,nksxm3 ||2 ;1 ot (65)

lenksl|2<62

Note that the squared representation of ICI: I fgffr, is to ensure
convexity for the constraints (63) and (64). Using Cauchy-
Schwarz inequality, we have

2
(”hm nksxmsn + ||e;IL‘ksXms H)
(66)

(”hm nks + enks) Xms”2 §

Hence, (65) is equivalently written as

inter
sl,cbf

Vi1
Note that for a given I lf‘f:ff, the constraints (63), (64),
and (67) that combined represent the SINR constraint are
convex. Finally, given {Rx , }, the estimation of C,, cp¢ can be
achieved using (9). This makes the entries of F,,, ¢ in (59a)
an affine function of Rx .

Hence, we solve (P3) by solving the following two opti-
mization problems alternatively untill convergence:

||hm nksXms || + 0 Xms|| < (67)

(P3.A) :
t . 1— N4

maximize m’cﬁf p ( [1)) 7 ,
{xXms;RX s rtm,cbt,Y' } NF;J?be NFSCf)be

s.t.(39a) — (59¢), (63), (64), (67); (68a)
(P3.B) :

. 2inter

R S
FR, —t f
st | Ol ettt 0 (69a)
Om M bt M, cbf m, cbf
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-~

tany

5 ¢T
fm,'mksxms - fm 'mks ms

+7\Jod + L tany

+ 0||Rms — X}, tany)|| <0, (69b)

- AmmLksimS - fgz mks mstanw

+ 0k + Imertant) + 6]|Rins

+ X3, tany)[| <0, (69¢)
Iint?lr bE

Hhm nk:sXmSH +(5me5|| S %7 (69d)

Imt slebf <= Sltc(gf, (59a) — (59¢). (69e)

Problem (P3.A) maximizes the objective function of (P3)
for given I ‘?zfg‘arf value. In (P3.B), we minimize the leakage
power to the neighbouring cells’ users while guaranteeing
given sensing (¢, cbf) and communication performance (7/*)
through (69a)-(69d). The value of the constant ISy is given
by the maximum of {3 ;}. The corresponding precoder
design procedure is similar to Steps 8 and 9 of Algorithm 1.

C. SLP: Coordinated Multipoint

In the CoMP mode, the s*?
by

received symbol at Uy, is given

Urs = hixodis + 25, (70)

where ﬁgs = flgej("z””) and x, = ZZ]:K1 wlej(¢’ls). Since the
data is shared among the BSs, all the interfering signal power
can be aligned with the useful signal power. Hence, the SINR
constraint in the CoMP mode, derived from (63) and (64), can
be written as

filx, — L& tanyy + v/ octany + §||%, — K. tany|| < 0,
(71)

— L%, — fL& tany 4+~ octany + 8||%, + K. tany|| < 0,
(72)

where fl;fg = hi + jfl
X = Zl

= hR 4+ jhl + ekg + je},, and
wied @) B = [ bl |, 8 = [eR:el ],
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%, = [x};x%], and %, = [xJ;—x.]. The corresponding
optimization problem is formulated as,
1—p)-v
(P4) : maximize ]:lpp ( Slg) i ,
{xa R o/} NFR™ o NF & comp
F} o —tmcom f
st Oqufn m,comp Om M comp ] -0,
97'an,,comp n'm.,compnm,comp
(73a)
tm,comp Z f» Vm7 (73b)
[11)}(15 Xl} > 0Vs Rx, = 0, (73¢)
1 L
Ftr (Dm ;RXSD;J <P, (73d)
(71),(72). (73e)

Problem (P4) maximizes the same objective as (P2). Here,
(73a), (73b), and (73d) are the same as (49a), (49b), and (49d).
The convex optimization problem (P4) can be solved using
Matlab’s CVX [38]. Due to the SDR in (P3.A) and (P4):
Rx, > x,x,, the obtained objective values represent the
upper bound. Moreover, by setting p = 0, (P3) and (P4) can
be modified to the SLP design formulations, Eq. (16) and Eq.
(39), in [35] where the objective was to minimize the total
power subject to a minimum SINR constraint.

V. CONVERGENCE, COMPLEXITY, AND OVERHEAD
ANALYSIS

As explained in Sections III and IV, the robust precoders for
CBF-BLP, CoMP-BLP, and CBF-SLP are obtained using the
AO algorithm given in Algorithm 1. Recall the AO algorithm
employed alternates between optimizing precoders to maxi-
mize the weighted combination of sensing and communication
performance metrics under specified maximum interference
values, and minimizing communication and sensing interfer-
ence values while ensuring given sensing and communication
performance thresholds. The convergence of such an iterative
algorithm is proven in [40], and we also show it empirically
in Fig. 6.

max
lemrsl2<d2

‘Im {ﬁﬁ’mksxms}‘ (Re { m mksxms}) tany) + +/

tany | < O0Vk,s

2
UC + § |hn mksxns

n#m

(60a)

#T N T 5/ /
max fm mksXms — fm mksxmsta‘nw +
lemps |2 <62 ’ ’

§ 2
UC + |hn mksxns

n#m

tany) | <0

tany + ks (Xims — Xops

(60b)

ray s ¢T s/ /
lle mzﬁz’(<52 _fm mksXms fm,mksxmstanw +v
mks =

0(23+ Z |h;£,mksxn3|2

J

%) tany) | <0

tany+&ks(—Xms —
n#m

(60c)
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3.5
—O0—Single Cell:BLP
—&—Single Cell:SLP
3r & & Single Cell:{11]
f =0~ Multi Cell: No Coordination

N
&l

RCRB Performance Gap
e

Root-CRB [deg]
N

o
Q

.~ 2

10 20 30 40
Minimum Comm. SINR, ~ [dB]

0.5
-10

o

Fig. 3. RCRB Vs minimum SINR performance when Nix = 10, Nyx = 10,
K =3,6=0, Mys =4, P;/o? = P;/o% = 40 dB. Single-cell solutions
in the proximity of additional BSs are sub-optimal, motivating exploration of
multi-cell ISAC setups.

BS1to
BS2'sTarget,

70° \ _0°

80°

BLP-CBF
BLP-CoMP

- -90°
CBF: 4= 30 dB 50 40 80 20 10 0
CoMP: 7 = 35 dB Normalized Power [dB]

Fig. 4. Final beampattern for BS1, when J = 2, CBF,yv = 30 dB,
CoMP, v = 35 dB Nix = 20, Niyx = 15, K =3, § = 0.01,Mp = 4.

90°

The optimization problems that give the robust precoders:
(P1.1.A), (P1.1.B), (P2.1.A), (P2.1.B), (P3.A), (P3.B), and
(P4) are convex optimization problems obtained through SDR
technique which can be solved using Algorithm 1. Since
there is no closed-form expression for the iterative complexity
of SDP optimization, we give the time complexity of each
iteration of Algorithm 1 solved using interior point methods.
If V is the number of variables, and C is the number of
constraints, then the computational complexity in time is

Cy ~ ONV(CV?+C?T +V23N)log(1/€)),  (74)

a polynomial function of V' and C' with € being the relative
accuracy [41]. Note that BLP optimizations ((P1.A), (P1.B),
(P2.A), (P2.B)) have low computational complexity compared
to the SLP optimization ((P3.A), (P3.B), and (P4)) since the
number of constraints of the later increases with the length of
the communication frame. However, the receiver complexity
at the user end in the SLP cases is low since it leverages the
co-channel interference constructively. The primary advantage
of utilizing SLP lies in its ability to offer a solution with
a small number of antennas. In contrast, the performance of
the BLP scheme is limited by increased intra-cell interference
when the number of antennas is limited.
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The total overhead of sharing CSI and user data amongst J
BSs in CoMP mode is

Ocomp ~ O(J(J — 1) (K (JBn + Bs)), (75)

where (3, is the number of bits required to represent CSI from

a BS to a user, and g represents bits required to exchange
user’s data. The overhead associated with the CBF mode is

Ocomp ~ O(J(J — 1)(K(JBh)), (76)

and is relatively lower due to the non-exchange of user data

amongst BSs. Moreover, the CoMP scheme requires precise

synchronization among BSs and operates optimally when all
BSs establish LoS links with all intended targets.
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VI. NUMERICAL EVALUATION

In this section, we present our main findings through
numerical evaluations. The simulation parameters are K =
3, P,Jo} = P,Jok = 30 dB, and f. = 5.6 GHz. The
communication channel gains are normalized such that the
signal power received through an inter-cell link is considered
to be reduced by a factor of 3. o, is selected such that the
received SNR of the intra-cell echo signal: |a,, |2 LP; /og =1
[11], whereas |a,|? = |a,|?/3. The ratio of the maximum
tolerable interference values to the noise power is selected as
10 dB.

Fig. 3 shows the effect of neglecting the inter-cell links in
a multi-cell ISAC system that uses BLP. The plots between
the root CRB (RCRB) and the minimum SINR experienced
by a communication user are obtained by solving (P1.A),
neglecting the inter-cell links and assuming no CSI error.
Then, the obtained precoders are used to determine the actual
sensing versus communication performance trade-off. As seen
in the figure, the additional signal power received through the
inter-cell links can negatively affect both the sensing and the
communication performances. This motivates us to consider
a multi-cell ISAC setup since the single-cell solutions are
suboptimal when additional BSs are deployed in proximity.
Moreover, in a single-cell setup, the derived CRB expression
matches with that in [11].

Figs. 4 and 5 show the final transmit beampattern obtained
using BLP applied to CBF and CoMP multi-cell scenar-
ios. For better analysis, we assume the users are in LoS
with the BSs along the directions marked in the figure.
The beampatterns are obtained for a 2-cell and 3-cell ISAC
system, respectively. Specifically, for the m™, BS operating
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Fig. 10. Convergence of Algorithm 1 when v = 10 dB, N¢x = 10, Nyx = 6,
K =3,6=0.01, Mpg = 4.

in CBF mode, the beampattern is plotted using the formula
bT(6)Rx,, b* () where b(f) € CN=*1 is the array steering
vector in direction § and Rx,, = Zle wiwil is obtained
from Algorithm 1. Corre/sTpondingly, the COMP mode beampat-
tern is obtained using b" ()D,,RxD’, b" (8), with b’() =
{On,s -, b(8),..,0n, } € CN*1. As seen in the figures, for
the CBF scheme, the power radiated towards the neighbouring
BSs’ users/targets through the sensing and the communication
links is low compared to the CoMP scheme. This is because
the inter-cell links degrade the sensing and communication
performances in the CBF scheme due to the non-sharing of
the user data among the BSs. On the other hand, the CoMP
scenario improves the ISAC performance by radiating more
power through the inter-cell links, where it jointly serves the
communication users while offering bi-static sensing. Further-
more, Comparing the beampatterns of a 2-cell (Fig. 4) and
3-cell system (Fig. 5), with the inclusion of a third BS, the
CoMP precoder solution directs power towards the inter-cell
communication and sensing directions of the third cell. In con-
trast, the CBF scheme shows minimal power radiation in
those directions. These findings affirm the applicability of the
proposed model to scenarios involving more than two BSs.
Figs. 6 and 7 show the RCRB- ~ trade-off for the considered
four scenarios: BLP-CBF, BLP-CoMP, SLP-CBF, and SLP-
CoMP, when 6 = 0.01. The plots in Fig. 6 are done by
averaging the obtained results over 20 different target and
user positions. Recall that, in [34], we examined BLP-CBF
and BLP-CoMP under § = 0. These solutions serve as
benchmarks against their SLP counterparts. In all the plots,
the sensing error performance remains relatively low in the
low v regime since the BS can meet the communication
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performance without sacrificing the power radiated towards the
target. As the communication performance demand increases,
the power radiated towards the target is reduced to meet the
demand, thereby negatively affecting the sensing performance.
As seen in the figures, the SLP technique outperforms the BLP
counterparts: in the CBF scenario, the SLP technique utilizes
the intra-cell interference constructively, thereby reducing the
power needed to achieve the minimum SINR compared to
the BLP technique, thus allowing the BS to radiate more
power towards its target to improve the sensing performance.
In the CoMP case, firstly, there is an improvement in the
sensing error due to the multi-static sensing. Moreover, the
inter-cell links are constructively utilized by the BLP tech-
nique to outperform the BLP-CBF scheme; however, it still
suffers from the intra-cell interference while the SLP further
improves the ISAC performance utilizing both the intra-cell
and inter-cell interference. Furthermore, the high-SINR regime
characterizes the sensing performance achieved by precoder
solutions primarily designed for communication, similar to the
approach explored in [35].

In Figs. 8a-8d, we show the robustness of the obtained
solution against the CSI error when § = 0.01. The observed
minimum SINR’s probability distributions are obtained after
100 realizations of the error vector. As seen in the figure,
all the observed minimum SINR values are above the set
thresholds (15 dB for CBF and 30 dB for CoMP), which
shows that the minimum SINR constraint is satisfied under
worst-case scenarios.

Fig. 9 shows the effect of the number of transmitting
antennas on the sensing performance for a given minimum
communication SINR of 10 dB. The broader beamwidth
associated with a lower number of transmit antennas increases
the interference to the users demanding more power to achieve
the required SINR value. This causes a poorer sensing perfor-
mance than with more antennas at the transmitting end.

Fig. 10 shows the convergence of Algorithm 1 in terms of
the while-loop iterations required. The RCRB value decreases
as the iteration progresses, reaching a steady value in 2 itera-
tions for the considered simulation parameters. The choice of
I ;fl’tégf Imter T omp plays an important role in the convergence
speed and the final RCRB value: a higher value requires
more number of iterations, whereas, a lower value restricts
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the complete usage of the available power budget to decrease
the interference caused. This would result in a high RCRB
value, hence a high target parameter estimation error.

Fig. 11 shows the effect of symbol length (L) on the
execution time of considered BLP and SLP schemes. The
execution times marked in the figure are obtained using a
12th Gen Intel(R) Core(TM) i7-1265U 1.80 GHz processor
with a memory capacity of 32.0 GB RAM (31.7 GB usable).
As seen in the figure, the symbol length has a direct impact
on the complexity and execution time of the SLP schemes
since the number of constraints and optimization variables of
(P3) and (P4) increase with L. Moreover, it’s worth noting
that adopting a block-level approach, as proposed in [42], can
mitigate the complexity and overhead associated with SLP.

VII. CONCLUSION

In this work, we considered robust precoding techniques for
coordinated beamforming (CBF) and coordinated multipoint
(CoMP) multi-cell scenarios of a multi-user multi-input-
single-output (MISO) integrated sensing and communication
(ISAC) networks. We derived the Cramer-Rao bound (CRB)
expressions of the considered multi-cell scenarios, whose
inverse gives the lower bound on the estimation error variance.
Using the derived expressions, we formulated precoder design
problems that minimize CRB and maximize the minimum
communication signal-to-noise-plus-interference ratio (SINR)
subject to a total power constraint. The design considered
both the block-level and symbol-level precoding techniques,
and the non-convexity of the problems were tackled by a
combination of semidefinite relaxation (SDR) and alternating
optimization (AO) techniques. As the first work to consider
robust precoding techniques for a multi-cell ISAC system,
we initially investigated the effect of additional signal power
received through inter-cell links. As such, we deduced that if
not carefully considered, the inter-cell sensing and communi-
cation links reduce the sensing accuracy while decreasing the
received SINR. Among the considered multi-cell scenarios, the
CoMP performs well in terms of both sensing accuracy and
communication SINR, compared to the CBF scenario, since it
uses the leaked power from the neighbouring BSs construc-
tively for multi-static sensing and for boosting the serving
users’ SINRs. Additionally, in both the multi-cell scenarios,
the SLP solution outperformed the BLP counterpart due to its
ability to use the co-channel interference constructively.
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