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Simultaneous Beam Training and Target Sensing
in ISAC Systems With RIS
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Abstract— This paper investigates an integrated sensing and
communication (ISAC) system with reconfigurable intelligent
surface (RIS). Our simultaneous beam training and target
sensing (SBTTS) scheme enables the base station to perform
beam training with the user terminals (UTs) and the RIS, and
simultaneously to sense the targets. Based on our findings, the
energy of the echoes from the RIS is accumulated in the angle-
delay domain while that from the targets is accumulated in the
Doppler-delay domain. The SBTTS scheme can distinguish the
RIS from the targets with the mixed echoes from the RIS and
the targets. Then we propose a positioning and array orientation
estimation (PAOE) scheme for both the line-of-sight channels and
the non-line-of-sight channels based on the beam training results
of SBTTS by developing a low-complexity two-dimensional fast
search algorithm. Based on the SBTTS and PAOE schemes,
we further compute the angle-of-arrival and angle-of-departure
for the channels between the RIS and the UTs by exploiting
the geometry relationship to accomplish the beam alignment
of the ISAC system. Simulation results verify the effectiveness
of the proposed schemes.

Index Terms— Beam training, integrated sensing and commu-
nication (ISAC), reconfigurable intelligent surface (RIS), target
sensing.

I. INTRODUCTION

WIRELESS communication and radar sensing systems
have been developed separately for several decades.

With the evolution of technologies, these systems share
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similar aspects including antenna array, carrier frequency,
radio frequency (RF) chains, and signal processing algo-
rithms [2], [3], [4], [5]. On the other hand, many emerging
applications, such as autonomous driving and unmanned
aerial vehicles, have strong demands for both wireless
communication and radar sensing. Therefore, the similar
aspects and application requirements have inspired the
integrated sensing and communication (ISAC) [6].

Earlier works on ISAC explore the coexistence of commu-
nication and sensing and focus on mitigating the interference
between the communication and the sensing systems while
maintaining their functionalities [7], [8]. However, the wireless
communication and radar sensing systems still operate
independently, which usually needs two sets of hardware
resources. To improve the hardware and the spectral efficiency,
recent efforts integrate the communication and sensing into a
single system so that they can efficiently share space, time and
frequency resources [9], [10]. Besides the system-level inte-
gration, the complementary functionalities of communication
and sensing are recently exploited to improve the whole system
performance [11], [12], [13].

Recently, reconfigurable intelligent surface (RIS) has
been proposed as an effective way to expand the signal
coverage [14], [15], where channel state information (CSI)
acquisition is a challenge. Generally, the RIS without an active
transmitter or receiver can only passively reflect the incident
signal. As a result, when a base station (BS) serves multiple
user terminals (UTs) with the assistance of RISs, estimating
the cascaded BS-RIS-UT channel usually requires a large
overhead of pilots. Therefore, many works try to reduce the
pilot overhead in various scenarios [16], [17], [18]. In [16],
the overhead for multiuser channel estimation is reduced by
exploiting the property that all the UTs share the common
channel from the BS to the RIS. The multi-directional beam
training method in [17] can reduce the training overhead for
the BS-RIS-UT channel. In the RIS-aided terahertz multiuser
systems in [18], two dedicated hierarchical codebooks are
designed to reduce the searching overhead while maintaining
the robustness against the noise.

The RIS can also be introduced into ISAC to design the
RIS-assisted ISAC system [19], [20], [21], [22]. In [19],
a deep-learning framework is adopted to deal with the channel
estimation problem in a RIS-assisted ISAC system. According
to [20], the RIS can improve the radar detection performance
while maintaining the communication capability. In [21], the
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reflection coefficients of the RIS elements are optimized to
simultaneously improve the sensing and the communication
performance. In [22], two RISs are deployed for effective
communication signal enhancement and mutual interference
mitigation.

Different from the existing works that estimate CSI solely
by conventional methods in the RIS-assisted ISAC system,
we will facilitate the CSI acquisition of the RIS-assisted
ISAC systems by exploiting the sensing ability of the BS.
The contributions of this paper are mainly summarized as
follows.
• We first propose a simultaneous beam training and target

sensing (SBTTS) scheme, which enables the BS to
perform beam training and simultaneously to sense the
targets. Based on our findings, the energy of the echoes
from the RIS is accumulated in the angle-delay domain
while that from the targets is accumulated in the Doppler-
delay domain. The SBTTS scheme can distinguish the
RIS from the targets with the mixed echoes from the
RIS and the targets.

• We propose a positioning and array orientation estimation
(PAOE) scheme for both the line-of-sight (LoS) channels
and the non-line-of-sight (NLoS) channels based on the
beam training results of SBTTS, where a low-complexity
two-dimensional fast search (TDFS) algorithm is pro-
posed to obtain the position and array orientation for the
NLoS channels.

• Based on the SBTTS and PAOE schemes, we fur-
ther compute the angle-of-arrival (AoA) and angle-of-
departure (AoD) for the channels between the RIS
and the UTs by exploiting the geometry relation-
ship to accomplish the beam alignment of the RIS-
assisted ISAC systems, substantially reducing the training
overhead.

The rest of this paper is organized as follows. Section II
introduces the system model of the RIS-assisted ISAC
systems. In Section III, we propose the SBTTS scheme. The
PAOE scheme is provided in Section IV. Beam alignment
based on SBTTS and PAOE schemes is discussed in Section V.
The simulation results are presented in Section VI, and the
paper is concluded in Section VII.

The notations are defined as follows. Symbols for matrices
(upper case) and vectors (lower case) are in boldface. (·)T
and (·)H denote the matrix or vector transpose and conjugate
transpose (Hermitian), respectively. [a]n, [A]:,n and [A]m,n
denote the nth entry of vector a, the nth column of matrix
A and the entry on the mth row and the nth column of
matrix A, respectively. diag{A} denotes the vector consisting
of the diagonal entries of matrix A and diag{a} denotes the
diagonalization operation of vector a. N, C, CN , U , IN , O,
and j denote the set of integer, the set of complex number,
the complex Gaussian distribution, the uniform random
distribution, an N×N identity matrix, the order of complexity,
and the square root of −1, respectively. sgn(·), asin(·), and
vec(·) denote the sign function, the arcsine function, and
the vectorization operation, respectively. In addition, | · | and
∥ · ∥2 denote the absolute value of a scalar and ℓ2-norm of a
vector, respectively.

Fig. 1. Illustration of the beam training and target sensing in the ISAC.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a RIS-assisted ISAC
system, where an ISAC BS serves a UT and detects several
targets simultaneously, 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 communication transceiver and the echo
receiver. In this work, we consider the monostatic ISAC
scenario and assume the transceiver as well as the receiver to
be collocated. At the RIS, NRIS RIS elements are deployed for
passive reflection and a RIS controller with wireless control
link to the BS is installed, allowing the BS to control the
RIS in real time. For the UT, a half-wavelength-interval ULA
with NUT antennas is equipped and the analog combining is
adopted to form directional beams.

We assume orthogonal frequency division multiplexing
(OFDM) with M subcarriers is employed for wideband
processing. During the beam training and target sensing, the
transceiver transmits P OFDM training symbols continuously.
Meanwhile, the UT receives the downlink training symbols
and the collocated receiver collects the echoes from the RIS
as well as the targets. To combat the multipath effects and
eliminate the inter-symbol interference, the cyclic prefix (CP)
is employed for each OFDM symbol and can be easily
removed at the receiver by exploiting the orthogonality of the
subcarriers [12]. Then, for the mth subcarrier of the pth OFDM
symbol, the received signal without the CP by the BS can be
expressed as

y(p)
m = vH

p

(
GR,mΦpGT,m+H(p)

r,m

)
fpx

(p)
m + vH

p η(p)
r,m, (1)

where vp ∈ CNR×1 denotes the analog beamformer
at the receiver, GR,m ∈ CNR×NRIS denotes the com-
munication channel between the RIS and the receiver,
Φp ≜ diag{[ejϕ1 , ejϕ2 , · · · , ejϕNRIS ]T} denotes the reflection
coefficients 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 transceiver,
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x
(p)
m denotes the transmit signal, and η

(p)
r,m ∼ CN

(
0, σ2

r INR

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

Remark 1: In practice, the signal received by the BS also
contains the clutters. To avoid the influence of these clutters,
a common approach is to estimate the clutters in prior
and remove them from the received signal via background
subtraction [23], [24] or filtering [25], [26]. Therefore, in this
work, we assume the clutters have been removed and focus
on the signal of interest.

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

z(p)
m = wH

p (Hc,m + H̃c,mΦpGT,m)fpx
(p)
m + wH

p η(p)
c,m, (2)

where wp ∈ CNUT×1 denotes the analog beamformer,
Hc,m ∈ CNUT×NT denotes the channel between the
transceiver and the UT, H̃c,m ∈ CNUT×NRIS denotes
the channel between the RIS and the UT, and η

(p)
c,m ∼

CN
(
0, σ2

cINUT

)
denotes the AWGN vector. Note that the

AWGN vectors, η
(p)
r,m and η

(p)
c,m, are independent across both

OFDM subcarriers and symbols.
Remark 2: In (1) and (2), we omit the digital beamformers

at both the communication transceiver and the echo signal
receiver because we only use one RF chain that is enough to
acquire the CSI of the RIS-assisted ISAC systems. However,
multiple RF chains can also be exploited to support parallel
transmission of multiple data streams after the CSI is acquired.

For the wideband OFDM systems, the frequency-domain
communication channel between the transceiver and the RIS
at the mth subcarrier can be expressed as [2]

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 AoA
and the channel 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. 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, we have

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 UT at the mth subcarrier can be expressed as

Hc,m =
LBU∑
l=1

χ(l)
m α

(
NUT, 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. LBU

denotes the number of paths. τ (l)
BU = r

(l)
BU/c, where r

(l)
BU

denotes the distance of the lth path from the transceiver to the
UT. Moreover, the frequency-domain communication channel
between the RIS and the UT at the mth subcarrier can be
expressed as

H̃c,m =
LRU∑
l=1

χ̃(l)
m α

(
NUT, φ

(l)
RU

)
α
(
NRIS, θ

(l)
RU

)T

, (7)

where χ̃(l)
m ≜ g

(l)
RUe

−j2π(m−1)τ
(l)
RU∆f ; g(l)

RU, τ (l)
RU, φ(l)

RU and θ(l)RU

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

RU = r
(l)
RU/c, where r(l)RU denotes the

distance of the lth path from the RIS to the UT.
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

, (8)

where γ
(l)
m,p ≜ g

(l)
Tare

−j2π(m−1)τ
(l)
Tar∆fej2π(p−1)f

(l)
TarTs ; T ,

g
(l)
Tar, τ

(l)
Tar, f

(l)
Tar and θ

(l)
Tar denote the number of targets, 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 = 2 v

(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 UT is needed. One way to achieve
high-quality beam alignment is the codebook-based beam
training [17]. Generally, two parts of beam training, including
the beam training for the BS-UT link and the beam training
for the BS-RIS-UT link, are needed to accomplish beam
alignment among the BS, the RIS, and the UT. To reveal
the inherent shortcomings of the conventional beam training
method, we take the beam training for the BS-RIS-UT
link as an example. The codebooks for the BS, the RIS,
and the UT are expressed as B = {b1, b2, · · · , bNT},
R = {r1, r2, · · · , rNRIS}, and U = {u1,u2, · · · ,uNUT},
respectively, where

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

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

ut = α(NUT, (2t− 2)/NUT), t = 1, 2, · · · , NUT. (9)

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

max
wp,Φp,fp,ϖ

∣∣∣∣∣
M∑
m=1

ej(m−1)ϖwH
p H̃c,mΦpGT,mfp

∣∣∣∣∣
2

s.t. wp ∈ U , diag{Φp} ∈R, fp ∈ B, ϖ ∈ [0, 2π],
(10)

where ej(m−1)ϖ is the introduced phase factor to accumulate
the energy of all subcarriers and can be designed by
performing the Fourier transform of the signals at M
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subcarriers. To solve (10), we need to test all the codewords in
B, R and U one by one. Totally NTNRISNUT times of beam
training are needed, which is much larger than the NTNUT

times of beam training for the BS-UT link. Novel beam
training scheme for the BS-RIS-UT link with low training
overhead is desired. On the other hand, in the emerging
ISAC systems, the BS is endowed with the ability of sensing.
It would be interesting to investigate how to exploit the sensing
ability of the BS for reducing the training overhead of the BS-
RIS-UT link, which will be discussed in the next sections.

During the beam training, beam alignment needs to be
accomplished at both the transmitter 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 the target
sensing implies that we may reuse the downlink beam training
pilots for target sensing, which will also be discussed in the
next sections.

III. SIMULTANEOUS BEAM TRAINING
AND TARGET SENSING SCHEME

In this section, we propose the SBTTS scheme. Based
on our findings, the energy of the echoes from the RIS
is accumulated in the angle-delay domain while that from
the targets is accumulated in the Doppler-delay domain.
The SBTTS scheme integrating the IPEBTTS algorithm can
distinguish the RIS from the targets with the mixed echoes
from the RIS and the targets.

A. Angle-Delay Domain Vs Doppler-Delay Domain

Note that the existing works perform beam alignment for the
BS-RIS-UT link via solving (10). Different from the existing
works, we first turn to the BS-RIS-BS link contained in (1)
and perform the beam alignment between the BS and the RIS
via

max
Φp,fp,ϖ

∣∣∣∣∣
M∑
m=1

ej(m−1)ϖvH
p GR,mΦpGT,mfp

∣∣∣∣∣
2

s.t. diag{Φp} ∈R, fp ∈ B,
vp = α(NR, Ξ(fp)), ϖ ∈ [0, 2π], (11)

where Ξ(·) denotes the spatial direction of a steering vector,
that is, Ξ(α(N, θ)) = θ. To solve (11), we test all
combinations of the codewords in B and R, 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 by the BS can be expressed as

y(p)
m = vH

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

nη(p)
r,m,

(12)

where n ∈ {1, 2, · · ·NT}, s ∈ {1, 2, · · · , NRIS}, vn =
α(NR, Ξ(bn)), and p = (n − 1)NRIS + s. In (12), we set

x
(p)
m = 1. Note that NRIS codewords in R are tested

sequentially when testing each codeword in B. To test the
nth codeword in B, we stack the NRIS times of receptions at
the M subcarriers together as Y n ∈ CNRIS×M . Then, we have

Y n =
LBR∑
r=1

LBR∑
u=1

µr,uFNRISα
(
NRIS,φ

(r)
BR + φ

(u)
BR

)
eT
r,u + Nn

+
T∑
l=1

κlα
(
NRIS, 2f

(l)
TarTs

)
α
(
M,−2τ (l)

Tar∆f
)T

(a)
≈

LBR∑
u=1

µu,uFNRISα
(
NRIS, 2φ

(u)
BR

)
eT
u,u + Nn

+
T∑
l=1

κlα
(
NRIS, 2f

(l)
TarTs

)
α
(
M,−2τ (l)

Tar∆f
)T

, (13)

where

µr,u = g
(r)
BRg

(u)
BRvH

nα
(
NR, θ

(r)
BR

)
α
(
NT, θ

(u)
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,

er,u =
√
Mα

(
M,−2

(
τ

(r)
BR + τ

(u)
BR

)
∆f
)
, (14)

and Nn is the stack of noise terms. In (13), (a) follows
µr,u ≈ 0 if

∣∣θ(u)
BR − (2n − 2)/NT

∣∣ > 1/NT or
∣∣θ(r)BR − (2n −

2)/NT

∣∣ > 1/NR.
Note that both eu,u and α

(
M,−2τ (l)

Tar∆f
)

are the steering
vectors related to both the subcarrier spacing and the channel
delay. A regular approach to accumulate the energy of the
received signals at all subcarriers is the Fourier transform.
Denote the M ×M inverse discrete Fourier transform (IDFT)
matrix as FM , where [FM ]:,m =

√
Mα(M, (2m − 2)/M).

Postmutiplying Y n with FM , we can obtain

Ỹ n =
LBR∑
u=1

µu,uFNRISα
(
NRIS, 2φ

(u)
BR

)
ẽT
u,u

+
T∑
l=1

κlα
(
NRIS, 2f

(l)
TarTs

)
d̃

T

l + Ñn, (15)

where

[ẽu,u]m = GM

(
(2m− 2)π/M − 4πτ (u)

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), (16)

and Ñn = NnFM . In (15), the peaks of RIS echoes from
different angles locate at different rows of Ỹ n. In addition, the
peaks of echoes from either RIS or targets with different delays
locate at different columns of Ỹ n regarding the property of
GM (ψ). Therefore, (15) is an expression in the angle-delay
domain.

Note that α
(
NRIS, 2f

(l)
TarTs

)
in (15) is a steering vector

related to the Doppler frequency and the OFDM symbol
duration. To accumulate the energy of the echoes from
the targets over time, we denote the NRIS × NRIS DFT
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Fig. 2. Illustration of signals in the angle-delay domain and the Doppler-delay domain. We set NT = 32, NR = 32, NRIS = 128, LBR = 1, T = 1,
M = 128, ∆f = 120 kHz. The transmit power and the noise power are set to be 50 dBm and −103 dBm, respectively.

matrix as WNRIS , where [WNRIS ]:,n =
√
NRISα(NRIS,

(2 − 2n)/NRIS). Premutiplying Ỹ n with W T
NRIS

/
√
NRIS,

we have

Y n
(a)
=

LBR∑
u=1

µu,uα
(
NRIS, 2φ

(u)
BR

)
ẽT
u,u +

T∑
l=1

κlc̃ld̃
T

l + Nn,

(17)

where

[c̃l]s =
1

NRIS
GNRIS

(
2πf (l)

TarTs −
(2s− 2)π
NRIS

)
, (18)

Nn = W T
NRIS

Ñn/
√
NRIS, and (a) follows

W T
NRIS

FNRIS/
√
NRIS = INRIS . In (17), the physical

meaning of the columns of Y n is the same as that of
Ỹ n in (15). However, the physical meaning of the rows is
different. To be specific, the peaks of echoes from targets
with different Doppler frequencies locate at different rows of
Y n regarding the property of GM (ψ). Therefore, (17) is an
expression in the Doppler-delay domain.

From (15) and (17), the energy of the echoes from the RIS
is accumulated in the angle-delay domain and is dispersed
in the Doppler-delay domain while that from the targets is
accumulated in the angle-delay domain and is dispersed in the
angle-delay domain. To unveil the inherent difference between
the echoes from the RIS and the targets, we analyze the LoS
path of the channel between the BS and the RIS and take the
target with the biggest received power as an example at the
same time. Define

Ỹ
(c)

n ≜ µ1,1FNRISα
(
NRIS, 2φ

(1)
BR

)
ẽT

1,1,

Q̃(c) ≜ max
n,s,m

∣∣∣∣[Ỹ (c)

n ]s,m

∣∣∣∣ ,
Ỹ

(r)

n ≜ κ1α
(
NRIS, 2f

(1)
TarTs

)
d̃

T

1 , Q̃
(r) ≜ max

n,s,m

∣∣∣∣[Ỹ (r)

n ]s,m

∣∣∣∣ ,
Y

(c)

n ≜ µ1,1α
(
NRIS, 2φ

(1)
BR

)
ẽT

1,1, Q
(c)

≜ max
n,s,m

∣∣∣[Y (c)

n ]s,m
∣∣∣ ,

Y
(r)

n ≜ κ1c̃1d̃
T

1 , Q
(r)

≜ max
n,s,m

∣∣∣[Y (r)

n ]s,m
∣∣∣ , (19)

where we specify the first path as the LoS path and the
first target as the target with the biggest received power,

without loss of generality. Suppose Q̃(c) ≥ Q
(r)

, that is,
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.
Therefore,

Q̃(c)

Q̃(r)
≥ Q̃(c)

Q
(r)
· Q

(r)

Q̃(r)
≥ 1 ·

√
NRIS/2 =

√
NRIS/2. (20)

Similarly, if Q
(r)

> Q̃(c), we have Q
(r)
/Q

(c)
>
√
NRIS/2.

From (20), if Q̃(c) ≥ Q(r)
, the dispersed power of the echoes

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

(r)
, the dispersed power of the echoes

from the RIS is smaller than the accumulated power of the
echoes from the target in the Doppler-delay domain. Benefiting
from the difference between the RIS and the targets, we can
distinguish them even if the targets move at low speeds.
To show the accumulation and dispersion of signals intuitively,
we illustrate the signals in the angle-delay domain and the
Doppler-delay domain in Fig. 2. As shown in Fig. 2(a), in the
angle-delay domain, the energy of the echoes from the RIS is
accumulated while the energy of the echoes from the target is
dispersed, and the power of the accumulated signal of the RIS
is about 20 dB higher than the power of the dispersed signal
of the target. On the contrary, in the Doppler-delay domain,
the energy of the echoes from the RIS is dispersed while the
energy of the echoes from the target is accumulated, and the
power of the accumulated signal of the RIS is about 20 dB
lower than the power of the dispersed signal of the target.

Based on the above findings, we then propose the IPEBTTS
algorithm to distinguish the RIS from the targets with the
mixed echoes from the RIS and the targets. Note that different
from the work that is only adapted to the LoS channels [1],
the IPEBTTS algorithm is adapted to both the LoS channels
and NLoS channels.

B. Iterative Parameter Estimation for Beam Training and
Target Sensing

The proposed IPEBTTS algorithm consists of five parts,
including initialization, transformation, parameter estimation
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for beam training, parameter estimation for target sensing and
stop condition, which are detailed in the following.

1) Initialization: We denote the initial received signals of
the nth transmit beam in (13) as Y (0)

n , for n = 1, 2, · · · , NT,
and initialize the number of detection operations as q = 0.

2) Transformation: We update q as q ← q + 1. When
performing the qth detection, the angle-delay domain signals,
Ỹ

(q)

n , and the Doppler-delay domain signals, Y
(q)

n , can be
expressed as

Ỹ
(q)

n = Y (q−1)
n FM ,

Y
(q)

n = W T
NRIS

Ỹ
(q)

n /
√
NRIS. (21)

respectively. Denote the maximum values in the angle-delay
domain and the Doppler-delay domain as Q̂

(q)
c and Q̂

(q)
r ,

respectively. We have

Q̂(q)
c = max

n,s,m

∣∣∣∣∣
[
Ỹ

(q)

n

]
s,m

∣∣∣∣∣ , Q̂(q)
r = max

n,s,m

∣∣∣∣[Y (q)

n

]
s,m

∣∣∣∣ (22)

for n = 1, · · · , NT, s = 1, · · · , NRIS, and m = 1, · · · ,M .

3) Parameter Estimation for Beam Training: If Q̂(q)
c ≥

Q̂
(q)
r , that is, the maximum accumulated power of the echoes

from the RIS is bigger than the maximum accumulated power
of the echoes from the targets, we can focus on the angle-
delay domain and treat the echoes from the targets as the
interference. Then, we can obtain the beam training result of
Ỹ

(q)

n via(
n

(q)
RIS, s

(q)
RIS,m

(q)
RIS

)
= arg max

n,s,m

∣∣∣∣∣
[
Ỹ

(q)

n

]
s,m

∣∣∣∣∣ (23)

for n = 1, · · · , NT, s = 1, · · · , NRIS, and m = 1, · · · ,M ,
where n(q)

RIS and s(q)RIS denote the indices of the beam in B and
R, respectively, and m

(q)
RIS denotes the index of the column

of FM best fitting for the channel contained in Ỹ
(q)

n . Note
that the estimation accuracy in (23) is limited by the DFT
resolution. To obtain precise channel state information, the
accuracy of the beam training results in (23) needs to be
improved.

Denote the N ×N DFT matrix as WN . For g = α(N,ϑ),
we define

g̃ ≜ WNg, g∗ ≜ arg max
g=1,··· ,N

|[g̃]g|,

g̃∗ ≜ arg max
g=1,··· ,N,g ̸=g∗

|[g̃]g|. (24)

Then, the estimation of ϑ can be expressed as [27]

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

)
, (25)

where

Γ = sgn(g̃∗ − g∗)
|[g̃]g∗ |2 − |[g̃]g̃∗ |2

|[g̃]g∗ |2 + |[g̃]g̃∗ |2
, (26)

and δ = π/N . Based on (24) to (26), the angle of a steering
vector can be estimated with the aid of the DFT/IDFT.

Note that both the beam sweeping at the RIS and the
subcarrier accumulation in (17) are the DFT. After substituting
N ← NRIS and g̃ ←

[
Ỹ

(q)

n
(q)
RIS

]
:,m

(q)
RIS

into (24), (25) and (26),

we denote the result of (25) as ϑ̃q . According to (13), ϑ̃q is
the sum of the two-way AoAs. Therefore, we have

ϑ̃q = 2φ̂(q)
BR + 2ñ, (27)

for ñ ∈ N, where φ̂(q)
BR is an estimate of the AoA best fitting

for the channel contained in Ỹ
(q)

n . Since φ̂(q)
BR ∈ [−1, 1] and

ϑ̃q ∈ [−1, 1], we have

φ̂
(q)
BR =

{
ϑ̃q/2 + 1 or ϑ̃q/2, ϑ̃q ≤ 0,
ϑ̃q/2− 1 or ϑ̃q/2, ϑ̃q > 0.

(28)

Denote set Υ
(q)
BR to be all the possible values of φ̂(q)

BR. Then,
we have

Υ
(q)
BR =

{
{ϑ̃q/2 + 1, ϑ̃q/2}, ϑ̃q ≤ 0,
{ϑ̃q/2− 1, ϑ̃q/2}, ϑ̃q > 0.

(29)

Due to the periodicity of φ̂(q)
BR, it is difficult to select the correct

value from the two candidates, which will be addressed in
detail in Section V.

Denote the output of (25) as ψq after substituting

N ← M and g̃ ←
[
Ỹ

(q)T

n
(q)
RIS

]
:,s

(q)
RIS

into (24), (25) and (26).
Then, the estimations of the delay and the distance between
the transceiver and the RIS can be expressed as

τ̂
(q)
BR =

1 + ψq − 2/M
4∆f

, r̂
(q)
BR = τ̂

(q)
BRc. (30)

Different from the estimations of the range and the channel
AoA, the estimation of the channel AoD between the BS and
the RIS cannot be performed with the equations from (24)
to (26) because the received signals are concurrently related to
both the transmit beams and the receive beams. Alternatively,
we estimate AoD in (23) via a least-squares approach, which
can be expressed as

min
θ,α

∥∥∥y(q) − αỹ(q)
∥∥∥

2

s.t. θ ∈
[
(2n(q)

RIS − 3)/NT, (2n
(q)
RIS − 1)/NT

]
(31)

where

y(q) =


[
Ỹ

(q)

n
(q)
RIS−1

]
s
(q)
RIS,m

(q)
RIS[

Ỹ
(q)

n
(q)
RIS

]
s
(q)
RIS,m

(q)
RIS[

Ỹ
(q)

n
(q)
RIS+1

]
s
(q)
RIS,m

(q)
RIS



ỹ(q) =


vH

n
(q)
RIS−1

α (NR, θ) α (NT, θ)
H

b
n

(q)
RIS−1

vH

n
(q)
RIS

α (NR, θ) α (NT, θ)
H

b
n

(q)
RIS

vH

n
(q)
RIS+1

α (NR, θ) α (NT, θ)
H

b
n

(q)
RIS+1

 . (32)

Authorized licensed use limited to: Southeast University. Downloaded on April 11,2024 at 01:31:39 UTC from IEEE Xplore.  Restrictions apply. 



2702 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 4, APRIL 2024

For a fixed θ, the optimal α to (31) can be expressed as
α̂ = ỹ(q)Hy(q)/ỹ(q)Hỹ(q). Then, (31) can be rewritten to

max
θ

∥∥y(q)Hỹ(q)
∥∥

2

/∥∥ỹ(q)
∥∥

2

s.t. θ ∈
[
(2n(q)

RIS − 3)/NT, (2n
(q)
RIS − 1)/NT

]
. (33)

Since (33) is a single-variable optimization problem with
respect to bounded variable θ, it can be solved with numerical
techniques. We omit the detailed procedure and denote the
solution of (33) as θ̂(q)BR.

After estimating one of the channel paths, we need to
remove the estimated contributions from the received signals
to facilitate the estimation of other channel paths or targets.
The estimated contributions can be removed from the received
signals via

min
β

∥∥y(q) − βt
∥∥

2
, (34)

where

y(q) =
[
vec
(
Y

(q−1)
1

)T

, · · · , vec
(
Y

(q−1)
NT

)T
]T

t = t̃⊗α
(
M,−2τ̂ (q)

BR∆f
)
⊗
(
FNRISα

(
NRIS, ϑ̃q

))

t̃ =


vH

1 α
(
NR, θ̂

(q)
BR

)
α
(
NT, θ̂

(q)
BR

)H

b1

...

vH
NRIS

α
(
NR, θ̂

(q)
BR

)
α
(
NT, θ̂

(q)
BR

)H

bNRIS

 . (35)

The optimal β to (34) can be expressed as β̂ = tHy(q)/tHt.
Comparing (13) and (34), we have

√
Mĝ

(q)
BRĝ

(q)
BR = β̂. As a

result, the channel factor of the detected channel path can be
estimated via

ĝ
(q)
BR =

√
β̂/
√
M. (36)

Then, we obtain Y (q)
n via

Y (q)
n = Y (q−1)

n

− β̂ [̃t]nFNRISα(NRIS, ϑ̃q)α(M,−2τ̂ (q)
BR∆f)T. (37)

4) Parameter Estimation for Target Sensing: If Q̂(q)
c <

Q̂
(q)
r , the results of the target sensing can be obtained via(

n
(q)
Tar, s

(q)
Tar,m

(q)
Tar

)
= arg max

n,s,m

∣∣∣[Y (q)

n

]
s,m

∣∣∣ . (38)

Note that signals in the Doppler-delay domain are similar
to those in the angle-delay domain. We can obtain v̂

(q)
Tar,

r̂
(q)
Tar, θ̂

(q)
Tar and Y (q)

n according to (30), (30), (33) and (37),
respectively. In addition, the parameters of the targets
are estimated based on three adjacent transmit codewords.
Therefore, we can also perform Parameter Estimation for
Target Sensing every 3NRIS time slots to reduce the delay
of target sensing.

5) Stop Condition: We repeat Section III-B.2, Section III-
B.3 and Section III-B.4 until the detected number of channel
paths equals the predefined maximum number of channel paths
L̂BR and the detected number of targets equals the predefined
maximum number of targets T̂ .

C. Beam Training for the BS-UT Link

Note that the UT can simultaneously receive the downlink
pilots during the beam training between the BS and the RIS.
Reusing the transmitted pilots in (12), the received signals at
the UT can be expressed as

z(p)
m = uH

t (Hc,m + H̃c,mΦpGT,m)bn + uH
t η(p)

c,m, (39)

where n ∈ {1, 2, · · ·NT}, t ∈ {1, 2, · · · , NUT} and
p = (n − 1)NRIS + t. Suppose NRIS ≥ NUT + 2, we have
the following two findings: 1) For each transmit beam, only
NUT out of NRIS training symbols are used to perform the
beam training between the BS and the UT. 2) The received
signals at the UT contain both the signals from the BS and
the signals reflected from the RIS. The first finding inspires
us to use the remaining NRIS−NUT training symbols and the
second one inspires us to find out whether the training result
corresponds to the direct path from the BS or the reflected
path from the RIS. In the following, we will try to utilize the
remaining training pilots to distinguish the direct path from
the reflected path.

Suppose n̂UT, t̂UT and p̂UT 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 n̂UT,
t̂UT and p̂UT are the training results for the reflected path from
the RIS, then we have

z(p̂UT)
m ≈ uH

t̂UT
H̃c,mΦp̂UTGT,mbn̂UT + uH

t̂UT
η(p̂UT)

c,m , (40)

where we omit the channel from the BS due to the low
probability of the simultaneous beam alignment for both the
BS-RIS-UT link and BS-UT link. For the (p̂UT+2)th transmit
symbol, the transceiver still transmits the pilot with bn̂UT

according to (12) and the UT still receives the pilot with
ut̂UT

while the RIS reflects the pilot with Φp̂UT+2. Then, the
received signal at the UT can be expressed as

z(p̂UT+2)
m ≈ uH

t̂UT
H̃c,mΦp̂UT+2GT,mbn̂UT + uH

t̂UT
η(p̂UT+2)

c,m .

(41)

Based on (40) and (41), we have

ρ =
∣∣z(p̂UT+2)
m

∣∣/∣∣z(p̂UT)
m

∣∣ ≈ 0, (42)

due to the power difference between the beam alignment and
beam misalignment.

On the other hand, if n̂UT, t̂UT and p̂UT are the training
results for the direct path, we have

z(p̂UT)
m ≈ uH

t̂UT
Hc,mbn̂UT + uH

t̂UT
η(p̂UT)

c,m ,

z(p̂UT+2)
m ≈ uH

t̂UT
Hc,mbn̂UT + uH

t̂UT
η(p̂UT+2)

c,m . (43)

ρ =
∣∣z(p̂UT+2)
m

∣∣/∣∣z(p̂UT)
m

∣∣ ≈ 1. (44)

Note that the value of ρ in (44) differs from that in (42)
because the beam training in (12) is dedicated to the BS-RIS-
BS link and the BS-UT link instead of the BS-RIS-UT link.
Exploiting the difference between (42) and (44), 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. In the following, we elaborate the BS-UT link
beam training by reusing the training pilots for the BS-RIS-BS
link.
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Algorithm 1 Simultaneous Beam Training and Target Sensing
(SBTTS) Scheme

1: Input: NT, NR, NRIS, NUT, M , ∆f , Ts, B, U , R.
2: Initialization: q ← 0, u← 0, l← 0, k ← 0.
3: Obtain Y (0)

n for n = 1, · · ·NT via (13).
4: Obtain Z(0)

n for n = 1, · · ·NT via (39).
5: while u ≤ L̂BR and l ≤ T̂ do
6: q ← q + 1.
7: Obtain Ỹ

(q)

n and Y
(q)

n via (21).
8: Obtain Q̂(q)

c and Q̂(q)
r via (22).

9: if Q̂(q)
c ≥ Q̂(q)

r then
10: Obtain Υ

(q)
BR, r̂(q)BR, θ̂(q)BR, ĝ(q)

BR and Y (q)
n via (29), (30),

(33), (36) and (37), respectively.
11: u← u+ 1.
12: Υ

(u)

BR←Υ
(q)
BR, r(u)

BR← r̂
(q)
BR, θ

(u)

BR← θ̂
(q)
BR, g(u)

BR← ĝ
(q)
BR.

13: else
14: Obtain v̂(q)

Tar, r̂
(q)
Tar, θ̂

(q)
Tar and Y (q)

n according to (30),
(30), (33) and (34), respectively.

15: l← l + 1.
16: v

(l)
Tar ← v̂

(q)
Tar, r

(l)
Tar ← r̂

(q)
Tar, and θ

(l)

Tar ← θ̂
(q)
Tar.

17: end if
18: end while
19: while k ≤ L̂BU do
20: k ← k + 1.
21: Obtain θ

(k)

BU, φ(k)
BU, r(k)BU according to (30).

22: Obtain Z(k)
n according to (34).

23: end while
24: Output: θ(u)

BR, Υ
(u)

BR, r(u)
BR and ĝ(u)

BR for u = 1, 2, · · · L̂BR.
θ
(k)

BU, φ(k)
BU and r(k)BU for k = 1, 2, · · · , L̂BU.

θ
(l)

Tar, r
(l)
Tar and v(l)

Tar, for l = 1, · · · , T̂ .

1) Initialization: We initialize the number of detection
operations as k = 0. For the nth transmit beam, we stack
the received signals at the M subcarriers for the NUT receive
codewords together as Z(0)

n ∈ CNUT×M . We define ΓAoD,
ΓAoA and ΓDelay to keep the indices of codewords in B, the
indices of codewords in U and the indices of the delay taps
for the paths reflected from the RIS, respectively, where ΓAoD,
ΓAoA and ΓDelay are initially set to be empty.

2) Path Detection: When performing the kth detection for
k ≥ 1, we postmultiply Z(k−1)

n with F M for subcarrier
accumulation, and obtain Z̃

(k)

n = Z(k−1)
n F M. Then, the

training results are obtained via(
n̂

(k)
UT, t̂

(k)
UT, m̂

(k)
UT

)
= arg max

n,t,m

∣∣∣∣∣
[
Z̃

(k)

n

]
t,m

∣∣∣∣∣ . (45)

If ρ calculated from (42) or (44) is bigger than the predefined
threshold, such as 0.5, then n

(k)
UT = n̂

(k)
UT, t(k)UT = t̂

(k)
UT and

m
(k)
UT = m̂

(k)
UT are taken as the training results for the BS-UT

link. Otherwise, we update ΓAoD, ΓAoA and ΓDelay via

ΓAoD = ΓAoD ∪ {n̂(k)
UT − 1, n̂(k)

UT, n̂
(k)
UT + 1},

ΓAoA = ΓAoA ∪ {t̂(k)UT − 1, t̂(k)UT, t̂
(k)
UT + 1},

ΓDelay = ΓDelay ∪ {m̂(k)
UT − 1, m̂(k)

UT, m̂
(k)
UT + 1}. (46)

Then, we refind n(k)
UT, t(k)UT and m(k)

UT via(
n

(k)
UT, t

(k)
UT,m

(k)
UT

)
= arg max

n,t,m

∣∣∣∣∣
[
Z̃

(k)

n

]
t,m

∣∣∣∣∣
s.t. n = 1, · · ·NT, n /∈ ΓAoD,

t = 1, · · ·NUT, t /∈ ΓAoA,

m = 1, · · ·M,m /∈ ΓDelay. (47)

After obtaining the beam training results for the BS-UT link,
we can obtain θ

(k)

BU, φ(k)
BU, r(k)BU according to (30). Then,

we update Z(k)
n according to (34).

3) Stop Condition: We repeat Section III-C.2 until the
number of detected paths equals the predefined number of
channel paths L̂BU.

After finishing the beam training for the BS-UT link, the
UT feeds back the estimated channel parameters, θ

(k)

BU, φ(k)
BU

and r(k)BU for k = 1, 2, · · · , L̂BU, to the BS so that the BS can
calculate the position of the UT.

Finally, we summarize the proposed SBTTS scheme in
Algorithm 1, which includes the IPEBTTS algorithm from
step 5 to step 18.

We also analyze the computational complexity of the
proposed SBTTS scheme. From Algorithm 1, the SBTTS
scheme includes L̂BR times of parameter estimation for beam
training, T̂ times of parameter estimation for target sensing,
and L̂BU times of path detection for the BS-UE link. In addi-
tion, the parameter estimation for beam training includes
transformation in (21), maximum search in (23), channel
AoA estimation in (28), channel delay estimation in (30),
and channel AoD estimation in (33). Since the transformation
in (21) can be performed based on the fast Fourier transform,
its computational complexity is O(NTNRIS log2(M)). The
computational complexity of maximum search in (23) is
O(NTNRISM). Based on the closed-form expression in (26),
the computational complexities of channel AoA estimation
in (28) and channel delay estimation in (30) are negligible.
Suppose the one-dimension search with NSear times of
searching is used to solve (33). Then the computational
complexity of the parameter estimation for beam training is
O(L̂BRNTNRISM+L̂BRNSear). Similarly, the computational
complexities of the parameter estimation for target sensing and
the path detection for the BS-UE link are O(T̂NTNRISM +
T̂NSear) and O(L̂BUNTNUTM), respectively. In summary,
the computational complexity of the proposed SBTTS scheme
is O((T̂ + L̂BR + L̂BU)NTNRISM + (T̂ + L̂BR)NSear).

IV. POSITIONING AND ARRAY ORIENTATION ESTIMATION

In this section, we propose the PAOE scheme for both the
LoS channels and the NLoS channels based on the beam
training results of SBTTS, where the TDFS algorithm is
proposed to obtain the position and array orientation for the
NLoS channels.

A. For LoS Channels

To obtain the positions of the BS, the RIS, and the UT,
we first establish a Cartesian coordinate system with the

Authorized licensed use limited to: Southeast University. Downloaded on April 11,2024 at 01:31:39 UTC from IEEE Xplore.  Restrictions apply. 



2704 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 4, APRIL 2024

Fig. 3. Illustration of NLoS positioning of RIS.

position of the BS as the origin, the direction along the BS
antenna array as the x-axis, and the normal direction of the
BS antenna array as the y-axis. Without loss of generality,
we specify the first path as the LoS path. The positions of the
BS, the RIS, and the UT can be expressed as

pBS = [0, 0]T, p̂RIS = r
(1)
BR

[
θ
(1)

BR,

√
1−

(
θ
(1)

BR

)2]T
p̂UT = r

(1)
BU

[
θ
(1)

BU,

√
1−

(
θ
(1)

BU

)2]T
. (48)

Then array orientations of the BS and the UT can be expressed
as

q̂UT =

√1−
(
φ

(1)
BU

)2 −φ(1)
BU

φ
(1)
BU

√
1−

(
φ

(1)
BU

)2
 −p̂UT

∥p̂UT∥2

qBS = [0, 1]T. (49)

B. For NLoS Channels

Since the positioning of the RIS is more complicated than
that of the UT because of the ambiguity of the AoAs for the
BS-RIS link, we take the positioning of the RIS as an example.

Denote the position of the uth scatterer and the position
of the RIS as p

(u)
S = [xu, yu]T and pRIS = [xR, yR]T,

respectively. Then, based on the estimated channel parameters,
we formulate the RIS positioning problem as a least-squares
problem in (50), shown at the bottom of the next page.
In fact, (50) aims to find the position and array orientation
of the RIS best fitting for the estimated channel parameters
in Algorithm 1 based on the geometry relationship in Fig. 3,
where the constraints are the calculated channel parameters
with fixed position of RIS and the objective is to minimize
the deviation between the calculated channel parameters and
the estimated channel parameters. Unfortunately, (50) is a
non-convex problem. Even if a local optimal solution with a
small objective value can be obtained, the positioning results
may also be quite different from the true ones. Generally,
an effective way to solve (50) is to traverse all the possible
values for the variables in z, and the one achieving the
smallest objective is taken as the final result. However,
the computational complexity of this method is extremely
high. Specifically, if B values need to be tested for each
variable in z, totally 2L̂BRB2(L̂BR+2) tests are needed. For

example, if B = 100 and L̂BR = 6, 6.4 × 1033 tests
are needed. To reduce the complexity of exhaustive search,
we propose a low-complexity TDFS algorithm by exploiting
the intrinsic geometric relationship between the scatterers and
the RIS.

1) Initialization: First of all, we select the first two paths
of the L̂BR estimated paths as the anchors to compute the
possible positions of the RIS. Then, we aim to test all the
possible positions of the two scatterers on the two paths. Note
that the angles of the scatterers relative to the BS array are
exactly the channel AoAs. Therefore, we only need to search
the positions of the scatterers along the lines determined by
the estimated channel AoAs. Since the estimated distance
between the BS and the RIS through the uth path is r(u)

BR,
the left boundary and the right boundary for the search of
the first scatterer are set as R

(1)
L = 0 and R

(1)
R = r

(1)
BR,

respectively. Similarly, we have R(2)
L = 0 and R(2)

R = r
(2)
BR for

the second scatterer. Moreover, we set the quantized number
as B. We adopt an iterative search method with a maximum
number of iterations being I and initialize the current iteration
number as i = 0.

2) Low-Complexity Search: In the ith search (for i ≥ 1),
we denote the quantization search sets of the two scatterers as
Ψ1 and Ψ2, respectively, where

[Ψ1]b = R
(1)
L +

(b− 1)
(
R

(1)
R −R

(1)
L

)
B − 1

,

[Ψ2]d = R
(2)
L +

(d− 1)
(
R

(2)
R −R

(2)
L

)
B − 1

, (51)

for b, d = 1, · · · , B. When testing the bth element in Ψ1 and
the dth element in Ψ2, the positions of the first two scatterers
can be expressed as

x1 = [Ψ1]b · cos
(
π/2− asin

(
θ
(1)

BR

))
,

y1 = [Ψ1]b · sin
(
π/2− asin

(
θ
(1)

BR

))
,

x2 = [Ψ2]d · cos
(
π/2− asin

(
θ
(2)

BR

))
,

y2 = [Ψ2]d · sin
(
π/2− asin

(
θ
(2)

BR

))
. (52)

Denote the distance from the BS to the uth scatterer and the
distance from the uth scatterer to the RIS as r(u)

BS and r
(u)
SR ,

respectively. Then, we have r
(1)
BS = [Ψ1]b, r

(1)
SR = r

(1)
BR −

r
(1)
BS , r

(2)
BS = [Ψ2]b and r(2)SR = r

(2)
BR−r

(2)
BS . As shown in Fig. 3,

the position of the RIS is exactly the intersection of two circles,
where the center and radius of the first circle are [x1, y1]
and r

(1)
SR , respectively, while the center and radius of the

second circle are [x2, y2] and r(2)SR , respectively. With the basic
geometric knowledge, we can obtain the positions of the two
intersections of the two circles. Since the computation process
is simple, we omit the exact expressions of the intersections for
simplicity and denote the coordinates of the two intersections
as [x̃(1)

R , ỹ
(1)
R ]T and [x̃(2)

R , ỹ
(2)
R ]T, respectively. Then we find

the position of the RIS best fitting for the estimated channel
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Algorithm 2 Positioning and Array Orientation Estimation
(PAOE) Scheme

1: Input: θ(u)

BR, Υ
(u)

BR, r(u)
BR and ĝ(u)

BR for u = 1, 2, · · · L̂BR.
2: θ

(k)

BU, φ(k)
BU and r(k)BU for k = 1, 2, · · · , L̂BU.

3: /*For the LoS Channels*/
4: Obtain p̂UT and p̂RIS via (48).
5: Obtain q̂UT via (49).
6: Output: p̂UT, q̂UT and p̂RIS.
7: /*For the NLoS Channels*/
8: Initialization: I , i ← 0, R(1)

L ← 0 and R
(1)
R ← r

(1)
BR,

R
(2)
L ← 0 and R(2)

R ← r
(2)
BR

9: while i ≤ I do
10: Obtain Ψ1 and Ψ2 via (51).
11: for b = 1, 2, · · ·B do
12: for d = 1, 2, · · ·B do
13: Obtain [x(b,d)

R ,y
(b,d)
R ] via (53).

14: Obtain h(b, d) via (55).
15: end for
16: end for
17: Obtain {b∗, d∗} via (56).
18: Obtain [−→x (i)

R ,−→x (i)
R ] via (57).

19: i← i+ 1.
20: Update R(1)

L , R(1)
R , R(2)

L and R(2)
R via (58).

21: end while
22: p̂RIS = [−→x (I)

R ,−→x (I)
R ]T and q̂RIS = q̃

(I)
RIS.

23: Obtain p̂UT and q̂UT with procedures similar to
steps 8∼22.

24: Output: p̂UT, q̂UT, p̂RIS and q̂RIS.

parameters in this test by solving

min
xR,yR

2∑
u=1

|g(u)
BR|

2|φ(u)
BR − φ̃

(u)
BR|

2

s.t. [xR, yR] = [x̃(1)
R , ỹ

(1)
R ]T or [xR, yR] = [x̃(2)

R , ỹ
(2)
R ]T,

φ
(u)
BR ∈ Υ

(u)

BR, and (50d) (53)

The optimal solution of (53) can be obtained via eight tests.
We denote the estimated position of RIS as [x(b,d)

R , y
(b,d)
R ],

the estimated normal direction of the RIS as q
(b,d)
RIS and the

minimum value of the objective in (53) as h(b, d).
Then, we determine the position of the uth scatterer, for

u ≥ 3. As shown in Fig. 3, the summation of the distance
from the uth scatterer to the BS and the distance from the uth
scatterer to the RIS is a constant r(u)

BR, which implies that the

uth scatterer lies on an ellipse with focus, [x(b,d)
R , y

(b,d)
R ] and

[0, 0]. In addition, the uth scatterer also lies on a line with
slope tan(asin(φ(u)

BR)). The two observations indicate that the
position of the uth scatterer is one of the two intersections
of an ellipse and a line. With basic geometric knowledge,
the two intersections can be calculated as [x̃(1)

u , ỹ
(1)
u ]T and

[x̃(2)
u , ỹ

(2)
u ]T. Then, we find the position of the uth scatterer

best fitting for the estimated channel parameters by solving

min
xu,yu

|g(u)
BR|

2|φ(u)
BR − φ̃

(u)
BR|

2

s.t. [xu, yu] = [x̃(1)
u , ỹ(1)

u ]T or [xu, yu] = [x̃(2)
u , ỹ(2)

u ]T,

φ
(u)
BR ∈ Υ

(u)

BR, φ̃
(u)
BR =([q(b,d)

RIS ]2 − [l̃u]2l̃
T

uq
(b,d)
RIS )/[l̃u]1,

l̃u =
[xu − x(b,d)

R , yu − y(b,d)
R ]T√

(xu − x(b,d)
R )2 + (yu − y(b,d)

R )2
. (54)

The optimal solution of (54) can be obtained by four tests.
Note that the positioning of the L−2 scatterers is independent
of each other and can be performed in parallel. We denote the
minimum value of the objective in (54) as h̃u. Then, the cost
value for the bth test in Ψ1 and the dth test in Ψ2 is computed
as

h(b, d) = h(b, d) +
L̂BR∑
u=3

h̃u. (55)

We find the index of the test with the minimum objective value
in the ith search by

{b∗, d∗} = arg min
b, d∈{1,··· ,B}

h(b, d). (56)

Then, the position of the RIS in the ith iteration best fitting
for the estimated channel parameters can be expressed as

[−→x (i)
R ,−→x (i)

R ] = [x(b∗,d∗)
R , x

(b∗,d∗)
R ]. (57)

The corresponding normal direction of the RIS is q̃
(i)
RIS =

q
(b∗,d∗)
RIS . To prepare for the search of the next iteration,

we update the search boundaries as

R
(1)
L ← [Ψ1]b∗−1, R

(1)
R ← [Ψ1]b∗+1,

R
(1)
L ← [Ψ2]d∗−1, R

(2)
R ← [Ψ2]d∗+1. (58)

3) Stop Condition and Outputs: We repeat the search
procedure in Section IV-B.2 until the maximum number of
iterations I is achieved. The estimated position of the RIS is
[−→x (I)

R ,−→x (I)
R ], and the estimated normal direction of the RIS

is q̃
(I)
RIS.

min
z

L̂BR∑
u=1

|g(u)
BR|

2

(
|φ(u)

BR − φ̃
(u)
BR|

2 + |θ(u)

BR − θ̃
(u)
BR|

2 + 4∆f2|r(u)
BR − r̃

(u)
BR|

2/c2
)

(50a)

s.t. z = [x1, y1, · · · , xL̂BR
, yL̂BR

, xR, yR, q
T
RIS]T (50b)

θ̃
(u)
BR =atan(xu/yu), r̃

(u)
BR =

√
x2
u + y2

u +
√

(xu − xR)2 + (yu − yR)2, φ(u)
BR ∈ Υ

(u)

BR (50c)

φ̃
(u)
BR =([qRIS]2−[lu]2lTuqRIS)/[lu]1, lu=

[xu−xR, yu−yR]T√
(xu−xR)2+(yu−yR)2

,∥qRIS∥2 =1. (50d)
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TABLE I
COMPARISON OF SCHEMES AND OVERHEADS FOR DIFFERENT CASES

Finally, we summarize the PAOE scheme in Algorithm 2,
which includes the TDFS algorithm from step 9 to step 21.

Let us discuss the computational complexity of the
proposed low-complexity TDFS algorithm. The proposed
TDFS algorithm consists of I iterations. For each iteration,
B2 times of search are needed. For each search, 4L̂BR tests
are needed. Overall, the computational complexity of the
proposed positioning algorithm is O(4IB2L̂BR). For example,
if B = 100, I = 5, and L̂BR = 6, the proposed method
reduces the number of tests from 6.4 × 1033 for exhaustive
search to only 1.2× 106, which is a significant improvement.

V. BEAM ALIGNMENT BASED ON SBTTS AND PAOE

In this section, we investigate the beam alignment in the
RIS-assisted ISAC systems based on the SBTTS and PAOE
schemes. As shown in Table I, we divide the RIS-assisted
ISAC systems into eight cases, which can be regarded as three
kinds. The first kind contains Cases 3 and 7 with the NLoS-
dominant BS-RIS links and LoS-dominant RIS-UT links. The
second kind contains Cases 1 and 5 with the LoS-dominant
BS-RIS links and the LoS-dominant RIS-UT links. The third
kind contains Cases 2, 4, 6 and 8 with the NLoS-dominant
RIS-UT links. Then, beam alignment for the three kinds of
RIS-assisted ISAC systems is discussed.

A. NLoS-Dominant BS-RIS Links and LoS-Dominant
RIS-UT Links

In Fig. 4, we illustrate the geometry relationship among the
antenna arrays at the BS, the RIS, and the UT. Note that we
have obtained positions and array orientations of the RIS and
UT in Section IV-B. Therefore, we only need to obtain θ̂RU

and φ̂RU to establish the link between the RIS and the UT.
Denote k ≜ (p̂RIS − p̂UT)/∥p̂RIS − p̂UT∥2. Then, θ̂RU and
φ̂RU can be expressed as

θ̂RU = −([q̂RIS]2 − [k]2kTq̂RIS)/[k]1,

φ̂RU = ([q̂UT]2 − [k]2kTq̂UT)/[k]1. (59)

B. LoS-Dominant BS-RIS Links and LoS-Dominant
RIS-UT Links

For this kind of RIS-assisted ISAC systems, the RIS-UT
link can also be established similar to Section V-A. Then,

Fig. 4. The geometry relationship among the BS, the RIS and the UT.

we have

φ̂RU = ([q̂UT]2 − [k]2kTq̂UT)/[k]1. (60)

However, the estimation of θ̂RU depends on the array
orientation determination of the RIS. Recall that for each
estimated ϑ̃q in (27), the channel AoA between the BS and RIS
φ̂

(q)
BR has two possible values in (28). We denote them as −→φ (1)

BR

and −→φ (2)
BR, respectively. Similar to (49), we can obtain the

two possible array orientations of the RIS, which are denoted
as −→q (1)

RIS and −→q (2)
RIS, respectively. Then, two possible channel

AoDs for the RIS-UT link can be expressed as

−→
θ

(1)
RU = −([−→q (1)

RIS]2 − [k]2kT−→q (1)
RIS)/[k]1,

−→
θ

(2)
RU = −([−→q (2)

RIS]2 − [k]2kT−→q (2)
RIS)/[k]1. (61)

To determine whether −→φ (1)
BR or −→φ (2)

BR is the correct channel
AoA for the BS-RIS link, the UT transmits two uplink
training pilots with α(NUT, φ̂RU). Then, the RIS reflects the
signal from the UT with

√
NRISα(NRIS,−−→φ (1)

BR−
−→
θ

(1)
RU) and√

NRISα(NRIS,−−→φ (2)
BR −

−→
θ

(2)
RU), sequentially. After that, the

BS receives the uplink pilots with α(NT, θ
(1)

BR). The received
signals of the two pilots at the BS are denoted as −→y 1 and −→y 2,
respectively. If |−→y 1| ≥ |−→y 2|, we have φ(1)

BR = −→φ (1)
BR, θ

(1)

RU =
−→
θ

(1)
RU, and q̂RIS = −→q (1)

RIS, otherwise, φ
(1)
BR = −→φ (2)

BR,

θ
(1)

RU =
−→
θ

(2)
RU, and q̂RIS = −→q (2)

RIS.

Authorized licensed use limited to: Southeast University. Downloaded on April 11,2024 at 01:31:39 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: SIMULTANEOUS BEAM TRAINING AND TARGET SENSING IN ISAC SYSTEMS WITH RIS 2707

C. Discussion

1) NLoS-Dominant RIS-UT Links: For the case of NLoS-
dominant RIS-UT link, the geometry relationship in Fig. 4 for
the LoS-dominant RIS-UT link does not hold anymore. In this
condition, a straightforward method is to perform additional
beam training for the RIS-UT link. Note that channel AoD
for the BS-RIS link has been obtained based on the SBTTS
scheme, which simplifies the beam alignment of the three-
node BS-RIS-UT link to the beam alignment of the two-node
RIS-UT link. Therefore, only NRISNUT more times of beam
training are needed.

2) Training Overhead: In Table I, we compare the training
overheads of different cases. The proposed SBTTS scheme
in Section III needs NTNRIS times of beam training. As the
beam training for the BS-UT link reuses the training pilots
for the BS-RIS link, no more training pilot is needed. If the
BS-RIS link is LoS-dominant, two more training pilots are
needed to resolve the ambiguity in (28). In addition, if the
RIS-UT link is NLoS-dominant, additional NRISNUT times
of beam training are needed to establish the RIS-UT link.
In summary, for Cases 1 and 5, NTNRIS + 2 times of beam
training are needed to establish links among BS, RIS, and UT.
For Cases 2, 4, 6, and 8, NTNRIS +NRISNUT times of beam
training are needed to establish links among BS, RIS, and UT.
For Cases 3 and 7, NTNRIS times of beam training are needed
to establish links among BS, RIS, and UT.

3) Beam Tracking: The proposed scheme can also be
combined with beam tracking techniques to improve the
efficiency of beam alignment. In practical systems, the BS-
RIS link, the BS-UT link, and the RIS-UT link all have
the potential to be blocked. If beam tracking is integrated
into the proposed scheme, we can quickly establish the BS-
RIS-UT link if the BS-UT link is blocked thanks to the
accurate positioning of the RIS. However, the conventional
beam tracking schemes can only establish the BS-UT link
based on beam tracking.

VI. SIMULATION RESULTS

Now we evaluate the performance of the proposed schemes.
We consider an ISAC BS employing a transceiver with
NT = 64 antennas and a receiver with NR = 16 antennas.
The number of elements at the RIS is set to be 128.
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 [23], where
r
(l)
Tar ∼ U(50, 150) meters. The noise power at both the

receiver and the UT is set to be −103 dBm. The number
of targets is set to be T = 6. In addition, the target velocity
distributes randomly within [10, 30] meters per second.

A. For the Case of LoS Channels

We first evaluate the proposed schemes for Case 1, where
the LoS path exists in the BS-UT link, the BS-RIS link,
and the RIS-UT link. We set the carrier frequency to be
26.5 GHz. For the channels, we set LBR = 3, LBU = 3, where

Fig. 5. Comparisons of the positioning error of different equipment for
Case 1 in Table. I.

Fig. 6. Comparisons of the beamforming gains of different schemes for
Case 1 in Table. I.

r
(l)
BR ∼ U(20, 40) meters and r

(l)
BU ∼ U(50, 150) meters. The

ratio of the LoS path power to the NLoS path power is set to
be 20 dB. The radar cross section (RCS) of targets distributes
randomly within [−15, 10] dBsm.

In Fig. 5, we illustrate the positioning error of the targets
and the RIS. To demonstrate the effectiveness of the proposed
IPEBTTS algorithm, the positioning error of the targets and
the RIS with separate parameter estimation for beam training
and target sensing (SPEBTTS) is adopted as the benchmark.
Define the real position of the target or the RIS and its
estimation as p and p̂, respectively. Then, the positioning
error is defined as E ≜ ∥p − p̂∥2. In Fig. 5, the average
positioning error of all the targets is given. From the figure,
the RIS with SPEBTTS performs better than the targets
with SPEBTTS for low transmit powers. This is because the
echoes from targets with small RCS are highly interfered by
those from the RIS and the noise, which greatly deteriorates
the positioning performance of the targets. On the contrary,
the RIS with SPEBTTS performs worse than targets with
SPEBTTS for high transmit powers because there are more
targets than the RIS paths and the detection of the RIS is
easier to be interfered than that of the targets. It is shown
that the positioning performance of both the RIS and the
targets is improved with the proposed IPEBTTS algorithm
for high transmit power, i.e., transmit powers higher than
30 dBm. Moreover, the positioning performance of the RIS
with SPEBTTS is better than that with the IPEBTTS algorithm
for low transmit powers, e.g., 20 dBm. That is because
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Fig. 7. Comparisons of the positioning error of different equipment for
Case 7 in Table. I.

Fig. 8. Comparisons of the beamforming gains of different schemes for
Case 7 in Table. I.

SPEBTTS is performed with the interference of echoes from
targets while the IPEBTTS algorithm is performed with noise,
where the former leads to a smaller positioning error than the
latter for low transmit powers. In addition, the RIS has better
positioning performance than the targets for large transmit
powers. That is because the RIS is closer to the BS than the
targets in the considered scenario, which leads to the smaller
positioning error of the RIS for a fixed angle error.

In Fig. 6, we compare the proposed scheme with the
conventional beam sweeping in terms of the beamforming
gains of the BS-RIS-UT link after beam alignment for Case 1.
Note that the upper bound of the beamforming gain is
reached when the beam alignment at the BS, RIS and UT is
accomplished simultaneously, leading to the beamforming gain
being

√
NTNUTNRIS = 4096. From the figure, the proposed

scheme performs much better than the beam sweeping. For
low transmit powers, such as transmit powers lower than
40 dBm, the superiority of the proposed scheme comes from
the shorter distance between the BS and the RIS, which
results in larger received signal-to-noise-ratios (SNRs). For
high transmit powers, such as transmit powers higher than
40 dBm, the superiority of the proposed scheme comes from
the accurate positioning of the RIS and the UT, which results
in more accurate beam alignment than rough beam sweeping.
Note that the proposed scheme needs NTNRIS times of beam
training while beam sweeping needs NTNRISNUT times of
beam training, where the former is much smaller than the latter
especially when NUT is large.

Fig. 9. Comparisons of the beamforming gains of different schemes for
Cases 3 and 5 in Table. I.

Fig. 10. Comparisons of the beamforming gains of different schemes for
Cases 2/6 and Cases 4/8 in Table. I.

B. For the Cases of NLoS Channels

We also evaluate the proposed schemes for all the other
seven cases in Table I except Case 1, where we set the carrier
frequency to be 5 GHz. For the channels, we set the number
of NLoS paths to six. The distance between the BS and the
RIS is set to be uniformly and randomly distributed within
[20, 40] meters while the distance between the BS and the
UT is set to be uniformly and randomly distributed within
[50, 150] meters. The scatterers are randomly distributed in
the space and the parameters of the NLoS paths are generated
with the geometry relationship in Fig. 3. The RCS of targets
distributes randomly within [−20, 10] dBsm.

In Fig. 7, we evaluate the performance of the proposed
IPEBTTS and TDFS algorithms, where the positioning error
of the targets and the RIS for Case 7 is adopted as the metric.
It is shown that the positioning performance of the RIS with
IPEBTTS is better than that with SPEBTTS thanks to the
interference cancellation between the echoes from the RIS
and the echoes from the targets. It is also shown that the
positioning performance of the targets with IPEBTTS is better
than that with SPEBTTS for high transmit powers, such as
transmit powers higher than 30 dBm, but worse than that with
SPEBTTS for low transmit powers, such as transmit powers
lower than 30 dBm. That is because positioning of target with
SPEBTTS is performed with the interference of echoes from
the RIS while the IPEBTTS algorithm is performed with the
interference of noise, where the former leads to a smaller
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positioning error than the latter for low transmit powers.
In addition, the positioning error of the RIS with SPEBTTS is
high and does not decrease apparently with the increase of the
transmit power. That is because the interference of the targets
leads to the detection error of the NLoS paths and the TDFS
algorithm cannot locate the RIS effectively in this condition.

In Fig. 8, we compare the proposed scheme with the
conventional beam sweeping in terms of the beamforming
gains of the BS-RIS-UT link after beam alignment for
Case 7 in Table I. Note that the average beamforming gain of
all NLoS paths is taken as the metric. The low channel gains
of the NLoS paths lead to the gap between the performance of
the simulated schemes and the upper bound. From the figure,
the proposed scheme performs better than the beam sweeping,
where the superiority of the proposed scheme comes from the
accurate positioning of the RIS and the UT, which results in
more accurate beam alignment than rough beam sweeping.

In Fig. 9 and Fig. 10, we compare the proposed scheme with
the conventional beam sweeping in terms of the beamforming
gains of the BS-RIS-UT link after beam alignment, where
Cases 3 and 5 are simulated in Fig. 9 while Cases 2, 4, 6 and
8 are simulated in Fig. 10. Note that Cases 2 and 6 have
the same BS-RIS link and RIS-UT link. Therefore, we can
perform simulations for Cases 2 and 6 together. The same
goes for Cases 4 and 8. From the figure, the proposed scheme
performs better than beam sweeping for all the cases thanks
to the integration of the sensing units.

VII. CONCLUSION

In this paper, an SBTTS scheme has first been proposed,
which enables the BS to perform beam training with the UTs
as well as the RIS, and simultaneously to sense the targets.
Then, a PAOE scheme for both the LoS channels and the
NLoS channels based on the beam training results of SBTTS
has been proposed, where a low-complexity TDFS algorithm
has been proposed to obtain the position and array orientation
for the NLoS channels. Based on the SBTTS and PAOE
schemes, the AoA and AoD for the channels between the RIS
and the UTs have been proposed by exploiting the geometry
relationship to accomplish the beam alignment of the ISAC
system. Simulation results have shown that the proposed beam
alignment schemes can achieve better performance than beam
sweeping with lower training overhead benefiting from the
integration of sensing units. In our future work, we will try to
find a proper performance trade-off between the beamforming
gain and the parameter estimation error.
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