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Abstract—The performance of integrated sensing and commu-
nications (ISAC) empowered intelligent reflecting surface (IRS)-
aided massive multiple-input multiple-output (MIMO) systems
operating over spatially correlated Rician fading is investigated.
Computationally-efficient linear precoders are used to construct
the ISAC signal by invoking the maximal ratio transmission
(MRT) criterion into the composite channels containing both
direct and IRS reflected channels. The uplink communication
channels are estimated based on the linear minimum mean
square error criterion and used to construct user precoders. The
IRS phase-shifts are optimized based on the statistical channel
knowledge to maximize the minimum average power gains of the
composite communication channels subject to an average power
threshold for the reflected sensing channel. The communication
performance is evaluated by deriving the achievable user rates,
while the sensing performance is studies by locating the target
via the 2D MUIltiple SIgnal Classification (MUSIC) algorithm.
Our numerical results are used to study the trade-off between the
communication and sensing performance metrics in IRS-aided
massive MIMO systems with MRT-based linear precoders.

I. INTRODUCTION

The sixth-generation (6G) wireless is expected to support
wide-range services, including autonomous driving, industrial
automation, environmental sensing, and extended reality [1].
Such 6G use-cases necessitate precise sensing in addition to
high rate reliable communications [2]. However, the sensing
and communications services are currently being rendered
in separate hardware units. Integrated sensing and commu-
nications (ISAC) has recently been envisioned to deliver
both sensing and communication functionalities within the
same hardware unit by using the same spectrum [2]. Thus,
ISAC can be leveraged to boost energy, spectral, and cost
efficiency aiming to meet the key performance indicators of
6G and beyond [2]. Novel ISAC system models are currently
being designed by innovating joint waveforms, beamformers,
estimators, detectors, and localizers [2]-[7].

On one hand, massive multiple-input-multiple-output
(MIMO) has been one of the foundational pillars of the
fifth-generation (5G) wireless. It leverages large degrees-of-
freedom and array gains rendered by massive antenna arrays
at the base-station (BS) to render huge spatial multiplexing
and energy efficiency gains [8]. The channel hardening and
favorable propagation of massive MIMO have been exploited
to theoretically prove that simple linear precoders designed
based on maximal ratio transmission (MRT) principle can
operate near-optimally in the large antenna regime [8].

On the other hand, intelligent reflecting surfaces (IRSs)
have emerged as a pivotal technology that can be leveraged
to smartly control wireless propagation. An IRS consists of
a large number of tiny reflecting elements capable of intro-
ducing passive phase-shifts into the electromagnetic waves
impinging upon them [9]. These IRS elements are made out of
meta-materials, and hence, it provides a cost-effective viable

solutions to boost the end-to-end reliability and coverage. A
myriad of joint precoder and phase-shift optimization tech-
niques have been developed (see [9] and references therein).

The potentials of IRS-aided massive MIMO can be lever-
aged to boost ISAC performance. The research on IRS-aided
massive MIMO ISAC is still at an its infancy [3]-[7]. In [3],
the transmit waveform and IRS phase-shifts have been opti-
mized to maximize the signal-to-interference-plus-noise ratio
(SINR) for radar detection, while delivering quality-of-service
(QoS) constraints for the communication users via alternative
direction method of multipliers (ADMM) and majorization-
minimization (MM) methods. In [5], the BS precoder and ac-
tive IRS reflection coefficients have been jointly optimized via
MM techniques to maximize SINR for radar while satisfying
communication QoS requirements. In [4], a joint waveform
and passive precoder design has been proposed by maximiz-
ing the SINR for sensing, while minimizing the multi-user
interference for communications. In [7], an omni RIS-aided
ISAC system has been studied by maximizing the minimum
SINR for multi-target sensing, while ensuring a minimum rate
threshold for the multiple users via semi-definite relaxation
(SDR) and successive convex approximation (SCA). In [6],
a transceiver and radar detector optimization framework has
been proposed by designing BS precoders and optimizing RIS
phase-shifts based on ADMM techniques.

Motivation and our contribution: The existing research
[3]-[7] on IRS-aided ISAC has aimed to design near-optimal
BS precoders and IRS phase-shift matrices via ADMM, MM,
SDR, and SCA optimization techniques. However, such de-
signs may result in non-linear precoders, and hence, their com-
putational complexity may become prohibitively complicated
for massive MIMO. Simple linear precoders based on MRT
principle are appealing to massive MIMO due to their simple
implementation [8]. A fundamental performance analysis for
IRS-aided massive MIMO ISAC with linear precoders has
not yet been reported to the best of our knowledge. Having
been motivated by this gap, we present such a performance
analysis by considering a practical spatially correlated Rician
communication channel model, imperfectly estimated com-
posite channel state information (CSI) via linear mean square
error (LMMSE) techniques, and linear precoders designed by
applying the MRT principle to the composite channels. The
achievable user rates are derived in closed-form, and the target
is localized by invoking the 2D MUltiple SIgnal Classification
(MUSIC) algorithm. The IRS phase-shifts are optimized based
on statistical CSI to maximize the average channel power
gain of the weakest user, while meeting a minimum average
sensing channel power gain constraint. Our analysis reveal that
the IRS-aided massive MIMO with simple linear precoders
can be used to fine-tune fundamental ISAC design trade-offs.
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Fig. 1. A system model for enabling ISAC in IRS-aided massive MIMO.
II. SYSTEM, CHANNEL AND SIGNAL MODELS

A. System Model

We consider an IRS-aided massive MIMO ISAC system
in which a BS serves K single-antenna users while sensing a
target (see Fig. 1). The BS consists of transmit/receive antenna
arrays each having M antennas arranged to form a uniform
planer array (UPA) with M; rows and M columns satisfying
My x My = M. The IRS has a UPA of N passive reflective
elements with Ny rows and Ny columns satisfying N1 X Ny =
N. The kth user is denoted by Uy, where k € {1,--- , K},
and the target is denoted by T.

ISAC BS

B. Communication Channel Model

The IRS-BS, Uy-BS, and Uy-IRS channels are denoted by
Hc CM*N f;, € CM, and g, € CV, respectively. The an-
tennas of BS and IRS are typically installed in towers/rooftops
or walls of tall buildings. Hence, the IRS-BS channel consists
of a dominant/deterministic line-of-sight (LoS) component in
addition to the random non-LoS (NLoS) multi-path com-
ponents, and it is modeled via spatially correlated Rician
fading. Since the channels associated within an IRS set-up
is less likely to contain LoS components, Ux-BS and U,-IRS
channels are modeled via spatially correlated Rayleigh fading.
Thereby, the channels H, f;, and g; can be modeled as

H = /KnCa/(Kn + DA + /& /(K + DRLARE, (1)
fk ~ CN(O, Rfk) and 8r ~ CN(O, ng), (2)
where Ky and (g are the Rician factor and large-scale fading
coefficient of H, respectively. We denote H = (K /(K +
1))z é]fl and Ry = (1/(Ky +1))(uRp. The deterministic
LoS channel component (H) in (1) can be modeled as
H = ap(¢n,vm)ar (Ym,on), (3)
where ¢ and vy are azimuth and elevation angles-of-arrival
(AoA) at the BS for the IRS-BS LoS channel, while vy and
dp are azimuth and elevation angles-of-departure (AoD) of
IRS-BS channel at the IRS. Then, the beam steering vectors
ap and ay can be modeled as [10]
a.(z,y) = vec (bzl(ac,y), b (z, y)) for

ze€{B,I}, 4

. T
bzi(xay) = |:17 767]mqi(z’y)a“' ) ) (5)

where ¢ € {1,2}, (z,y) = (¢m,vy) and P = M if z = B,
and (z,y) = (Yg,0y) and P = N if z = I. Here, m €
{0,---, P,—1}. Moreover, g1 (x,y) and g2(x,y) in (5) can be
written as 7 cos () sin (y) and 7 sin (z) sin (y), respectively.
In (1), H is modeled as complex Gaussian distributed with
zero mean and unit variance: H ~ CN Oprxnv, Ing @ In).

e*j(Pifl)th‘(zyy)

The covariance matrices Rp, Ry, Ry, , and Ry, in (1)-(2)
capture spatially correlated fading. In (1), Rp and R; are
covariance matrices at the BS and IRS, respectively. In (2),
Ry, and Ry, can be written as (f, Rp and (4 Ry, where
(s, and (g, are the large-scale fading coefficients of fi, and
gk, respectively. Then, Rp and R can be modeled as R, =
AR, for z € {B,I} in which the (i,) element of R, can
be modeled by using the correlation model for UPAs in [11,
Eq. (10)], and A, is the area of an antenna/reflecting element
at the BS/IRS. The composite U,-BS channel comprising of
the direct and cascaded/reflected channels can be written as

vi = fr, + HOgy, (6)
where © = diag(¢;e7%,--- ¢ e/ .- ¢nelPV) is the IRS
phase-shift matrix. The reflection coefficient of the nth IRS
element is given by ¢,e’%", where ¢,, € [0, 1] and 6,, € [0, 27).

C. Sensing Channel Model
We consider LoS channels to define our sensing channel
model which is a typical assumption in the radar literature
[8], [12]. The LoS channel between the IRS-BS is already
defined in (3). The channels between T-BS and T-IRS can
be defined via (4)-(5) as
p = vec (bBl(¢p7 Up)bg2 (¢p, Up)) ) @)

q=vec (bll("/’qv 5q)b11112 (¥qs 5(1)) ) 3
where ¢,, and v,, are azimuth and elevation of the target with
respect to the BS while 1, and d, are azimuth and elevation
of the target with respect to the IRS.

The composite echo channel can be defined by
u = a,p +a,HOq, ©)
where o, and « are the combined reflection coefficients of
the target for the channels p and q, respectively.
D. Uplink Channel Estimation
Uplink communication channels are estimated for a given
IRS phase-shift matrix (®) through the user pilots of length 7,
denoted by g, € C7. Orthogonal pilots are used to mitigate
pilot contamination; gkgg =1if k =k, and gkgg =0 if
k # K'. The pilot signal of the kth user received at the BS
from the direct and cascaded IRS channels can be written as

K
Y = \/EZVka +N7
k=1

where £ = p,7, with p, being the average pilot transmit
signal-to-noise-ratio (SNR), vy, is the composite Ux-BS chan-
nel in (6), and N ~ CN (Oprxr,,Ins ® 1)) is an additive
white Gaussian noise (AWGN) matrix. To estimate vy, we
project (10) onto o as

ye=Yer = Vévi + ny, (an
where i, = No! ~ CN(0,I5). By invoking LMMSE
estimation upon (11), an estimate for vy, is derived as [13]

(10)

Vi = Cu,. Cg.7, 9 (12)
where the covariance matrices C,, 5, and Cgy,g4, can be
derived as (see Appendix A)

Cuugr = VECy, and Cyg, =€Co, +1L  (13)

where C,, is the covariance matrix of vy, and it can be
derived as (see Appendix A)

C., =Ry, + HOR,, ©"H" + Tr(Rj@ngGH) Rr. (14)
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S = [Te(Ry, C)* + Tr (R, CuRy, CF ) + Tr(Ry, Cu(Cy

x Tr(Tx)

- Rfk)ci’) n Tr(SkaRkakHI:IG)) n Tr(QkakaH)

+ |Tr(SkCrHO)[* + Tr(S,.CLHOS, CY HO) + Tr(S,CQuHO ) Tr(Tx) + Tr (S, CrQHOT )
(s Cl QkHQ) Tr(Ty) + Tr(Ska QkHG)Tk) + [Tr(Qu) Tr(Qk) n Tr(Qka) 1 [Tr(Tx)? + Tr((Th)?) ]
+ Tr( k) [Tr(SkCHO) Tr(Ty) + Tr(SkCLHOTY) | + Tr(Qy) [Tr(SkaHI:IG) Te(T) + Tr(SkaHfIGTk) ]

+Tr(Ry, Cy) [Tr(Ska H@) + Tr(Qk) Te(Tx)] + Tr(RkakH) [Tr(SkC1HO) + Tr(Qx) Tr(Tx)]. (25)
ki _Tr(R C,R;,C ) +Tr(Rka (C., — Ry, )CH) +Tr(skc R/, CHH@) —|—Tr(Q]Rf )Tr(Tk)
+ Tr(SkC HOS;C! H@) + Tr(SijQjHG)> Te(T;) Tr(sjcj QjHG) Te(Ty) + Tr(Q;) Tr(Qj) Tr(TAT,)
n Tr(Qij) Tr(Ty) Te(T;) + Tr(Qj) Tr (S, C,HOT;) Tr(Q;) Tr(sjcff{@Tk) . (26)
Due to orthogonality criterion of LMMSE estimation [13],
v}, can be written in terms of its estimate (V) and estimation (19)

error (€;) as vy = Vi —+€g, where €,, is a zero mean Gaussian
vector having a covariance matrix C., = C,, — Cj,. The
error is uncorrelated with its estimator v, [13]. The covariance
matrix (Cj,) of Vi in (12) can be derived as (Appendix A)

Cs;, = Cu,,. Cy,g, Corn- (15)
E. Communication Signal Model

The downlink (DL) data precoder for Uy is constructed by

applying MRT principle to the composite channel v due to
its simplicity for massive MIMO [8]. The sensing precoder is
designed to maximize the received power of the echo signal at
the BS receive array by using MRT principle to the composite
echo signal. The joint ISAC precoder is then given by

Wi = /Nk,cVi + /Mk,s1, (16)
where v, is the LMMSE estimate of v for the kth user,
and u is the composite echo channel in (9). In (16), the
power normalization/allocation factors for the precoders are
defined as 1y, = 7,/ Tr(Cy,) and . s = 7jp,/Tr(uu’?) in
which 7, . and 7, s are the power allocation coefficients for
the communication and sensing signals.

The received signal at Uy, can be written as

Yk =+/PVk kakJer vk Wi+, (17a)
=/pE [vk kak} + \/,B(Vk wizr — E [v,?wkmk})
K
+ D VPV Wi+, (17b)

where p is the transmit SNR at the BS, zy, is the data symbol
intended for Uy, satisfying E [|zx|?] = 1, and n; ~ CN(0,1)
is the AWGN at Uy. The first term in (17b) is the desired
signal, the second term represents decision uncertainty, and
the third term denotes inter-user-interference. The second
equality (17b) is written to emphasize the fact that users rely
on statistical CSI to decode DL data.
F. Sensing Signal Model

The BS signal is reflected back, and this echo is received
by the BS receive array as

y = /puu”’ Wx + n, (18)
where W = [wy,..,Wp,...,wg] € CM*EK x =
(@1, .0 Ty ooy 2|7 € CK, and i € CM is an AWGN with

i.i.d. entries from CA(0, 1). The sensing combiner is designed
as uf’ to maximize the received echo power as

§= \/ﬁuHuuHWX +7,
—_——
DE

Hp, and the first term in (19) is the desired echo.

where n = u

III. PERFORMANCE ANALYSIS

A. An achievable rate for the communication users

By invoking the worst-case Gaussian technique [8] to (17a),

an achievable user rate can be defined as
Ri = klogy (1 +k) (20)

where k = (7. — 7,)/7, with 7, being the channel coherence
interval, and v is the SINR at Uy, which can be derived as
(see Appendix B)

|DSk|2
= ) (21)
T DU+ S, UL +1
where DSy, DUy, and IUI}; can be derived as
DSy = /pE [Vfwkxk] = /Mk,cpTr(Cs,) (22)

DUy, = pVar [Vfwkxk] = N, e p€Ekk + nk,cPTr(Cvk CkaH)
0 Te (Couu) = DS, 23)

IUIy; = pE [IVkHWﬂfﬂQ] = 1j,cpE=k; + le,cﬂTI“(CkajCJH)
+n;,spTr (CU,c uuH) ,
where =, and Zj; can be derived as (25) and (26), respec-
tively, as shown at the top of this page. In (25)-(26), we denote
Cr = Cvkka;kyk T. = R, ©"R;0, Q; = RrCy,
Qk = RTCk 5 and Sk = ng@HHH.

B. A signal-to-noise-ratio for sensing

(24)

An average sensing SNR at the BS is given by
s =E[IDE*/|n|’], @

To evaluate 7y in (25), we resort to a tight approximation as
[10, Lemma 1]

v~ E[|DE’]/E[|n*], (28)

where E[|DE|?] and E[|n|?] are derived as (Appendix C)
K

E[|DE[*]=pTr (uuH)2 > i cu Co utapy T (uuH)2 , (29)
k=1

o2 :E[\ﬁﬂ = Tr(uuH) . (30)
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IV. IRS PHASE-SHIFT OPTIMIZATION
By adopting statistical CSI, the IRS phase-shift matrix ®
can be optimized to maximize the minimum average power of
the composite communication channel for the kth user (Uy),
while satisfying an average power threshold for the reflected
sensing channel. This optimization problem is formulated as

P max mkin Tr(C.,), (3la)
subject to Cj : Tr(uuH) > u, (31b)
2
Cz: |[©],,] =1 Vn. (3lc)
where o is a predefined threshold for the average sensing
channel power. We assume that ¢, = 1 for n € {1,--- , N},

which is a common assumption in IRS literature [9]. B
defining a common lower bound ¢ for the objective function
in (31a), the original optimization problem (31a)-(31c) can be
reformulated equivalently as

P max d, (32a)
subject to Cj : Tr(uuH) > u, (32b)
Ca: Tr(Cy,) >0 Vk. (32¢)

2
Cs : ‘[@]M =1 vn, (32d)

From (14), by using the fact that u = a,p + aqﬁGq and
Ry, = (4. Ry, the constraints C; in (32b) and C, in (32c)
can be rewritten as

C af,Tr(ppH) + 2apa,Re (Tr(ﬁHquGH))
+ azTr(I:IHI:IG)quG)H) >, 33)
Cy: Tr(Ry,) + Co, T (ﬂHﬂ®R,®H)
+ o Tr (R,@R,@H) Tr(Ry) > 6 Vk. (34)
By denoting 0= [e101, .., elN]eCI*N &:diag(}:IHqu)TG
(CIXN R (HHH) (qu) c (CNXN’ RII — RI ®

R; € (CNXN, and Ry; = (HPH)T @ R; € CVXV, the
traces in (33) and (34) can be written as [14]

Tr(ﬂHqueH) —ae"”, ﬁ(ﬁHﬁequeH):éRHqéf{ 35)
Tr(RIGRIGH)zéﬁuéH, Tr(I:IHI:IGRI(BH>:éRH19fH (36)
Thereby, (33) and (34) can be written as
Cr: aiTr(ppH) + 2ap0,Re(d0") + a20Ru,0" > 1, (37)
Ca: Tr(Ry,) + (o, 0RO” > 5 Vk, (38)

where R = Ry + Ry 1Tr(Rr). The optimization problem

in (32a)-(32d) can be reformulated by using (37) and (38) as
P max d, (39a)

The constraints C; in (39b) and C, in (39¢) are still non-
convex. By denoting the value of @ during tth iteration as 6;,
C; and Cs can be approximated via lower bounds as [14]
6R6" > 8,RO + 2Re ((é — 8,)R8" ) —T(0), 42)
OR.0" > 0,R.,6! + 2Re ((é — 0,)R,0! ) = U,(8) VE. (43)
In (42), and (43), the equality holds when 6 = 8. Moreover,
the strict modulus constraint of Cy in (39d) is relaxed as
Cy:|[0] " <1, vn (44)
The optimization problem in (39a)-(39d) during the tth itera-
tion is reformulated via (42)-(44) to be a convex form as

Py : nmax d, (45a)
subject to C3 : T'(8) > u, (45b)
Cy: |[0] P <1 Vn, (45¢)
Ch: UL(0) > 5 VEk, (45d)
Cy:[0]y,, =1 (45e)

Since P, in (45a)-(45¢) can be cast as a quadratically con-
strained quadratic optimization problem, it can be solved via
CVX or Gurobi [15]. To satisfy the strict modulus constraint
in (45e), we divide each element of the optimized 6 vector
obtained by solving P; by its magnitude in each iteration [14]

[6:], [et] /‘ [et] ., ¥n={l.--N}, (46)
where 0 and 0 are the solutions of the tth iteration of P and
Ps. ThlS optimization procedure is summarized in Algorithm
1. Its complexity scales as O(N3®) [16], and the overall
complexity raises to O(TN3-5) with T iterations.
Algorithm 1 : An algorithm to solve P in (31a)-(31c¢)

Input: (4, ,ap, ¢, 1, P, 9, R1, R, Ry, ,H VE
Output: OF
Initialization: Set ©, 0y = diag(®,)”, t =0
1: Compute d = diag(H”’pq™ ', Ry, = (H HY © qq”,
R =RrOR;, Ry = (H'H)T 0 R,
2: Compute R and Ry, Vk
Repeat:
3: Compute 0 by solving P; in (45a)-(45d)
4: Update 0 (46) and set[©,], , =[6;] .Vn={1---N}
5:t=t41,
Until Convergence

V. SENSING PERFORMANCE EVALUATION
We invoke 2D MUSIC algorithm [17] to estimate the target
location through the elevation and azimuth angles, while
keeping the angles between BS and IRS fixed. We suppose
that 7 = 7, — 7, snapshots are available at the BS for
target detection. The sample covariance matrix for the MUSIC

subject to C : ORO" > p, (39b)  algorithm can be writtfin via (18) as
5 nH 7
L C3 = |[6],, ‘ =1 Vn G9)  Where ¥[n] represents the nth snapshot of the received signal.
where @ is [0,y 1], and R and Ry, are defined as The noise subspace Z € CMr*(Mr=1) for the target can be
_ [aqRHq] [apa,d’] constructed by computing the eigenvectors of R correspond-
= _INxN Nx1f (40) . . .
[apargd] o2 Tr (pp*) ing to M — 1 number of lowest eigenvalues. We define u in
p~q DN 9) as u = u(¢p, Up,Pq,d4) as it is a function of the target
R, — [Cgch]NxN 0] yv.s @) angles with respect to the BS (¢, and v,) and the IRS (¢,
0] oy TRy ' and 6,). Then, the spatial spectrum can be written as [17]
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Fig. 2. The achievable rate versus the average transmit SNR (p) .

S(ri) = [0 (Bpis Upis Yaiy 04i) ZZ (i Vpis Yaiy 0i)] ™', (48)
where ¢pi/1q;, and vp;/d4; are azimuth and elevation angles
of target from BS/IRS, respectively at the :th point in the 3D
grid. Then, the target location can be estimated by locating
the peaks of S(r;) by adopting a grid searching method [17].

VI. NUMERICAL RESULTS

We set M = 400, N = 100, and K = 5. The distances
of IRS-BS, Uy-BS, Ug-IRS, T-BS, and T-IRS are randomly
generated from the range [50, 200] m, and Rician factor is set
to K € [1.0,3.0]. The path-loss for communication channels
is modeled by using the 3GPP Urban Micro-cell model [18,
Table 5.1], while setting the carrier frequency to 3 GHz. The
target reflection coefficient is modeled as ag = /B.V., where
B, is the sensing channel gain, and ¥, ~ CN(0,1) is the
radar cross section (RCS) for z € {p,q} [12]. Here, 8, =
A202/((4m)3d2), where A, o2, and d, are the wavelength,
RCS variance, distance of the channel z, respectively [12].
The coherence interval 7, = 196 [8], and the pilot length is
set to 7p = K. The UL pilot transmit SNR is set to 0dB.

In Fig. 2, an achievable sum rate comparison is presented
for four different cases/set-ups. The random IRS phase-shifts
are used in Case-A as a baseline, and the phase-shifts are
optimized based on Algorithm-1 in Case-B, -C, and -D. By
comparing Case-A with Case-B, we observe that a sum rate
gain of 52.08% can be obtained at an average transmit SNR
of p = 20dB by using our optimized phase-shifts over the
random counterparts. From Case-B and Case-C, we also reveal
that by increasing N = 100 to N = 400, about 53.91%
sum rate gain can be achieved at p = 20dB. Fig. 2 further
shows that the sum rate increases when the number of passive
reflective IRS elements (V) increases. For instance, at p =
20dB with N = 400 and optimized IRS phase-shits, Case-C
with 4 = —50dBm outperforms Case-D with = —40dBm
by about 9.04% in terms of the sum rate. We further reveal
that the sum rate decreases when increasing the predefined
average sensing channel power threshold in Algorithm-1. This
clearly unveils the sensing-communication trade-off of ISAC.

In Fig. 3 and Fig. 4, the 2D MUSIC algorithm is used to
locate the target with respect the BS and IRS. Hence, the peaks
of the MUSIC spectrum correspond to the target. From Fig. 2,
we observe that the azimuth and elevation angles of AoAs for
the target with respect to the BS are (6, v,) = (20°, —40°).

0
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Fig. 3. The 2D MUSIC spectrum for target angles with respect to the BS.
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Fig. 4. The 2D MUSIC spectrum for target angles with respect to the IRS.
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From Fig. 4, we determine the target AoAs with respect to
the IRS as (14, d4) = (—30°,50°). All these estimated angles
through the 2D MUSIC algorithm accurately match with the
AoAs that we have set in the simulation setup. Hence, Fig.
2 and Fig. 3 show that the MUSIC algorithm can be used to
locate the target with respect to both the BS and IRS in an
massive MIMO ISAC even with linear MRT-based precoders.

VII. CONCLUSION

The performance of an IRS-aided massive MIMO ISAC
system has been investigated. The uplink channels have been
estimated via the LMMSE techniques, and the estimated CSI
is used to construct the user precoders. The IRS phase-shifts
have been optimized based on statistical CSI to maximize the
average power gain of the composite channel of the weakest
communication user while satisfying a predefined average
power threshold for sensing channel. An achievable user rate
has been derived in closed-form, and it captures spatially
correlated Rician fading and imperfect CSI. The peaks of
the 2D MUSIC spectrum function have been determined
via a grid-search to locate the target. Our numerical results
demonstrate the potential of IRS-aided massive MIMO ISAC
systems in improving the performance trade-offs between
sensing and communication tasks.

APPENDIX A
DERIVATION OF C,,, Cy, 4, Cg, 4., AND Cg,
The covariance matrix of the true composite channel (vy)
of the kth user in (6) can be derived as

C.,. =E [(Vk —E[vi])(vi — E["kDH]

—E [(fk +HOgy)(fx + H@gk)H]
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[fk Cufigl @7 HY Cl H@gk] —HE[g e"H" C,HOg,f/ C! fk] .

E |:‘V£IC]'V]'

J-ofe

2 H
; } -HE“fk C,HOg;

2
] +E UgE@HHH

]EUf,kafkﬂ +1EUkackH@gkﬂ +1EUg,€IeHHHckfkﬂ —|—IEUg£I®HHHCkH®gk‘2]

(55)

2 2
; }-i—EUgf@HHHCjHng } (57)

_ _ ~ 1 1y~
— Ry, + HOR,,®"H" + R,E[HR; OR,, 0"R:"H"|
@R, +HOR, ©"H" + Tr(R;OR, 0")Rr, 49)

where the step (a) is derived via [19, Lemma 8]. Then, C,, 4,
and Cg, 5, in (13) can be derived as

Cuene =E[(vi ~E[Mi)) (3 ~E[5:)" ]
:E[vk (VEVK + fir) ] VEC,,,

Cini =E[ 5 — EF) @ — Eu])”]
:E[(\/Evzc + ) (VEv +ﬁk)H] =¢C,, +In. (51)

The covariance matrix of the LMMSE estimate (V) of the
composite channel of the kth user (vg) can be derived as

Gy, = E[{’k{’k] [(Cvkykcykyk )(Cvazﬂcgallgaly;l)H]
=C,,;C-LC (52)

VR GG

(50)

(1]
[2]

[3]

Vi Yk

APPENDIX B
DERIVATION OF R IN (20)

The term DS}, in (22) can be derived as
DSk = /B [Vi'wiar] = /7B [VE (/lkev + V/iiraw)] - (53)
=l DB (Vs €) Nk | = B [0 0k | = cp T (C )
The term DUy, in (23) is derived as
DU,=pE ka wirr —E [vfwkmk} ‘2] pE ka Wk‘ ]—|DSk|2

[4]

[3]
(6]

(71

[8]

H ~ 2 2 H 2
ZPEUW(\/W,CVH nk,su)‘ ]*IDSkI :nk,cp@Eﬂvk Cm‘ } 9]
+77k,cpTY(Cuk Cka) + nk,spTY(CvkuuH) — DSk, (54)

where Cj, =C,, 5, C; " , and E[|[v Cjv¢|?] in (54) can be

Yk Yk’

expanded as (55). By evaluating (55) via [19, Lemma 7-9],

(54) is written as (25). The term IUI}; in (24) is derived as
2 2

IUI; =E U\/ﬁkaWﬂj } =PEUV1€I(\/W,M + nj,su)‘ }

2} (13]

[14]

[10]

[11]

[12]

2 2
}er,spE UVfu‘ ] = 1;..pEE UVECJ-V]'

= 1j.cpE [IVE%
+nj’CpTr(CU Cij) +nj,spTr(CvkuuH) ,  (56)

where C; = CU]yJC_y Here, E[|viIC;v;|?] in (56) can be
evaluated as (57). By evaluatlng (57) via [19, Lemmas 7-9],
the derivation can be completed as in (26).
APPENDIX C
DERIVATION OF 7 IN (28)
By denoting V. = [V1, ey Viy ooy VK] CM*K
diag(\/Mcs s /Mo -0 /Mie) € CF*Fand w
[VTLss s \/Thss s /TK,s) . € C, W in (18) is given by

W =VQ+uw’ (58)

[15]

[16]

[17]

[18]

[19]
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E[|DE]*] =
= pTI‘(uuH)2 (uH
= pTr(uuH)2 Z

From (29) and (58), the term E [|DE|2] in (28) is derived as

E U\/ﬁuHuuHer}
E [VQQHVH] u+ Tr (uuH) ’ wTw)

(59)

2
(nk’cuHCﬁku + n;wTr(uuH) ) .
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