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Abstract—In this paper, simultaneous beam training and
target sensing for reconfigurable intelligent surface (RIS)-aided
integrated sensing and communication (ISAC) systems is inves-
tigated. The sensing ability of base station (BS) is exploited to
acquire the channel state information of the RIS-aided ISAC.
Based on our findings that the energy of the echoes from the
RIS can be accumulated in the angle-delay domain while the
energy of the echoes from the targets can be accumulated in
the Doppler-delay domain, we can distinguish the RIS from
the targets. Then we propose a simultaneous beam training
and target sensing scheme, which enables the BS to perform
the beam training with the RIS and to sense the targets
simultaneously based on the mixed echoes from the RIS and the
targets, and also enables the user equipment (UE) to perform
collaborative sensing to figure out their position. Moreover, the
beam alignment between the BS and the UE via the RIS can be
directly computed without additional beam training overhead.
Simulation results verify the effectiveness of the proposed scheme
and show that it outperforms the existing schemes with much
smaller training overhead, which benefits from the integration
of the sensing units.

Index Terms—Beam training, integrated sensing and commu-
nication, reconfigurable intelligent surface, target sensing

I. INTRODUCTION

Wireless communication and radar sensing systems have
been developed separately for several decades. With the evo-
lution of technologies, these systems show similarities in sev-
eral aspects including antenna array, carrier frequency, radio
frequency (RF), and signal processing algorithms [1]. On the
other hand, many emerging applications, such as autonomous
driving and unmanned aerial vehicles, have strong demands
for both wireless communication and sensing. Therefore,
the numerous similarities and applications have led to the
rise of integrated sensing and communication (ISAC) [2].
Earlier works on ISAC intend to explore the coexistence
of communication and sensing and focus on mitigating the
interference between the communication and the sensing
systems while maintaining the communication and sensing
functionalities. However, these systems still operate inde-
pendently, which occupies duplicated hardware and spectral
resource. To improve the hardware and the spectral efficiency,
more effort is put into integrating the communication and
sensing into a single system so that they can sufficiently share
various resources. Besides the system level integration, the

complementary functionalities of communication and sensing
are recently considered to improve the system performance by
exploiting the seamless aid from the other functionalities [3].

Another popular topic is the reconfigurable intelligent sur-
face (RIS), which has been proposed to enlarge the signal
coverage of the base station (BS) [4]. But one challenge
in the RIS-aided systems is the channel state information
(CSI) acquisition. When a BS serves multiple user equipments
(UEs) with the assistance of RISs, the channel estimation
of the BS-RIS-UE link usually requires a large overhead
of channel training. To reduce the overhead, it is assumed
that all the users share the common channel from the BS to
the RIS [5], only one RIS element is activated in each time
slot [6], and a multi-directional beam training method for the
BS-RIS-UE link is adopted [7].

The low-cost RIS is also exploited to enhance the perfor-
mance of the ISAC system, which is known as the RIS-aided
ISAC system. In [8], it is shown that the RIS can improve
the radar detection performance under the communication
performance constraints. In [9], the reflection coefficients of
the RIS elements are optimized to improve both the sensing
and the communication performance.

In this paper, we investigate simultaneous beam training
and target sensing for RIS-aided ISAC systems. Based on
our findings that the energy of the echoes from the RIS
can be accumulated in the angle-delay domain while the
energy of the echoes from the targets can be accumulated
in the Doppler-delay domain, we can distinguish the RIS
from the targets. Then we propose a simultaneous beam
training and target sensing scheme, which enables the BS
to perform the beam training with the RIS and to sense the
targets simultaneously based on the mixed echoes from the
RIS and the targets, and also enables the UE to perform
collaborative sensing to figure out their position. Moreover,
the beam alignment between the BS and the UE via the RIS
can be directly computed without additional beam training
overhead.

The notations are defined as follows. Symbols for matrices
(upper case) and vectors (lower case) are in boldface. (·)T

and (·)H denote the transpose and conjugate transpose (Her-
mitian), respectively. [a]n, [A]:,n and [A]m,n denote the nth
entry of the vector a, the nth column of the matrix A and the
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Fig. 1. Illustration of the beam training and target sensing in the ISAC

entry on the mth row and the nth column of the matrix A,
respectively. diag{A} denotes the diagonal entries of a matrix
A and diag{a} denotes the diagonalization operation of a
vector a. U denotes the uniform random distribution. sgn(·),
asin(·), and vec(·) denote the sign function, the arcsine
function and the vectorization operation, respectively.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an ISAC system, where
an ISAC BS serves a UE and detects several targets simul-
taneously, under the assistance of a RIS. The BS includes a
communication transceiver equipped with NT antennas and
an echo signal receiver equipped with NR antennas, where
the antennas are placed in uniform linear arrays (ULAs)
with half wavelength intervals. To reduce the hardware costs,
the fully-connected hybrid beamforming is adopted at both
the transceiver and the receiver. In this work, we consider
the monostatic ISAC scenario, where the transceiver and the
receiver are collocated. At the RIS, NRIS RIS elements are
deployed for passive reflection and a RIS controller with
wireless link to the BS is installed, allowing the BS to
control the RIS in real time. For the UE, a half-wavelength-
interval ULA with NUE antennas is equipped and the analog
beamforming is adopted to form directional beams. Note
that although the single-UE scenario is considered for the
convenience of expression, the scheme to be proposed can be
extended to the multiple-UE scenarios straightforwardly.

We assume the orthogonal frequency division multiplexing
(OFDM) with M subcarriers is employed for wideband
processing. During the simultaneous beam training and target
sensing, the transceiver transmits P OFDM training sym-
bols continuously. Meanwhile, the UE receives the downlink
training symbols, and the collocated receiver collects the
echoes from the RIS as well as the targets. Then, for the
mth subcarrier of the pth symbol, the received signal at the
receiver of the BS can be expressed as

ym,p = vH
p

(
GR,mΦpGT,m +H(p)

r,m

)
fpxm,p + vH

p ηr, (1)

where vp ∈ CNR×1 denotes the analog beamformer at

the receiver, GR,m ∈ CNR×NRIS denotes the communi-
cation channel between the RIS and the receiver, Φp ,
diag{[ejφ1 , ejφ2 , · · · , ejφNRIS ]T} denotes the reflection coef-
ficients of the RIS elements, GT,m ∈ CNRIS×NT denotes the
communication channel between the transceiver and the RIS,
H

(p)
r,m denotes the sensing channel of the T targets, fp ∈

CNT×1 denotes the analog beamformer at the transmitter,
xm,p denotes the transmit signal, and ηr ∼ CN

(
0, σ2

r INR

)
denotes the additive white Gaussian noise (AWGN) vector.

On a parallel branch, for the mth subcarrier of the pth
symbol, the received signal at the UE can be expressed as

zm,p = wH
p (Hc,m + H̃c,mΦpGT,m)fpxm,p +wH

p ηc, (2)

where wp ∈ CNUE×1 denotes the analog beamformer,
Hc,m ∈ CNUE×NT denotes the channel between the
transceiver and the UE, H̃c,m ∈ CNRIS×NUE denotes
the channel between the RIS and the UE, and ηc ∼
CN

(
0, σ2

cINUE

)
denotes the AWGN vector. For the wide-

band OFDM systems, the frequency-domain communication
channel between the transceiver and the RIS at the mth
subcarrier can be expressed as [1]

GT,m =

LBR∑
l=1

ζ(l)
m α

(
NRIS, ϕ

(l)
BR

)
α
(
NT, θ

(l)
BR

)H

, (3)

where ζ(l)
m , g

(l)
BRe

−j2π(m−1)τ
(l)
BR∆f , g(l)

BR, τ (l)
BR, ϕ(l)

BR and θ(l)
BR

denote the channel gain, the channel delay, the channel angle-
of-arrival (AoA) and the channel angle-of-departure (AoD) of
the lth path, respectively. LBR denotes the number of paths,
and ∆f denotes the subcarrier spacing. τ (l)

BR = r
(l)
BR/c, where

r
(l)
BR denotes the distance of the lth path from the transceiver

to the RIS and c denotes the speed of light. The function α(·)
denotes the steering vector and can be expressed as

α(N, θ) =
1√
N

[1, ejπθ, · · · , ej(N−1)πθ]T. (4)

According to the channel reciprocity, the frequency-domain
communication channel between the receiver and the RIS at
the mth subcarrier can be expressed as

GR,m =

LBR∑
l=1

ζ(l)
m α

(
NR, θ

(l)
BR

)
α
(
NRIS, ϕ

(l)
BR

)T

. (5)

Similarly, for the wideband OFDM systems, the frequency-
domain communication channel between the transceiver and
the UE at the mth subcarrier can be expressed as

Hc,m =

LBU∑
l=1

χ(l)
mα

(
NUE, ϕ

(l)
BU

)
α
(
NT, θ

(l)
BU

)H

, (6)

where χ(l)
m , g

(l)
BUe

−j2π(m−1)τ
(l)
BU∆f , g(l)

BU, τ (l)
BU, ϕ(l)

BU and θ(l)
BU

denote the channel gain, the channel delay, the channel AoA
and the channel AoD of the lth path, respectively. τ (l)

BU =

r
(l)
BU/c, where r(l)

BU denotes the distance of the lth path from
the transceiver to the UE. The sensing channel of targets can
be expressed as

H(p)
r,m =

T∑
l=1

γ(l)
m,pα

(
NR, θ

(l)
Tar

)
α
(
NT, θ

(l)
Tar

)H

, (7)
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where T denotes the number of targets, γ
(l)
m,p ,

g
(l)
Tare

−j2π(m−1)τ
(l)
Tar∆fej2π(p−1)f

(l)
TarTs , g(l)

Tar, τ
(l)
Tar, f

(l)
Tar and

θ
(l)
Tar denote the channel gain, the channel delay, the Doppler

frequency and the channel AoD of the lth target, respectively.
Ts denotes the duration of the OFDM symbol. τ (l)

Tar =

2r
(l)
Tar/c, where r(l)

Tar denotes the distance from the transceiver
to the lth target. f (l)

Tar = 2v
(l)
Tar/λ, where v

(l)
Tar denotes the

radial velocity of the lth target and λ denotes the wavelength
of the carrier frequency.

To support high-speed transmission, beam alignment
among the BS, the RIS and the UE is needed. One way
to achieve high-quality beam alignment is the codebook-
based beam training [10], [11]. Generally, two parts of beam
training, including the beam training for the BS-UE link and
the beam training for the BS-RIS-UE link, are needed to
achieve beam alignment between the BS, the RIS and the
UE. To reveal the inherent shortcomings of the conventional
beam training method, we take the beam training for the BS-
RIS-UE link as an example. The codebooks for the BS, the
RIS and the UE can be expressed as B = {b1, b2, · · · , bNT},
R = {r1, r2, · · · , rNRIS

} and U = {u1,u2, · · · ,uNUE
},

respectively, where

bn = α(NT, (2n− 2)/NT), n = 1, 2, · · · , NT,

rs =
√
NRISα(NRIS, (2s− 2)/NRIS), s = 1, 2, · · · , NRIS,

ut = α(NUE, (2t− 2)/NUE), t = 1, 2, · · · , NUE. (8)

The existing works focus on (2) and perform the beam
alignment for the BS-RIS-UE link via

max
wp,Φp,fp

∣∣wH
p ΦpGT,mfp

∣∣2
s.t. wp ∈ U , diag{Φp} ∈R, fp ∈ B. (9)

To solve (9), we need to test all the codewords in B, R and U
one by one. Totally NTNRISNUE times of beam training are
needed, which is much larger than the NTNUE times of beam
training for the conventional BS-UE link. Novel beam training
method for the BS-RIS-UE link with low training overhead
is needed. On the other hand, in the emerging ISAC systems,
the BS is endowed with the ability of sensing, which brings
tremendous vitality to the existing communication systems. It
would be interesting to investigate how to exploit the sensing
ability of the BS for reducing the training overhead of the
BS-RIS-UE link, which will be discussed in the next section.

For conventional beam training, beam alignment is per-
formed to determine the best beam pair between the trans-
mitter and the receiver. As a result, the transmitter needs to
transmit multiple pilots with the same beamforming vector
so that the receiver can test the codewords in its codebook
sequentially. On the other hand, during the target sensing, the
transmitter also needs to transmit continuous waveform with
the same beamforming vector so that the Doppler effects can
be exploited to identify the moving targets. The similarity
between the beam training and target sensing implies that we
may reuse the downlink training beams and pilots for target
sensing, which will be detailed in the next section.

III. SIMULTANEOUS BEAM TRAINING
AND TARGET SENSING

In this section, we propose a simultaneous beam training
and target sensing scheme for the RIS-aided ISAC systems.
For the beam training, we aim to exploit the sensing ability
of the ISAC BS to reduce the training overhead for the RIS-
aided communication systems. For the target sensing, we aim
to reuse the training pilots to identify the moving targets.

A. Beam training for the BS-RIS-BS link

Different from the existing works that focus on (2) and
perform beam training for the BS-RIS-UE link via solving
(9), we first turn to the BS-RIS-BS link contained in (1) and
perform the beam alignment between BS and RIS via

max
Φp,fp

∣∣vH
pGR,mΦpGT,mfp

∣∣2
s.t. diag{Φp} ∈R, fp ∈ B,vp = α(NR, Ξ(fp)), (10)

where Ξ(·) denotes the spatial direction of a steering vector,
for example, Ξ(α(N, θ)) = θ. To solve (10), we test all
the codewords in B as well as R one by one, and only
NTNRIS times of beam training are needed thanks to the
channel reciprocity between the BS-RIS link and the RIS-
BS link. When testing the nth codeword in B and the sth
codeword in R, the received signal at the receiver can be
expressed as
ym,p = vH

n (GR,mdiag{rs}GT,m +H(p)
r,m)bn + vH

n ηr, (11)
where n ∈ {1, 2, · · ·NT}, s ∈ {1, 2, · · · , NRIS}, vn =
α(NR, Ξ(un)) and p = (n − 1)NRIS + s. Note that we set
xm,p = 1 in (11). When testing each codeword in B, NRIS

codewords in R are tested sequentially. For the test of the
nth codeword in B, we stack the NRIS times of receptions
at the M subcarriers together as Yn ∈ CNRIS×M . Then, we
have

Yn =

LBR∑
i=1

LBR∑
k=1

µi,kFNRIS
α
(
NRIS, ϕ

(i)
BR + ϕ

(k)
BR

)
eT
i,k +Nn

+

T∑
l=1

κlα
(
NRIS,2f

(l)
TarTs

)
α
(
M,−2τ

(l)
Tar∆f

)T

(12)

where

µi,k = g
(i)
BRg

(k)
BRv

H
nα

(
NR, θ

(k)
BR

)
α
(
NT, θ

(i)
BR

)H

bn,

κl =
√
MNRISg

(l)
Tarv

H
nα

(
NR, θ

(l)
Tar

)
α
(
NT, θ

(l)
Tar

)H

bn,

FNRIS = [r1, r2, · · · , rNRIS ]T,

ei,k =
√
Mα

(
M,−2

(
τ

(i)
BR + τ

(k)
BR

)
∆f
)
, (13)

and Nn is the stack of noise terms.
Note that both ei,k and α

(
M,−2τ

(l)
Tar∆f

)
are the steering

vectors related to the subcarrier spacing and the channel delay.
A regular approach to accumulate the received signals at
all subcarriers is the Fourier transform. Define the M ×M
inverse discrete fourier transform (IDFT) matrix as FM ,
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where [FM ]:,m =
√
Mα(M, (2m − 2)/M). Postmutiplying

Yn with FM , we can obtain

Ỹn =

LBR∑
i=1

LBR∑
k=1

µi,kFNRISα
(
NRIS, ϕ

(i)
BR + ϕ

(k)
BR

)
ẽT
i,k

+

T∑
l=1

κlα
(
NRIS, 2f

(l)
TarTs

)
d̃T
l + Ñn, (14)

where

[ẽi,k]m = GM

(
(2m− 2)π/M − 2π

(
τ

(i)
BR + τ

(k)
BR

)
∆f
)
,

[d̃l]m = GM

(
(2m− 2)π/M − 2πτ

(l)
Tar∆f

)
/
√
M,

GM (ψ) , ej(M−1)ψ/2 sin(Mψ/2)/ sin(ψ/2). (15)

In (14), the peaks of RIS echoes from different angles locate
in different rows of Ỹn. In addition, the peaks of echoes from
either RIS or targets with different delays locate in different
columns of Ỹn regarding the property of GM (ψ). Therefore,
(14) is an expression in the angle-delay domain.

Note that α
(
NRIS, 2f

(l)
TarTs

)
in (14) is a steering vector

related to the Doppler frequency and the OFDM symbol
duration. To accumulate the energy of the echoes from targets
over time, we define the NRIS×NRIS DFT matrix as WNRIS

,
where [WNRIS

]:,n =
√
NRISα(NRIS, (2 − 2n)/NRIS). Pre-

mutiplying Ỹn with WT
NRIS

/
√
NRIS, we have

Y n
(a)
=

LBR∑
i=1

LBR∑
k=1

µi,kα
(
NRIS, ϕ

(i)
BR + ϕ

(k)
BR

)
ẽT
i,k

+

T∑
l=1

κlc̃ld̃
T
l +Nn, (16)

where

[c̃l]s =
1√
NRIS

GNRIS

(
2πf

(l)
TarTs −

(2n− 2)π

NRIS

)
, (17)

and (a) holds because WT
NRIS

FNRIS/
√
NRIS = INRIS . The

physical meanings of the columns of Y n in (16) are the same
as those of Ỹn in (14), while their physical meanings of the
rows are different. To be specific, the peaks of echoes from
targets with different Doppler frequencies locate in different
rows of Y n regarding the property of GM (ψ). Therefore,
(16) is an expression in the Doppler-delay domain.

From (14) and (16), we find that the energy of the echoes
from the RIS is accumulated in the angle-delay domain and
is dispersed the in Doppler-delay domain, while the energy
of the echoes from the targets is accumulated in the Doppler-
delay domain and is dispersed in the angle-delay domain. We
may use the difference between the properties of the echoes
from the RIS and the echoes from the targets to perform beam
training and target sensing based on the mixed echoes from
the RIS and the targets in (12). Note that the path gains of
the non-LoS (NLoS) paths are much smaller than that of the
LoS path especially in mmWave or terahertz band. We then
focus on analyzing the LoS path, and take the target with

the biggest received power as an example at the same time.
Define

Ỹ (c)
n , µ1,1FNRIS

α
(
NRIS, 2ϕ

(1)
BR

)
ẽT

1,1,

Q̃(c) , max
s,m

∣∣∣[Ỹ (c)
n ]s,m

∣∣∣ ,
Ỹ (r)
n , κ1α

(
NRIS, 2f

(1)
TarTs

)
d̃T

1 , Q̃
(r) , max

s,m

∣∣∣[Ỹ (r)
n ]s,m

∣∣∣ ,
Y

(c)

n , µ1,1α
(
NRIS, 2ϕ

(1)
BR

)
ẽT

1,1, Q
(c)

, max
s,m

∣∣∣[Y (c)

n ]s,m

∣∣∣ ,
Y

(r)

n , κ1c̃1d̃
T
1 , Q

(r)
, max

s,m

∣∣∣[Y (r)

n ]s,m

∣∣∣ , (18)

where the first path is termed as the LoS path and the first
target is termed as the target with the biggest received power.
Suppose Q̃(c) ≥ Q

(r)
, which implies that the accumulated

power of the echoes from the RIS in the angle-delay domain
is stronger than the accumulated power of the echoes from
the targets in the Doppler-delay domain, and then we have

Q̃(c)

Q̃(r)
≥ Q̃(c)

Q
(r)
· Q

(r)

Q̃(r)
≥
√
NRIS/2. (19)

Similarly, if Q
(r)

> Q̃(c), we have Q
(r)
/Q

(c)
>
√
NRIS/2.

The relation in (19) implies that, if Q̃(c) ≥ Q(r)
, the dispersed

power of the echoes from the target is much smaller than the
accumulated power of the echoes from the RIS in angle-delay
domain. On the other hand, if Q̃(c) < Q

(r)
, the dispersed

power of the echoes from the RIS is much smaller than the
accumulated power of the echoes from the target in Doppler-
delay domain. Without loss of generality, we assume Q̃(c) ≥
Q

(r)
and the case when Q̃(c) < Q

(r)
can be easily extended.

Based on (19), we focus on the processing in angle-delay
domain and omit the interference of targets, and then the
results of beam alignment for the BS-RIS-BS link can be
obtained via

(n∗RIS, s
∗
RIS,m

∗
RIS) = arg max

n,s,m

∣∣[Ỹn]s,m
∣∣, (20)

where n ∈ {1, 2, · · · , NT}, s ∈ {1, 2, · · · , NRIS}, m ∈
{1, 2, · · · ,M}, n∗RIS denotes the index of the best beam
in B, s∗RIS denotes the index of the best beam in R, and
m∗RIS denotes the index of the column of FM best fit for
the distance between the RIS and the BS. Note that the
estimation accuracy in (20) is limited by the DFT resolution.
To improve the estimation accuracy, we extend the method
for AoD estimation in [12] to a more general case. We
define an N × N DFT matrix WN . For g = α(N, θ),
we define g̃ , WNg. Suppose g∗ = arg maxg |[g̃]g| and
g̃∗ = arg maxg,g 6=g∗ |[g̃]g|. Then, the estimation of θ can be
expressed as [12]

θ̂ =

(
−1 +

g̃∗ + g∗

N

)

− 1

π
asin

(
Γ sin (δ)− Γ

√
1− Γ2 sin (δ) cos (δ)

sin (δ)2 + Γ2 cos (δ)2

)
(21)
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where δ = π/N and Γ = sgn(g̃∗ − g∗)(|[g̃]g∗ |2 −
|[g̃]g̃∗ |2)/(|[g̃]g∗ |2 + |[g̃]g̃∗ |2).

Note that both the beam training and the subcarrier accu-
mulation are the DFT. Therefore, we can use (21) to improve
the accuracy of (20). The estimation results of the AoD, the
AoA and the delay of the LoS path for the BS-RIS link are
denoted as θ̂BR, ϕ̂BR and τ̂BR, respectively.

B. Target Sensing

Before performing target sensing, the echoes from the RIS
need to be removed from (12), which can be formulated as

min
α
‖y − αr‖22 (22)

where

y = [vec(Y1)T, vec(Y2)T, · · · , vec(YNT
)T]T,

r = [vec(R1)T, vec(R2)T, · · · , vec(RNT
)T]T,

Rn = ξnFNRISα(NRIS, 2ϕ̂BR)α(M,−2τ̂BR∆f)T,

ξn = vH
nα(NR, θ̂BR)α(NT, θ̂BR)Hbn. (23)

The optimal solution to (22) can be expressed as α̂ =
rHy/(rHr). Then, the received signals with the echoes from
the RIS removed can be expressed as T (0)

n = Yn − α̂Rn. In
the following, we will propose a low-complexity successive
target detection algorithm to detect targets from T

(0)
n .

To detect the lth target for l ≥ 1, we premultiply T (l−1)
n

by WT
NRIS

/
√
NRIS and postmultiply T (l−1)

n by FM . Then,
we have

T̃ (l−1)
n = WT

NRIS
T (l−1)
n FM =

T∑
i=l

κlc̃ld̃
T
l +M (l)

n , (24)

where M (l)
n denotes the noise matrix. The results of target

detection can be obtained via(
n

(l)
Tar, s

(l)
Tar,m

(l)
Tar

)
= arg max

n,s,m

∣∣[T̃ (l−1)
n ]s,m

∣∣. (25)

Similar to (20), (21) can also be used to improve the accuracy
of (25). The estimation results of the angle, the delay and the
Doppler frequency of the lth target are denoted as θ̂(l)

Tar, τ̂
(l)
Tar

and f̂
(l)
Tar, respectively. Then, we remove the contribution of

the lth estimated target via

min
β

∥∥t(l−1) − βs
∥∥2

2
(26)

where

t(l−1) =
[
vec(T

(l−1)
1 )T, · · · , vec(T

(l−1)
NRIS

)T
]T
,

s =
[
vec(S1)T, vec(S2)T, · · · , vec(SNT

)T
]T
,

Sn = εnα
(
NRIS, 2πf̂

(l)
TarTs

)
α
(
M,−2τ̂

(l)
Tar∆f

)
,

εn = vH
nα

(
NR, θ̂

(l)
Tar

)
α
(
NT, θ̂

(l)
Tar

)H

bn. (27)

The optimal solution to (26) is β̂ = sHt(l−1)/(sHs). Then
we update T (l)

n as T (l)
n = T

(l−1)
n − β̂Sn.

The procedure (24) from to (26) stops when the accumu-
lated power of the lth target is smaller than a threshold, which
can be determined referring to the criterion of the constant

false alarm rate (CFAR) detector [13]. Suppose T̂ targets are
finally detected, and the estimated parameters of the targets
are denoted as θ̂(l)

Tar, r̂
(l)
Tar = τ̂

(l)
Tarc/2 and v̂(l)

Tar = f̂
(l)
Tarλ/2, for

l = 1, · · · , T̂ .

C. Beam training for the BS-UE link

We then turn to the beam alignment for the BS-UE link
contained in (2). Reusing the transmitted pilots in (11), the
received signals at the UE can be expressed as

zm,p = uH
t (Hc,m + H̃c,mΦpGT,m)bn + uH

t ηc, (28)
where n ∈ {1, 2, · · ·NT}, t ∈ {1, 2, · · · , NUE} and p =
(n − 1)NRIS + t. Suppose NRIS ≥ NUE + 2, we have the
following two findings: 1) For each transmit beam, only NUE

out of NRIS training symbols are used to perform the beam
training between the BS and the UE. 2) The received signals
at the UE contain both the signals from the BS and the signals
reflected from the RIS. The first finding inspires us to think
about how to use the remaining NRIS−NUE training symbols,
and the second finding inspires us to think about how to find
out whether the training result is the direct path from the BS
or the reflected path from the RIS. In the following, we will
try to utilize two of the remaining training pilots to distinguish
the direct path from the reflected path.

Suppose n̂UE, t̂UE and p̂UE denote the index of the best
codeword in B, the index of the best codeword in U and the
corresponding index of training symbol, respectively. If n̂UE,
t̂UE and p̂UE are the training results for the reflected path
from the RIS, then we have

zm,p̂UE
≈ uH

t̂UE
H̃c,mΦp̂UE

GT,mbn̂UE
+ uH

t̂UE
ηc, (29)

where we omit the channel from the BS and the noise term.
For the (p̂UE + 2)th transmit symbol, the transceiver still
transmits the pilot with bn̂UE

according to (11) and the UE
still receives the pilot with ut̂UE

, while the RIS reflects the
signal with Φp̂UE+2. Then, the received signal at the UE can
be expressed as

zm,p̂UE+2 ≈ uH
t̂UE
H̃c,mΦp̂UE+2GT,mbn̂UE

+ uH
t̂UE
ηc. (30)

Based on (29) and (30), we have
ρ = |zm,p̂UE+2|/|zm,p̂UE

| ≈ 0 (31)
due to the power difference between the beam alignment and
beam misalignment. On the other hand, If n̂UE, t̂UE and p̂UE

are the training results for the direct path, we have

zm,p̂UE
≈ uH

t̂UE
Hc,mbn̂UE

+ uH
t̂UE
ηc,

zm,p̂UE+2 ≈ uH
t̂UE
Hc,mbn̂UE

+ uH
t̂UE
ηc. (32)

ρ = |zm,p̂UE+2|/|zm,p̂UE
| ≈ 1. (33)

Note that the value of ρ in (33) differs from that in (31) lies in
the fact that the beam training in (11) is dedicated to the BS-
RIS link and the BS-UE link instead of the BS-RIS-UE link.
Exploiting the difference between (31) and (33), we only need
two more time slots to identify whether the training results
correspond to the direct path from the BS or the reflected
path from the RIS.
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Fig. 2. The geometry relation between the BS, the RIS and the UE

For the nth transmit beam, we stack the received signals
at the M subcarriers for the NUE received beams together as
Zn ∈ CNUE×M . Similar to (14), we postmultiply Zn with
FM for subcarrier accumulation, and obtain Z̃n = ZnFM.
The training results are obtained via

(n̂UE, t̂UE, m̂UE) = arg max
n,t,m

∣∣[Z̃n]t,m
∣∣. (34)

If ρ calculated from (31) or (33) is bigger than the predefined
threshold, such as 0.5, then n∗UE = n̂UE, t∗UE = t̂UE and
m∗UE = m̂UE are termed as the training results for the BS-
UE link. Otherwise, we refind n∗UE, t∗UE and m∗UE via

(n∗UE,t
∗
UE,m

∗
UE)=arg max

n,t,m,n 6= n̂UE

t 6= t̂UE,m 6=m̂UE

∣∣[Z̃n]t,m
∣∣. (35)

Then, similar to (20), we can also use (21) to improve the
estimation accuracy of (35). The estimation results of the
AoD, the AoA and the delay of the LoS path for the BS-
UE link are denoted as θ̂BU, ϕ̂BU and τ̂BU, respectively.

D. Beam alignment for the RIS-UE link

As shown in Fig. 2, we illustrate the geometry relation
between the antenna arrays at the BS, the RIS and the UE.
Note that we have obtained θ̂BR, ϕ̂BR as well as r̂BR =
τ̂BRc in Section III-A and have obtained θ̂BU, ϕ̂BU as well
as r̂BU = τ̂BUc in Section III-C. To establish the link between
the RIS and the UE, we only need to obtain θ̂RU and ϕ̂RU.

According to the geometry relation in Fig. 2, the positions
of the BS, the RIS and the UE can be expressed as

pBS = [0, 0]T, pRIS = −r̂BR

[
θ̂BR,

√
1− θ̂2

BR

]T

,

pUE = −r̂UE

[
ϕ̂UE,

√
1− ϕ̂2

UE

]T

. (36)

The normal directions of the antenna arrays at the RIS and

Algorithm 1 Simultaneous Beam Training and Target Sensing
1: Input: NT, NR, NRIS, NUE, M , ∆f , Ts, B, U , R.
2: BS-RIS-BS link:
3: Obtain θ̂BR, ϕ̂BR and τ̂BR via (20) and (21).
4: Target Sensing:
5: Obtain θ̂(l)

Tar, r̂
(l)
Tar and v̂(l)

Tar, for l = 1, · · · , T̂ via (25).
6: BS-UE link:
7: Obtain θ̂BU, ϕ̂BU and τ̂BU via (34), (35) and (21).
8: RIS-UE link:
9: Obtain θ̂RU and ϕ̂RU via (38).

10: Output: θ̂BR, ϕ̂BR, θ̂BU, ϕ̂BU, θ̂RU and ϕ̂RU;
θ̂

(l)
Tar, r̂

(l)
Tar and v̂(l)

Tar, for l = 1, · · · , T̂ .

the UE can be expressed as

qRIS =

[√
1− ϕ̂2

BR −ϕ̂BR

ϕBR

√
1− ϕ̂2

BR

]
pBS − pRIS

‖pBS − pRIS‖2
,

qUE =

[√
1− ϕ̂2

BU −ϕ̂BU

ϕBU

√
1− ϕ̂2

BU

]
pBS − pUE

‖pBS − pUE‖2
. (37)

Define l , (pRIS − pUE)/‖pRIS − pUE‖2. Then, θ̂RU and
ϕ̂RU can be expressed as

θ̂RU = −([qRIS]2 − [l]2l
TqRIS)/[l]1,

ϕ̂RU = ([qUE]2 − [l]2l
TqUE)/[l]1. (38)

Finally, we summarize the steps of the proposed simultane-
ous beam training and target sensing scheme in Algorithm 1.

IV. SIMULATION RESULTS

Now we evaluate the performance of the proposed simulta-
neous beam training and target sensing scheme. We consider
an ISAC BS employing a transceiver with NT = 32 antennas
and a receiver with NR = 32 antennas. The number of ele-
ments at the RIS is set to be 128. The carrier frequency is set
to be 26.5 GHz. OFDM is adopted for wideband processing,
where the number of subcarriers is set to be M = 128
and the subcarrier spacing is set to be ∆f = 120 KHz. To
compare different systems fairly, we adopt the widely-used
free space propagation model to characterize the path loss
[14], where we set LBR = 3, LBU = 3, r(l)

BS ∼ U(20, 40) m,
r

(l)
Tar ∼ U(50, 150) m and r

(l)
UE ∼ U(50, 150) m. The noise

power at both the receiver and the UE is set to be −103 dBm.
The number of targets is set to be T = 4 and the radar
cross section (RCS) of targets distributes randomly within
[0.1, 1] m2. The ratio of the LoS path power to the NLoS
path power is set to be 20 dB.

In Fig. 3, we illustrate the positioning error for different
equipment including the UE, the targets and the RIS under
different transmit power of each subcarrier. To demonstrate
the interference between the targets and the RIS, the po-
sitioning error of the RIS without interference cancellation
(wIC) is adopted as a benchmark. Define the real position
of an equipment and its estimation as p and p̂, respectively.
Then, the positioning error is defined as E , ‖p− p̂‖2. It is
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Fig. 3. Comparisons of the positioning error for different equipment.

shown that the UE has the smallest positioning error among
all the equipment because the positioning of UE relies on the
directly propagated signal while the positioning of other two
equipment relies on the reflected propagating signal. It is well-
known that, for fixed distance, the former usually has larger
received signal-to-noise-ratio (SNR) than the latter. It is also
shown that the targets have better positioning performance
than the RIS for small transmit power. That is because CFAR
detector is integrated to the target sensing, which enables the
target sensing to avoid the false detection caused by the noise.
On the contrary, the RIS has better positioning performance
than the targets for large transmit power. That is because the
RIS is set to be closer to the BS than the targets, which
leads to smaller positioning error for a fixed angle error.
Finally, the RIS has much better positioning performance if
interference cancellation is performed, which further verifies
the effectiveness of the proposed scheme.

In Fig. 4, we compare the beamforming gains of the BS-
RIS-UE link after beam alignment for different schemes. It is
shown that, the proposed scheme performs much better than
the beam sweeping. For low transmit power, the superiority of
the proposed scheme comes from the shorter distance between
the BS and the RIS, which results in larger received SNRs.
For high transmit power, the superiority of the proposed
scheme comes from the accurate positioning of the RIS and
the UE, which results in more accurate beam alignment than
rough beam sweeping. Note that the proposed scheme needs
NTNRIS times of beam training while the beam sweeping
needs NTNRISNUE times of beam training, where the former
is much smaller than the latter especially when NUE is large.

V. CONCLUSION

In this paper, we have proposed a simultaneous beam
training and target sensing scheme for the RIS-aided ISAC
systems. Future works will be continued by exploiting sensing
to enhance wireless communication.
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