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ABSTRACT: Future 6G networks are anticipated to use reconfigurable intelligent surfaces (RISs) because of their capability to expand
coverage, provide a customizable wireless environment, increase localization accuracy, etc. In this paper, RIS-aided localization is con-
sidered with orthogonal frequency division multiplexing (OFDM) and single-input single-output (SISO) downlink system in millimeter-
wave (mmWave). An efficient beam sweeping (EBS) scheme is proposed accomplished by an RIS to scan the area of interest and estimate
the direction of the user equipment (UE), i.e., the signal’s angle of departure (AoD). The AoD with the measured signal time of arrival
(ToA), from the RIS to the UE, is used to estimate the UE position. The ToA measurements can be obtained by exploiting the OFDM
signal, while the beam sweeping can be obtained by carefully designing the RIS phase profile. The first step of the proposed EBS scheme
is to scan the whole area of interest with equally spaced beam angles for coarse estimation of AoD. Then, based on this estimation, the
RIS is reconfigured to sweep a slight angle’s range by narrow beams to refine the AoD estimation. Besides, a multi-RIS scenario is
proposed, and leveraging the EBS and the consensus fusion method is used to obtain accurate position estimation. Simulation results
demonstrate that the proposed EBS in single and multi-RIS scenarios enhances positioning accuracy compared to linear beam sweeping
(LBS) methods. Also, the impact of increasing the number of RIS elements and number of sweeping beams, as well as the number
of RISs, is investigated thoroughly via numerical simulations. Furthermore, the achievable localization accuracy is assessed using the
positioning error bound (PEB).

1. INTRODUCTION

In the future generation of communication systems, location
awareness will be essential due to the great spread of

intelligent applications such as internet-of-things, autonomous
vehicles, unmanned aerial vehicles, and self-navigation
robots [1, 2]. In communication systems with high carrier
frequency, such as 6G, the line-of-sight (LoS) links are easily
blocked by obstruction. The LoS is crucial for localization
techniques; without LoS, accurate localization becomes dif-
ficult. Since the propagation environment plays a significant
role in wireless localization, the multipath may not be enough
to ensure accuracy in these situations [3]. So, to improve
localization capacity in the 6G era, much research has recently
been focused on reconfigurable intelligent surfaces (RISs) for
localization thanks to their ability to control the propagation
environment to some extent [4–6]. In particular, the RIS is
envisioned as a flat surface made up of meta-materials with
sub-wavelength elements; each element can be individually
programmed to perform a desired transformation on an incom-
ing signal to control the wireless propagation channel [6–9].
On the other hand, the RIS can achieve passive beamform-
ing thus offering competitive advantages [10]. In passive
beamforming, RIS elements intelligently control the reflecting
phase shifts to generate coherent superposition of reflected

* Corresponding author: Abdulrahaman Kh. Alhafid (abdulrhman.alhafid@u-
omosul.edu.iq).

signals in a desired direction [11, 12]. So, using the passive
beamforming with other measurements can be exploited to
perform and enhance the UE localization.
RIS assisted localization has been studied in several recent

research. Using the enriched radio measurements, the authors
in [5] and [13] investigate the use of large RIS in near-field
localization using efficient tile selection methods. A far-field
RIS-assisted localization and synchronization process was ex-
amined in [14] for a single-input single-output (SISO) system.
A received signal strength (RSS)-based positioning approach in
far-field propagation is proposed by in [15]. The authors in [16]
examined the design of the phase profile for a single RIS to dy-
namically steer the beam sweep over a specific area of interest.
The localization is achieved via estimating the angle of depar-
ture (AoD) in conjunction with time of arrival (ToA) with the
adoption of cooperative communication to improve the preci-
sion of localization.
In this paper, an enhanced RIS assist wireless localization

system leveraging beamforming is proposed. The RIS is de-
signed to perform an efficient beam sweeping (EBS) to scan the
area of interest for the estimation of AoD of the reflected signal
towards the UE. Also, the ToA of the signal from the RIS to the
UE is estimated to be used with the AoD in the proposed local-
ization algorithm. The proposed EBS is considered for single
and multi-RIS scenarios in which the consensus-based fusion is
used to combine the position estimations of different measure-
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FIGURE 1. An illustration of the system model.

ments. In addition, the positioning error bound (PEB) is derived
to evaluate the achievable positioning accuracy considering the
effects of various design parameters on localization accuracy.
Notations: The vector is represented by a lowercase bold a,

whereas the matrix is represented by an uppercase bold A. The
element in matrix A located in the ith row and jth column is
denoted byAi,j . The operations diag (a) and vec (A) designate
the generation of a diagonal matrix from a vector a and the vec-
torization of a matrix A, respectively. The trace of the matrix
A is denoted by Tr (A), and the norm of the vectors and sta-
tistical expected value operators are denoted as ∥.∥ and E (.),
respectively.

2. OVERALL SYSTEM MODEL
The RIS-aided localization system model considered in this
paper is depicted in Figure 1. We consider a SISO system
model with base station (anchor1), user equipment (UE), and
NRIS of reconfigurable intelligent surfaces (RISs). The an-
chor and the RISs are located at known positions denoted by
pA and pRi , i = 1, 2 . . . , NRIS , respectively whereas pU indi-
cates the unknown position of the UE which is to be estimated,
where pA, pRi

and pU∈R2×1. The anchor transmits orthog-
onal frequency division multiplexing (OFDM) based signal to
UE in millimeter-wave (mmWave) band using virtual line-of-
sight (VLoS) path through the RIS/RISs as depicted in Figure 1.
The LoS path is not available due to blockage between the an-
chor and the UE. It has been assumed that the OFDM signal
transmits T pilot symbols, t = 1, 2, . . . T , each with Nsc sub-
carriers, n = 1, 2, . . . Nsc separated by ∆f . Each RIS consists
ofNe = Nr×Nc elements with uniform linear array (ULA) ar-
rangement, whereNr andNc are the numbers of RIS elements
in each row and column, respectively.
The angle-of-arrival (AoA) at the ith RIS from the anchor

is denoted by Ωin,i, ∀i . Similarly, the AoD from the ith RIS
1The term “base station” refers to the transceiver that offers connectivity

in wireless communication systems. The term “anchor” is used to indicate a
geometry reference for localization purpose in addition to its work of wireless
connectivity, so it will be used in this paper as in many references like [8, 26].

toward the UE is denoted by Ωout,i, ∀i. Since the locations of
the anchor and the RISs are known and fixed, the values ofΩin,i
can be easily obtained by using some geometrical relationships.
Our goal in this study is to estimate the values of Ωout,i, ∀i and
the distance from the RIS to the UE then use them to estimate
the locations of the UE.
With the assumption that the RISs are located at (x, z)

plane, and the inter-element distance is d, which is half-
wavelength [17], the positions of elements for the ith RIS
could be expressed as,

pe,i=pRi
+d

[(
nc−

(Nc−1)

2

)
, 0,

(
nr−

(Nr−1)

2

)]
(1)

where nc = 1, 2, . . . Nc, and nr = 1, 2, . . . Nr.
Regarding the channel model, due to the assumption of

blockage for LoS path between the anchor and the UE, it is
mainly focused on the VLoS channel between the anchor and
the UE through the RISs. On the other hand, the NLoS paths in
mmWave systems often have very little power compared with
VLoS; therefore, they are quite unreliable for localization pur-
poses [18–20]. The propagation channel from the anchor to the
ith RIS for one OFDM symbol transmission can be expressed
as [14],

har,i = gar,id (τar,i) a (Ωin,i)∈CNsc×Ne (2)

where gar,i is the channel gain between the anchor and the ith
RIS expressed by the distance between the anchor and the RIS,
dar,i = ∥pR,i−pA∥ and by the path loss exponent µ as,

gar,i (dBm) = −10µ log10 (dar,i) (3)

while the delay effect of the propagation distance from the an-
chor to the ith RIS is captured by the vector d (τar,i) as,

d (τar,i) =
[
1,e−j2π∆fτar,i , . . . ,e−j2π(Nsc−1)∆fτar,i

]⊤
∈CNsc×1 (4)

164 www.jpier.org



Progress In Electromagnetics Research C, Vol. 140, 163-175, 2024

where τar,i = dar,i/c, c is the speed of the light, and a (Ωin,i)
in (2) is the incident steering vector response at the ith RIS,

a (Ωin,i) = exp
(
−jk (Ωin,i)⊤pe,i

)
∈ C1×Ne (5)

where pe,i is the relative RIS element position as expressed in
(1), and k (Ωin,i) is wavenumber vector which expressed, in
general, by elevation (θin,i) and azimuth (φin,i) angles and can
be defined as [21, 22],

k (Ωin,i)=−2π

λ
[sin θin,i cosφin,i sin θin,i sinφin,i cos θin,i]

∈R1×3 (6)

Similarly, the propagation channel response from the ith RIS to
the UE can be expressed as,

hru,i = gru,id (τru,i) a (Ωout,i)∈CNsc×Ne (7)

where gru,i, d (τru,i), and a (Ωout,i) are the channel gain, delay
effect of the propagation distance, and the exit steering vector
response from the ith RIS, respectively, which can be defined
in the similar ways to that in (3) to (6) as,

gru,i (dBm) = −10µ log10 (dru,i) (8)

where dru,i = ∥pU−pR,i∥, while the delay effect of the prop-
agation distance from the ith RIS to the UE is expressed as,

d (τru,i) =
[
1,e−j2π∆fτru,i , . . . ,e−j2π(Nsc−1)∆fτru,i

]⊤
∈CNsc×1 (9)

a (Ωout,i) = exp
(
−jk (Ωout,i)⊤pe,i

)
∈ C1×Ne (10)

where τru,i = dru,i/c and k (Ωout,i) is the wavenumber vector
which is expressed like (6) as,

k (Ωout,i)=−2π

λ

[
sin θout,i cosφout,i sin θout,i sinφout,i

cos θout,i
]
∈R1×3 (11)

The effect of each RIS on the incident signal at each symbol
time t can be described by the diagonal matrixWdiag

t,i ∈CNe×Ne

of the vectorized RIS phase profile wvect,i C1×Ne from the RIS

phase profile matrixWt,iCNr×Nl , i.e.,

Wdiag
t,i = diag

(
wvect,i

)
= diag (vec (Wt,i)) (12)

vec (Wt,i) =
(
ej2πθ1,i ,ej2πθ2,i , . . . ,ej2πθNe,i

)
(13)

The cascaded propagation channel from anchor to the RIS
then to the UE for all the T OFDM symbols, denoted by
HV LoS,i which include the RIS effectWdiag

t,i can be written as,

HV LoS,i = h⊤ru,iW
diag
t,i har,i∈C

Nsc×T (14)

The proposed system assumes that the RIS controller ma-
nipulates and adjusts only the phases of the reflected sig-
nal, while the magnitude of the reflection coefficient remains
unity, which is following the widely used assumptions, such as
in [19, 23, 24]. So, the reflection coefficient for an RIS element
can be expressed as,

wt,e = Υejψt,e (15)

where Υ and ψt,e are, respectively, the amplitude and phase
of the reflection coefficient for the nthe element. Based on the
above, the received signal at UE from the ith RIS can be ex-
pressed as,

Yi = HV LoS,ix+ N (16)

where the observation signal Yi is a matrix of ∈CNsc×T ; x de-
notes the signal transmitted by the anchor2; N denotes the addi-
tive white Gaussian noise (AWGN)which is circular symmetric
complex GaussianN∼CN

(
0,σ2

)
with zero mean and variance

σ2.

3. PROPOSED LOCALIZATION SYSTEM IN FAR-FIELD
USING RIS BEAM SWEEPING
In this section, three models for UE localization are investi-
gated. The first one is a multi-RIS model, which exploits linear
beam sweeping (LBS) accomplished by the RISs together with
the ToAs. In contrast, the second one is a single RIS model
which uses the proposed EBS together with the ToA. Then, the
second model is extended to the third model, in which multi-
RISs with EBS and ToA are used. In the following subsections,
each model will be explained in detail.

3.1. Localization Model Using Multi-RIS with ToA and LBS
In this scenario, two stages are used to localize the UE. In the
first stage, the ToA for the path between each RIS and the UE is
estimated by exploiting the OFDM observation signal in (16).
This can be accomplished, as in [8, 14], by finding the IFFT
of the received frequency domain symbols with oversampling
factor of Nos, then evaluating the peak value of the obtained
time domain signal as,

τ̂V LoS,i=argmax
j

(IFFT(Yi)), j∈ [0, (Nos×Nsc−1) ] (17)

Then, Quasi-Newton algorithm could be used to refine the es-
timation and attain sufficient accuracy as given in [14].
The RIS phase profile in this stage is designed to use random

uniform distribution to determine the phase values for the RIS
elements. The reflection phases in (15) is drawn as:

ψt,e = 2πrand (Ne, T ) (18)

Then, by multiplying the estimated delay τ̂V LoS,i by the
speed of light, distance from the anchor to the UE through the
ith RISwill be obtained. Since the RISs and anchor coordinates
are known, the estimated distance between the ith RIS and UE,
i.e., d̂ru,i, is obtained by deducting RIS to anchor distance dar,i
from the total distance,

d̂ru,i = τ̂V LoS,i · c−dar,i (19)
2Without loss of generality, it is assumed a constant pilot x = 1.

165 www.jpier.org



Alhafid, Younis, and Ali

30 40 50 60 70 80

AoD from the RIS in degree

0

0.1

0.3

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

N
o

rm
a

li
z
e

d
 S

ig
n

a
l 
P

o
w

e
r

 First Beam

 Second Beam

 Third Beam

 Fourth Beam

FIGURE 2. An example of four beams distributed for LBS from φf = 38.6◦ to φl = 82.8◦.

In the second stage, the AoD from each RIS can be estimated
following the considerations in [16]. Each RIS is employed
to perform a beam sweeping to scan the area of interest with
successive beams of equally spaced angles which is the LBS.
The AoD is determined by detecting the highest received beam
signal at UE. Thus, if the area of interest has first point at angle
φf and last point at angle φl, then the LBS angles φs will be at,

φs = φf+
(2s−1) (φl−φf )

2S
, s ∈ (1, 2, . . . ,S) (20)

where S is the total number of the desired beams and s the se-
quence number of the beams.
The RIS phase profile is configured to direct a narrow beam

towards φs at each symbol transmission. To fulfill this beam-
forming, each column of the phase profile matrix takes the same
value at each transmission, so each row in the profile matrix is
configured as,

wrowt,i =
[
1, ej2π

d
λφris , . . . , ej2π

d
λ (Nc−1)φris

]
,

wrowt,i ∈ C1×Nc (21)

where φris is the angle used to achieve the desired beam-
forming. The steering vectors in (5) and (10) along with the
wavenumber vectors (6) and (11) in the received signal should
be considered to specify the angle φris. The elevation angle in
the wavenumber vector is 90◦ resulting in an elimination of the
third term in the wavenumber vectors. Also, we assume that
the RISs are located at the (x, z) plane, and the second term in
the wavenumber vector will be eliminated too. Consequently,
φris will be as,

φris = cos (φi)− cos (φr) (22)

where φi is the known azimuth AoA from the anchor to the
RIS, and φr is the desired AoD or sweeping angle, i.e., φs.

Figure 2 illustrates an example of LBS in an interesting area
performed by RIS that contains 64 elements using (20), (21),
and (22), and the area of interest is designed to be a square area
enclosed by the coordinates as will be illustrated in Subsection
6.1. After completion of the beam sweeping operation by each
RIS, the UE will determine the index of the highest received
beam signal as in [16],

smax,i = arg max
S∈(1,2,...,S)

∥Ys,i∥2 (23)

where ∥Ys,i∥2 is the received beam signal power from the ith
RIS, an dsmax,i is the index of the highest received beam signal.
This index refers to one of the designed angles in (20), i.e., the
estimated AoD from the RIS towards the UE. It is assumed that
the UE lies at the center of the assigned beam indexed as smax.
Then, for each RIS located at pRi = [xRi , yRi ], we can use the
estimated ToA, after converting it to d̂ru,i, with the estimated
φsmax,i to localize the UE as,

p̂U,i =
[
xRi

+ d̂RU cosφsmax,i , yRi
+ d̂RU sinφsmax,i

]
. . .

i∈ (1, 2, . . . , NRIS) (24)

Now, the number of estimations for each UE position is the
same as the number of used RISs NRIS , so consensus fusion
algorithm is used to find the centroid of the estimated positions.

3.2. Proposed Localization Model Using Single-RIS with ToA
and EBS
The localization scenario in this proposed model uses single
RIS to estimate the UE location. The two stages used in Sub-
section 3.1 are also used in this scenario. In the first stage, the
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FIGURE 3. Illustration of RIS beam pattern for different numbers of elements.

ToA from the RIS to the UE is estimated like before. In the sec-
ond stage, the proposed EBS method is performed in two steps.
In the first step, an LBS is performed using a small number of
beams to scan the whole area of interest and estimate a low res-
olution AoD using (23) which will be used in the second step of
the EBS. The low resolution AoD together with the estimated
ToA can be used to obtain a coarse estimation of theUE position
using (24). In the second step of the proposed EBS, depending
on the low resolution estimated angle, RIS phase profile is de-
signed to direct narrow beams to make beam sweeping around
the estimated angle in the first step. Then, using (23) again, a
refined AoD estimation can be obtained. At last, equation (24)
is used to get the refined localization. Algorithm 1 describes
the proposed localization approach.
It is worth mentioning that in the first step of the proposed

EBS, the RIS profile is designed to generate successive and rel-
atively wide beams during the LBS, that’s to cover the whole
area of interest by a small number of beams. This can be
achieved by reducing the number of the configured elements by
deactivating some elements or configuring each two (or more)
neighbor elements by same configuration. In the second step,
narrow beams are used to get more refined estimation. Figure 3
is a beam pattern example showing the effect of the number of
RIS elements on the beamforming, in which different numbers
of RIS elements are configured using (21) to direct a beam to-
wards angle of (49.7◦) using (22), and the normalized received
power is plotted versus the angles in degrees. The increase in
number of RIS elements makes the beam narrower.

3.3. Proposed LocalizationModel UsingMulti-RIS with ToA and
EBS

The proposed localization model for single RIS in Subsec-
tion 3.2 has been extended to multi-RIS model by using NRIS

of RISs as shown in Figure 1. So, the distances between each
RIS and the UE will be estimated using (16), (17), and (19).
Then each RIS performs EBS, and the low resolution AoDs in
addition to the refined AoDs will be estimated using the second
stage in Subsection 3.2. Consequently, by using (24), an esti-
mation of UE location for each RIS will be obtained, i.e., the
number of estimated positions for the UE is equal toNRIS . So,
consensus fusion method is used to get the refined UE position.
Algorithm 2 describes this proposed localization approach.

4. PERFORMANCE BOUNDS
The Cramer-Rao Lower Bound (CRLB) for positioning error,
which is positioning error bound (PEB), is derived in this sec-
tion to assess the attainable positioning accuracy which sheds
light on the impact of the system parameters on localization ac-
curacy. This PEB is used as a benchmark for the proposed po-
sitioning methods and provides a lower bound on the variance
of the unbiased estimator [25]. It can be obtained by calculat-
ing the Fisher information matrix (FIM) related to the position
parameters which are to be estimated. The PEB can be written
as [26],

PEB =
√
Tr

(
FIM−1

pu
)

(25)

where FIMpu is the FIM for the location parameters pu. The
FIM can be obtained using log-likelihood function of the esti-
mated parameters. In this paper, the estimator parameters vec-
tor can be written as,

âEst =
[
d̂⊤RU,i, φ̂⊤

RU,i

]⊤
∈ R2NRIS×1,

i ∈ (1, 2, . . . , NRIS) (26)
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Algorithm 1: Proposed Localization Model Using Single-RIS with ToA and EBS
Input: Anchor position pA, RISs positions pR
Objective: Estimate UE position p̂U and direction φsmax

Stage I Estimate distance from RIS to UE, i.e., d̂ru
1: Initialize: OFDM subcarriers Nsc, OFDM symbols T Oversampling factor Nos

2: Calculate the IFFT of the received signal
3: Estimate τ̂V LoS using (17)
4: Calculate RIS to UE distance d̂ru using (19)
Stage II Estimate AoD from RIS towards UE, i.e., φout

5: Step 1: Estimate low resolution angle AoD
6: Initialize: Number of wide beams Swid for LBS, first and last angles for area of interest φf & φl, RIS phase profile
7: Calculate LBS angles φs using (20)
8: for s = 1toSwiddo
9: Assign RIS phase profile according to (21)
10: Perform the LBS
11: end
12: Find smax according to (23)
13: Estimate the low resolution AoD
14: Step 2: Estimate fine angle AoD
15: Initialize: Number of narrow beams Snar for EBS, RIS phase profile
16: Obtain low resolution AoD from Step 1
17: for s = 1toSnardo
18: Assign the RIS phase profile according to (21) and (22)
19: Perform the EBS
20: end
21: Find smax according to (23)
22: Estimate the refined AoD φsmax

23: Compute UE position using ToA from Stage I and AoD from Stage II/Step 2 using (24)
Output: The estimated p̂U & the direction of the UE φsmax w.r.t the RIS

Algorithm 2: Proposed Localization Model Using Multi-RIS with ToA and EBS
Input: Anchor position pA, RISs positions pRi

Objective: Estimate UE position p̂U and direction φsmax

1: for i = 1 toNRIS do
2: Use Algorithm 1/Stage I to estimate the distance d̂ru,i from the ith RIS to the UE
3: Use Algorithm 1/ Stage II/ Step 1 to estimate low resolution angle AoD for the ith RIS.
4: Use Algorithm 1/ Stage II/ Step 2 to estimate the refined angles AoDs φsmax,i from each RIS towards the UE.
5: Compute the UE position p̂U,i using (24)

end
6: Obtain the estimated positions of the UE p̂U,i

7: Use consensus fusion method to find the refined UE position
Output: The final estimation of p̂U

where d̂RU,i and φ̂RU,i are the estimated distance, obtained
from the estimated ToA, from the ith RIS to the UE, and the
estimated azimuth angle between the ith RIS and the US, re-
spectively, i.e.,

d̂⊤RU,i =
[
d̂RU,1, d̂RU,2 . . . d̂RU,NRIS

]
φ̂⊤
RU,i = [φ̂RU,1, φ̂RU,2 . . . φ̂RU,NRIS

]

(27)

The likelihood function of the estimator parameters vector
âEst, can be described as in [27],

f (âEst) =

NRIS∏
i=1

1

2
√
2π3σdRU,i

σφRU,i

e
−
[
(d̂RU,i−dRU,i)

2

2σ2
dRU,i

+
(φ̂RU,i−φRU,i)

2

2σ2
φRU,i

]
(28)
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TABLE 1. Simulation parameters.

Parameter Value

Carrier frequency fl 28GHz

No. of OFDM subcarriers Nsc 128

No. of OFDM pilot transmissions T 8–256

Subcarrier spacing∆f 120 kHz

Transmitted power PT 23 dBm

No. of RIS elements 32–512

Noise power spectral density No −170 dBm/Hz

path loss exponent µ 2.08

IFFT oversampling Nos 8

No. of RISs NRIS 1–5

Taking into consideration the fact that the estimates of the

dRU,i and φRU,i are unbiased, i.e., E
(
d̂RU,i

)
= dRU,i and

E (φ̂RU,i) = φRU,i, and using same procedures in [27], the
FIM can be expressed as,

FIMpu = E
(
D⊤
EstREstDEst

)
(29)

where,

DEst=diag
(
σ−2
dRU,1

, . . . , σ−2
dRU,NRIS

, σ−2
φRU,1

, . . . , σ−2
φRU,NRIS

)
(30)

REst=



xU−xR1

dRU,1

yU−yR1

dRU,1

...
...

xU−xRNRIS

dRU,NRIS

yU−yRNRIS

dRU,NRIS
yU−yR1

s21

xU−xR1

s21
...

...
yU−yRNRIS

s2NRIS

xU−xRNRIS

s2NRIS


(31)

si=
√

(xU−xRi)
2+(yU−yRi)

2 . . . i∈(1, 2, . . . , NRIS) (32)

5. COMMENT ON OTHER ALGORITHMS THAT IN-
VOLVE TOA AND AOD MEASUREMENTS.
The localization scheme proposed in this paper utilizes the ToA
andAoD estimation, where two-stage estimation is investigated
via efficient beam sweeping. In order to compare the proposed
algorithm with other localization schemes that have used ToA
and AoD estimations to determine the position of the UE, we
consider the estimation procedure discussed in [28]. Regarding
the hardware setup, the estimation procedure in [28] requires
adopting a hybrid RIS that is equipped with a radio frequency
(RF) chain to facilitate the estimation of forward, backward,
and LoS channels. For a fair comparison with [28] and con-
sidering the scenario in Figure 1, τ̂V LoS can be estimated us-
ing the same procedure described in Subsection 3.1, while the

main difference with [28] is the AoD estimation. In [28], the
AoD is estimated by solving the maximum likelihood (ML) op-
timization problem which is computationally expensive com-
pared with the beam sweeping scheme used in this paper. Al-
though the proposed scheme is computationally efficient, it is
clear that it will be at the expense of requiring more transmis-
sions during the beam-sweeping phase.

6. SIMULATION RESULTS AND ANALYSIS
In this section, we conduct numerical analysis to assess the per-
formance of the proposed EBS models in Section 3. The per-
formance of the proposed models is compared with the LBS
under different values of the parameters. We consider the cu-
mulative distribution function (CDF) and root mean squared er-
ror (RMSE) as performance metric estimated on 1000 indepen-
dent Monte Carlo trials. We first investigate the performance
of the LBS for multi-RIS model. Then the performance of the
proposed EBS of single-RIS model is evaluated and compared
with the conventional LBS for single-RIS. Finally, the proposed
EBS for multi-RIS model is investigated and compared with its
LBS counterpart. Also, the impact of the number of RISs and
number of beams for LBS and EBS are thoroughly studied.

6.1. Simulated Scenarios

The parameters used in the simulation are detailed in Table 1.
The considered values are consistent with the suggested liter-
ature such as in [14, 16, 23, 24, 29, 30] A system with anchor,
UE and NRIS∈ (1, 2, . . . , 5) of RISs is considered for inves-
tigating the performance of the proposed models. The loca-
tion of anchor pA = (−50, 80), with the UEs assumed to uni-
formly distributed inside the area of interest. The area of inter-
est is chosen to be a square area surrounded by the four coordi-
nates: (10, 40) , (50, 40) (50, 80) and (10, 80). The RISs posi-
tions pRi

are (xi), where xi = 5 (i− 3) and i ∈ (1, 2, . . . , 5).
Note that all the dimensions are in meters.
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(a) (b)

FIGURE 4. Examples of LBS for three RISs (a) four beams (b) eight beams.

6.2. Results and Discussion

6.2.1. Performance of the Proposed LBS with Multi-RIS Model

The simulation results in this part investigate the performance
of multi-RIS model that uses LBS which is described in Sub-
section 3.1. Before introducing the investigation of this model,
an example of LBS is illustrated in Figure 4 using the angles
φs in (20) and phase profile in (21). This figure shows the po-
sitions of the RISs at the x-axis and the anchor at the y-axis.
The LBS for three RISs, each configured to sweep the area of
interest, with four and eight beams are shown in subplots (a)
and (b), respectively.
In Figure 5, the performance of the localization is plotted

as CDF for different numbers of RISs, (NRIS = 2 to 5) and
compared with a single RIS scenario. In addition, the impact
of the beam numbers of LBS is considered, where the number of
beams was 4, 8, 16, 32, 64 in subplots (a) to (e), respectively.
The CDF curves demonstrate that the increase of the number
of beams and/or the number of RISs enhance the localization
performance. So, when five RISs are used, the performance
enhancement is about (45 to 50)% compared with the use of
one RIS at 90% of the CDF and about (50 to 55)% at the 67%
of CDF. In specific, by using five RISs with 64 beams, the error
is smaller than 20 cm and 14 cm at 90% and 67% of the CDF,
respectively.
Figure 6 shows the RMSEs of the estimation of the UE po-

sition as a function of the number of beams used for LBS for
different numbers of RISs. By comparing the RMSEs in Fig-
ure 6, it clearly emerges that the use of more beams and more
RISs yields more accurate estimates of the UE positions than
the single RIS case. As expected, in this scenario, the use of
five RISs, each with 64 beams of LBS, outperforms all the other
cases, but it involves an exhaustive LBS with a large number
of transmissions. So, the use of 32 beams with five RISs may
provide a good tradeoff that can achieve about 20 cm of local-
ization accuracy. Note that the results in both Figures 5 and 6
are based on RISs with 128 elements.

6.2.2. Performance of the Proposed EBS with Single-RIS Model

In this section, the performance of the proposed EBS method
for RIS aided localization is studied. We consider four wide
beams that scan the area of interest in a linear fashion and con-
sider the number of beams for EBS to be from 4 to 16. In other
words, we set (Swid = 4) and (Snar = 4 to 16), respectively, in
the first and second steps of stage II in Algorithm 1. To illustrate
the EBS scenario, a snapshot is taken for one UE in the case of
Swid= 4 and Snar= 4 and shown in Figure 7. In this figure, the
dashed red lines represent the centers of the beams that scan the
whole area of interest to estimate the low-resolution angle, and
the coarse localization of the UE is denoted by the red point.
Then based on the previous step, the EBS is performed using
four beams in which their centers are plotted in blue lines to
make the estimated position closest to the real position as indi-
cated by green color square and blue color square, respectively.
In this snapshot example, the estimation error between the real
position and the coarse estimation is equal to 3.51m which is
not quite accurate. After the second step of the EBS is per-
formed, the estimation error between the real position and the
fine estimation is equal to 46 cm. Consequently, the RMSE of
the localization versus the number of beams is depicted in Fig-
ure 8 for different numbers of RIS elements. Figure 8 shows
that as the total number of beams increases, the localization er-
ror decreases. In contrary, Figure 9 shows the RMSE of po-
sitioning versus the number of RIS elements. It is noted that
when the RIS elements are greater than 256, the slope of the
estimation tends to floor especially when the total number of
beams is equal to 20, in which the error decreases from 38 cm
to 30 cm.
To benchmark the proposed method in Algorithm 1, we com-

pare the proposed EBSwith the LBS in Figure 10 and Figure 11.
Figure 10 shows the RMSE versus the number of beams for dif-
ferent numbers of RIS elements. Figure 11 depicts a compar-
ison of RMSE of the proposed EBS with the LBS versus RIS
elements. The proposed EBS method outperforms the conven-

170 www.jpier.org



Progress In Electromagnetics Research C, Vol. 140, 163-175, 2024

(a) (b)

(c) (d)

(e)

FIGURE 5. CDF of localization error using multi-RIS with ToA and LBS for different numbers of beams (a) 4-beams, (b) 8-beams, (c) 16-beams, (d)
32-beams and (e) 64-beams.
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FIGURE 6. RMSEs of localization as a function of beam’s numbers for
single and multi RISs.

  

FIGURE 7. A snapshot of the proposed EBS model illustrates the refine-
ment of the estimation.

FIGURE 8. Localization error versus the number of beams for different
number of RIS elements.

FIGURE 9. Localization error versus different number of RIS elements.

FIGURE 10. Localization error versus number of beams for LBS and the
proposed EBS.

FIGURE 11. Comparation between RMSE of the proposed EBS with the
LBS versus RIS elements.
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(a) (b)

(c)

FIGURE 12. The CDFs of localization error using single-RIS of EBS compared with LBS for different numbers of beams.

FIGURE 13. Comparation between single and multi RISs model using LBS and EBS.
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tional LBS method. More specifically, when the same number
of beams is used, for example 8 beams, in both LBS and EBS,
the localization performance is enhanced by about 43%. While
using 12 beams in EBS outperforms the performance of using
16 beams in LBS by about 40%, and also the localization error
using 20 beams in EBS is almost identical to that of 32 beams
in LBS. Interestingly in this case, the UE can be localized with
an error lower than 35 cm when the number of RIS elements is
256 elements. The CDF of localization error in Figure 12(a)
confirms the superiority of EBS method using 8 beams com-
pared its corresponding beams in LBS. In Figure 12(b), the use
of 12 beams in EBS outperforms the use of 16 in LBS. Finally
in Figure 12(c), the use of 20 beams in EBS outperforms the
use of 32 beams, and it is very close to the curve of 64 beams
in LBS. The CDF curves indicate that 90% of estimation errors
fall below 42 cm and 67% below 21 cm.

6.2.3. Performance of the Proposed EBS with Multi-RIS Model

Finally, based on Algorithm 2 in Subsection 3.3, the RMSE per-
formance of the UE position estimation for multi-RIS modes
using the proposed EBS method is depicted in Figure 13 and
compared with other methods considered in this paper, from
which we can note that the estimation error has been decreased
interestingly to be about 55 cm using 8 beams and about 18 cm
using only 20 beams in EBSmethod. It is worthmentioning that
this figure was obtained using RISs, each with 128 elements.

7. CONCLUSION
A wireless localization system aided with multi-RIS is pro-
posed in this paper leveraging ToA estimation and efficient
beam sweeping scheme for the region of interest to estimate
the AoDs for each RIS. The proposed EBS scheme for single
and multi-RIS is compared with the conventional single RIS
with LBS by evaluating the localization metric via numerical
simulations and PEB benchmark. Simulation results demon-
strate that the proposed EBS strategy enhances the positioning
accuracy compared to LBS method using the same number of
beams to scan the area of interest. Also, it is demonstrated
that a sufficient number of beams is required to achieve pre-
cise localization accuracy while the number of RIS elements
should be configured appropriately for fruitful scanning of the
region of interest. Finally, the multi-RIS with EBS strategy
has demonstrated superb localization accuracy compared with
other schemes considered in this paper.
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