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Intelligent Reflecting Surface Assisted mmWave
Integrated Sensing and Communication Systems

Zhengyu Zhu, Senior Member, IEEE, Zheng Li, Zheng Chu, Yingying Guan, Qingqing Wu, Senior Member,
IEEE, Pei Xiao, Senior Member, IEEE, Marco Di Renzo, Fellow, IEEE, and Inkyu Lee, Fellow, IEEE

Abstract—This paper proposes an intelligent reflecting surface
(IRS) assisted integrated sensing and communication (ISAC)
system operating in the millimeter-wave band. Specifically, the
ISAC system consists of a radar subsystem and a communication
subsystem to detect multiple targets and communicate with the
users simultaneously. The IRS is used to configure the radio
propagation environment by changing the phase of the radio
signal to enhance the communication transmission rate. In the
proposed scheme, we first derive a closed-form solution for the
radar signal covariance matrix to generate a radar beampattern
in the angle of interest. Then, we jointly optimize the beam-
forming vector of the communication subsystem and the IRS
phase shifts to enhance the communication transmission rate. To
decouple the multiple variables to be optimized, the alternating
optimization and quadratic transformation methods are applied
to determine the communication beamforming vector and the IRS
phase shifts. Specifically, we utilize the majorization minimization
and the complex circle manifold methods to compute the IRS
phase shifts. Simulation results verify the effectiveness of the
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proposed algorithm and demonstrate that an IRS can improve
the performance of ISAC systems.

Index Terms—Integrated sensing and communication, intelli-
gent reflecting surface, performance tradeoff, waveform design,
MIMO radar.

I. INTRODUCTION

In recent years, due to the similarity between radar and
communication in terms of hardware components and signal
processing algorithms, as well as the scarcity of spectrum
resources, integrated sensing and communication (ISAC) has
emerged as one of the key technologies for 6G [1]]-[3].
The sensing function collects and extracts useful information
from noisy observations, and the communication function is
intended to transmit information through specialized signals
and recover the transmitted information from noisy received
signals. In terms of hardware, ISAC is intended to integrate
these two functions aiming for a trade-off between them,
which is expected to significantly improve the spectral and
energy efficiencies and to reduce the cost of the hardware
as well. In terms of applications, ISAC can provide users
with high-quality communication performance while providing
high-precision sensing performance in terms of target detec-
tion. In general, ISAC has broad application prospects in areas
such as smart home, smart transportation and smart medical
care [4].

However, the integration of sensing into a communication
system requires an appropriate allocation of the available
resources. Also, it may lead to severe interference between
sensing and communication, which may degrade the commu-
nication performance [5]. To tackle the problem, intelligent
reflecting surfaces (IRS), a low-cost information transmission
technology, constitutes a promising approach to facilitate the
integration of sensing and communication [6]—[10]. Notably,
IRS allows bypassing obstacles, by dynamically creating smart
reflections beyond the conventional law of reflection [11]—
[15], which is especially beneficial for communication in
high frequency bands, such as the millimeter-wave (mmWave)
spectrum. Motivated by these considerations, in this paper, we
analyze IRS-aided ISAC systems in mmWave networks.

In [15]], the authors studied IRS-assisted multiple-input
single-output radio systems with multiple backscatter devices,
and they proposed a block coordinate descent algorithm based
on Dinkelbach’s method to obtain a suboptimal solution, which
improves more than two times the system energy efficiency
compared with conventional algorithms. The application of



IRS to enhance the physical layer security in communication
systems is analyzed in [16]-[18]]. In non-orthogonal multiple
access wireless systems, in addition, IRS has demonstrated
major advantages in interference management, coverage en-
hancement, energy efficiency and spectrum efficiency [19]-
[22]].

The authors of [23] proposed two distinct deployment
strategies for radar and communication: separated deployment
and shared deployment. In the separated deployment, the
radar signal is designed to occupy the null space of the
downlink communication channel. In the shared deployment,
on the other hand, the beamforming is optimized to satisfy the
performance requirements of both radar and communication
functions. In [24]], an integrated communication and radar
system is considered, where a base station (BS) and a multiple-
input multiple-output (MIMO) radar are combined, to simul-
taneously provide communication services and detect multiple
targets. The authors investigated the integration of active and
nearly passive beamforming techniques in IRS-assisted radar
and communication systems to mitigate multiuser interference
[25]. Aerial IRS for improving the security in ISAC systems
is investigated in [26]]. Therein, the authors analyzed the
performance of secure transmission in jamming environments
by optimizing the deployment of IRS over the air. Due to
the blockage of the direct communication link, a distributed
semi-passive IRS is deployed in [27] for location sensing and
data transmission. Simulation results showed that the deploy-
ment of IRS can enable position-sensing solutions offering
millimeter-level accuracy. Interested readers are referred to
the recent comprehensive survey on IRS for ISAC in [28],
for more information on the state of research in this field.

In this paper, we investigate an IRS-aided ISAC system in
an mmWave multi-user downlink scenario. The main contri-
butions of this paper are summarized as follows:

o In an IRS-assisted ISAC system in the mmWave band, the
radar subsystem is used to sense the targets of interest,
while the communication subsystem provides high-speed
communication services to users. The IRS is deployed to
simplify the design of BS beamforming and consequently
to improve the performance of the communication sub-
system.

o We consider the problem of minimizing the beampattern
error between the designed and desired beampatterns
while maximizing the sum transmission rate, subject to
constraints on the communication beamforming vector
and the IRS phase shifts. The tight coupling among
the optimization variables makes the formulated problem
non-convex. To tackle this problem and develop a com-
putationally efficient solution, we decompose the original
problem into two sub-problems that can be solved sepa-
rately.

e Since the desired radar beampattern is influenced by
the radar signal covariance (RSC) matrix, we compute
a closed-form solution for the RSC matrix by relaxing
certain constraints in the first sub-problem. Additionally,
the quadratic transformation (QT) technique is adopted
for the second sub-problem. The alternating optimization
(AO) algorithm is utilized to obtain efficient solutions
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Fig. 1. The considered IRS-assisted ISAC system.

for the beamforming vector and the phase shifts of the
IRS. Specifically, the phase shifts of the IRS are obtained
by the majorization minimization (MM) and the complex
circle manifold (CCM) algorithms.

The remainder of the paper is organized as follows: We
introduce the system model in Section [lI} The proposed solu-
tions are presented in Section We illustrate the numerical
results in Section [[V] and conclude the paper in Section [V]

Notations: Uppercase boldface and lowercase boldface
symbols denote vectors and matrices, respectively. The nota-
tion A0 indicates that A is a positive semi-definite matrix.
The notation A;; refer to the (i, j)*™ element of matrix A. The
notations A®, AT, A*, and vec(A) represent the conjugate
transpose, transpose, conjugate, and vectorization of A, re-
spectively. The symbol A~! denotes the matrix inverse, while
Amax(A) denotes the maximum eigenvalue of A. diag(a)
denotes a diagonal matrix with diagonal elements from vector
a. conj(a) and arg (a) represent the conjugate and phase of a
complex vector a, respectively. The symbol exp(-) denotes the
exponential function, while © and ® indicate the Hadamard
and Kronecker products, respectively. The absolute value and
Euclidean norm are denoted by |- | and || ||, respectively. R (-)
and Z(-) represent the real and imaginary parts, respectively.
The symbol 1,; represents an all-one vector of length M, and
I is the indentity matrix.

II. SYSTEM MODEL

As depicted in Fig. 1, an IRS-assisted ISAC system is
studied, which consists of a BS featuring M radar antennas
and N communication antennas, serving K single-antenna
users. The transmission of statistically independent commu-
nication and radar signals is achieved through the utilization
of a uniform linear array (ULA) at the BS, enabling the
system to simultaneously detect targets and transmit data to
K users. The IRS is composed of L reflecting elements, and
© = diag(¢1,¢2,...,¢r) denotes the diagonal phase shift
matrix, where ¢; = exp (jf;) represents the phase shift of the
l-th reflecting element.

We assume that the targets are far away from the IRS,
and the line of sight (LoS) link between the BS and the
targets is much stronger than the link reflected from the IRS



to the targets due to the multiplicative path-loss law that
characterizes the reflected power from the IRS. Therefore,
only the LoS links between the BS and the targets are used
to design the beampattern. In addition, the IRS is deployed
to enhance the communication signal and suppress the radar
signal to improve the communication quality of the users.
Hy € CEXN hy, € CV*Y, and h,.;, € CI*! denote the
mmWave channels between the IRS and the communication
subsystem, between the k-th user and the communication sub-
system, and between the k-th user and the IRS, respectively.
Fy € CLXM, fd,k c (CMXl, and fr,k € CLE*1 denote the
mmWave channels between the radar subsystem and the IRS,
the k-th user and the radar subsystem, and the k-th user and
the IRS, respectively.

We assume that all channels are known a priori in order to
evaluate an upper bound of the system performance. In prac-
tice, the required channel state information can be obtained as
detailed in [29]-[32]]. Based on the mmWave channel model
in [33]], the channels can be expressed as

Z v
hr,k = Z ’Ugar,k:(ef’k),

Ny
hd,k = Zveag(efl,k),
£=0
where v* € [0,N,] represents the /-th complex path
gain, ¢ =0 represents the LoS path. Np is the number
of non-line of sight paths. The azimuth and elevation an-
gles of the IRS are denoted by #° and ¢°, respectively.

917 (bz aB(eg )

(D

ap(f) = ﬁ[exp(—j%dgi)]iel(m € CY™N with I(N) =
{n—(N—-1)/2, forn=0,1,...,N — 1} denotes the array

response of the BS, where d is the spacing between adja-
cent antenna elements, and A is the wavelength. a;(¢,0) =
a%(¢) @ a%(f) € C'*L denotes the array response of
the IRS, where a%(¢) and a$(f) are defined as ap(f).
a, 1 (0.x) € CL*1 denotes the array response of the IRS,
which is defined as ag(0). 6,5, and 64 j, are the azimuth angles
from the IRS to the k-th user and from BS to the k-th user.

Similarly, the radar channel between the radar subsystem
and the IRS, the k-th user and the IRS, and the k-th user and
the radar subsystem can be written as follows:

Np
Fq = ZU ay (917 ¢Z)3R(‘9£ ),

=0
Np

frr= Z Uear,k(ef,k)v

£=0
N

P
for = ZUKaR(%,k)»

=0
where ag(0) = #M[exp(—j%@;)]ie](]\/[) € CVM with
IM)={m—-(M-1)/2,m=0,1,..., M — 1} denotes the

array response of the radar subsystem.

2

By combing the direct link and the IRS-aided link, the signal

received at the k-th user can be formulated as
Tk,j = (hf,lkeHdT + hfi{k) Wkko

K
+ (nf,©H,, +hf,) ¥
i=1,i#k

+ (fi[k@Fdr + f(fk> ry i+ ng,j,

where wj, € CV*1 is the beamforming vector, dj ; and ny, ; ~
CN (O, 02) are the transmitted symbol and the receiver noise
at of the k-th user and time index j, respectively. Also, r; ; €
CMX*1 is the j-th snapshot across the radar antennas [23]. The
design of the radar beampattern aims to optimize the transmit
power in a given direction or to match a desired beampattern.
The beampattern of a radar can be controlled by the RSC
matrix R, which is given by

wid,j

3)

J

1
R=-rrl]
j=1
where J being the the number of considered snapshots. Then,
according to [23]], the transmit beampattern is defined as

P,(0) = aj; (9)Rar(f) (5)

To proceed, the signal to interference plus noise ratio
(SINR) of the k-th user is given by

2
| (b, ©H,, + ) w|

4)

Te=Tg 2 2
> (b, ©H, + bl ) wi| +|(E1.0F 4, + £f],) v
’ - 2
hkwk’
- T K . 2 . |2 '
E Wil + ‘fkl‘t + o2
i=1i#k

] ) (©)
where hk = hfkeHdr + hg{k and fk = f’r{IkeFd"‘ + fj[k

A. Problem Formulation

In this paper, we consider a separated antenna layout to
achieve sensing and communication simultaneously, and two
independent but related optimization problems are formulated.
An ideal radar beampattern can be obtained before designing
the IRS phase shifts and the beamforming of the communi-
cation subsystem. Firstly, the optimization of the beampattern
can be formulated as a constrained least-squares problem as

mln Z |BP(0.) — ak (0 )RaR(tﬁ)c)|2 (7a)
s.t. 5 >0, (7b)
. Pr
diag(R) = MI, (7¢)
R>0,R=R", (7d)

where /3 denotes a scaling factor, {0,}<_, denotes the angles
of interest, typically from —90° to 90° , C' is the number
of angles considered, and P(6.) represents the desired beam
pattern of the MIMO radar, P, is the power budget of the
radar subsystem. The constraint ensures that all the radar
antennas emit the same power level. In the following, we

+0?



proceed to design the communication beamforming and IRS
design to enhance the transmission rate and suppress the
interference from the radar system to the users. Given the
RSC matrix R, we formulate the optimization problem of the
sum transmission rate as

K
Imax Zlog (1 + ) (8a)
Zw,?wk < P, (8b)
k=1
il = 1,1 € L, (8c)

where P, represents the transmit power budget at the com-
munication subsystem and (8b) accounts for the maximum
transmit power limit of the communication system.
Proposition 1: Equation (8a) can be reformulated as
K

1 (1 + pr)ye
max E In(1 + —pp+—1, 9
Wk, @pfl 1H2k_1< ( pk) Pk 1+’Yk ( )
where p = [p1, ..., pk] denotes an auxiliary vector introduced

through the Lagrangian dual transformation [34].

Proof: See Appendix A.

By taking the partial derivative of (@) with respect to py
and setting it to zero, we can obtain the optimal value of the
k-th auxiliary variable as pr = ;. Subsequently, the joint
optimization of wy and © in (@) can be simplified with the
given value of p as

max =
max. fp

f: (1 + pr) vk

14+ v (10)

k=1

s.t. (8B), (8c),

Define pj, = 1+ py and substitute 4 in (6) into (I0), we can
reformulate (I0) as

max =
max. f>

(1)

s.t. (85). (89).

Consequently, the logarithmic function in (8a) can be easily
addressed or simplified.

III. ACHIEVABLE SUM RATE MAXIMIZATION

In this section, we provide a closed-form solution for
the RSC matrix R, the communication beamforming vector
wy, and the IRS matrix ©. Firstly, we formulate the radar
beampattern design as a least-squares problem, which has a
feasible closed-form solution through a series of mathematical
derivations. Subsequently, we leverage the QT variation and
employ the AO algorithm to obtain efficient solutions for both
the beamforming vector and the IRS phase shifts at each
iteration.

A. Designing the Covariance Matrix for Radar Signals

The radar beampattern, crucial for radar detection, is deter-
mined by the RSC matrix R, and the optimization of the RSC
matrix R can be cast as a constrained least-squares problem

as
mlnz ‘ﬁP
s.t. @, (Tcp, [7d).

Inspired by the pseudo covariance matrix synthesis algo-
rithm proposed in [35], we utilize a scheme that effectively
reduces the complexity associated with the RSC matrix. To
achieve this, we vectorize the objective function, facilitating
the design of efficient optimization procedures as

—all (6,)Rag(6.)|’ 1)

2

C
FR,B) =3 [BP(0) —vee(V(8.) x|, (13)

where V(0.) = ar(6.)al(6.) and r, = vec(R).

Define v; = [R(vY) Z(vI))T and ry £ R(r}) Z(x1)]7,
where Vg = [Vlg,...,Vlju,VQ:),,...,V(]w_l)M]T, and rqg =
[];{127 ...,RlM, R23, vy R(M—l)M]

Also, let us introduce vy = [VH,...,VMM]Tle, and
rQZ[Rll,...,RI\/[M]T:%].M.

Thus, we can transform @I) to
c 2
re =% (I v 2] - ore)
2
VEo-spea] | ] ean) as

" (0,)r, + P)

Q
Il
—
VR
—

|
o

Q
Il
—

I

=~
Ma
—

<
81y

o
Il
—_

where vZ (0.) = [v],~1P(0.)] and r, = [r; B]". Comput-
ing the derivative with respect to r, in (I4) and making it
zero, the optimal closed-form solution can be derived as

15)

rxr—1
r, = —7Vw Vau,

c c
where V, = Z v (0.)vEH (6,) and v, = > v, (6.). The

=1 c=1
RSC matrix Rmd can be constructed by rearranging r,, and

setting the last entry of r, equal to 5. However, there is no
guarantee that R,,4 is a positive semidefinite matrix. Then,
we apply the eigenvalue decomposition to ensure R,.,q > O,

and the specific RSC matrix is reconstructed by
R,.q = Udiag(5)U", (16)

where o is a vector, which is employed as a substitution
for the negative eigenvalues observed in the original matrix.
Specifically, the negative eigenvalues are replaced by their
absolute values or zeros in order to ensure the integrity
and validity of the resulting vector, and U = [uy, ..., un]
represents the corresponding eigenvectors [35].

To proceed, the diagonal normalization method is imple-
mented to normalize the diagonal elements of the matrix to
ensure the constraint as

R =TR,.,,T, (17)



where T is constructed as a diagonal matrix, where its
diagonal elements are identical to the diagonal elements of

P)"
\/ ﬁRrad~

B. Communication Beamforming Design

After obtaining the specific RSC matrix R from (T7), we
can reformulate problem (I0) as

- 2
ﬁk‘hkwk‘
max fs = ZK — (18a)
© LS hyw;| + |fery| + o2
=1
s.t. (8B). (18b)

Problem (I8) is a multi-ratio fractional programming prob-
lem, and the optimization variables wj and ® are mutually
coupled. To address this, we adopt the AO algorithm and the
QT technique [34] to reframe problem (I8) into a biconvex
problem of the following form

K
gvnag fa= Z 2\/ﬁk%{82hkwk}
ks P
Ko~ 2 . 2 (19)
— |5k (Z hyw;| + ‘fkrt +0°
i=1
s.t. (3D),
where s = [s1,...,5x|7 denotes a set of auxiliary vector

introduced by the QT technique. The optimal value of s; can
be obtained by setting the partial derivative of f; with respect
to sy, to zero as

NG
Szpt - Dk Ici’VIc - (20)
E h,w;| + ‘fkrt + o2

i=1
Thus, by applying the Lagrangian multiplier method, the
optimal value of wy, can be derived as

K —1
= VDkSk (MI + sk Zflffli> hy, 21
i=1

where p is the Lagrange multiplier associated with the power

constraint in (8b), which can be computed by using the

bisection search method based on the following lemma.
Lemma I: p in ZI) is determined by

K
/’L:{M>O| ngwk:Pmax}~
k=1

Proof: See Appendix B.

(22)

C. Optimization for the IRS Phase Shifts

In this section, we the IRS phase shifts for the k-th
user, given the optimal w}” *. Specifically, hy, and f}, can be
expressed as

hj, = b, ©H,, + hl, = 6diag (h7,) Hy, +hl;

—[6 1]]| e <h£;{k) Har ] ~ A,

(23)

fi = £, OFy, + £}, = Odiag (£7) Fy, + £},

~ diag (£ ) Fy, (24)
=[6 1][ (fH) = 6B,
where 0 = [ 0 1 ] with 6 = lexp (jp1),-..,exp (jor)].
Then, problem (I8) can be reformulated as
= 1OA 2
max f5(0 Z = Pr|0 AW | (25)

k=1 Z|0A wi|? 4 6B, + 02

Similarly, we define cy 2 Ajiwy and apply the QT
technique to (25) and hence obtain
K

> 2vpeR {bj0ck}

k=1

K
—|bg|? {Z |0ci|” + |6Br.|” + 02} ,

i=1

max fs(0,b) =
(26)

where b = [by,...,bk]| represents an auxiliary vector intro-
duced by the QT technique. The Lagrange multiplier method
is used to determine the optimal value of by as

bzpt _ V ﬁkgck )

SR 0cil® + [6Bry|* + 02

Hence, given a specific value of b, we proceed to simpli-
fying as

mgux f7(8) = —OEQT + 2R {0g} — d;,

27)

(28)

where E = Z b |* Z cicl + ByRB!, g = Z VDrbick

=1 i=1
and d; = Z |bi|°02. Problem (28) is a quadratically con-

strained quadratlc programming problem and its objective
becomes

min f7(6) = OE6" — 2R {0g) . (29)

In the following, we employ the MM and CCM methods to
solve problem ([29), respectively.

1) MM method: To address the problem @I), we utilize
the MM algorithm, which involves solving a series of solvable
subproblems. This approach allows us to iteratively approxi-
mate the objective function [36].

Proposition 2: 0™ is defined as the vector at the m-th
iteration, thus the objective function @I) at the m-th iteration
for any given 8(") can be approximated as

12(6) < 0P6" — 2% {0 (P~ E)8" +g) } + 6(P - E)O”

= A ()] [6] = 2R {6 (Aox(B)T — E)O +g) |

+d =g(0)6™)
(30)
where 6 represents an appr0x1mate solution to @ obtained
in the previous iteration, d and P are defined as d 2

O(Amax(E) )OH and P = )\Imx( )I, respectively. By
adopting a surrogate function for the objective function in



(29), the original problem (29) is transformed into a modified
problem as

min Amax (B)||0]| — 23{08}, G

where § = (Amax(E)I—E)8% +g. It can be easily shown that
||0||*> = L + 1 since |6(1)| = 1 in the IRS. The term R{Og}
can be maximized when the two vectors € and g are identical.
Thus, given ¢ = [c1,...,cn] = (Amax(E)I — E) 8% + g, the
optimal solution to (31) is derived as
0°7" = [exp(j arg(c1)), ..., exp(j arg(cL+1))]-
We summarize the MM algorithm as Algorithm 1.

(32)

Algorithm 1 MM Algorithm

Initialization: A feasible solution 8(°) and m = 0.

repeat
Obtain g™ = (Apax(E)I — E)(8™)H 4 g
Obtain the optimal phase shifts 8°P*("™) in the m iteration
according to (32).
Update (™+1) = @°Pt(m) and calculate f7(8(™+1).
Set m < m + 1.

until convergence

2) CCM method: We provide another method called the
CCM algorithm to obtain the optimal phase shifts of the k-
th user. The principal idea is to derive a gradient descent
algorithm on the manifold space [37]]. Accordingly, problem
(29) can be reformulated as

min fo(0) = 6(E + x1)0" — 2R {0g} 33)

where s is a constant that controls the convergence of
the algorithm. Since k007 = k(L + 1), problem is
equivalent to problem (29). We define the feasible set of
problem (33) as SL*!, which is given by L + 1 complex
circles, and each complex circle can be represented as S =

e CIR{z} + (=} = 1}. The set S can be regarded as
a sub-manifold embedded in the complex space C, and the
product of L 4 1 circles corresponds to a sub-manifold of
CL*+1 [37]. Hence, the manifold of (33) can be given as
St £ {7 e CEY[z| =1, for l € [1,L+ 1]}, where z
is the [-th element of a vector z. Next, we detail the steps of
the CCM algorithm for solving problem (33) iteratively.

1) The search direction: We first define the objective func-
tion of problem (33) at the i-th iteration as fo(0()). Subse-
quently, the search direction for problem (33)) is determined to
be opposite to the gradient in the Euclidean space of fo(6("))
as

2) = —Vg fo(01)) = —2(E + &I) (0“))H +2g. (34

2) Projection search direction on the tangent space: The
optimization step on the manifold space finds the Riemannian
gradient of fy at the point () in the current tangent space
Toy ST+ [38]. The search direction z(*) in the Euclidean
space is projected onto Ty S**! and the Riemannian gradi-
ent at ) of fo(0") is given as

P (z(i)) =z0 — R {conj(z(i)) ©) 0("’)} ©09, (35

where X = Ty SEHL.

3) Updated descent on the tangent space: 8(*) on the tangent

space T ST+ can be performed as
0% — 0 4 Py (Zm) ’
where ( is the step size.

4) Retraction operation: As 8 is not in SL*, () is
mapped to the manifold SY*! by a retraction operation, and
we normalize each element of 6() to unity as

1
ION

The following theorem is utilized to establish the range of
parameters ~ and ( that guarantee the convergence of the CCM
algorithm.

Theorem 1 [37|]: Let us denote by Ag and Agy.1 the
maximum eigenvalue of matrices E and E + kI, respectively.
If k and ¢ satisfy the following conditions,

F s gl 0<C< 1 A m e, O)
the CCM algorithm generates a non-increasing sequence until
convergence.

We summarize CCM algorithm as Algorithm 2.

(36)

pli+1) — 6

(37)

K=

Algorithm 2 CCM Algorithm

Initialization: i = 0, and a feasible solution 6©),
repeat
Obtain the search direction z(*) in (34).
Obtain the tangent space projection of z(Y) from (33).
Update 6 on the tangent space by (30).
Update 01 to the manifold S“*! by (7).
Update ¢ < ¢ + 1.
until convergence

D. Complexity Analysis

In the design of the RSC matrix, the calculation of @])
incurs the highest computational cost, where V, is a square
matrix of size M2 — M + 1. The eigen-decomposition can
be applied to approximate the inverse of V, and then the
computational complexity of is O(T(M? — M + 1)?),
where I' denotes the rank of V. The complexity order of the
ED in (I6) and the DN in is O(M?) and 4M? flops. Next,
we analyze the complexity of the AO algorithm and denote
the number of iterations by I4o. For the communication
beamforming vector, there are three closed-form expressions
in 20), 2I), and 22), for which the complexity order is
02 = K(O(N?) + O(KN?) + O(N?)). For the IRS design,
the complexity of the algorithm using the MM is O3 =
K((L+1)3+ L,(L +1)?) and the CCM algorithm requires
04 = K((L +1)® + Ic(L 4+ 1)?), where I,,, and 1. are the
corresponding numbers of iterations. In summary, the overall
complexity of the MM algorithm is O(0O1+1A00503), while
that of the CCM algorithm is O(0O1 + TAOO50;)

IV. PERFORMANCE EVALUATION

In this section, numerical simulations are provided to an-
alyze the performance of the considered IRS-assisted ISAC
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Fig. 2. Convergence of the proposed algorithm.

system. In the system, the BS is equipped with M = 4
radar antennas and N = 4 communication antennas. Also,
we consider four single-antenna users (K = 4), and an IRS
equipped with L = 20 reflecting elements. The noise power
is set to 02 = —80 dBm. Moreover, we consider the presence
of three targets positioned at the angles —30°, 0°, and 30°
relative to the BS, and consider a mesh grid with a 1° interval
ranging from —90° to 90°. The following benchmark schemes
are considered for comparison with the proposed algorithm:

1) Discrete phase shifts: One bit quantized values for the
phase shifts of the IRS are applied.

2) Random phase shifts: The beamforming vector and the
radar RSC matrix are optimized, while the phase shifts
of the IRS are randomly generated.

3) Without IRS: The system includes the direct transmission
between the ISAC BS and the user without the IRS, and
the RSC matrix and the communication beamforming
are optimized.

Firstly, we demonstrate the convergence property of the
proposed algorithm in Fig. 2. The MM and CCM algorithms
show different upward trends before convergence and reach
nearly identical convergence performance. These results verify
the derivation in Section [II=C

Next, we characterize the impact of the transmit power for
communication P, on the sum rate in Fig. 3. The performance
of the system is effectively improved as the power increases.
The optimized IRS shows the best performance, while the
IRS with discrete phase shifts incurs some performance loss
because of the quantization error. Additionally, the proposed
scheme is superior to the case of IRS with random phase shifts,
which validates the benefits of optimizing the phase shifts.
Finally, the schemes with the IRS show a significant increase
in the sum rate compared to the case without the IRS.

Fig. 4 depicts the influence of the number of IRS reflecting
elements L on the sum rate. The sum rate increases with
the increment in the number of IRS reflecting elements in
all considered schemes. This phenomenon is attributed to the
joint optimization of the BS beamforming and IRS phase
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Fig. 4. Sum rate with respect to L.

shifts matrix. As the number of IRS reflecting elements
increases, the sum rate obtained with the IRS experiences
a substantial enhancement compared to the scheme without
the IRS. This enhancement is attributed to the introduction
of stronger reflected signals resulting from the increased L,
thereby enhancing the received power.

In Fig. 5, we illustrate the sum rate as a function of
the number of transmit antennas for communication. The
utilization of multi-antenna techniques has been extensively
validated to enhance the communication performance. By
employing appropriate beamforming strategies, it is evident
that the communication performance is markedly enhanced
in all schemes as the number of communication antennas
increases from 4 to 16. However, comparing the results with
those shown in Fig. 4, it appears to be more cost-effective
to increase the number of reflective elements of the IRS to
achieve similar gains.

In Fig. 6, we examine the influence of the discrete phase
resolution of the IRS on the sum rate and assess the disparity
between continuous and discrete phase shifts utilizing the MM
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and CCM algorithms. The setting with continuous phases
represents an upper limit of the discrete phase counterpart,
and the discrepancy between them diminishes progressively
as B increases. The numerical results show that B = 3 bits
are adequate to attain optimal performance.

In this paper, we use the detection probability to measure the
sensing performance according to [[39], where Pr4 denotes the
false alarm probability of the radar system, i.e., the probability
that the system still determines the presence of a target object
when only noise is present. Fig. 7 shows that the overall
detection probability increases with increasing the radar SNR,
and, at the same SNR, the detection probability decreases with
decreasing the radar false alarm probability, and, as the false
alarm probability decreases, the detection probability shifts to
the right. The rationale is that a higher false alarm probability
characterizes a higher error tolerance of the system, leading
to an increased detection probability.

In Fig. 8, we evaluate the relationship between the radar
transmit power and the detection probability when Ppyq =
1075, We see that curves of the detection probability shift

Detection probability

5 10 15 20 25 30
Radar SNR

Fig. 7. Radar detection probability with respect to the radar SNR.
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041
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021
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Radar SNR

Fig. 8. Radar detection probability with respect to the radar SNR.

to the left when increasing the power. This is because, as
the radar transmit power increases, the radar beampattern has
a higher beampattern gain, which can significantly improve
the quality of the radar SNR and increase the probability of
detection for low values of the SNR.

Finally, the relationship between the designed beampattern
(Designed BP) and the desired BP (Desired BP) under differ-
ent antenna configurations is illustrated in Fig. 9 to evaluate
the algorithm developed in Sec. [[lI-A] It can be observed
that the designed BP can better match the desired one by
increasing the number of antennas. However, the scheme
with a small number of antennas can basically satisfy the
constraints imposed and does not cause much interference to
the communication system.

V. CONCLUSION

This paper investigated the application of IRS in an ISAC
system operating in the mmWave band. The main objectives
were to maximize the sum rate and minimize the beampattern
error. Closed-form expressions were derived for the radar
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RSC matrix, the communication beamforming vector, and the
IRS phase shifts. The proposed scheme utilized the MM and
CCM algorithms to optimize the IRS phase shifts, effectively
reducing the computational complexity. Through numerical
simulations, the performance of the proposed algorithm was
validated, demonstrating that the utilization of the IRS can
significantly enhance the transmission rate of an ISAC system.

APPENDIX
A. Proof to Proposition 1
The equation () can be considered as a concave function
that is differentiable with respect to p; when given a fixed
value of \;. Taking the derivative of (9) about p; and equating
it to zero
K
Oh _ 1 S
Opr In2 Pt 1+ pg T+
Then, we obtain py = 7. Taking py back to (@) yields (8a).

Therefore, the two problems share equivalent optimal objective
values, guaranteeing their equivalence.

) =0. (39)

B. Proof to Lemma 1
(2T) can be re-arranged as Equation

W = [wi,..,wg] = (uI + K)"'HS (40)

K .
s> > b h;, H =

i=1
S = diag([/D151, -, VDK SK]). We have tr (WWH) =
Zf WH W), and compute the derivative of the transmit power
with respect to p as

e (Wwr) o (%
= o (PH(MI + K)_lP) ,

which shows that (@0) is monotonically decreasing with .
In the critical case of the power constraint (8b), the optimal
solution i corresponds to its minimum value.

where K = .. hi] and
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