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Multi-RIS-Enabled 3D Sidelink Positioning
Hui Chen, Member, IEEE, Pinjun Zheng, Musa Furkan Keskin, Member, IEEE,
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Abstract—Positioning is expected to support communication
and location-based services in the fifth/sixth generation (5G/6G)
networks. With the advent of reflective reconfigurable intelligent
surfaces (RISs), radio propagation channels can be controlled,
making high-accuracy positioning and extended service coverage
possible. However, the passive nature of the RIS requires a
signal source such as a base station (BS), which limits the
positioning service in extreme situations, such as tunnels, dense
urban areas, or complicated indoor scenarios where 5G/6G BSs
are not accessible. In this work, we show that with the assistance
of (at least) two RISs and sidelink communication between two
user equipments (UEs), the absolute positions of these UEs can
be estimated in the absence of BSs. A two-stage 3D sidelink
positioning algorithm is proposed, benchmarked by the derived
Cramér-Rao bounds. The effects of multipath and RIS profile de-
signs on positioning performance are evaluated, and localization
analyses are performed for various scenarios. Simulation results
demonstrate the promising positioning accuracy of the proposed
BS-free sidelink communication system. Additionally, we propose
and evaluate several solutions to eliminate potential blind areas
where positioning performance is poor, such as removing clock
offset via round-trip communication, adding geometrical prior
or constraints, as well as introducing more RISs.

Index Terms—3D positioning, reconfigurable intelligent sur-
face, 5G/6G, sidelink communication, Cramér-Rao bound.

I. INTRODUCTION

Knowing the position of a mobile device is crucial in various
scenarios, starting from emergency services (e.g., disaster
rescue) and then extended to daily location-based applications
(e.g., navigation and augmented reality) [1]. Global navigation
satellite system (GNSS) is one of the most successful position-
ing systems, which is highly effective in outdoor scenarios
but has persistent challenges in dense urban areas and indoor
environments. With the increased frequency and bandwidth
of the millimeter wave (mmWave)/Terahertz (THz) systems
in the fifth/sixth generation (5G/6G) systems, promising po-
sitioning solutions are emerging to complement GNSS, and
also making communication and positioning integrated and
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beneficial to each other [2], [3]. Position information can be
extracted from channel estimation using radio signals, which
can further assist communication with handover [4], and re-
establishment of communication links [3]. Such integration
provides versatile 5G/6G radio systems that can support both
communications and positioning functions without introducing
extra infrastructure deployments.

Positioning in the 5G new radio (NR) has been studied
in TR38.855 [5] and more recently in TR38.895 [?], with
initial efforts being carried out in both academia and industry.
Based on existing mmWave positioning research works, huge
potential has been shown in angle-based positioning [6],
multipath resolvability [7], positioning under mobility [8], and
6D positioning scenarios [9]. Verification and evaluation of the
onsite positioning systems have also been carried out with 5G
base stations in indoor [10], [11] and outdoor scenarios [12].
However, no existing works have reported 5G positioning
with comparable performance reported in theoretical analysis
or expected in future use cases. The model mismatch (e.g.,
caused by hardware impairment [13], the effect of multi-
path [14], erroneous motion model [15]) and harsh propagation
channels [16] constitute major factors that prevent the radio
positioning system from achieving high-accuracy performance.
These factors cause errors in channel parameter estimation
and further affect the positioning performance, especially for
UEs located far away from the BSs, where signal-to-noise-
ratio (SNR) is low and angle estimation error propagates
with distance. Laying out a denser network with more active
anchors can mitigate the above-mentioned positioning errors.
However, network deployment cost increases with densifica-
tion (especially for positioning where usually multiple base
stations (BSs) are needed at the same time), requiring new
enablers to accomplish positioning tasks.

One of the most promising enablers is sidelink commu-
nication (or device-to-device communication), introduced in
3GPP Release 12 [17], and more recently standardized in
Release 16 [18] to support FR1 and the mmWave range
FR2. With direct communication between devices, cooperative
positioning is possible, which reduces the requirement for
densely deployed BSs. In general, relative position information
between each device/vehicle can be obtained in a cooperative
positioning network given a sufficient number of vehicles [19].
With an anchor provided in a global coordinate system, the
true positions of all the devices can be obtained. Moreover, the
sidelink can also be implemented in partial coverage and out-
of-coverage areas for positioning, where the relative location
will be beneficial to vehicles in various applications such as
platooning, collision avoidance, and so on [20].

Another promising technology that has been studied exten-
sively for positioning (yet not standardized) is reconfigurable
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intelligent surface (RIS) [21]–[23].1 RISs consist of config-
urable elements with the ability to reshape the channel by
changing the phase of the incident signals. For communication,
RISs are able to provide improved SNR, reduced interference,
and extended coverage under blockage. From the positioning
point of view, RISs can work as additional passive anchors
and provide high-resolution angular information by virtue
of a large number of RIS elements. With the assistance
of RIS, various positioning scenarios are created, from the
simplest scenario where a UE can be localized in a single-
input-single-output (SISO) system [8] to joint localization and
mapping with multiple RISs [27]. In bi-static and multi-static
sensing scenarios, when an object is equipped with a RIS, the
object can be passively localized with transmitter and receiver
anchors [28]. More recent works show joint RIS calibration
and UE positioning can be performed simultaneously within a
single-input-multiple-output (SIMO) system, providing a prac-
tical solution for RIS calibration [29], [30]. All of these works
have shown a huge potential for RIS in 5G/6G positioning.

Both sidelink communication and RIS are promising en-
ablers for 5G/6G systems, which have been separately studied
in most of the works. The discussion on combining these
two technologies for low-latency and high-reliability com-
munication has been discussed in [31], while positioning
works appear quite recently [32], [33] with a major feature
of no BSs being involved, resulting in the transmitter (TX)
and receiver (RX) both with unknown positions. In [32],
sidelink positioning with RISs is discussed at a high level with
localization and sensing scenarios, architectures, and protocols
being discussed. Regarding the technical contributions, the
work in [33] requires the cooperation of multiple UEs with
only time-of-arrival information being considered, and self-
localization has been studied in [34] where the user equipment
(UE) is equipped with a full-duplex array. However, the former
case did not benefit from the high angular resolution of RISs,
and the latter scenario requires extra hardware cost to upgrade
half-duplex arrays into (radar-like) full-duplex arrays. More
recent work shows that cooperative localization can benefit
from spatial frequency estimation with a single RIS. However,
at least three UEs are required, and the coordination of multi-
UE transmission increases positioning overhead [35].

To the best of our knowledge, this is the first technical work
that discusses the multi-RIS-enabled 3D sidelink positioning
problem, which aims to locate both the transmitter and the
receiver using one-way pilot signal transmission without full-
duplex hardware requirements. We will show that with a
sufficient number of RISs (at least two) involved, the
3D absolute positions of two single-antenna UEs can be
estimated using sidelink communication in the absence
of BSs, making ubiquitous positioning possible. Such an
application can be used in partial coverage and out-of-coverage
scenarios (such as tunnels or rural areas) without any BSs
involved [36]–[38]. By relying on the deployment of quasi-
passive RISs and the cooperation of UEs/vehicles via sidelink

1Throughout this work, we consider passive RISs due to their advantage
of low power consumption and low deployment cost. However, other types
of RIS also exist, such as active RIS [24], hybrid RIS [25], and simultaneous
transmissive and receiving (STAR) RIS [26], which are left for future work.

communication, localization tasks can be accomplished with
low-cost systems.

In this work, we consider a 3D SISO sidelink communica-
tion scenario with two UEs and several passive RIS anchors.
The contributions of this work can be summarized as follows:

• We formulate the problem of multi-RIS enabled 3D
SISO sidelink positioning. In this scenario, the RISs (at
least two) work as passive anchors with known positions
and orientations. With sidelink communication, the 3D
positions (absolute positions with respect to the global
coordinate system) of both UEs and the clock offset
between them can be estimated. Note that this problem is
fundamentally different from previous positioning works
as we do not assume the state of one of the TX or RX to
be known as in [8], and we do not assume a full-duplex
transceiver is implemented as in [34].

• We derive the Cramér-Rao bounds (CRBs) for both chan-
nel parameter estimation and positioning, which serve
several purposes: a) to benchmark the proposed posi-
tioning algorithms; b) to evaluate the different designs
of RIS profiles; c) to provide guidelines on blind areas
(where positioning task cannot be completed) evaluation
and anchor deployment optimization.

• We adopt a time-orthogonal RIS profile design scheme
to assist channel estimation by differentiating the LOS
path, and each of the RIS paths from each other. With
this scheme, we design positioning-oriented RIS profiles
based on directional and derivative codebooks from prior
UE information, which can be further improved with
power control.

• We develop a low-complexity channel parameter estima-
tion to obtain the delays and spatial frequencies (sep-
arate estimation of angles-of-arrival (AOA) and angles-
of-departure (AOD) is not possible in this scenario due
to inherent ambiguity, which will be described in Sec-
tion II-D). Based on the delay and spatial frequency
estimates from multiple RISs, a 3D-search positioning
algorithm is developed to estimate the 3D positions of
both UEs and the clock offset between them. In addition,
maximum likelihood estimators for channel parameter es-
timation and positioning are also formulated for refining
results.

• Extensive simulations are carried out to show the ef-
fectiveness of the derived performance analysis and the
proposed algorithm. The effects of multipath and RIS
profile designs on positioning performance are evaluated.
Several RIS deployment strategies (e.g., placed on one
side or both sides of the road), and further sidelink
positioning system designs are suggested.

The structure of this paper is organized as follows. Section II
discusses the system model, based on which problem formula-
tion will be described. The performance analysis, including the
lower bounds for channel parameters and position estimation,
is provided in Section III. Section IV details the methodology
of the RIS profile design and positioning algorithm. Simulation
results are presented in Section V, followed by the conclusion
of this work in Section VI.
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Fig. 1. Illustration of multi-RIS-enabled 3D sidelink positioning. With the help of multiple (at least two) RIS anchors, the positions of both UEs (with respect
to the global coordinate system) and the clock offset between them can be estimated through a one-way sidelink communication.

Notations and Symbols: Italic letters denote scalars (e.g. a),
bold lower-case letters denote vectors (e.g. a), and bold upper-
case letters denote matrices (e.g. A). (·)⊤, (·)H, (·)∗, (·)−1,
tr(·), and ∥·∥ represent the transpose, Hermitian transpose,
complex conjugate, inverse, trace, and ℓ-2 norm operations,
respectively; A ⊙ B, A ⊗ B, a ◦ b are the Hadamard
product, Kronecker product, and outer product, respectively;
[·, ·, · · · , ·]⊤ denotes a column vector; [·]i,j is the element
in the i-th row, j-th column of a matrix, and [·]a:b,c:d is the
submatrix constructed from the a-th to the b-th row, and the c-
th to d-th column of a matrix; Re{a} extracts the real part of a
complex variable, ∠(a) returns the phase of a complex number
a; 1N denotes an N × 1 all ones vector, and IN denotes a
size-N identity matrix.

II. SYSTEM MODEL

In this section, we describe the geometry model, signal
model, and problem statement of the considered multi-RIS-
enabled 3D sidelink positioning.

A. Geometry Model

We consider a 3D SISO scenario with L > 1 RISs and two
unsynchronized single-antenna UEs, where the 3D positions of
both UEs need to be estimated via sidelink communication,
as shown in Fig. 1. The TX and the RX UEs are located at
pT, pR ∈ R3, respectively. The positions (array centers) and
orientations of L RISs are denoted by p1, . . . ,pL ∈ R3, and
Euler angle vectors o1, . . . ,oL ∈ R3 (which can be mapped
into rotation matrices R1, . . . ,RL that belong to the special
orthogonal group in three dimensions denoted SO(3) [3]),
respectively. For simplicity, we assume all the RISs consist of
N = N1 ×N2 RIS elements with N1 and N2 as the number
of rows and columns, respectively. In addition, without loss of
generality, all the RIS elements are located on the Y-Z plane
of each RIS’s local coordinate system with the n-th element
located at zn = [0, zn,2, zn,3]. The AOA φA,ℓ at the ℓ-th RIS

from the TX UE and the AOD φD,ℓ from the same RIS to the
RX UE can then be expressed as

φA,ℓ =

[
ϕA,ℓ

θA,ℓ

]
=

[
arctan 2(tT,ℓ,2, tT,ℓ,1)

arcsin(tT,ℓ,3)

]
, (1)

φD,ℓ =

[
ϕD,ℓ

θD,ℓ

]
=

[
arctan 2(tR,ℓ,2, tR,ℓ,1)

arcsin(tR,ℓ,3)

]
, (2)

where ϕ and θ are the azimuth and elevation angles, re-
spectively. Let tT,ℓ = [tT,ℓ,1, tT,ℓ,2, tT,ℓ,3]

⊤ and tR,ℓ =
[tR,ℓ,1, tR,ℓ,2, tR,ℓ,3]

⊤ denote the direction vectors in the local
coordinate system of the ℓ-th RIS to the TX and RX, respec-
tively. These vectors can be expressed using global positions
pT, pR, pℓ and rotation matrix Rℓ as

tT,ℓ = R−1
ℓ

pT − pℓ

∥pT − pℓ∥
=

cos(ϕA,ℓ) cos(θA,ℓ)
sin(ϕA,ℓ) cos(θA,ℓ)

sin(θA,ℓ)

 , (3)

tR,ℓ = R−1
ℓ

pR − pℓ

∥pR − pℓ∥
=

cos(ϕD,ℓ) cos(θD,ℓ)
sin(ϕD,ℓ) cos(θD,ℓ)

sin(θD,ℓ)

 . (4)

We also assume the existence of M =
∑L

ℓ=0 Mℓ multipath
components (MPCs) with M0 TX-scattering point (SP)-RX
MPCs, and Mℓ MPCs in the ℓ-th RIS channel (in the forms of
TX-SP-RIS-RX or TX-RIS-SP-RX). The corresponding AOD,
AOA, and direction vectors at the RIS with respect to the SP
pℓ,m can be defined similarly based on (1) to (4).

B. Signal Model

Assume K subcarriers are adopted in a wideband system
during the sidelink communication, and G orthogonal fre-
quency division multiplexing (OFDM) symbols are sent during
the coherence time. The received signal block Y ∈ CK×G can
be formulated as

Y = YU +YR +N, (5)

where N ∈ CK×G is the additive white Gaussian noise matrix
with each element nk,g ∼ CN (0, σ2

n) and σ2
n = WN0 depend-

ing on the bandwidth W and the noise power spectral density
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(PSD) N0, YU and YR are the received signal matrix of the
uncontrollable paths and RIS paths. We adopt a geometric
channel model (e.g., the Saleh-Valenzuela model [39] used
for mmWave and THz systems) to account for the multipath
effect [40], [41], and the received signals can be modeled as

YU = (HU +HU,MP)⊙X (6)

=
(
ρ0D(τ0)︸ ︷︷ ︸
LOS channel

+

M0∑
m=1

ρ0,mD(τ0,m)︸ ︷︷ ︸
uncontrolled multipath channel

)
⊙X,

YR =

L∑
ℓ=1

(HR,ℓ +HR,MP,ℓ)⊙X (7)

=

L∑
ℓ=1

(
ρℓD(τℓ)⊙Aℓ(ψℓ)︸ ︷︷ ︸

ℓ-th RIS channel

+

Mℓ∑
m=1

ρℓ,mD(τℓ,m)⊙Aℓ(ψℓ,m)︸ ︷︷ ︸
ℓ-th RIS multipath channel

)
⊙X.

Here, HU, HU, MP, HR and HR, MP are the channel matrix
of the LOS path, uncontrolled multipath RIS path, and RIS
multipath, respectively. The pilot signal matrix X is defined
as

X =
√
Pxδ⊤ ∈ CK×G, δ = [δ1, . . . , δG]

⊤ (∥δ∥ =
√
G),

(8)
where x ∈ CK (|xk| = 1) represents the transmitted symbols
for K subcarriers, and the transmission power of the g-th
transmission is δ2gP , where δ = 1G indicates a constant
transmit power during G transmissions. Here, we use the same
x for all the G transmissions for simplicity, and the aim of
introducing δ is to implement a constrained power control for
each transmission/RIS beam to enhance positioning accuracy
with the same total transmission power, which will be detailed
in Section IV. The complex channel gains of the line-of-sight
(LOS) path, m-th uncontrolled multipath, ℓ-th RIS path and
the m-th multipath involving the ℓ-th RIS are denoted as ρ0,
ρ0,m, ρℓ, and ρℓ,m, respectively. The subscripts also apply to
the signal propagation delays of different paths such as τ0,
τ0,m, τℓ, τℓ,m.

The delay matrix D(τ) = d(τ)1⊤
G ∈ CK×G contains the

delay information of a specific signal propagation path across
different subcarriers as2

[D(τ)]k,g = dk(τ) = e−j2πk∆fτ , (9)

with ∆f = W/K as the subcarrier spacing. The delay for the
LOS channel τ0 and for the τℓ RIS channel can be expressed
as

τ0 =
d0 +B

c
=

∥pT − pR∥+B

c
, (10)

τℓ =
dT,ℓ + dR,ℓ +B

c
=

∥pT − pℓ∥+ ∥pR − pℓ∥+B

c
,

(11)

2We assume the movement within the coherence time is negligible and
hence the delay at the k-th subcarrier is identical across different transmis-
sions.

with B indicating the clock offset (converted to meters)
between the two UEs. Considering a SP located at p0,m

affecting the LOS channel and a SP located at pℓ,m affecting
the ℓ-th RIS channel, the delay of multipath TX-SP-RX τ0,m
and TX-SP-RIS-RX τℓ,m can be expressed as

τ0,m =
dT,m + dR,m +B

c
(12)

=
∥pT − p0,m∥+ ∥pR − p0,m∥+B

c
,

τℓ,m =
dT,m + dℓ,m + dR,ℓ +B

c
(13)

=
∥pT − pℓ,m∥+ ∥pℓ − pℓ,m∥+ ∥pR − pℓ∥+B

c
.

The delay of the TX-SP-RIS-RX multipath can also be de-
fined similarly3. Considering the high pathloss of the RIS
channel and the complexity of problem formulation, multi-
RIS-involved paths (e.g., TX-RIS1-RIS2-RX path) are not
considered throughout this work.

The matrix Aℓ(ψ) ∈ CK×G captures the effect of the ℓ-th
RIS’s phase modulation with each element expressed as

[Aℓ(ψ)]k,g = ag(ψ) = a(φD)
⊤Ωℓ,ga(φA) (14)

= ω⊤
ℓ,g(a(φD)⊙ a(φA)),

where Ωℓ,g = diag(ωℓ,g) ∈ CN×N is a diagonal matrix and
ωℓ,g = [ωℓ,g,1, . . . , ωℓ,g,N ] (|ωℓ,g,n| = 1) is a vector con-
taining all the RIS element coefficients. The steering vectors
a(φA) and a(φD) (based on the far-field assumption4) can be
expressed as

a(φ) = ej
2πfc

c Z⊤t(φ), (15)

with Z = [z1, . . . , zn] ∈ R3×N containing the positions of all
the RIS elements (in the local coordinate system of the RIS),
and t(φ) can be obtained from (3) and (4). The AOA and
AOD of the l-th RIS path are denoted as ψℓ = [φ⊤

A,ℓ,φ
⊤
D,ℓ]

⊤,
defined in (1) and (2), while the multipath AOA/AOD vector
ψℓ,m can be defined similarly based on the position of the
incidence point pℓ,m.

C. Spatial Frequency in the RIS Channel

In a RIS-aided positioning system, if RISs are used as
reflecting anchors for time-difference-of-arrival (TDOA)-based

3Note that the single-bounce MPCs (TX-SP-RX) can be harnessed in
MIMO and MISO systems [42], [43]. In the SISO system, the delay estimation
of the multipath is insufficient to obtain the position of the incidence point,
and hence, no extra information will be provided for the UE location. By
considering double- or multi-bounce MPCs (e.g., TX-SP-RIS-RX path) in
RIS-aided SISO positioning, the performance might be improved. However,
it is shown that the improvement is limited due to the severe pathloss, and the
detection/association problems are challenging due to the multipath observa-
tion of each object via both single-bounce and double-bounce paths [44]. As
a consequence, we only include MPCs in channel modeling and simulations,
but the exploitation of MPCs for positioning is not considered.

4Assume a 30GHz SIMO system with a 10 × 10 array is adopted, the
Fraunhofer distance can be calculated as 2D2

λ
=

2∗(
√
2∗0.05)2
0.01

= 1m.
Based on [45], the near-field condition for a SISO system with a 10 × 10

RIS is d1d2
d1+d2

< 2D2

λ
with d1 and d2 as the distances from the RIS to

TX and RX, respectively. This indicates that the far-field condition is valid
if d1 > 2m and d2 > 2m. This work considers TX and RX positions
satisfying the far-field condition, and leaves near-field for future work.
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localization (e.g., two-step positioning in [14]), at least 6 RISs
are needed for 3D sidelink positioning due to the unknown TX
and RX states. However, by exploiting the angular information
at RIS, the number of the required RIS anchors can be reduced
to 2, which is the scenario considered in this work. In most
of existing RIS-aided localization works, the state of BS is
known, and hence either ϕD or ϕA is known (e.g., in [8]).
When full-duplex transceivers are available, such as in self-
localization or monostatic sensing scenarios [34], ϕD and ϕA
are identical, and hence the channel parameters estimation of
the RIS path can provide the direction of the UE directly in
most existing works.

In this sidelink positioning scenario, however, since the
AOD and AOA are both unknown, the positioning task is more
challenging due to the coupling of AOA and AOD as shown
in (14). To facilitate the positioning task, we define a steering
vector [29]

aR(φD,φA) = a(φD)⊙ a(φA) = ej
2πfc

c Z⊤tR(φD,φA), (16)

where
tR(φD,φA) = t(φD) + t(φA). (17)

Note that the first row of the matrix Z contains all zeros (RIS
elements are located on the local Y-Z plane), meaning the
first element of the vector tR cannot be estimated.5 By further
defining ξ and ζ as the second and third entry of the vector
tR(φD,φA) given by

ξ = sin(ϕA) cos(θA) + sin(ϕD) cos(θD), (18)
ζ = sin(θA) + sin(θD), (19)

and the matrix Aℓ(ψ) in (14) can also be expressed using
spatial frequencies ξ and ζ as

[Aℓ(ξ, ζ)]g,k = ω⊤
ℓ,gaR(ξ, ζ) = ω

⊤
ℓ,ge

j 2πfc
c Z⊤[0,ξ,ζ]⊤ . (20)

These spatial frequencies (i.e., ξ, ζ) become channel parame-
ters to be estimated at the RIS channel, instead of the AOA
and AOD. We note from (18) that inherent ambiguities exist
in estimating AOD and AOA from the spatial frequencies ξ
and ζ since many different AOD-AOA pairs can be mapped
to a single ξ-ζ pair, making absolute sidelink positioning task
challenging.

D. Problem Statement

We first define a channel parameter vector as ηAll =
[η⊤,η⊤

MP]
⊤, where η = [η0,η1, . . . ,ηL] ∈ R5L+3 contains

all the parameters related to LOS and RIS channels with
η0 = [τ0, α0, β0]

⊤ and ηℓ = [ξℓ, ζℓ, τℓ, αℓ, βℓ]
⊤, and ηMP

contains all the multipath-related channel parameters. In the
vector ηAll, α and β are the amplitude and phase of the
complex channel gain (i.e., ρ = αe−jβ), τ is the delay, ξ and
ζ are spatial frequencies. Since the MPCs do not contribute to
positioning and we do not exploit the mapping functionality in
this work, we focus on the analysis of η, and the corresponding
state vector s = [p⊤

T ,p⊤
R , B, α0, β0, . . . , αL, βL]

⊤ ∈ R3L+7

5In the scenarios where RIS is not planar (e.g., a cylinder array), all the
three elements in tR can be estimated directly, which is not discussed in this
work.

containing the 3D positions of two UEs, a clock offset
B, and the complex channel gains. To assist analysis and
algorithm development, we further define a nuisance-free
channel parameter vector ηN = [ηN,0,ηN,1, . . . ,ηN,L]

⊤ =
[τ0, τ1, ξ1, ζ1, . . . , τL, ξL, ζL]

⊤ and a nuisance-free state vector
sN = [p⊤

T ,p⊤
R , B]⊤ ∈ R7. The vector sN may have a posterior

density function Prob(s) to optimize RIS profile for a better
positioning performance, as will be discussed in Section IV-A.

Based on the definitions above, we are able to formulate the
sidelink positioning problem as the estimation of the geometric
channel parameter vector η from the observed signal Y, and
then calculate the state vector s based on η (detailed in
Section IV-B and IV-C). To make sure the number of channel
parameters (i.e., η with 5L + 3 elements) is larger than the
number of state parameters (i.e., s with 3L + 7 elements),
the minimum number of RISs needed is L = 2 for the LOS-
available. For the LOS-blockage scenario, at least L = 3 RISs
are needed. Since the positioning task can be performed by
a one-way positioning pilot signal transmission, the problem
formulation can be extended to multiple UEs, as will be
discussed in Section IV-E. Considering sidelink positioning
requires multiple RISs as positioning anchors, the calibration
of RISs is needed, and possible solutions can be found in [28]–
[30], [46], which will not be discussed in this work.

III. LOWER BOUND ANALYSIS

In this section, we derive the CRBs for the estimation of
the channel parameter vector η and state vector s, based on
the Fisher information matrix (FIM) analysis. 6

A. CRB of Channel Parameter Estimation

Based on the defined channel parameter vector ηAll, state
vector s, and the signal model in (5), (6), (7), the FIM of
channel parameter estimation can be obtained as [47] (Sec. 3)

I(ηAll) =
2

σ2
n

K∑
k=1

G∑
g=1

Re

{(
∂µk,g

∂ηAll

)H (
∂µk,g

∂ηAll

)}
. (21)

Here, µk,g = [YU]k,g + [YR]k,g is the noise-free observation
of the received signal. Note that for fixed system parameters
and pilot signals, the I(ηAll) depends on the system geometry
(i.e., the position of TX and RX, the position/orientation of
RISs, and RIS profiles.

In contrast to a MIMO system where multipath components
can help in localization, SPs in the SISO or SIMO/MISO
scenarios (e.g., multipath in the LOS and RIS channels of this
work) do not affect the localizability of the problem but may
degrade the performance of the algorithm (i.e., resulting in un-
resolvable paths). More discussions on the bounds considering
non-line-of-sight (NLOS) paths can be found in [48]. In this
work, we focus on the non-multipath channel parameters η,
whose FIM can be easily obtained as the equivalent FIM [3]

6In this work, we only consider the FIM provided by the data (i.e., received
signal) as I = ID for performance analysis and positioning algorithm design.
If the position prior information is available, the corresponding FIM IP will
only be used for RIS profile design in Section IV. However, IP can also be
easily included as I = ID + IP, for performance analysis (e.g., Bayesian
CRB) or estimator development (e.g., maximum a posteriori estimator).
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of the top-left submatrix as I(η) ∈ C(5L+3)×(5L+3). We
can further define delay error bound (DEB) and spatial error
bounds (SEBs) for τℓ, ξℓ, ζℓ as

EBτℓ =
√
[I(η)−1]1+5(ℓ−1),1+5(ℓ−1) , (ℓ ≥ 0), (22)

EBξℓ =
√
[I(η)−1]5ℓ−1,5ℓ−1 , (ℓ > 0), (23)

EBζℓ =
√
[I(η)−1]5ℓ,5ℓ , (ℓ > 0). (24)

B. CRB for 3D Sidelink Positioning
Based on I(η), the CRB of the state parameters s can be

obtained as

CRB ≜ [I(s)]−1
=

[
JSI(η)J⊤

S

]−1
, (25)

where JS ≜ ∂η
∂s ∈ R(3L+7)×(5L+3) is the Jacobian matrix

using a denominator-layout notation from the channel param-
eter vector η to the state vector s. We can further define the
position error bounds (PEBs), and clock offset error bound
(CEB) as

PEBT =
√

tr([I(s)−1]1:3,1:3), (26)

PEBR =
√

tr([I(s)−1]4:6,4:6), (27)

CEB =
√

([I(s)−1]7,7). (28)

The derived CRB can be used to assist RIS profile design
(see Section IV-A), select weight coefficients in positioning
algorithm (see Section IV-C), and evaluate the proposed po-
sitioning algorithm as well as RIS profile design performance
(see Section V).

IV. METHODOLOGY

In this section, we describe RIS profile design strategy,
codebooks for the scenarios with and without prior informa-
tion, channel parameter estimation algorithms, and positioning
algorithms.7

A. RIS Profile Design
In the positioning phase, we assume the RIS profiles (or

codebooks) are always known at the UE side via RIS-aided
positioning protocols [32]. To assist channel parameter esti-
mation, we adopt time-orthogonal RIS profiles to differentiate
independent RIS paths from the others [8]. We first divide
the total transmission G into Γ ≥ L + 1 blocks (each
block with G̃ = G/Γ OFDM symbols) and define a matrix
B ∈ CΓ×(L+1) containing orthogonal columns (e.g., from a
DFT matrix) as [14], [49]

B = [b0,b1, . . . ,bL], s.t. BHB = I(L+1)×(L+1), (29)

where each element inside B has a unit amplitude (i.e.,
|[B]i,j | = 1). By selecting ωℓ,g̃ ∈ CN for 1 ≤ ℓ ≤ L, and
1 ≤ g̃ ≤ G̃, the rest of the RIS profiles can be obtained as

ωℓ,(i−1)G̃+g̃ = b∗ℓ,iωℓ,g̃, (i = 1, . . . ,Γ), (30)

7Note that the effect of multipath is not considered when designing the RIS
profile and positioning algorithms. For the architectures/protocols of the RIS-
aided sidelink positioning systems and the coordination between the involved
devices (e.g., RISs and UEs), please check [32] for more details.

where bℓ,i is the i-th element of the vector bℓ. We further
define the received signal for the i-th block as Y(i) (i =
1, . . . ,Γ), and the LOS path and all the RIS paths can be
separated as

Ỹℓ =
1

Γ

Γ∑
i=1

bℓ,iY
(i) = Y

(1)
ℓ + Ñ, (31)

where Ỹℓ ∈ RK×G
Γ has a smaller size than the received signal

block Y ∈ RK×G defined in (5), and Ñ ∈ RK×G̃ with each
element nk,g̃ ∼ CN (0, σ2

n/Γ).
In the following RIS profile design, we will only discuss

the design of the first block, and the rest of the blocks can be
obtained based on (30) to form orthogonal profiles that assist
channel parameter estimation. Without any prior information
on the UE positions, random codebooks are adopted. If the
prior information is available, directional or directional and
derivative codebooks can be used, as detailed below.

1) Random Codebook: Without any UE position prior
information, a random codebook can be adopted. In this case,
each element in the coefficients vector of the ℓ-th RIS ωℓ,g

is chosen with unit amplitude and random phase following
∠ωℓ,g,n ∼ U [0, 2π).

2) Directional Codebook: Assume the position prior infor-
mation of both UEs is available (e.g., from previous estima-
tions or based on statistical information), RIS profiles can be
designed to improve positioning performance [50], [51]. A
directional (DIR) codebook is one of the simplest codebooks
with the main idea of maximizing the received signal strength
of the receiver, given the prior position information of two
UEs. By dropping the time index g, for the UEs located at pT
and pR, the optimal RIS profile that maximizes the received
energy can be obtained based on (14) and (15) as

ω
(1)
ℓ = a∗(φℓ) = e−j 2πfc

c Z⊤(tT,ℓ+tR,ℓ). (32)

Here, tT,ℓ and tR,ℓ can be obtained based on (3) and (4),
which are the direction vectors obtained from pT and pR,
respectively. In real scenarios, however, we cannot know the
true location of both UEs, and the prior information may
appear in the form of certain distributions (e.g., the posterior
distribution of the nuisance-free state vector Prob(s) with
sN ∼ N (s̄N, Σ̄sN ). In this case, we can sample two candidate
positions pT,g̃ and pR,g̃ (1 ≤ g̃ ≤ G̃) for G̃ times based on
Prob(sN). The DIR codebook of the ℓ-th RIS (for the first
block of transmissions) can be obtained as

ΞDIR
ℓ = [ω

(1)
ℓ,1 , . . . ,ω

(1)

ℓ,G̃
] ∈ CN×G̃, (33)

with each column ω(1)
ℓ,g̃ corresponding to the DIR beam sam-

pled UE positions pT,g̃ and pR,g̃ based on (32). The RIS
profiles for the rest (Γ − 1) blocks can be obtained based
on (30).

3) Directional and Derivative Codebook: As has been
shown in previous works [50], [51], maximizing the received
signal strength at the targeted direction does not necessarily
lead to an optimal positioning performance. Hence, the SNR-
maximizing directional codebook can be suboptimal from the
perspective of positioning. For given ξ and ζ (computed from
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the positions pT and pR), the optimal RIS phase profiles (in the
sense of minimizing the PEBs in (26) and (27) should lie in the
subspace spanned by the following vectors [52, Section IV-A],
[50, Prop. 1]:

ω(1) = a∗R(ξ, ζ) = e−j 2πfc
c Z⊤[0,ξ,ζ]⊤ , (34)

ω(2) =
∂a∗R(ξ, ζ)

∂ξ
= ω(1) ⊙ (−j

2πfc
c

Z⊤[0, 1, 0]⊤), (35)

ω(3) =
∂a∗R(ξ, ζ)

∂ζ
= ω(1) ⊙ (−j

2πfc
c

Z⊤[0, 0, 1]⊤), (36)

where the first RIS profile ω(1) is identical to the directional
(DIR) beam defined in (32), and ω(2), ω(3) are the so-called
derivative (DER) beams. Since the elements in ω(2) and ω(3)

do not have unit amplitude, gradient projection [53] is adopted
to find the closest unit-amplitude profiles to ω(2) and ω(3).
The intuition behind the derivative beams is to induce large
amplitude changes in response to small perturbations in spatial
frequency in the local neighborhood of the true value (see [50,
Fig. 2]). This enables accurate estimation of spatial frequency,
along with the high SNR provided by the directional beam.
Similar to the formulation of the DIR codebook in (33), we
can sample TX and RX UE positions for G̃/3 times based
on their distribution. The DIR+DER codebook of the ℓ-th RIS
Ξℓ ∈ CN×G̃ can be formulated as

Ξℓ = [ω
(1)
ℓ,1 ,ω

(2)
ℓ,1 ,ω

(3)
ℓ,1 , . . . ,ω

(1)

ℓ,G̃/3
,ω

(2)

ℓ,G̃/3
,ω

(3)

ℓ,G̃/3
]. (37)

Similarly, the RIS profiles for the rest (Γ− 1) blocks can be
obtained based on (30).

4) Power Control of the DIR+DER Codebook with Prior
Information: To further improve the positioning performance,
power control can be adopted for the implemented codebook
by using different transmit powers for each beam in the
codebook. More specifically, the optimization problem can
be formulated (take RX UE for example) as minimizing the
expectation of the squared RX PEB (defined in (27)) given by

min
δ∈RG

ˆ
Prob(s)PEB2

R(s,Ξ1, . . . ,ΞL|δ)ds, (38)

s.t. ∥δ∥2 = G ,

where δ is the power control vector defined in (8), and
Prob(s) is the posterior distribution of the state vector s.
Considering the high complexity of solving the problem (38),
especially when the integral operation is involved, we can
further simplify the problem formulation as

min
δ∈RG

3

G̃

G̃/3∑
g̃=1

PEB2
R(pT,g̃,pR,g̃,Ξ1, . . . ,ΞL|δ), (39)

s.t. ∥δ∥2 = G ,

where pT,g̃,pR,g̃ are sampled based on the prior information.
(39) can be equivalently reformulated as a convex problem (see
Appendix A), which can be solved using convex optimization
tools to provide optimal positioning performance for a given
codebook [50], [51]. Based on the insights from simulation
results, optimal performance can be achieved when DER
beams ω(2) and ω(3) are assigned with the same amount of
power. In order to further relieve the computational burden,

we propose to use the same power control coefficient
√
3√

1+2γ2
P

for all the DIR beams (i.e., ω(1)), and the same coefficient√
3γP√

1+2γ2
P

for all the DER beams (i.e., ω(2), ω(3)), where

γP is the ratio between of the DER beam power and DIR
beam power (only DIR beams are kept when γP = 0). The
optimization problem in (39) can be simplified as

min
γP∈R

G̃/3∑
g̃=1

PEB2
R(pT,g̃,pR,g̃,Ξ1, . . . ,ΞL|γP), γP ≥ 0 . (40)

B. Channel Parameter Estimation Algorithm

Once the RIS profiles are designed, the system can send
positioning pilot signals and perform positioning algorithms.
Here, we describe a two-stage positioning algorithm, including
a channel parameter extraction step and a positioning step.
For each stage, a coarse estimation algorithm and a refined
maximum likelihood estimator (MLE) are developed for dif-
ferent performance and complexity tradeoffs.

1) Low-complexity Channel Parameters Estimator: By im-
plementing the orthogonal RIS profile as described in Sec-
tion IV-A, the uncontrolled path and each RIS path can be
well-separated. For the LOS path observation Ỹ0 from (31),
we first obtain the estimated channel elements and sum across
all the G transmissions as

h0︸︷︷︸
h0∈RK

=

G̃∑
g=1

[Ỹ0]:,g ⊙ x∗. (41)

The delay of the LOS path τ̂0 can be estimated based on (5),
(6) and (41) as

τ̂0 = argmax
τ

|dH(τ)h0|, (42)

where d(τ) is defined in (9), and (42) can be solved using
an NF point discrete Fourier transform (DFT) [51]. For the
observation of the l-th RIS path Ỹℓ, since RIS profiles
are different from one transmission to another, we need to
modify (41) and (42) as

Ĥℓ︸︷︷︸
Ĥℓ∈RK×G̃

= Ỹℓ ⊙ (x∗1⊤
G̃
), (43)

τ̂ℓ = argmax
τ

∥dH(τ)Ĥℓ∥. (44)

Once the delay of the ℓ-th RIS path τℓ has been obtained, the
estimation of spatial frequencies ξ̂ℓ and ζ̂ℓ can be formulated
as

[ξ̂ℓ, ζ̂ℓ] = argmin
ξ,ζ

∑
g,k

|ω⊤
ℓ,ge

j2π
λc

Z⊤[0,ξ,ζ]⊤dk(τ̂ℓ)xkỹ
∗
k,g|,

(45)
where ỹk,g is the element of the matrix Ỹ, and the problem
can be solved via a 2D search.

2) MLE for Channel Parameter Estimation: From the low-
complexity channel parameters estimator, we can estimate the
nuisance-free channel parameter vector η̂N,ℓ (ℓ = 0, 1, . . . , L).
The MLE aims to find the optimal channel parameters as

[ρ̂ℓ, η̂N,ℓ] = argmin
ρℓ,ηN,ℓ

∥µ̃ℓ − ρℓµℓ(ηN,ℓ)∥, (46)
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Algorithm 1 Channel Parameter Estimation
1: — Coarse Estimation —
2: Input: Ỹ0, Ỹℓ, ℓ = 1, . . . , L.
3: Estimate η̂N,0 = τ̂0 using (41), (42).
4: for ℓ = 1 to L do
5: Estimate τ̂ℓ using (43) and (44).
6: Estimate ξ̂ℓ and ζ̂ℓ using 2D grid search in (45).
7: η̂N,ℓ ← [ξ̂ℓ, ζ̂ℓ, τ̂ℓ]

⊤.
return η̂N,ℓ, ℓ = 0, . . . , L.

8: — Refinement —
9: Input: Coarse estimates η̂N,ℓ, ℓ = 0, . . . , L.

10: for ℓ = 0 to L do
11: Obtain the refined η̂N,ℓ by solving (47) initialized with η̂N,ℓ.

return refined η̂N = [η̂N,0, η̂N,1, . . . , η̂N,L]
⊤.

where µ̃ℓ = vec(Ỹℓ), µH(ηN,0) = vec(D(τ0) ⊙ X), and
µH(ηN,ℓ) = vec(D(τℓ) ⊙ Aℓ(ξℓ, ζℓ) ⊙ X) (ℓ ≥ 1) that can
be obtained from (9) and (20). Since the channel gain ρℓ is a
complex constant, by letting ∂∥µ̃ℓ − ρℓµℓ(ηN,ℓ)∥2/∂ρℓ = 0,

we can obtain the channel gain as ρ̂ℓ =
µH(ηN,ℓ)µ̃
∥µ(ηN,ℓ)∥2 . And

hence, the MLE can be formulated from (46) with nuisance-
free channel parameters only as

η̂N,ℓ = argmin
ηN,ℓ

∥∥∥∥∥µ̃ℓ −
µH(ηN,ℓ)µ̃

∥µ(ηN,ℓ)∥2
µℓ(ηN,ℓ)

∥∥∥∥∥ . (47)

C. Positioning Algorithm

1) Coarse Position Estimation: Based on the estimated
channel parameter vector η̂, we propose a 3D-search position-
ing algorithm to estimate 7 unknowns (i.e., pT, pR, and B). For
a position candidate p̌T of the transmitter UE, the candidate
direction vector ťT,ℓ can be obtained from (3). Based on the
estimated spatial frequency ξ̂ℓ and ζ̂ℓ, the candidate direction
vector of the ℓ-th RIS ťR,ℓ can be calculated as

ťR,ℓ,2 = ξ̂ℓ − ťT,ℓ,2 ,

ťR,ℓ,3 = ζ̂ℓ − ťT,ℓ,3 ,

ťR,ℓ,1 =
√
1− ť2R,ℓ,2 − ť2R,ℓ,2 .

(48)

Note that ambiguities exist in the estimated spatial frequencies
due to ξ̂, ζ̂ ∈ [−1, 1), while the true spatial frequencies
ξ, ζ ∈ [−2, 2]. This issue can be solved with prior location
information to limit the searching area, or with a reduced RIS
inter-element spacing (e.g., to λc/4 instead of λc/2, see [34]).

Based on the candidate direction vector ťR,ℓ (ℓ ≥ 1) and
known RIS states, we are able to calculate the candidate re-
ceiver UE position p̌R by getting the closest point to both AOD
direction vectors [54]. Given two bearing lines li = pi+rťG,i

and lj = pj + rťG,j (i, j ∈ 1, . . . , L and ťG,ℓ = RℓťR,ℓ), the
following equations hold

p̌ij − p̌ji = −ďji(ťG,j × ťG,i), (49)

ďji =
(ťG,j × ťG,i)(pj − pi)

|ťG,j × ťG,i|
, (50)

where p̌ij is the closest point on the bearing line li to the
bearing line lj denoted as

p̌ij = pi + řij ťG,i. (51)

By using least squares, rij and rji can be obtained as[
řij
řji

]
= (Q̌⊤Q̌)−1Q̌⊤[pj − pi − ďji(ťG,j × ťG,i)], (52)

with Q̌ = [ťG,i, ťG,j ], and the candidate receiver UE position
can be obtained as

p̌R =
∑
i<j

wijp̌ij , (
∑
i<j

wij = 1), (53)

where i, j ∈ {1, . . . , L} and wij is the weight coefficient that
can be chosen equally as 2

L(L−1) if no prior information is
provided or based on the quality of the channel parameters
estimation (e.g., SNR or PEB using prior information). Since
this work is an early-stage work for sidelink positioning, we
only perform simulation results (see Section V-B3) to illustrate
the effect of different weight coefficients on estimation results.
The optimization of weight selection is left for future work.

Finally, we can obtain the estimated clock offset B̌ as

B̌ = cτ̌0 − ∥p̌R − p̌T∥, (54)

and the cost function can be formulated as

J(p̌T) =

L∑
ℓ=1

wℓ|B̌ + ∥p̌T − p̌ℓ∥+ ∥p̌R − p̌ℓ∥ − cτ̌ℓ|, (55)

with wℓ as the weight coefficient depending on the quality of
the delay measurement, which can be set as 1 by default.
Note that the weights mainly affect coarse estimation, but
their impacts on the refined results are limited, as will be
shown in Section V-B3. Among all the transmitter UE position
candidates, the one with the lowest cost will be the estimated
position as

p̂T = argmin
p̌T

J(p̌T), (56)

and the rest of the state parameter vector can be obtained based
on (48) to (54).

Remark. The coarse position estimation algorithm can be
easily extended into the LOS-blockage scenarios by estimating
the clock offset from the shortest RIS path (take ℓ = 1 for
example) as

B̌ = cτ̌1 − ∥p̌R − p1∥ − ∥p̌T − p1∥, (57)

and the summation in the cost function (55) starts from ℓ = 2.

2) MLE for Positioning: The MLE refinement for position-
ing can be formulated as

ŝN = argmin
sN

(η̂N − ηN(sN))
T
Σ−1

ηN
(η̂N − ηN(sN)) , (58)

where ΣηN = I(ηN)
−1 is the covariance matrix of

the estimated channel parameters, and the optimization
problem in (58) can be solved by, e.g., the trust-region
method and the gradient of the cost function in (58) is
−(

∂ηN(sN)

sN
)TΣ−1

ηN
(η̂N − ηN(sN)). For the scenarios covari-

ance matrix in MLE formulation is not available, we can set
ΣηN = I, leading to a least squares solution. The pseudo-codes
for channel parameter estimation and position estimation can
be found in Algorithm 1 and Algorithm 2, respectively.
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Algorithm 2 Position Estimation
1: — Coarse Estimation —
2: Input: Channel parameters η̂N, searching area A.
3: for candidate transmitter p̌T ∈ A do
4: Compute ťT,ℓ, ℓ = 1, . . . , L based on (3).
5: Compute ťR,ℓ, ℓ = 1, . . . , L based on (48).
6: Obtain the candidate UE position p̌R through (49)–(53).
7: Compute B̌ using (54).
8: Calculate the cost J(p̌T) in (55).
9: Select the optimal p̂T that minimizes J(p̌T) as (56) and the

corresponding p̂R and B̂.
10: return p̂T, p̂R, B̂.
11: — Refinement —
12: Input: coarse estimates p̂T, p̂R, B̂.
13: Obtain refined ŝN by solving (58) with the initialization
{p̂T, p̂R, B̂}.

14: return refined ŝN = [p̂⊤
T , p̂⊤

R , B̂]⊤.

D. Complexity Analysis

In this subsection, we perform complexity analysis on the
proposed channel parameter estimation in Section IV-B and
positioning algorithms in Section IV-C. In channel param-
eter estimation, L + 1 1D NF-point DFT are needed for
delay estimation, resulting in complexity on the order of
O1(LNF logNF). For each of the L RISs, a 2D search for spa-
tial frequency estimation is needed, resulting in a complexity
of O2(LQ1Q2GKN), where Q1 = |Gξ| and Q2 = |Gζ | denote
the searching dimension of ξ and ζ, respectively. To refine the
channel parameter estimation, we have O3(LQ3GKN), where
Q3 is the number of iterations. Regarding the positioning
algorithm, a 3D search is needed to estimate the positions
of both UEs and clock offset, giving O4(L

2Q4Q5Q6), where
L2 indicates the number of beam pairs to be calculated (e.g.,
there are L(L− 1) pairs of beams from L RISs to obtain the
candidate receiver position via intersections) and Q4, Q5, Q6

represent the searching dimension of the position on the x,
y, and z axis, respectively. For the refinement via MLE, the
complexity is O5(L

2Q7), where L2 indicates the multiplica-
tion of matrices, and Q7 is the number of iterations to refine
the positioning results. In summary, the overall complexity of
the positioning problem is given by

OP =

O1(LNF logNF) +O2(LQ1Q2GKN) +O4(L
2Q4Q5Q6)︸ ︷︷ ︸

Coarse Estimation

+O3(LQ3GKN) +O5(L
2Q7)︸ ︷︷ ︸

Refinement

. (59)

Based on (59), we can see that the system parameters (G,
K, N ) affect the channel parameter estimation stage (O2,
O3), the search grids (Q1, Q2, Q4, Q5, Q6) affect the coarse
estimations (O2, O4). The number of RISs L increases the
complexity for all the positioning steps, and the complexity
increases quadratically in the positioning algorithm (O4, O5).
With more RISs introduced, the performance will improve
based on the same system parameters (e.g., frequency and
time resources, transmit power), owing to the extra geometrical
information provided, as will be shown in Fig. 10 and Fig. 11.
However, the processing delay increases due to the high

complexity of the positioning algorithms and possibly the
increased G due to the design of time-orthogonal beams.
Considering the dimension of received signal symbols remains
the same regardless of the number of RISs (only the channel
changes), we anticipate machine learning and deep learning
solutions have a huge potential to solve the scalability issue
of a larger number of RISs and reduce the processing time of
search-based algorithms.

E. Extensions to More UEs

Till now, we have discussed the multi-RIS-enabled sidelink
positioning with a pair of transmitter and receiver UEs. For the
scenarios with more than two UEs, two possible extensions can
be considered; both require a coordinator to allocate resources
and perform localization tasks [32]:

1) In the first scenario, one specific UE can be selected
as the transmitter that broadcasts positioning reference
signals to surrounding UEs. In this case, the structure
and the algorithm mentioned in this work can be directly
applied, and the positioning process can be performed at
the receiver UEs in parallel without interference issues.

2) In the second scenario, multiple UEs can play as trans-
mitters and cooperate to obtain their positions (informa-
tion exchange needed). To avoid interference between
transmitting UEs, the time or frequency resources can
be properly allocated for different UEs. Although with
a higher overhead delay than the first scenario, the co-
operation strategy can improve the system performance
and can even work with a single RIS anchor with at
least 3 UEs (see initial results reported in [35]).

Due to the existence of blind areas, the information gains
for different UEs from the same RIS will be different, which
will be shown in the simulation section in terms of position
error bound. In addition, the hardware capabilities and power
constraints of different UEs require optimized power allocation
and coordination. As a result, dedicated RIS profile opti-
mization, resource allocation, and algorithm hyperparameter
selection for multi-UE scenarios are needed in future work.

V. SIMULATION RESULTS

A. Simulation Parameters

We consider a 3D scenario with two single-antenna UEs
and two RISs. The pilot signal xg,k has a constant amplitude.
The unknown channel gains for the LOS path and the ℓ-th RIS
path are set as |ρ0| = λc

4πd0
and |ρℓ| = λ2

c

16π2dT,ℓdR,ℓ
, both with

random phase. When SPs are introduced, the channel gains

are set as |ρ0,m| =
√

4πc0,mλc

16π2dT,mdR,m
and |ρℓ,m| =

√
4πcℓ,mλ2

c

64π3dT,mdℓ,mdR,ℓ
,

indicating respectively the propagation path of TX-SP-RX and
TX-SP-RIS-RX, with cℓ,m as the radar cross section (RCS)
coefficient of the m-th SP in the ℓ-th path. For channel
parameter estimation, NFFT = 210 is adopted, and the step size
of the 2D grid search is 0.02. In the positioning step, a step
size 0.2m is used to search around the true position (set as a
2×2×2m2 area). The weight coefficients wij in (53) and wℓ

in (55) are assigned with equal values, and ΣηN in (58) is set
as I by default. The subcarrier spacing is chosen as 120 kHz
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(∼ 3300 subcarriers with a total 400MHz bandwidth), and
K = 512 subcarriers are used for positioning pilot signals.
The rest of the default simulation parameters can be found in
Table I.

TABLE I
DEFAULT SIMULATION PARAMETERS

Types Simulation Parameters
TX Position pT = [−2,−4, 0]⊤

RX Position pR = [2, 3, 0]⊤

RIS Positions p1 = [−4, 0, 2]⊤, p2 = [4, 0, 2]⊤

RIS Orientation o1 = [0, 0, 0]⊤, o2 = [π, 0, 0]⊤

RIS Size N = 10× 10
Carrier Frequency fc = 30GHz

Bandwidth W = 400MHz
Number of Transmissions G = 192

Number of Subcarriers K = 512 (out of 3300)
Clock Offset B = 5m

Average Transmission Power P = 30 dBm
Noise PSD N0 = −173.855 dBm/Hz

Noise Figure 10 dB
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(a) Channel parameter estimation
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Fig. 2. RMSE of the estimation results vs. derived CRBs: (a) channel
parameter estimation, (b) position estimation, both are benchmarked by the
derived CRBs. Coarse estimation results saturate at high transmission powers,
whereas the refined results are able to attach the bounds.

B. Channel Parameters and Position Estimation Results

1) Positioning with a Limited Number of MPCs: We first
evaluate the performance of the localization algorithm with
a single SP located at [0, 2, 3]⊤m (providing M = 3 MPCs
with cRCS = 0.5m2). Considering the multi-RIS-enabled 3D
sidelink positioning discussed in this work is a novel scenario,
no other benchmark algorithms are available. Hence, we use

the derived CRB to evaluate the effectiveness of the proposed
algorithms. The channel parameter estimation and positioning
results are shown in Fig. 2 (a) and (b), respectively. It can be
seen from both figures that the coarse estimations saturate to
a certain level with the increased transmit power. However,
when refinement processes are applied, the CRBs of channel
parameters and state parameters can be attached when the
transmit power is higher than 16 dBm. Note that when transmit
power is low, coarse position results may perform better
due to the constrained searching area, while the refinement
process does not have such constraints (usually treated as no-
information regions). The results show the effectiveness of
the derived bounds and the estimators at the high transmit
power. Since refinement processes are involved, the tradeoff
between positioning performance and complexity (e.g., the
number of iterations) can be performed. In order to reduce
the transmit power of the asymptotic region (i.e., 16 dBm)
for specific power-limited UE devices, RIS sizes can be
increased, and antenna arrays at the UE side can be utilized
for higher beamforming gain. However, the near field (NF)
channel model and orientation estimations for both UEs must
be considered.

10−2 10−1
0

0.2

0.4

0.6

0.8

1

ϵ [m]

Pr
(p

os
iti

on
er

ro
r
<

ϵ)

Without MPCs MPCs (30 dBm / 0.5m2 / 3m)

MPCs (30 dBm / 2m2 / 3m) MPCs (30 dBm / 0.5m2 / 2m)
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Fig. 3. Evaluation of the multipath on the estimator in terms of CDF (default
multipath parameters are set as P = 30dBm, cRCS = 0.5m2, height = 3m).
We can see that different SPs properties (e.g., reflection coefficient, positions)
affect positioning performance differently, and large transmit power could help
to combat the multipath.

2) The Effect of Multipath: We further explore the effect of
multipath on sidelink positioning by creating two clusters of
SPs. The first cluster has 5 SPs that are distributed uniformly
inside a disk on the x-y plane with a radius of 1m centered
at [0,−3, 3]⊤m (closer to the TX), providing 3 × 5 = 15
(one LOS and two RIS paths) MPCs for the LOS channel
and TX-RIS channels. The second cluster is set similarly,
centered at [0, 2, 3]⊤m, to affect the LOS channel and RIS-
RX channel at the RX side. A total number of M = 30
MPCs are generated in each realization to affect both the LOS
channel and RIS channel. By default, the RCS coefficient is
set as cRCS = 0.5m2 for all the SPs, the phase of each MPC
path gain is chosen randomly for different realizations, and
the transmit power is set as P = 30dBm to make sure the
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estimator is working in the asymptotic region (i.e., close to the
derived CRB). Since the position estimation performance of
the TX and RX show a similar trend (which makes sense due
to a large TX UE estimation error will affect the positioning
of the RX UE), we focus on evaluating the estimation error
of the RX.

The cumulative distribution functions (CDFs) of the esti-
mation error less than a certain value and the CRB without
considering multipath for 200 channel realizations are shown
in Fig. 3. When the MPCs with a small value of RCS
coefficients are introduced, the impact of multipath is limited
(see the black curve with diamond markers and the blue curves
with circular markers). However, the impact increases with an
increased RCS from 0.5m2 to 2m2 (see red curve with square
markers). When changing the height of both cluster centers
from 3m to 2m, the MPCs are likely to make NLOS paths
non-resolvable, resulting a worse performance under the same
RCS coefficient of 0.5m2 (see the green curve with triangle
markers). We can also see that a higher transmit power is
needed to combat the effect of multipath to achieve satisfactory
positioning accuracy. However, power consumption is critical
on the UE side, and hence the development of the algorithm
taking into account the multipath or the implementation of
active RIS can be considered for future work. Considering
the randomness of multipath, for simplicity, the simulation
results in the following sections do not consider the effect of
multipath, which lower bound the performance in the scenarios
with multipath.
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Fig. 4. Evaluation of coarse and fine positioning results of the RX under
different weight coefficients. We can see that the equal weight allocation
to wij achieves the best coarse estimation performance. However, even
initialized using the worst coarse estimation (i.e., w23 = 1), the refined results
are not largely affected. In the refined results, the positions initialized using
wij = 1

3
, στ/σξζ = 1 is close to the PEB and perform better than the

coefficient selection relying more on delay (i.e., στ/σξζ = 0.2 where the
delay is assumed to have less error).

3) Evaluation of Weight Coefficients Selection: In the sce-
narios with 2 RISs, there is only one position candidate
p̌R = p̌12 (w12 = 1 in (53)). When extending to 3 RISs,
the choice of w12, w13 and w23 affects the positioning per-
formance. We visualize four weight selection results, namely,
w12 = 1 (i.e., use p̌12 directly), w13 = 1, w23 = 1, and
w12 = w23 = w13 = 1

3 (denoted as wij = 1
3 ), as shown in

Fig. 4. We notice that wij = 1
3 performs better in the coarse

position estimate than other coefficients mentioned before
(see solid curves). However, the refined position RMSE with
w23 = 1 and wij =

1
3 coefficient allocation perform almost the

same, with the default ΣηN = I (denoted by στ = σξζ = 1).
It is also shown that relying more on delay estimation (i.e.,
assigning σ2

τ to the delay-related entries and σ2
τ to the rest

of the entries in the diagonal ΣηN ) yield worse performance.
Note that the fixed weights used in Fig. 4 are not optimal, and
the weight optimization problem is left for future work.

C. Evaluation of RIS Profiles

1) Visualization of DIR and DER beams: Based on the sim-
ulation parameters in Table I, we first visualize the radiation
patterns (i.e., the equivalent RIS gain |ω⊤aR(ξ, ζ)|) of DIR
beam ω1 and DER beam ω2 obtained from (34) and (35) for
the first RIS p1. By changing the spatial frequencies ξ and ζ,
the radiation patterns of two beams are shown in Fig. 5 (a)-1
and (b)-1. If we assume the position of the TX is known and
fix the transmitter angles as φA,1, the 2D radiation patterns
of the two beams are visualized in Fig. 5 (a)-2, (b)-2, and
the 3D radiation patterns are visualized in Fig. 5 (a)-3, (b)-3,
respectively. We can see from the figures that the DIR beam
maximizes the SNR of the TX-RX link, while the DER beams
are split at the dimension of ξ and ζ compared with the DIR
beam. The DER beam ω3 (derivation with respect to ζ) shows
a similar pattern to Fig. 5 (b)-1, by splitting the beam from
the ζ axis, which is not plotted.

2) The Effect of Prior Error Level on RIS Profile Design:
To evaluate the effect of prior error level on the PEBR
for different RIS profile designs, we assume the covariance
matrices of the prior information are set as Σ̄sN = σ2

priI ∈
R3×3, for simplicity. Benchmarked by the random RIS profile
(black dashed curve), the PEBs for the DIR codebook, and
DIR+DER codebooks with different power allocations are
shown in Fig. 6. We can see from the figure that both DIR
and DIR+DER RIS profiles do not help when the prior error
level is high. With more accurate prior information, the DIR
profile can largely reduce the PEB. However, when the prior
error is too small, the RIS profiles based on the DIR beams
are configured to beamforming to a small area and provide
less spatial diversity. In an extreme case, the positioning task
cannot be completed with all the beams pointing to a single
point. When adopting the DIR+DER profiles, however, this
phenomenon can be mitigated by choosing a proper power
allocation coefficient γP.

We further evaluate the effect of power allocation coeffi-
cients on the positioning error bound, as shown in Fig. 7. For
a fixed RIS size (i.e., 10× 10), the performance improved by
power allocation is limited when the prior error level is high
(cyan curve with diamond markers), and becomes crucial with
a small error level (blue curve with circle markers). We can
also see that the optimal coefficient slightly shifts from left
(red triangle) to right (red cross) with the increase of RIS sizes,
which is due to the narrow beamwidth requiring accurate prior
information.
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(a)-1 (a)-2 (a)-3

(a) DIR beam ω1

(b)-1 (b)-2 (b)-3

(b) DER beam ω2

Fig. 5. The beam pattern of (a) DIR beam ω1 and (b) DER beam ω2. The figures in column-1 show the normalized radiation patterns of two beams by
changing ξ and ζ, and the DIR beam in (a)-1 reaches the maximum at (ξ = −0.4443, ζ = −0.5039). The figures in column-2 and column-3 visualize the
radiation patterns (in 2D and 3D, respectively) by changing the azimuth and elevation of the receiver φA,1, with a fixed φA,1 = [−1.1071,−0.2200]⊤

(rad), the DIR beam in (a)-2 reaches the maximum at φD,1 = [0.4636,−0.2898]⊤ (rad).
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Fig. 6. The evaluation of different prior error levels on positioning with
different RIS profile designs. We can see that by using a DIR codebook,
the positioning error bounds decrease and then increase when reducing the
prior error level, and this effect can be mitigated by power control.

D. Localizability Discussion

1) PEB visualization of different RIS layouts: Based on
the analysis in Section II-D, at least two RISs are needed
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Fig. 7. The evaluation of different power allocation coefficients for different
prior error levels and RIS sizes. We notice that power control is important
when the prior error level is small, and the selection of the optimal coefficient
also depends on the RIS size.

to enable sidelink positioning, under the far-field assumption.
However, this may not always work, and the localizability
also depends on the state of the RIS anchors and the UEs.
We visualize the PEBs of the RX UE (with TX UE position
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(a) Scenario 1: Two RISs are parallel facing each other.
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(b) Scenario 2: Two RISs are located on the same plane facing the +x axis.
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(c) Scenario 3: Two RISs are perpendicular to each other.

Fig. 8. Visualization of PEBs of RX at different positions while the TX is fixed (random RIS codebooks). Three scenarios are considered where two RISs
(same height) are located 2m above the UEs (same height): a) two RIS are parallel facing each other. b). Two RISs are located parallel to the y-axis. c).
Two RISs are forming an L shape facing the positive of the X axis and the negative of the Y axis (e.g., a corner). For each benchmark scenario (column-1),
PEBs with known clock offset (column-2), PEBs with known z-axis (column-3), and PEBs with known TX position (column-4) are also visualized.

fixed) on a 2D x-y plane where both UEs have an unknown
but fixed height, RISs are 2m above both UEs, and the TX
UE is located at [−1,−1, 0]⊤. Without loss of generality,
random RIS codebooks and P = 30dBm are adopted. Three
different RIS layouts are considered: (a) two RISs at different
locations ([−4, 0, 2]⊤ and [4, 0, 2]⊤) facing each other, (b)
two RISs are located on the same y-z plane ([−4,−3, 2]⊤

and [−4, 3, 2]⊤) facing the same direction, and (c) two RISs
are perpendicular to each other ([−4, 0, 2]⊤ and [0, 4, 2]⊤).
The results are shown in Fig. 8 with different assumptions.
Benchmarked by the default setup (column-1), the PEB for
perfect synchronization (column-2), UEs with known heights
(column-3), and positioning of RX with known TX position
(column-4) are visualized. The positions behind the RIS are
also plotted, as there exist certain types of RIS that are able
to refract the signals rather than reflect them.

We can see from Fig. 8 that the blind areas exist (yellow
area), where the positioning cannot be done or will yield poor
performance. However, with extra information, such as clock

offset (column-2) or known UE heights (column-3), the blind
area can be largely reduced. We also notice that the blind
areas in the 3D space are changing continuously (see column-
1 and column-4). Since the derivation of PEBs involves a high
dimension of parameters such as the RIS positions/orientations
and UE positions, it would be challenging to derive a closed-
form solution to avoid these areas.

2) Interpretation of the Blind Area: For a fixed TX UE
position, worse performance (yellow area) happens in the
location where the surrounding RX positions can provide
similar geometrical information. To visualize this, we plot the
noise-free cost function, defined in (55), for a 2D scenario.
In the localizable location, the cost function shows a clear,
sharp global optimal. In the blind area, the cost of the optimal
point is similar to the surrounding positions, and the same
level of noise will cause a larger estimation error compared
with the first scenario. We further choose several surrounding
candidate RX UE positions and find the corresponding optimal
TX that minimizes the cost function, as shown in Fig. 9 (d).
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(a) (b) (c) (d)

Fig. 9. Interpretation of the blind area. (a) PEB Heatmap of a 2D scenario where RISs and UEs are on the same X-Y plane and the UEs have known
heights; (b) Cost function for the RX located at [−0.61, 2.41, 0]⊤ (blind area); (c) Cost function for the RX located at [1.01, 1.01, 0]⊤ (non-blind area); (d)
Candidate TX/RX pairs at the locations around the local minima in (c).
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Fig. 10. Visualization of RX PEBs for different numbers of RISs (with 30◦ tilting down). Subfigures (a) and (b) show that the RIS orientations affect the
PEB (compared with the benchmarks in Fig. 8 (a)-1, (c)-1). With more RISs, the areas with poor positioning performance can be largely reduced.

All these pairs provide similar spatial frequencies and TDOA
observations as the ground truth TX/RX pair, and erroneous
estimations are likely to happen at these positions. In order to
avoid the effect of local optima, global optimization methods
can be adopted. In addition, prior location information can
also effectively eliminate the local minima. As mentioned
earlier, for a fixed setup, the blind areas can be reduced by
adopting a round-trip estimation to remove the clock offset,
using geometric constraints (e.g., known UE height). In the
next, we discuss the scenarios with more than two RISs.

3) Evaluation of More RISs and TX/RX Pairs: Con-
sidering the localization performance highly depends on
the location of RIS anchors, we can not have a gen-
eral analytical solution for different numbers of RISs.
Here, we numerically evaluate the effect of the number of
RISs on positioning with four candidate anchor positions
([−4, 0, 2]⊤, [0, 4, 2]⊤, [4, 0, 2]⊤, [0,−4, 2]⊤) covering an 8 ×
8m2 area. The RIS tilt angles are set as 30◦ pointing down,
and we can see that RIS orientation affects the blind area (see
Fig. 10 (a) vs. Fig. 8 (c)-1, and Fig. 10 (b) vs. Fig. 8 (a)-
1). In general, more RISs can increase positioning coverage;
however, the improvement depends on the position of UEs
and RISs. In addition, if the same orthogonal strategy is
implemented, more blocks are needed, increasing difficulties
in coordinating between these RISs and channel parameter
estimation. To support this statement in a more general sce-
nario, we assume that the TX and RX UEs can be located at
grids with x ∈ {−3,−2, . . . , 3} m, y ∈ {−3,−2, . . . , 3} m,
and z ∈ {0, 0.5} m. We further assume both UEs cannot
be located at the same place, and hence a total number of

(
7×7×2

2

)
= 4753 TX-RX pairs can be evaluated. The CDF of

the PEBR for all the scenarios in Fig. 10 is shown in Fig. 11.
The CDFs for the RIS (L) scenario with known height (black
dashed curve with cross markers) and known clock offset
(black dashed curve with triangle markers) are also plotted,
which validates the suggested solutions in reducing the blind
areas.
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Fig. 11. CDF of the PEBR for both UEs at different locations inside a 7×7m2

area. RIS (L) indicates RISs are located in an L-shape, as shown in Fig. 10 (a),
and RIS (P) indicates RISs are located in parallel, as shown in Fig. 10 (b).

4) Summary: We have shown that blind areas exist in
the problem of multi-RIS-enabled 3D sidelink positioning
with a limited number of RISs (i.e., two), and we have
provided several ways to mitigate the effect, namely, round-
trip positioning to remove clock bias, consider geometric
constraints, and adopt more RISs. These discussions also open



15

new directions for offline and online system optimization.
The offline deployment of the anchors needs to consider the
TX and RX position probability (e.g., the vehicles can only
drive on the road with a certain movement model), as well
as the surrounding environment map (e.g., where RISs can be
installed). The online optimization needs to take advantage of
the prior information and consider when, and to which UE, to
trigger a positioning process, as the positioning performance
may not meet the positioning performance requirements in the
blind areas.

VI. CONCLUSION

In this work, we have formulated and solved the multi-
RIS-enabled 3D sidelink positioning problem. In this prob-
lem, with the assistance of at least two RISs, the absolute
positions of two unsynchronized UEs can be estimated via
a one-way sidelink communication in the absence of BSs.
Channel parameter estimation and positioning algorithms are
developed and benchmarked by the derived CRBs. We dis-
cussed the effect of multipath on positioning performance and
found the impact on the RIS channels is more significant.
We also evaluated the benefit of RIS profile design with
prior information to boost positioning performance. Most
importantly, we have shown that blind areas exist in RIS-
enabled sidelink positioning problems with interpretations.
Several solutions can be considered to reduce the effect of
blind areas, such as utilizing round-trip communication to
remove clock offset, adding geometric constraints to reduce
the number of unknowns, and adopting more RISs to increase
positioning coverage. However, this work is just the starting
point for sidelink positioning with simplified scenarios and
channel models. Further directions can consider the high-
mobility scenario with the Doppler effect and more accurate
channel models that account for more features, such as the
near-field effect and beam squint effect. Moreover, machine
learning algorithms can be developed to reduce the algorithm
complexity of RIS profile design and weighting coefficients
optimization in the positioning algorithm when more RISs are
involved.

APPENDIX A
EQUIVALENT CONVEX REFORMULATION OF (39)

To obtain a convex optimization problem from (39), we
first express the PEBs in (27) explicitly as a function of
δ: PEB2

R(pT,g̃,pR,g̃,Ξ1, . . . ,ΞL|δ) = tr([I(sg̃)−1]4:6,4:6),
where, using (21) and (25),

I(sg̃) = JSI(ηg̃)J
⊤
S , (60)

I(ηg̃) =
2

σ2
n

G∑
g=1

K∑
k=1

Re

{(
∂µk,g(g̃)

∂ηg̃

)H (
∂µk,g(g̃)

∂ηg̃

)}
,

(61)
µk,g(g̃) = [YU(g̃)]k,g + [YR(g̃)]k,g . (62)

Plugging (6)–(8) into (62), we obtain µk,g(g̃) =
[T(g̃)]k,g

√
Pxkδg , where T(g̃) ≜ HU + HU,MP +∑L

ℓ=1(HR,ℓ + HR,MP,ℓ). We now insert this into (61) to

obtain I(ηg̃) =
∑G

g=1 γgOg(g̃) for some known matrix
Og(g̃), where γg ≜ δ2g . Substituting this into (60) yields

I(sg̃) =
G∑

g=1

γgSg(g̃) , (63)

where Sg(g̃) ≜ JSOg(g̃)J
⊤
S . Performing change of variables

γ = [γ1 . . . γG]
⊤, the problem (39) can be expressed as

min
γ∈RG

3

G̃

G̃/3∑
g̃=1

tr([I(sg̃)−1]4:6,4:6) s.t. 1⊤γ = G . (64)

Introducing auxiliary variables ug̃ , (64) can be recast as

min
γ∈RG,{ug̃}

3

G̃

G̃/3∑
g̃=1

ug̃ (65a)

s.t. 1⊤γ = G , tr([I(sg̃)−1]4:6,4:6) ≤ ug̃,∀g̃ . (65b)

From [55, Ch. 7.5.2], each constraint in (65b) can be equiv-
alently reformulated as a linear matrix inequality (LMI) con-
straint, leading to (using (63))

min
γ∈RG,{ug̃},{ug̃,ℓ}

3

G̃

G̃/3∑
g̃=1

ug̃ (66a)

s.t. 1⊤γ = G ,[∑G
g=1 γgSg(g̃) eℓ

e⊤ℓ ug̃,ℓ

]
⪰ 0, ℓ = 4, 5, 6,

6∑
ℓ=4

ug̃,ℓ ≤ ug̃,∀g̃ , (66b)

where ug̃,ℓ denote the newly introduced auxiliary variables.
The problem (66), which is equivalent to (39), is a convex
semidefinite programming (SDP) problem [55, Ch. 4.6.2].
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