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Abstract—Beamforming is a key technique for achieving inte-
grated sensing and communication (ISAC). However, most existing
works focus on mono-static sensing, which can only provide limited
sensing accuracy and range. In this paper, we investigate hybrid
beamforming design for millimeter-wave (mmWave) multiple-
input multiple-output (MIMO) ISAC system with multi-static co-
operative localization, where one access point (AP) simultaneously
transmits communication beams to serve multiple user equipments
(UEs) and transmits a sensing beam towards a target, and other
nearby APs perform cooperative localization on the target by
estimating the angle-of-arrivals (AOAs) of received echo signals.
To characterize the target localization accuracy, we derive the
squared position error bound (SPEB) of AOA-based cooperative
localization by using the equivalent Fisher information matrix
(EFIM). Then, the hybrid beamforming design problem is formu-
lated to minimize the SPEB of target localization, while satisfying
the signal-to-interference-plus-noise ratio (SINR) requirements
of individual communication UEs, transmit power budget, and
constant modulus constraints. To solve the non-convex problem,
a semidefinite relaxation (SDR)-based alternating optimization
algorithm is proposed. Simulation results demonstrate that the
proposed hybrid beamforming can achieve localization accuracy
close to fully-digital beamforming and outperform the baseline
schemes.

Index Terms—Integrated sensing and communication, coopera-
tive localization, squared position error bound, hybrid beamform-
ing, semidefinite relaxation.

I. INTRODUCTION

Next generation wireless networks need to have high-quality
communication and high-accuracy sensing capabilities for en-
abling various emerging applications, such as smart city and
intelligent transportation. Integrated sensing and communica-
tion (ISAC) has been widely considered as a key technology
for the sixth generation (6G) wireless networks [1].

Exploiting the spatial degrees of freedom provided by multi-
antenna technology, beamforming can simultaneously achieve
high-speed data transmission and high-accuracy target sensing
[2]. In recent years, beamforming design for multiple-input
multiple-output (MIMO) ISAC systems has attracted consid-
erable research interest [2]-[4]. Specifically, in a multiuser
MIMO ISAC system, beamforming was designed to match
the sensing-only beampattern, while guaranteeing the signal-to-
interference-plus-noise ratio (SINR) requirements of individual
user equipments (UEs) [3]. Different from the beampattern
design [2], [3], the Cramér-Rao bound (CRB) was adopted to
characterize the target estimation performance and formulate
the beamforming optimization [4].
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Despite the extensive research progress, existing works
mainly focus on mono-static sensing, whose sensing accuracy
and range are limited. To break through the bottleneck of
mono-static sensing, multi-static cooperative sensing has been
considered as a promising solution [5]. Recently, there have
been a few works investigating beamforming for multi-static
cooperative ISAC systems [6], [7]. For instance, a networked
MIMO ISAC system was studied in [6], where the coordinated
transmit beamforming of multiple base stations (BSs) was de-
signed to serve multiple UEs and perform joint target detection
by exploiting the echo signals. In [7], the performance tradeoff
between communication sum-rate and sensing beampattern
matching error for a cell-free massive MIMO ISAC system
was investigated.

Although the target detection [6] and beampattern design [7]
have been studied in multi-static cooperative ISAC systems,
to the best of our knowledge, beamforming for multi-static
cooperative MIMO ISAC systems considering target localiza-
tion has not been investigated yet, it is still an significant and
open problem. Moreover, the aforementioned works [2]-[7] em-
ploy fully-digital beamforming, which leads to high hardware
cost and power consumption, especially for millimeter-wave
(mmWave) systems equipped with large-scale antenna arrays.
By contrast, hybrid analog and digital beamforming achieves
a flexible tradeoff between system performance and hardware
complexity and has been considered as a feasible solution for
mmWave systems.

In this paper, we investigate hybrid beamforming design for
mmWave MIMO ISAC systems with multi-static cooperative
localization. The main contributions of this paper are summa-
rized as follows:

e We propose a multi-static mmWave MIMO ISAC system
for achieving multiuser communication and target localiza-
tion simultaneously. In this system, one access point (AP)
acts as the ISAC transmitter to form communication beams
to serve multiple UEs and to form a sensing beam towards
a target, and other nearby APs act as the sensing receivers
to cooperatively locate on the target by estimating the
angle-of-arrivals (AOAs) of received echo signals.

o To characterize the target localization accuracy, we derive
the squared position error bound (SPEB) of AOA-based
multi-static cooperative localization. On this basis, we
formulate the hybrid beamforming design problem to
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Fig. 1. System model.

minimize the SPEB of target localization, while satisfying
the SINR requirements of individual UEs, transmit power
budget, and constant modulus constraints.

« We propose a semidefinite relaxation (SDR)-based alter-
nating optimization algorithm to address the above non-
convex problem. Simulation results show that the proposed
hybrid beamforming achieves localization accuracy close
to fully-digital beamforming and significantly outperforms
the baseline schemes.

II. SYSTEM MODEL

We consider a multi-static mmWave MIMO ISAC system
consisting of M + 1 APs, where one AP acts as the ISAC
transmitter, the other M APs act as the sensing receivers
[8]. All the APs are connected to a central processor for
information exchange and are assumed to be synchronized
[6]. As shown in Fig. 1, the ISAC transmitter equipped with
N, antennas simultaneously forms communication beams to
serve K single-antenna UEs and forms sensing beam towards
a target, and the nearby M sensing receivers equipped with N,
antennas cooperatively locate the target by exploiting received
echo signals. The cooperative passive sensing and data-level
fusion [5] are considered in this system. Specifically, the A
sensing receivers respectively estimate the individual AOAs of
received echo signals and then transmit the estimation results of
AOAs to the central processor for performing the cooperative
localization on the target. The above processing is completed
in a coherent processing interval, thus channel parameters and
target parameters are assumed to be unchanged.

To reduce the hardware complexity and power consumption,
we adopt the partially-connected hybrid beamforming [9].
Specifically, each AP is equipped with Nip radio frequency
(RF) chains, and each RF chain is connected to a subarray
with N;/Ngrp antennas. Without loss of generality, uniform
linear arrays (ULAs) with half-wavelength antenna spacing are
deployed at all the APs.

A. Communication Model

For multiuser communication, the transmit signal after hybrid
beamforming at time instant ¢ can be expressed as

K

x(t) = FrrFpps(t) = Frr Z feB,ksk(t), (D
k=1

where s(t) = [s1(t),...,sk(t)] € CE*! is the transmitted
communication symbol vector satisfying E{s(t)s (t)} = I,
Fpg = [fsB1,...,feB.K] € CM*F*K denotes the digital
beamformer, Fry € CVt*VrF denotes the analog beamformer.
Due to the partially-connected architecture, the analog beam-
former is a block diagonal matrix, which can be represented
as

FRF = blkdlag {fl7 e 7fNRF} , (2)
where f; € (CNNTfFXl is the analog beamforming vector cor-
responding to the ¢-th subarray with each element having the

constant modulus value, i.e., | [fi]j |=1,i=1,...,Ngp,j =
1,..., N¢/Ngp.
The received signal of the k-th UE can be expressed as
K
y(t) = by Frefop ksk(t)+ Z h{'Frefap,;s;(t)+nk(t),
j=1,5#k

3)
where hy, € CN¢*1 represents the mmWave channel between
the ISAC transmitter and the k-th UE, ng(t) ~ CN(0,02) is
the additive white Gaussian noise (AWGN) with o2 denoting
noise power. By adopting the extended Saleh-Valenzuela model
[9], the mmWave channel between the ISAC transmitter and the
k-th UE can be represented as

Ly
hy, = B %%y (¢7°%) + Y BT Pa (0h %), @)
=1

where 3OS and ¢L©S denote the complex gain and azimuth

angle-of-departure (AOD) of the line-of-sight (LOS) path, re-
spectively, Ly, is the number of non-line-of-sight (NLOS) paths,

}j}os and gzbl]jffos denote the complex gain and azimuth AOD
associated with the [-th NLOS path, respectively. The transmit

steering vector can be represented as
s 27d o3 . 2nd s T
a; (¢) _ 17e]Tsln¢7H"e](Nt—l)T&nqﬁ , (5)

where \ and d denote the signal wavelength and antenna spac-
ing, respectively. It is assumed that channel state information
is perfectly known.

The SINR of the k-th UE can be represented as

|hf Frefas |2

I Frefop ;| + 02

SINRy, = (6)

K
J=1,j#k
B. Sensing Model

For target sensing, it is assumed that there exists LOS path
between the target and all the APs [2]-[9]. Thus, the received
echo signal y,,,(t) € CN*1 of the m-th sensing receiver at the
t-th snapshot can be represented as

Ym(t) = amAnx(t) + ny,(t)
= ama, (0,)all (6p) x(t) + n,,(t), ™
where «.,, is the reflection coefficient including both the dis-

tance dependent path loss and the radar cross section (RCS) of
target, n,, (t) ~ CN(0,021y,) denotes the AWGN vector, 0 is
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the azimuth AOD of the target relative to the ISAC transmitter,
0., is the azimuth AOA of the target relative to the m-th sensing
receiver, the steering vector is expressed as

omd - . d T
a(f) = 1,eﬂ¥5m9,...,eﬂMﬂ)%sme] C®
Based on (7), the received echo signal of the m-th sensing
receiver over 1" snapshots can be expressed as

Yo = amar (0m)af’ (600) X + N, ©)

where Y, = [Ym(1), .o, ¥ym(T)], N =
n,(1),...,n,(T)], X = [x(1),...,x(T)]. Therefore,
the sample covariance matrix of transmit signal X over T’
snapshots can be represented as

1 1
Rx = TXXH = fFRFFBBSSHFgBFgF

~ FrrFppFasFaL. (10)

Note that the approximation in (10) tends to be accurate
when the block length T is sufficiently large. Without loss of
generality, this approximation will be regarded as an accurate
equality in the rest of this paper [4].

III. SPEB ANALYSIS AND PROBLEM FORMULATION
A. SPEB of AOA-based Cooperative Localization

Target localization is an important task in radar sensing. The
target localization accuracy is typically measured by SPEB,
which is derived from CRB. In this section, we first derive the
equivalent Fisher information matrix (EFIM) of the AOAs, and
then transform it into the SPEB of target localization.

In (9), the AOD 6 is typically known to the ISAC transmitter
since it can be acquired from previous observations [2]. For the
m-th sensing receiver, &, = [Gm, dfl}T € R3*! denotes the
vector of unknown parameters to be estimated, where &, =
[Re {am},Im {an}]". The parameters of interest are all the
AOAs, which are defined as 8 = [0;,...,60,]".

In the following, we derive the EFIM of all the AOAs. Based
on (9), the noiseless received echo signal can be vectorized as

(1)

According to [10], the FIM for estimating &, from the suffi-
cient statistic 7,,, can be partitioned as

Nm = amvec (A, X).

where Am = %/;‘—m. The equivalent Fisher information of 6,,
can be expressed as

Jb 00, = 0,00 — V0nandar o 6. (14)
Therefore, the CRB for estimating 6,,, can be given by
e -1
CRB (0,,) = [Jemgm} 15)

Note that the AOAs of the target relative to different sensing
receivers are independent, the EFIM of all the AOAs 6 can be
expressed as

J (0) = dlag (nggl, ey Joelwol\/[) .

Then, we analyze the SPEB of AOA-based cooperative
localization. The positions of the target and the m-th sens-
ing receiver are respectively denoted as p = [z,y]T and
Pm = [Zm,ym]T,m = 1,..., M. Therefore, the geometric
relationship between the position of the target and the position
of the m-th sensing receiver can be represented as
Y—Ym
T — T

(16)

a7

0,, = arctan

The FIM of AOA-based cooperative localization J (p) € C?*?
can be expressed as

M
I()=VIO)V" = vnJs o VvE (18)
m=1
where the Jacobian matrix V € C2*M is given by

901 o0

08T [H )
 Op | 90... 90 |’
Oy Oy

Vo = % is the m-th column of V. The SPEB of AOA-based
cooperative localization can be represented as

SPEB = tr (J (p)_l) . (20)

It is observed from (13), (14), (18), and (20) that the SPEB
is a function of hybrid beamforming matrix. Therefore, we
can improve the localization accuracy by optimizing hybrid
beamforming.

B. Problem Formulation

In this paper, we aim to jointly design the digital beamformer
and partially-connected analog beamformer to minimize the

Jo o Jo & SPEB of AOA-based target localization, while guaranteeing
J(&n) = [ g " Jdm d"”} ; (12)  the SINR requirement of each UE, transmit power budget, and
Orm G mem constant modulus constraints. The hybrid beamforming design
where problem can be formulated as
2T 2 . . . —
oy, = %tr (AnFreFunFllFiAl), (30 min o (3(p)7) (21a)
o , ‘ h7 Frefepi|
Jo,.a,, = UﬁRe{amtr(AmFRFFBBFgBFQIFAﬁ)[1,J]}> s.t. = [ Frefo | 5 > Ty, Yk, (21b)
n (13b) > i1z | Frefep ;| + 03
2
_ 2T H pnH AH IFreFepl7r < P, 21c)
Jamam = Etr(AmFRFFBBFBBFRFAm)IQ’ (130) FRF c .Ap, (21d)
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where I'j; is the SINR threshold of the k-th UE, P is the power
budget of the ISAC transmitter, .4, represents the feasible set
of partially-connected analog beamformer in which constant
modulus constraints are imposed on the non-zero elements of
Frr. Note that problem (21) is difficult to tackle due to the
complicated objective function, highly coupled optimization
variables, and non-convex constant modulus constraints.

IV. HYBRID BEAMFORMING DESIGN
In this section, we propose an SDR-based alternating opti-
mization algorithm to design the hybrid beamforming.
A. Problem Reformulation

To tackle the complicated objective function (21a), we intro-
duce an auxiliary variable U € C?*?2 and the auxiliary variables

tm,m =1,..., M, which respectively satisfy
Y Vs 0, vm = U =0, (22a)
m=1
- - tr(A,,RxAM)?
tr(A, Ry Af) — TARRXALT o o)

tr (A, RxAH)

Leveraging the monotonicity of function tr (A~') on the
positive semidefinite matrix space and the Schur complement
condition, problem (21) can be equivalently reformulated as

. -1 2
FR?%%Bytr (U ) (23a)
2T |,
s.t. va (O‘| )vﬁzu,Uzo, (23b)
tr(A RxAH) —t,, tr(A,RxAf)
—
{ tr(AnRxAl)  tr (A, RxAl)| = 0, vm,
(23¢)
21b) — (21d). (23d)

B. Digital Beamformer Design

In this subsection, we optimize the digital beamformer Fpp
with given the analog beamformer Frr. Exploiting the block
diagonal structure of Fry, the transmit power can be rewritten
as |FreFppl’ = wtr (FppFfg). Thus, the subproblem
with respect to Fgp can be formulated as

where W,, £ FH.AZA FRF, U, 2 FHEAPA, Fgr,
v, £ FH A A FRF, Hk; = FRFhkhk FRF It is observed
that problem (24) is non-convex due to the quadratic constraint
(24b) and SINR constraint (24c). We adopt the SDR technique
[11] to tackle the above problem. Specifically, we define the
auxiliary variables W = fBB’kfé{B’k,Vk such that W, > 0
and rank (W) = 1, Vk. By dropping the non-convex rank-one
constraints, problem (24) can be relaxed as

3 -1
wintr (U7 (252)
U,tm
tr(\'I.’m.Zszl Wi) =t tr(, Sr | W) .
s.t. |: tI‘(‘I’THn 25:1 Wk) tl‘(\I’m 25:1 Wk) [ 0; Vma
(25b)
1 K
g ] 2
(1 e (W) 2 3o (W5 ) + o, v,
(25¢)
X PN,
RF
= 2
tr<;W1€>_ N, (25d)
Wi, = 0,Vk, (25¢)
(23b). 056,

It is observed that problem (25) is a convex semidefinite
programming (SDP) problem, which can be efficiently solved
by CVX. However, the solution to problem (25) may not be
a feasible solution to the problem (24) due to the omission of
the rank-one constraints. Therefore, we reconstruct the rank-one
solution via eigenvalue decomposition [11].

C. Analog Beamformer Design

In this subsection, we optimize the analog beamformer Frp
with given the digital beamformer Fpp. Leveraging the block
diagonal structure, Frr can be rewritten as

FRF = FRF‘I) = diag (fRF) ‘I’, (26)

where Frp = blkdiag {diag (f,), ..., diag (fx,,)} € CNexNe

min tr (U—l) (24a) is a diagonal matrix composed of the non-zero elements of
o Frr, ® = blkdiag{1,1,...,1} € CN*Nrr js a block
tr(W,, FgpFHE,) —t,, tr(¥,,FgeFi,) diagonal matrix and 1 is an IN;/Ngrp dimensional vector with
s.t. L Dl #y | = 0,9m, all elements being 1, fap = [£7, -+, £5 T € CNexl jg a
tr(‘I’mFBBFBB) tr (‘IlmFBBFBB) 1 Ngrr
(24b) vector consisting of the non-zero elements of Fry. Thus, the
X transmit covariance matrix can be rewritten as
(1+ )fBB WHifpp ), > ZfBB ijfBB i+ o2, Yk, X
=1

N, k=1

N tr (FppFip) < P, (244) K
RF Z d1ag (‘I‘fBB k) fRFfRFdlag (‘l’fBB k) (27)

(23b), (24e) 1

6732

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on September 28,2025 at 08:53:49 UTC from IEEE Xplore. Restrictions apply.



2025 IEEE International Conference on Communications (ICC): SAC Integrated Sensing and Communication Track

Algorithm 1 SDR-based alternating optimization algorithm

1: Initialization: Fg)%, iteration number n = 0, convergence
threshold e.
repeat

Update F\") by solving problem (25);

Update ng by solving problem (29);

n=n+1;
until The objective value of problem (21) is converged or
the maximum number of iterations is reached.
7: Output: Fry, Fpp.

AN AN

Thus, the subproblem with respect to frr can be rewritten as

intr (U} 28

el -
tr(I, frpfil) =t tr(TL, frefi)
.t : =0

° (I frefis)  tr (M frefie) | — o

(28b)
1 — = 7
(1+ Fk)ngHk,kfRF > Z frpHy e + 07, VE,
=1

(28¢)
HfRFM =1,Vi, (28d)
(23b), (28e)

where II,, £ 25:1 diag (i’fBB’k)HAf,{Amdiag(‘I)fggyk),
Hm £ Zf:l dlag (q’fBB,k)H AgAmdlag (@fBB,k)’ Hm
Ei(:l diag (‘PfB&k)H AﬁAmdiag (QfBB,k:)? and I:Ik,j
diag (®fpp ;)" hyhf diag (®fpp, ;). It is observed that prob-
lem (28) is non-convex since constraints (28b), (28c), and
(28d) are non-convex. Thus, the SDR technique [11] is applied
to address problem (28). Specifically, we define the auxiliary
variable Q = frpffl: such that Q > 0 and rank (Q) = 1. By
dropping the non-convex rank-one constraint, problem (28) can
be relaxed as

L
L

. -1

Q{I{l}l}tlmtr (U ) (29a)
tr(HmQ) - tm tr(H7rlQ)

s.t. [ tr(HgQ) i (HmQ)] = 0,Vm, (29b)

K
1 _ _
(1+ F—k)tr (HxQ) > ) tr (Hy;Q) + 07, VE,

Jj=1
(29¢)
Q)| =1.v, Q=0 (294)
(23b). (29)

Problem (29) is a convex SDP problem, whose optimal solution
can be obtained by CVX. However, the rank of the optimal
solution of problem (29) may be larger than one. Therefore, we
extract a feasible rank-one solution from the optimal solution
of problem (29) by utilizing the Gaussian randomization [11].

TABLE I
SIMULATION PARAMETERS
Parameter Value
Number of APs M + 1 4
Number of ISAC transmitter 1
Number of sensing receivers M 3
Number of antennas at each AP N¢(N;.) 32
Number of RF chains at each AP Nyp 4
Number of UEs K 3
Number of target 1
Carrier frequency fc 28 GHz
Noise power o;, -90 dBm
Transmit power P 30 dBm
Communication SINR threshold I'y, 10 dB
Number of snapshots T 30

The proposed SDR-based alternating optimization algorithm
for solving hybrid beamforming design problem (21) is sum-
marized in Algorithm 1.

V. SIMULATION RESULTS

In this section, we provide numerical results to verify the
effectiveness of the proposed algorithm. Unless otherwise spec-
ified, the simulation parameters are set in Table I. The positions
of the APs, UEs, and target are set as follows. The ISAC
transmitter is located at (Om, Om), and the sensing receivers are
located at (100m, Om), (Om, 100m), (100m, 100m), respectively.
The UEs are randomly distributed on a circle with the distance
of 50m away from the ISAC transmitter, and the target is
randomly distributed within a circle with the center of (50m,
50m) and the radius of 20m. The bi-static pass loss model [8]
and mmWave pass loss model [12] are adopted for sensing and
communication, respectively.

We consider the following baseline schemes for comparison.

1) SPEB-Min based FDBF: We design the fully-digital
beamforming (FDBF) by using the proposed SPEB minimiza-
tion criterion and SDR technique.

2) Beampattern Approx. based HBF: The beampattern
of hybrid beamforming (HBF) is designed to approximate
the ideal beampattern [3] by alternately optimizing the digital
beamformer and analog beamformer.

3) SIMO: The ISAC transmitter is equipped with single an-
tenna and cannot achieve beamforming. The sensing receivers
are the same as the other schemes.

For all the schemes, the MUSIC algorithm is adopted in
each sensing receiver to estimate the AOA of target, then the
estimated AOAs are transmitted to the central processor to
cooperatively estimate the position of target by using the least
square method. The target localization error is evaluated by the
root mean square error (RMSE) between estimated position and
real position. The position error bound (PEB) provides a lower
bound for RMSE.

Fig. 2 presents the target localization accuracy versus the
transmit power. We observe that the proposed SPEB-Min based
hybrid beamforming achieves localization accuracy close to
fully-digital beamforming and outperforms the beampattern
approximation [3] based hybrid beamforming and SIMO, which
proves that adopting the SPEB as the performance metric can
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Fig. 2. The localization accuracy versus the tranmsit power, where Ny = N, =
32, NRF = 4, K= 3, and Fk = 10 dB.
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Fig. 3. The localization accuracy versus the number of AP antennas, where
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Fig. 4. The localization accuracy versus the communication SINR threshold,
where Ny = N, = 32, K = 3, and P = 30 dBm.

indeed enhance the target localization accuracy. As expected,
the PEB of the proposed SPEB-Min based beamforming pro-
vides a tight lower bound for the RMSE of MUSIC-based
localization, thereby verifying the effectiveness of the proposed
scheme.

Fig. 3 shows the impact of the number of AP antennas
on the target localization accuracy. It is observed that the
localization accuracy of the proposed SPEB-Min based hybrid
beamforming can approach that of fully-digital beamforming
and outperforms the baseline schemes regardless of the number
of antennas. Moreover, the localization accuracy improves as

the number of antennas increases, since more antennas can
provide larger spatial degrees of freedom for enhancing the
localization accuracy.

Fig. 4 illustrates the impact of the communication SINR
threshold of UEs on the target localization accuracy. It can
be seen that the localization error increases as the SINR
requirements of UEs increase, which reveals the performance
tradeoff between communication and sensing under limited
resources. Furthermore, the performance gap between hybrid
beamforming and fully-digital beamforming reduces with the
increase of the number of RF chains.

VI. CONCULTION

This paper investigated hybrid beamforming design for
mmWave MIMO ISAC system with multi-static cooperative
localization. The SPEB of AOA-based cooperative localization
was derived to characterize the target localization accuracy.
On this basis, the hybrid beamforming design problem was
formulated as the SPEB minimization of target localization
under the communication SINR requirements of UEs. We
proposed an SDR-based alternating optimization algorithm to
address the non-convex problem. Simulation results showed
that the proposed hybrid beamforming achieved localization
accuracy close to fully-digital beamforming and outperformed
the baseline schemes.
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