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Abstract— Reconfigurable intelligent Surfaces (RISs) have lately received a lot of interest due to their capability 
of providing a smarter controlled radio environment. This paper investigates the use of RIS beamforming to 
attain user equipment (UE) localization in far-field propagation with two localization schemes in millimeter-
wave (mmWave) with orthogonal frequency division multiplexing (OFDM) signaling. The first scheme adopts 
a single RIS that leverages the time of arrival (ToA) and angle of departure (AoD) measurements. For this model, 
the impact of various parameters on the localization accuracy are examined. In addition, the Cramer-Rao Lower 
Bound (CRLB) for the positioning, i.e., the position error bounds (PEB), is derived to be used as benchmark. Also, 
an efficient multi-RIS aided localization scheme is proposed, in which the use of only AoDs to estimate the UE 
position is shown to be possible, whereas this was challenging without using multi-RIS scenario. The main 
contribution of this paper is relieving the complexity of localization algorithm by eliminating the necessity of 
ToA estimation where consensus-based fusion of AoDs estimations is used. The estimation of AoD from the RIS 
to the UE is obtained by using the RIS as a beamformer to scan the working area with successive beams. The 
highest received signal at UE from a particular beam will determine the AoD. The performance of the two 
localization models - discussed in this paper - are evaluated via extensive numerical simulations. For the first 
model, the simulation results and PEB demonstrated that increasing the number of beams that swept the region 
of interest has a significant impact on the accuracy, while using RIS with a large number of elements 
demonstrated marginal influence on the localization accuracy for a large number of RIS elements. Furthermore, 
the results reveal that the localization accuracy of the proposed multi-RIS localization scheme outperforms the 
performance of the first model by increasing the number of RISs and the number of beams. In addition, the 
proposed scheme benefits from being computationally efficient due to the release of ToA estimation in the first 
model that requires the computation of inverse fast Fourier transform (IFFT) of the oversampled version of the 
received signal for a sufficient number of transmissions and fine-tuning using search optimization to attain 
accurate estimation. 

 
Keywords— Reconfigurable intelligent surface; Localization; Far-field propagation; Beamforming; Beam 
sweeping; Time of arrival; Millimeter wave. 
     

1. INTRODUCTION  

The advent of 5G technology has expanded the capabilities of radio localization and 

enabled its facilities in several applications beyond its previous limitation to emergency call 

localization [1-4]. This capability may be achieved by using one or more 5G features like 

wideband signals, high carrier frequencies, and massive MIMO antennas, which can improve 

the localization performance in 5G networks [5-7]. On the other hand, with all these features, 

specific points have been raised about some challenges that will face the communication 

https://doi.org/
mailto:abdulrhman.alhafid@uomosul.edu.iq
https://orcid.org/0000-0002-2475-8049
https://orcid.org/0009-0002-5708-9328
https://orcid.org/0000-0003-2917-5747


485                                                    Jordan Journal of Electrical Engineering. Volume 10 | Number 3 | September 2024 
 

 

systems to ensure the quality of services in the presence of multi-path and energy consumption 

[8]. This indicates that since localization uses a lot of energy, it will be less attractive in general 

and practical usage. Renewable energy and devices with efficient energy consumption may 

alleviate some restrictions, but they may come with more complexity and a high cost [9]. 

The Reconfigurable Intelligent Surface (RIS) is a promising technology for wireless 

communications that has been developed and is anticipated to be used in 6G. RISs can increase 

coverage, enhance channel conditions, and improve the controllability of the multi-path 

environment [10]. Additionally, RISs are thought to be cost-effective since they are made up of 

passive components and have deficient energy consumption so they will enable ubiquitous 

communication with high efficiency in both energy and spectrum [11-13]. 

A RIS is an array of passive reflecting components that may be reconfigured to 

individually change the phase of an incoming signal. This capability allows for the creation of 

a programmable smart radio environment [14, 15], and it offers a wide range of soft-controlled 

electromagnetic features (such as beamforming, filtering, and focusing reflections) [16]. In 

addition, RIS systems can offer a reasonable tradeoff between hardware requirements and 

signal processing complexity. Furthermore, it is confirmed that the RIS can improve the 

connection quality over the standard arrangement without the RIS [17]. 

Furthermore, it has been observed that RISs possess significant capabilities in 

strengthening the accuracy of localization besides their role in improving communication [18]. 

Recently, several studies have examined the significance of RIS in enhancing the precision of 

localization. In [11, 19, 20], the Cramer-Rao Bound (CRB) is used to analyze the performance of 

RIS aided localization considering different system parameters, hardware assumptions, and 

communication scenarios. Localization in the near field using large RIS with efficient tile 

selection algorithms is investigated in [21–24] taking advantage of the enriched radio 

measurements. The optimization of the RIS phase profile and beamforming design was the 

main focus to improve the accuracy of the positioning system such as [7].  

The study in [25] focuses on modelling and analyzing angle estimation errors using two 

dimensional discrete Fourier Transform (DFT) angle estimation. The approach involves 

extracting probability density functions (PDF) to represent the errors where  the PDF is 

obtained by considering the geometric relationship of AoAs. The complex PDF formulation for 

AoA estimation error is then simplified using the first-order linear approximation of triangle 

functions. In [26] multiple RISs with single RF chains are utilized for UE indoor positioning. 

The UE direction is predicted by estimating the AoA for each RIS RF using different phase 

profiles. Based on the least squares line intersection from each RIS, maximum likelihood (ML) 

placement estimate is employed.  

The suggested positioning method's accuracy is shown via PEB. The UE's location is 

estimated using ToA and AoD in [27]. A hybrid RIS with an RF chain is needed to estimate the 

channel from the transmitter to the UE through the RIS. The ToA is estimated using the same 

method as this study and AoD using the ML optimization scheme, which is more 

computationally expensive than beam sweeping. While the author in [28] considered the phase 

profile design of a single RIS to sweep the beam across the region of interest with time of arrival 

(ToA) estimation and cooperative uplink communication to enhance the accuracy of the 

localization. 

In this paper, two localization models are discussed. The first model incorporates the ToA 

and the angle of departure (AoD) estimations of a single RIS localization presented in [28]. 
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While the second model, which is the proposed model, introduces a multi-RIS scenario to 

devise a localization approach using only AoD measurements from multi-RIS. The 

performance of localization schemes is thoroughly investigated via numerical simulation. The 

contribution of this paper can be summarized as, 

 The effects of designing parameters on the localization performance are investigated for 

the single RIS localization model using ToA and AoD estimations. 

 The Cramer-Rao Lower Bound (CRLB) for the positioning, which is the position error 

bounds (PEB), is derived in this paper to be a benchmark for the localization performance. 

 A localization scheme is proposed in the second model which adopt the beam sweeping 

scheme to estimate the AoDs for multi RIS scenario while alleviating the complexity as 

ToA estimation is not required. Consequently, the UE position is estimated using a 

consensus-based fusion of the estimated position of AoDs intersection. 

The remainder of this paper is organized as follows. In section 2, the models of system 

geometry, the RIS, the channel, and the OFDM based system are described. The RIS aided 

localization using beam sweeping with two models and the derivation of Fisher information 

(FIM) and CRLB of the localization are introduced in section 3. In sections 4, we present the 

simulated scenario and discuss the performance analysis of the two models. Section 5 contains 

the concluding remarks. 

Notations: Boldface lowercase characters, such as a, are used to denote vectors, while 

boldface uppercase letters, such as A, are used to represent matrices. The expression A_(i,j) 

refers to the element at i^th row and j^th column in matrix A. Transpose operator is represented 

(A)^⊤. while diag(a) and vec(A) are the operators that refer to the creation of a diagonal matrix 

using a vector a, and the vectorization of a matrix A, respectively. ‖ .‖ calculates the norm of 

vectors. 

2. SYSTEM AND SIGNAL MODEL 

In this paper, the considered system includes a base station with a single antenna, user 

equipment (UE) with a single antenna, and a single RIS or multi-RIS. As shown in Fig. 1, 

according to a general coordinate system, the locations of the RIS and the BS are fixed, known 

and indicated by 𝒑𝐴 and 𝒑𝑅𝑖 respectively, and the location of the UE, which is to be estimated, 

is indicated by 𝒑𝑈. 

 
Fig. 1. The system and signal model. 
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The RIS consists of 𝑁𝑒  elements arranged in uniform linear array (ULA) with 𝑁𝑟 × 𝑁𝑐 

elements and inter-element distances equal to 𝑑𝑟 and 𝑑𝑐 respectively. So, the position of each 

element in each RIS coordinate system is denoted as 𝒑𝑒 and expressed in [𝑥, 𝑦, 𝑧] coordinate as, 

𝒑𝑒 =  [(𝑛𝑐𝑑𝑐 −
𝑑𝑐(𝑁𝑐−1)

2
) , 0 , (𝑛𝑟𝑑𝑟 −

𝑑𝑟(𝑁𝑟−1)

2
)]          (1) 

where 𝑛𝑐 = 1,2,… 𝑁𝑐, and 𝑛𝑟 = 1,2,… 𝑁𝑟. 

Each RIS element can be adjusted separately to vary the phase of the incident signal and 

reflect it. The same reflection coefficient is used for each column's elements for 2D 

beamforming. 

The anchor transmits downlink orthogonal frequency division multiplexing (OFDM) 

signal for localization occasions. The OFDM signal has 𝑇 pilot symbols, 𝑡 = 1, 2, …  𝑇, with 𝑁𝑠𝑐 

subcarriers, 𝑛 = 1,2, … 𝑁𝑠𝑐 , the carrier frequency is centered at 𝑓𝑐 and subcarriers spacing equal 

to ∆𝑓. By assuming that the direct line of sight (LoS) path between the anchor and the UE is 

obstructed by an obstacle, the signal will reach the UE via the virtual LoS path [29], i.e., through 

the RIS, which manipulates the incident signal according to a designed RIS phase profile. The 

amplitude and phase of the reflection coefficient for the 𝑛𝑒
𝑡ℎ element of the RIS at each symbol 

transmission denoted as Υ  and 𝜓𝑡,𝑒 , respectively. Then the reflection coefficient for each 

element will be, 

𝑤𝑡,𝑒 = 𝛶 𝑒𝑗𝜓𝑡,𝑒             (2) 

In other word, the RIS profile matrix at time 𝑡 is 𝑾𝑡 ∈ ℂ𝑁𝑟×𝑁𝑐. The phase of the reflection 

coefficient 𝜓𝑡,𝑒 is adjusted to have a value in the range of 0 to 2𝜋, the adjustments could be 

made through a microcontroller connected to the RIS [30]. Also, a set of non-RIS NLoS paths 

may reach the UE. These non-RIS NLoS paths, whether formed by scatterers or reflectors, are 

often substantially weaker than the virtual LoS paths created by RISs. As a result, for notational 

simplicity, the non-RIS NLoS path will be excluded as in [29], and it will be taken into account 

through the additive noise in the received signal. Then, the received signal at the UE can be 

represented as, 

𝒀 = 𝑥 𝑔𝑟𝑖𝑠 𝑫(𝜏𝑟𝑖𝑠 ) ⊙ 𝑨(𝛺) + 𝑵                                    (3) 

where the received signal 𝒀 is a matrix of ∈ ℂ𝑁𝑠𝑐×𝑇, 𝑵 represents the noise matrix, each of its 

elements is randomly selected from a circularly symmetric Gaussian distribution with 

variance 𝑁𝑜  including the impact of multi-path propagation in the environment, 𝑔𝑟𝑖𝑠 is the 

channel gain for the reflected path which can be described as [28, 31–33], 

𝑔𝑟𝑖𝑠 = (𝑑𝐴,𝑟𝑖𝑠 𝑑𝑟𝑖𝑠,𝑈 )
−

𝜇

2            (4) 

where 𝜇 is the path loss exponent, 𝑑𝐴,𝑟𝑖𝑠 and 𝑑𝑟𝑖𝑠,𝑈 are the distances between the anchor and 

the RIS, and between the RIS and the UE, respectively, and 𝑥 is the transmitted pilot symbols. 

For simplicity, it has been assumed that all the transmitted pilot symbols are equal to 𝑥 = √𝐸𝑠, 

with 𝐸𝑠 being the energy of the symbol. The delay steering vector 𝒅 ∈ ℂ𝑁𝑠𝑐×1 is repeated across 

time to be 𝑫 ∈ ℂ𝑁𝑠𝑐×𝑇 which it is defined as, 

𝑫(𝜏𝑟𝑖𝑠 ) = 𝒅(𝜏𝑟𝑖𝑠 )𝟏𝑻
⊤ = [1, 𝑒−𝑗2𝜋Δ𝑓 𝜏𝑟𝑖𝑠 , … , 𝑒−𝑗2𝜋(𝑁𝑠𝑐−1)Δ𝑓 𝜏𝑟𝑖𝑠  ]

⊤
𝟏𝑇

⊤      (5) 

where ∆𝑓 is the subcarriers spacing, 𝜏𝑟𝑖𝑠  is used to account the propagation delay from anchor 

to UE through the RIS, i.e., 

𝜏𝑟𝑖𝑠 =
‖ 𝒑𝑅 −𝒑𝐴‖+‖ 𝒑𝑈 −𝒑𝑅‖

𝑐
              (6) 
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where 𝑐 is the light speed. The parameter 𝑨(𝛺) in the received signal equation represents the 

compound steering vector for both incident steering vector 𝒂(𝛺𝑖𝑛) and exit steering vector 

𝒂(𝛺𝑜𝑢𝑡) in addition to the RIS effect on the signal at time 𝑡. The RIS effect on the signal at time 

𝑡 is described by 𝑾 ∈ ℂ 𝑁𝑒× 𝑁𝑒 which is the diagonal matrix of the vectorized RIS phase profile 

𝑾𝑡, each entity on the diagonal is reflection coefficient of a RIS element, 

𝑾 = 𝑑𝑖𝑎𝑔(𝑣𝑒𝑐(𝑾𝑡)) = 𝑑𝑖𝑎𝑔(𝑒𝑗2𝜋𝜃1 , 𝑒𝑗2𝜋𝜃2 , . . , 𝑒𝑗2𝜋𝑗2𝜋𝜃𝑁𝑒)       (7) 

So, as in [34] 𝑨(𝛺) can be written as, 

𝑨(𝛺) = 𝒂(𝛺𝑖𝑛)⊤𝑾 𝒂(𝛺𝑜𝑢𝑡)           (8) 

where 𝛺𝑖𝑛 is the known angle-of-arrival (AoA) from the anchor to the RIS, that is because both 

anchor and RIS positions are known, and 𝛺𝑜𝑢𝑡 is the AoD from the RIS to the UE. Each AoA 

and AoD, in general, are composed of elevation (𝜃) and azimuth (𝜑)  angles. The far field RIS 

steering vector 𝒂(𝛺) ∈  ℂ 𝑁𝑒 is defined as, 

𝒂(𝛺)𝑒 = exp(−𝑗 𝒌(𝜃, 𝜑)⊤𝒑𝑒)           (9) 

where 𝒑𝑒 is the relative RIS element position and 𝒌(𝜃, 𝜑) is wavenumber vector which defined 

as [29], 

𝒌(𝜃, 𝜑) = −
2𝜋

𝜆
[sin 𝜃 cos𝜑   sin𝜃 sin𝜑   cos 𝜃]       (10) 

where 𝜆  is the wavelength. Since the localization model is two-dimensional, then 𝛺𝑖𝑛, 𝛺𝑜𝑢𝑡 

and 𝒌 will be described only by azimuth angle of the generic description above. 

3. RIS AIDED LOCALIZATION USING BEAM SWEEPING IN THE FAR-FIELD 

In this section, two models for UE localization are discussed. The first model, in 

subsection 3.1, follows a similar procedure presented in [28] of single RIS model which uses 

ToA and AoD. In the second model, subsection 3.2, the proposed multi-RIS aided localization 

scheme will be presented which use AoDs estimation for UE localization without the need of 

ToA estimation. In addition, the PEB is derived in subsection 3.3 to be used as a benchmark 

for positioning accuracy.  

3.1. Model 1: Single RIS localization Model Using ToA and Beam Sweeping 

The localization scenario in this model estimates the signal’s ToA from the RIS to the UE 

and the signal’s AoD from the RIS toward the UE and use them to estimate the location of the 

UE. The estimation of the ToA is achieved by exploiting the received OFDM signal in Eq. (3) 

and extract the estimated transmission delay �̂�𝑟𝑖𝑠 as in [19]. The first step is to calculate the IFFT 

of the received signal as, 

𝒀𝐼𝐹𝐹𝑇 = 𝐼𝐹𝐹𝑇(𝒀) = 𝑭 𝒀          (11) 

where 𝑭 ∈ ℂ𝑁𝐹×𝑁𝑠𝑐 is the IFFT matrix which has the elements as, 

𝑭𝒒,𝒓 =
1

𝑁𝐹
𝑒𝑗2𝜋𝑞𝑟/𝑁𝐹      (12) 

𝑁𝐹 = 𝑁𝑜𝑠𝑁𝑠𝑐  determines the length of the IFFT vector, 𝑁𝑜𝑠  is the IFFT oversampling 

factor. Hence, the OFDM symbol is divided to 𝑁𝐹 parts and the ToA will be at the maximum 

value of the symbol, this maximum lies around (but not exact) some integer ℓ , where                            

ℓ ∈ [0,𝑁𝐹 − 1], i.e., 
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𝜏�̅�𝑖𝑠 =
ℓ

𝑁𝐹 ∆𝑓
           (13) 

To find the integer ℓ, the IFFT matrix is accumulated in time by taking the norm of each 

row, then performing an optimization search as, 

ℓ = argmax
i

‖ ei
⊤𝒀𝐼𝐹𝐹𝑇‖          (14) 

where ei
⊤𝒀𝐼𝐹𝐹𝑇 finds the 𝑖𝑡ℎrow in the IFFT of 𝒀𝐼𝐹𝐹𝑇. 

The estimation in Eq.          (13) 

represents a coarse estimation of the ToA, and to refine this estimation, an artificial delay may 

be added to the integer ℓ, to satisfy the exact condition in Eq. (13). This can be achieved by 

adopting a quasi-Newton method using 0 as starting point, then, 

δ̃ = arg max
δ∈[0,1/(𝑁𝐹∆𝑓)] 

‖ ei
⊤𝑭𝒀(δ)‖         (15) 

Finally, the accurate estimation of ToA will be, 

�̂�𝑟𝑖𝑠 =
ℓ

𝑁𝐹∆𝑓
− δ̃           (16) 

The estimated transmission delay �̂�𝑟𝑖𝑠 converted to distance �̂�𝑟𝑖𝑠 by multiplying it by the 

speed of light. This distance refers to the overall distance from the anchor to the UE through 

the RIS. Since the positions of the anchor and the RIS are known, then the estimated distance 

from the RIS to the UE �̂�𝑅𝑈 could be found by subtracting the distance from anchor to the RIS 

from overall distance �̂�𝑟𝑖𝑠. 

Besides, the estimation of the AoD from the RIS to the UE is obtained following the 

considered framework in [28] using the RIS as beamformer to scan the working area with 

successive narrow beams, the highest received signal at UE from a particular beam will 

determine the direction of the UE i.e., the AoD. This method does not need any searching 

algorithm over the channel parameters and the observation signal which would be more 

complex than beam sweeping method. So, the estimation of the AoD using beam sweeping 

method requires a careful design of the RIS profile to perform this beam sweeping. Thus, to 

sweep the area of interest by 𝑆  beams, it is necessary to design the RIS profile to have 𝑆 

configurations, each configuration will be applied to the RIS at a transmission 𝑡 to direct a beam 

towards 𝜑𝑠, where s ∈ (1, 2, . . , 𝑆). To satisfy a beamforming towards 𝜑𝑠, each row in the RIS 

profile 𝒘𝑡,𝑟 ∈ ℂ1×𝑁𝑐 is configured as, 

𝒘𝑡,𝑟 = (1, 𝑒𝑗2𝜋
𝑑𝑐
𝜆

 𝜑𝑟𝑖𝑠 , . . , 𝑒𝑗2𝜋
𝑑𝑐
𝜆

 (𝑁𝑐−1)𝜑𝑟𝑖𝑠)       (17) 

The angle 𝜑𝑟𝑖𝑠  should be described according to the received signal in Eq. (3) and its 

steering vectors in Eqs. (8) and (9). Since the localization model is two dimensional and the RIS 

is located at the (𝑥, 𝑧) plane in the considered coordinate system, then the elevation angle will 

be 900 and the second and third term in the wavenumber vector in Eq. (10) will be eliminated. 

As a result, only the 𝑐𝑜𝑠𝑖𝑛𝑒 term will exist after multiplying the wavenumber vector by the 

position of the RIS element 𝒑𝑒 in Eq. (9), then, 

𝜑𝑟𝑖𝑠 = cos(𝜑𝑖) − cos(𝜑𝑟)         (18) 

where 𝜑𝑖 is the known AoA from the anchor to the RIS, i.e., azimuth of 𝛺𝑖𝑛, 𝜑𝑟 is the desired 

sweeping angle, i.e., 𝜑𝑠 . To sweep an interested area confined between 𝜑1  and 𝜑2  with 

number of equally spaced beams 𝑆, the degrees for the angles of 𝜑𝑠 where s ∈ (1, 2, . . , 𝑆) will 

be: 
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𝜑𝑠 = 𝜑1 +
(𝜑2−𝜑1)

𝑆
(𝑠 − 0.5)    (19) 

After this point, the UE determine the received signal level for each beam, the highest 

received signal power will determine the AoD for this UE, that is achieved by finding the index 

of the highest power beam as,  

𝑠𝑚𝑎𝑥 = arg  max
s∈(1,2,..,𝑆) 

‖ 𝒀𝑠‖
2          (20) 

The UE is assumed to lies at the center of the beam has the index 𝑠𝑚𝑎𝑥, i.e., the estimated 

AoD is 𝜑𝑠𝑚𝑎𝑥
. In this way, the amount of the received power has been utilized to estimate the 

UE direction with respect to the RIS. Then the estimated UE position is, 

�̂�𝑈 = [𝑥R + �̂�𝑅𝑈 cos𝜑𝑠𝑚𝑎𝑥
 ,  𝑦R + �̂�𝑅𝑈 sin𝜑𝑠𝑚𝑎𝑥

]       (21) 

where 𝑥R and 𝑦R are the coordinates of the RIS, 𝒑𝑅 = (𝑥R, 𝑦R) 

3.2. Model 2: Multi RIS localization Model Using Beam Sweeping 

The localization scenario in this model uses number of RISs (𝑁𝑅𝐼𝑆) with known positions, 

𝒑𝑅𝑖 , i ∈ (1, 2, . . , 𝑁𝑅𝐼𝑆) as shown in Fig. 2. 

 
Fig. 2. Multi RIS localization Model. 

 

By exploiting RIS beam sweeping method, which is described in section 3.1, the angle 

from each RIS towards the UE will be estimated. Each RIS performs a beam sweeping to scan 

the working area with 𝑆 equally spaced beams. The working area is defined at each RIS by 

confining angles which select the start and end angles of the beam sweeping.  

The highest received signal power from the RIS will determine the angle from that RIS 

towards the UE assumed the UE is lie at the center of the beam has the index of the maximum 

received signal as in Eq. (20). These AoD measurements from multiple RIS reference points are 

used to estimate the UE position. Algorithm 1 , describes the proposed localization method. 

3.3. Fisher Information and Cramer-Rao Lower Bound 

The Cramer-Rao Lower Bound (CRLB) is a fundamental concept in estimation theory that 

provides a lower bound on the variance of any unbiased estimator. In the context of UE location 

estimation, the CRLB can be used to assess the minimum achievable variance of an unbiased 

estimator for the location of a user [35]. In this section, the CRLB is evaluated for UE location 

estimation which uses ToA and AoD measurements to estimate the UE position [36]. 
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Algorithm 1. Estimation of UE position using AoDs measurements 

Input: Anchor position (𝑝𝐴 ), RISs positions (𝑝𝑅𝑖 
). 

Initialize: number of beams (𝑆), confining angles 𝜑1 and 𝜑2, RIS phase profile 𝑊. 

1: for n = 1 to NRIS do 

2:  for m = 1 to S do 

3:   
Assign the particle RIS phase profile according to Eq.    

   (17) 

4:   Perform the beam sweeping 

5:   
Find smax according to Eq.       

   (20) 

6:  end Estimate AoD, i.e., φsmax
 

7: end  

8: Obtain: NRIS of AoDs 

9: for i = 1 to no. of AoDs do 

10:  Find the line which the UE lies on it as, y − pRi,y = tan(θsmax,i) (x − pRi,x ) 

11: end  

12: Compute:  

13: a. Intersection points for each two lines using trigonometric and vector methods 

14: b. UE position from the intersection points using consensus fusion method 

15: Output: The final estimation p̂U  

The CRLB of an estimator can be obtained from the Fisher information matrix (FIM), 

which may be constructed using the log-likelihood function of the estimated parameters.  

In this study, the estimator parameters vector can be written as, 

�̂�𝐸𝑠𝑡 = [�̂�𝑅𝑈,𝑖
⊤ , �̂�𝑅𝑈,𝑖

⊤ ]
⊤
     ∈ ℝ2𝑁𝑅𝐼𝑆×1 , 𝑖 ∈ (1, 2, . . , 𝑁𝑅𝐼𝑆)      (22) 

where �̂�𝑅𝑈,𝑖 is the estimated distance, obtained from the estimated ToA, from the 𝑖𝑡ℎ RIS to the 

UE, and �̂�𝑅𝑈,𝑖 is the estimated azimuth angle between the 𝑖𝑡ℎ RIS to the US, i.e.,  

�̂�𝑅𝑈,𝑖
⊤ = [�̂�𝑅𝑈,1, �̂�𝑅𝑈,2 … �̂�𝑅𝑈,𝑁𝑅𝐼𝑆

] 

�̂�𝑅𝑈,𝑖
⊤ = [�̂�𝑅𝑈,1, �̂�𝑅𝑈,2 … �̂�𝑅𝑈,𝑁𝑅𝐼𝑆

]    (23) 

According to [36], the likelihood function of the estimator parameters vector  �̂�𝐸𝑠𝑡, can be 

described as, 

𝑓(�̂�𝐸𝑠𝑡) = ∏
1

2√2𝜋3𝜎𝑑𝑅𝑈,𝑖
𝜎𝜑𝑅𝑈,𝑖

𝑒
−[

(�̂�𝑅𝑈,𝑖−𝑑𝑅𝑈,𝑖)
2

2𝜎𝑑𝑅𝑈,𝑖
2 +

(�̂�𝑅𝑈,𝑖−𝜑𝑅𝑈,𝑖)
2

2𝜎𝜑𝑅𝑈,𝑖
2 ]

𝑁𝑅𝐼𝑆
𝑖=1     (24) 

Then, the CRLB of the estimator or the positioning error bound (𝑃𝐸𝐵) can be written as, 

𝑃𝐸𝐵 =  √𝑇𝑟(𝑭𝑰𝑴𝒑𝑢
−1)          (25) 

where 𝑭𝑰𝑴𝒑𝑢
−1 is the inverse of FIM for the location parameters, 

𝑭𝑰𝑴𝒑𝑢
=  𝔼(𝑫𝐸𝑠𝑡

⊤ 𝑹𝐸𝑠𝑡𝑫𝐸𝑠𝑡)    (26) 

𝑫𝐸𝑠𝑡 = 𝑑𝑖𝑎𝑔 (𝜎𝑑𝑅𝑈,1

−2 , … , 𝜎𝑑𝑅𝑈,𝑁𝑅𝐼𝑆

−2 , 𝜎𝜑𝑅𝑈,1
−2 , … , 𝜎𝜑𝑅𝑈,𝑁𝑅𝐼𝑆

−2 )    (27) 
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𝑹𝐸𝑠𝑡 =

[
 
 
 
 
 
 
 
 
 

𝑥𝑈−𝑥𝑅1 

𝑑𝑅𝑈,1

𝑦𝑈−𝑦𝑅1 

𝑑𝑅𝑈,1

⋮ ⋮
𝑥𝑈−𝑥𝑅𝑁𝑅𝐼𝑆

 

𝑑𝑅𝑈,𝑁𝑅𝐼𝑆

𝑦𝑈−𝑦𝑅𝑁𝑅𝐼𝑆
 

𝑑𝑅𝑈,𝑁𝑅𝐼𝑆
𝑦𝑈−𝑦𝑅1 

𝑠1
2

𝑥𝑈−𝑥𝑅1 

𝑠1
2

⋮ ⋮
𝑦𝑈−𝑦𝑅𝑁𝑅𝐼𝑆

 

𝑠𝑁𝑅𝐼𝑆
2

𝑥𝑈−𝑥𝑅𝑁𝑅𝐼𝑆
 

𝑠𝑁𝑅𝐼𝑆
2 ]

 
 
 
 
 
 
 
 
 

                 (28) 

𝑠𝑖 = √(𝑥𝑈 − 𝑥𝑅𝑖 )
2
+ (𝑦𝑈 − 𝑦𝑅𝑖 )

2
   …  𝑖 ∈ (1, 2, . . , 𝑁𝑅𝐼𝑆)    (29) 

4. SIMULATION MODEL AND NUMERICAL RESULTS 

4.1. Simulated Scenario 

To investigate the model in section 3.1 with different parameters and evaluate the 

proposed algorithm's performance in section 3.2, we have implemented the simulation 

scenarios and consider the setup in Fig. 3. 

 

 
Fig. 3. Simulation Setup. 

The parameters are set up as follows: the x-axis points of RIS-1 to RIS-5 are 

(−10,−5,0,5,10)  meters, respectively, while the y-axis points for all the RISs are zeroes,                  

𝒑𝐴 = (−50,80), the UE is assumed to be uniformly distributed in the working area which is 

bounded by (10,50) meters and (40,80) meters on x-axis and y-axis respectively.  

Regarding the communication and channel parameters, we considered the values that 

are consistent with the suggested in [19, 20, 28, 31–33]. So, the carrier frequency is equal to                  

𝑓𝑐 =  28 𝐺𝐻𝑧, subcarrier spacing ∆𝑓= 120 𝑘𝐻𝑧, OFDM subcarriers and pilot symbols 𝑁𝑠𝑐 = 128 

and 𝑇 = 256  is used accurate ToA estimation, IFFT oversampling 𝑁𝑜𝑠 = 8 , the transmitted 

power 𝑃𝑇 = 23 dBm, the noise power spectral density is set to 𝑁𝑜𝑠 = −170 dBm/Hz,  the path 

loss exponent 𝜇 = 2.08. 
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4.2. Discussion 

4.2.1. Impact of RIS Elements Number on the Location Estimation for Model 1 

The simulation results in this section are obtained from model 1 in section 3.1 which use 

ToA and AoD in a single RIS scenario discussed in [28]. In Fig. 4 the average error of the 

localization versus the number of RIS elements for various numbers of beams used in the beam 

sweeping process is illustrated. As depicted in Fig. 4, increasing of the number of beams has a 

great impact on the localization accuracy for the same number of RIS elements, e.g., when the 

number of elements is 256, the error decreased from about 3.76 𝑚 to 21 𝑐𝑚 using 4 and 64 

beams, respectively. On the other hand, the error exhibits flooring when the number of 

elements exceeds 256 elements for most of the cases particularly when the number of beams is 

greater than 16.  

 
Fig. 4. Average localization error versus number of RIS elements for the single RIS model. 

This appears more clearly by plotting the average error versus the number of beams for 

a different number of RIS elements as illustrated in Fig. 5. Moreover, the numerical results are 

benchmarked by evaluating PEB for the considered localization parameters which 

demonstrated that the performance converges the bound when sufficient number of beams is 

used. It can be concluded that the number of beams significantly affects the localization 

accuracy as the beams should scan the working area with fine grained resolution.  

On the other hand, using RIS with a large number of elements demonstrated a marginal 

effect on the localization accuracy particularly when plentiful beams are used to scan the region 

of interest. This motivates to use of multi-RIS that contains a critically sufficient number of RIS 

elements for the beamforming design. 

4.2.2. Impact of Number of RISs and Beams on the Location Estimation for the Proposed Model 2 

The simulation results in this section are obtained from model 2 in section 3.2 which uses 

only AoDs in a multi-RIS scenario, where the AoDs are estimated by exploiting the beam 

sweeping. All the results in this section use 128 elements in each RIS guided by the simulation 
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result obtained in Fig. 5. The average localization error for the proposed localization method is 

evaluated in Fig. 6 for different numbers of RISs versus the number of beams for each RIS. As 

illustrated, the localization error is significant when using only two RISs, and the error is 

decreased by increasing the number of RISs.  
 

 
Fig. 5 Average localization error versus number of beams for the single RIS model. 

 

 
Fig. 6. Average localization error versus number of beams for the proposed multi-RIS model. 

The reduction in the error appears brightly using 64 beams for each RIS, as it decreased 

from 1.96 𝑚 to 0.7 𝑚 by using two RISs and five RISs respectively. That means that this method 

needs a sufficient number of beams in addition to enough RISs to provide the diversity of the 

localization parameters, that is because only the angles (AoDs) are used to estimate the position 

of the UE and those angles are obtained from choosing the highest received signal 

corresponding to a known sweeping angle. In addition, the accuracy of the proposed multi-RIS 
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localization outperforms the performance of the single RIS with ToA estimation by increasing 

the number of RISs and the number of beams.  

Nevertheless, the performance of single RIS with ToA estimation is shown to outperform 

the localization model 2 presented in this paper when the number of beams is not sufficient to 

scan the region of interest due to the additional radio measurement provided by ToA that does 

not rely on beam sweeping. However, the performance of the two models converges when the 

ToA is fine-tuned using search optimization when the number of beams and RISs is sufficient. 

Furthermore, it should be emphasized that the localization procedure of model 2 

proposed in this paper alleviates the requirement of ToA estimation used in model 1 which 

requires significant computational complexity due to the use of IFFT for a sufficient number of 

transmissions and search optimization to obtain accurate estimation of ToA. 

The cumulative distribution functions (CDFs) of the localization errors using 8, 16, 32 and 

64 beams are shown in Fig. 7a, b, c, and d, respectively. The CDFs of positioning errors using 

two, three, four and five RISs are shown in green, blue, red, and black curves respectively. As 

illustrated in Fig. 7, it is obvious that positioning results improved by increasing the number of 

beams for the beam sweeping and the number of RISs. Fig. 8 summarizes the CDF evaluation 

for the cases of using three, four, and five RISs and changing the number of beams from 4 to 64 

to sweep the working area. 

 

Fig. 7. CDFs of the localization error using AoDs measurements using: a) 8-beams; b) 16-beams; c) 32-beams;          

d) 64-beams. 
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Fig. 8. CDFs of the localization error using AoDs measurements using: a) 3-RISs; b) 4-RISs; c) 5-RISs. 

 

It is essential to highlight the strengths and weaknesses of the proposed scheme then 

highlight the trade-offs associated with the proposed method to provide a comprehensive and 

balanced perspective. The proposed scheme shows improved localization accuracy with the 

adoption of multi-RIS compared to a single RIS using coarse ToA and AoD estimations. In 

addition, the computational complexity of the proposed method has been alleviated by 

eliminating the ToA estimation and that will make the system more efficient with respect to 

energy consumption. On the other hand, multi-RIS scenario need extra transmissions to 

perform the beam-sweeping process for each RIS towards the area of interest, these additional 

transmissions can potentially increase the latency and might impose some restrictions in 

applications that require low-latency responses. 

5. CONCLUSIONS 

This paper discussed the performance evaluation of RIS aided localization model 

considering single and multi-RIS scenarios using beam sweeping approach for the region of 

interest to estimate the AoD. A thorough investigation of the single RIS localization model that 

adopts both ToA and AoD estimation is presented via numerical simulation and PEB 

benchmark. It is demonstrated that a sufficient number of beams is required to achieve 

reasonable localization accuracy while the increase in the number of RIS elements has a 

marginal impact on the performance. In addition, a localization scheme that adopts multi-RISs 
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for the estimation of AoDs is proposed in this paper. The intersection of AoD measurements 

with consensus-based fusion of the estimations is adopted. The proposed scheme alleviates the 

need for ToA estimation which requires IFFT computation for a sufficient number of 

transmissions and fine tuning the estimation using computational complex search 

optimization. The proposed scheme has low computational complexity compared with the 

single RIS that requires the estimation of ToA while numerical simulation results demonstrated 

that the proposed scheme provides sufficient and acceptable coarse localization accuracy with 

the adoption of multi-RISs outperforming the performance of single RIS that employs coarse 

ToA and AoD estimations. Considering the low computational complexity and sufficient 

localization accuracy, the proposed scheme requires extra transmissions during beam-

sweeping process. 
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