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Indoor Localization with Reconfigurable Intelligent
Surface

Teng Ma, Yue Xiao, Xia Lei, Wenhui Xiong and Yuan Ding

Abstract—Recently, reconfigurable intelligent sur-
face (RIS), which operates with the aim to manip-
ulate multi-path signals, has been widely considered
for wireless communications. In this letter, we extend
the employment of RIS to indoor positioning, with the
aid of ultra-wideband (UWB) technique. Moreover, the
Cramér-Rao lower bound of the developed positioning
scheme is quantified. Both theoretical analysis and sim-
ulation results demonstrate that RIS has the potential
to realize accurate positioning with a single access
point, due to its ability to mark the channel and replace
traditional active positioning anchors. Moreover, it is
also depicted that when the number of receive antennas
is limited, time-of-arrival based positioning has a higher
accuracy than that based on angle-of-arrival, due to the
high multipath resolution of UWB signals.

Index Terms—reconfigurable intelligent surface
(RIS), ultra-wideband (UWB), positioning, Cramér-
Rao lower bound (CRLB).

I. Introduction

THE booming of reconfigurable intelligent surface
(RIS) has aroused wide discussions in recent years as

a promising technology for next-generation wireless com-
munications [1]-[3]. Consisting of a large number of low-
cost passive units that can reconfigure their physical pa-
rameters under the control of bias voltage [4], [5], RIS has
been applied in many practical communication scenarios
such as cell-edge communications, passive beamforming,
etc., [6]-[8], to enhance the signal quality at receivers.
Concretely, the authors of [1]-[3] summarized the evolution
of RIS-assisted wireless communications, and disclosed the
achievable transmission performance of the developed new
systems. Moreover, the authors of [6] investigated the
channel capacity of RIS-assisted communications systems,
while the energy efficiency was studied in [7]. Furthermore,
a class of novel RIS-assisted spatial modulation schemes [8]
were developed with simplified implementation structure.
Inspired by the freedom offered by RIS to manipulate wire-
less signals, we elaborate on the feasibility of employing
RIS to increase the accuracy of indoor positioning.
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Conventional localization technology is prone to utilize
Global Position System (GPS) signals or base stations
(BSs) in the existing cellular networks to estimate the
time of arrival (ToA), time-difference-of-arrival (TDoA)
or angle-of-arrival (AoA) [9]-[12]. However, traditional
positioning methods are not applicable indoors, due to the
limited space size and abundant multipath environment.
Meanwhile, the GPS signals and the signals from cellular
BSs often suffer from blind areas, such as underground and
various obstacles. Therefore, using wireless fidelity (WiFi)
fingerprints, such as receive signal strength indication
(RSSI), is a tendency for indoor positioning systems [13]-
[15]. However, the precision of fingerprint-based position-
ing deeply depends on the accuracy of modeling the indoor
propagation environment of electromagnetic waves.
Against this background, the authors of [16] studied

WiFi-based indoor localization schemes in multiple-input
multiple-output orthogonal frequency division multiplex-
ing (MIMO-OFDM) systems, and discussed some deep
learning based localization algorithms. Meanwhile, ultra-
wideband (UWB) [17] and time-reversal [18] techniques,
characterized by extremely high multipath resolution,
have also attracted a lot of researches. Moreover, inspired
by the Internet of Things (IoT) technologies, some re-
searchers studied the schemes of multi-sensor cooperative
positioning [19] and radio frequency identification devices
(RFID) assisted positioning [20], at the cost of increased
complexity for both hardware and network control. It is
worth mentioning that there have been some attempts
to utilize RIS into indoor positioning. For example, the
authors of [21] investigated the Cramér-Rao lower bound
(CRLB) of RIS-assisted positioning (RISP) using channel
fingerprints. Meanwhile, the authors of [22] further de-
veloped a deep learning aided RISP algorithm based on
[21]. However, to the best of the authors’ knowledge, the
current researches do not take full advantage of the ability
of RIS to tag multipath channels.
In this context, we develop a novel indoor RISP scheme,

for bridging the ability of RIS to label multipath chan-
nels and the high multipath resolution of UWB signals.
Moreover, in order to demonstrate the effectiveness of the
above-mentioned structure, the CRLB is also quantified
by theoretical analysis. Theoretical analysis and simula-
tion results exhibit that RIS has the potential to realize
accurate positioning with a single access point.
The remainder of this letter is organized as follows. In

Section II, the system model of UWB-assisted RISP is
introduced. In Section III, we analyze the CRLB of the
position estimate for such system. Section IV presents
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simulation results and comparisons. Finally, conclusions
are given in Section V.

II. System Model
Assume that an RIS consists of K units with small

size and far spacing to assist positioning, whose reflection
coefficient vector is

ρ = ρ[ejθ1 , ejθ2 , . . . , ejθK ]T, (1)

where ρ is real-valued. When the phases satisfy θ1 6=
θ2 6= · · · 6= θK ∈ [0, 2π), the multipath signals passing
through each RIS unit can be tagged. Considering that a
transmitter uses a single antenna to send a UWB signal
s(t) = p(t)ej2πfct to accomplish positioning task, where fc
is the carrier frequency and p(t) is a real-valued baseband
pulse with pulse length Tp. Fig. 1 gives an example of
UWB signals.
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0
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Fig. 1. An example of UWB signals (carrier, interference and noise
are ignored).

Fig. 2 depicts the position-related parameters of the
channel. These parameters include τkl and ϕkl, denoting
the ToA and AoA of the lth path in Pk. Specifically, Pk
is the set of resolvable multipath components from the
transmitter to the kth RIS unit and to the receiver, and
the cardinality of Pk is Lk. Meanwhile, we consider all the
other resolvable multipath components between the trans-
mitter and receiver that do not go through any RIS unit as
P0. We further denote the locations of the transmitter and
RIS units as pk = (xk, yk)T, k ∈ {0, 1, 2, · · · ,K} def= K.
From the geometry shown in Fig. 1, we can obtain the

relations between the parameters and positions, given by

τkl = 1
c

(‖pk − p0‖2 + ‖p− pk‖2) + ξkl, (2)

and
ϕkl = tan−1 y − yk

x− xk
+ ψkl, (3)

where c is the light speed, p = (x, y)T denotes the receiver
position to be estimated, ξkl and ψkl(l ∈ {1, 2, . . . , Lk})
are the unknown non-line-of-sight (NLoS) propagation-
induced ToA and AoA errors of the lth path in Pk,
respectively. For convenience, we assume that ξk1 < ξk2 <
· · · < ξkLk . Suppose that line-of-sight (LoS) path exists

…

r0(t)

r1(t)

rN(t)

s(t)

NLoS Path
LoS Path

cτkl
φkl

ρejθk

…

Fig. 2. Link topology of Pk in the RIS-assisted positioning system.

in Pk(k ∈ L), where L is a subset of K, hence we
have ξk1 = ψk1 = 0. Then, the entire parameters to be
estimated can be defined as

η
def= [pT, ξT,ψT]T = [pT, ξT

0 , · · · , ξT
K ,ψ

T
0 , . . . ,ψ

T
K ]T,

(4)
where

ξk =
{

[ξk2, ξk3, · · · , ξkLk ]T, k ∈ L
[ξk1, ξk2, · · · , ξkLk ]T, k ∈ K − L

(5)

and

ψk =
{

[ψk2, ψk3, · · · , ψkLk ]T, k ∈ L
[ψk1, ψk2, · · · , ψkLk ]T, k ∈ K − L.

(6)

Then, the Fisher information matrix (FIM) Fη determines
the CRLB of p̂, which is given by

Cp̂ =
[
E(η̂ − η)(η̂ − η)T]

2×2 � [F−1
η ]2×2, (7)

where [·]m×n represents the upper left m × n submatrix.
Meanwhile, the minimum mean squared error (MMSE) for
the position estimates can also be obtained as

E[‖p̂− p‖22] ≥ tr([F−1
η ]2×2) def= ε2. (8)

We further denote the channel response of Pk as

hk(t) = ρejθk
Lk∑
l=1

αklβ(ϕkl)δ(t− τkl), (9)

where αkl denotes the channel fading coefficient, β(ϕkl) ∈
CN is the antenna steering vector which depends on the
specific array structure, and δ(t) is the Dirac function. In
the context of a uniform linear array (ULA), we recall that

βi(ϕkl) = ej 2πfc
c (i−N−1

2 )∆ sinϕkl , i = 0, 1, . . . , N − 1, (10)

where N is the number of the receive antennas, and ∆
is the distance between antennas. A popular choice of ∆
stands for half carrier wavelength, which is also considered
in this letter. Thus, we can define

ejπ(i−N−1
2 ) sinϕkl def= ej(i−N−1

2 )ωkl def= βi(ωkl). (11)

Therefore, the received signal can be expressed as

r(t) = ρ

K∑
k=0

ejθk
Lk∑
l=1

αklβ(ωkl)s(t− τkl) + rv(t) + n(t)

def= y(t|α, τ ,ω) + n′(t),
(12)
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where v(t) and n(t) are the unresolvable dense multi-
path components (DMC) interference and noise, respec-
tively, while α = [αT

0 , · · · ,αT
K ]T, τ = [τT

0 , · · · , τT
K ]T,

ω = [ωT
0 , · · · ,ωT

K ]T, with αk = [αk1, . . . , αkLk ]T, τ =
[τT
k1, · · · , τT

kLk
]T, ωk = [ωk1, . . . , ωkLk ]T.

According to [23], DMC interference can be considered
as a complex circular Gaussian random process. Mean-
while, for a conventional omni-directional antenna array,
the DMC interference is uncorrelated for an antenna-
spacing of half wavelength [24]. Thus, we can define n′(t)
with each entry of N0/2 bilateral power spectral density
to denote the interference-plus-noise.

Note that only the channel-related parameters ζ =
[αT, τT,ωT]T can be estimated directly, and the best
estimate can be obtained by the Maximum A Posteriori
(MAP) approach, namely

ζ̂ = arg max
ζ

f (r(t)|ζ)p(ζ), (13)

where

f (r(t)|ζ) ∝ exp
{
− 1
N0

∫
‖r(t)− y(t|ζ)‖22dt

}
, (14)

and p(ζ) is the prior probability distribution of ζ. Then,
the FIM of η can be given by

Fη = JζηFζJT
ζη (15)

where Jζη = ∂ζT/∂η denotes the Jacobian matrix for
mapping ζ to η, while

Fζ = −E
[
∂2 ln f (r(t)|ζ)

∂ζ∂ζT

]
− E

[
∂2 ln pζ
∂ζ∂ζT

]
def= F′ζ + Pζ .

(16)

III. Performance Analysis
In this section, we provide the derivation of the CRLB

for the position estimate p̂. It is worth mentioning that
α is not only a function of the path length cτ , but also
depends on the environment, which is not easily related to
the geometry. Therefore, only ToAs and AoAs are taken
into consideration while fading coefficients are treated as
nuisance parameters in the position estimation. We further
define ζ̌ = [τT,ωT]T, so the Jacobian matrix can be
reduced to

Jζ̌η =

Jτp Jωp
Jτξ O
O Jωψ

 . (17)

Thus, Fη can be obtained by

Fη ≈ Jζ̌ηF′
ζ̌
JT
ζ̌η

+ diag(O,Pξ,Pψ), (18)

where
F′
ζ̌

=
[

F′τ F′ωτ
F′τω F′ω

]
. (19)

According to (14) and (16), we have

F ′τkl = 2N
N0

∫
|ραklṡ(t)|2dt = 8Nπ2κ2γkl, (20)

F ′ωkl = 2
N0

N−1∑
i=0

(i− N − 1
2 )2

∫
|ραkls(t)|2dt

= 1
6N(N2 − 1)γkl,

(21)

and
F ′τklωkl = 2N

N0

∫
ρ2|αkl|2<{ṡ(t)s(t)}dt, (22)

where

γkl =
∫
|ραkls(t)|2dt

N0
, κ2 =

∫
f2|S(f)|2df∫
|S(f)|2df

(23)

denote the signal-to-interference-plus-noise ratio (SINR)
of the lth component in Pk and the squared effective
bandwidth of s(t), respectively, with S(f) being the Fouri-
er transform of s(t). Suppose that the baseband pulse
is chosen from Gaussian high-order derivative pulses, we
have F ′τklωkl = 0. Meanwhile, the pulse length of a
UWB signal is assumed to be small enough, such that
Tp � |τk1l1 − τk2l2 |. Therefore, F′

ζ̌
can be approximated

to a diagonal matrix.
Moreover, as shown in the geometric relations in (2) and

(3), the entries of Jζ̌η can also be figured out, i.e.,

Jτklp = 1
c

[cosφk, sinφk]T, Jτklξkl = 1, (24)

and

Jωklp = π cosϕkl
dk

[− sinφk, cosφk]T, Jωklψkl = π cosϕkl,
(25)

where

φk = arctan y − yk
x− xk

, dk =
√

(x− xk)2 + (y − yk)2, (26)

and other elements in Jζ̌η are equal to 0.
For further analysis, we consider a simplified scenari-

o where only the first arriving signals are detected,
namely, Lk = 1. Suppose that the cardinality of L is
M , then ξ and ψ are reduced to [ξk1 , ξk2 , . . . , ξk(K−M) ]T
and [ψk1 , ψk2 , . . . , ψk(K−M) ]T, with k1 6= k2 6= · · · 6=
k(K−M) ∈ K − L. Meanwhile, we can define τN =
[τk1 , τk2 , . . . , τk(K−M) ]T and τL = [τn1 , τn2 , . . . , τnM ]T(n1 6=
n2 6= · · · 6= nM ∈ L) to denote the ToAs of NLoS/LoS
multipath components. ωN and ωL are defined similarly.
We first consider ToA-based positioning, i.e.,

Fη,ToA =
[
JτpFτJT

τp JτNpFτN
FτNJT

τNp FτN + Pξ

]
def=
[

A B
BT C

]
, (27)

which gives the CRLB for position estimates, namely

[F−1
η,ToA]2×2 = A−1 + A−1B(C−BTA−1B)−1BTA−T.

(28)
Therefore, the MMSE is ε2

ToA = tr([F−1
η,ToA]2×2). When

the prior knowledge of NLoS propagation-induced errors
is unavailable, CRLB only depends on LoS components
[9]. Thus, we can give a loose bound

ε2
L,ToA = tr[(JτpFτJT

τp)−1] =
tr(JτpFτJT

τp)
det(JτpFτJT

τp) . (29)

The CRLBs and MMSEs for AoA and hybrid ToA&AoA
positioning can be obtained in a similar way.
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IV. Simulations And Discussions
In the following, we consider an indoor environment

of a square region with the side length of 10 meter-
s, and consider the coordinates of its four vertices as
(0, 0), (0, 10), (10, 0) and (10, 10), respectively. Assuming
that the transmitter and receiver are located at (1, 1)
and (5, 5), while RIS units are located at (i, 10), i ∈
{0, 1, . . . , 10}. To simplify the simulation, we consider
γk = γ0 with L = {0, 1, . . . ,M}. For k ∈ K−L, we assume
ξk ∼ N (µξ, σ2

ξ ) and ψk ∼ N (µψ, σ2
ψ), as described in [9]

and [10].
Fig. 3 depicts the root of MMSE (ε) using different po-

sitioning approaches. Specifically, we set κ = 0.5GHz, N =
4, µξ = 20ns, σξ = 10ns, µξ = 0, and σξ = π/4. Fig. 3(a)
shows the strict bounds whether a LoS path exists (M = 0
or 1), while Fig. 3(a) provides the strict and loose bounds
with M = 2. It is shown that if there exists a LoS path,
hybrid ToA&AoA positioning will depict a significant
accuracy gain. Meanwhile, it is also worth mentioning that
the position accuracy increases with the number of LoS
links increasing, and ToA-based positioning provides much
more accuracy than that based on AoA. These comments
can be explained to some extent by the detailed expression
of ε2L,ToA and ε2L,AoA given in (30). We first replace γk
and dk by γ0 and d̄k, then we have ε2L,ToA ≈

c2/(8κ2)
MNπ2γ0

and ε2L,AoA ≈
6d̄k2

/(N2−1)
MNπ2γ0

. It is noted that the number
N of receive antennas has a greater influence on AoA-
based positioning, while ToA-based positioning is affected
by the effective bandwidth κ. For UWB signals, κ is
usually greater than 500 MHz, indicating that c2/(8κ2)
is quite small. Therefore, AoA-based positioning has to
largely increase the number of receive antennas to obtain
a comparable accuracy with ToA-based positioning.

For further analysis, we provide comparisons with virtu-
al anchor (VA) assisted positioning (VAP) [25]. To make a
fair comparison, only the first-order reflections are consid-
ered, without obstacles in these reflection paths, revealing
that 5 paths can be seen as LoS paths. Meanwhile, the
parameter settings are the same as in Fig. 3., and we
consider hybrid ToA&AoA approach. It is shown that as
M increases, RISP will gradually approach and exceed the
performance of VAP. This is because the different locations
of anchors give different dks and φks. If the RIS units with
LoS paths are located right on the reflection points, the
performance bound of RISP will be identical to that of

0 2 4 6 8 10

0
 (dB)

10-1

100

101

 (
m

)

AoA,  M=0
ToA
Hybrid
AoA,  M=1
ToA
Hybrid

(a) Strict bounds with M = 0 and 1.

0 2 4 6 8 10

0
 (dB)

10-2

10-1

100

101

 (
m

)

AoA, Loose Bound
Strict Bound
ToA, Loose Bound
Strict Bound

(b) Strict bounds and loose bounds with M = 2.
Fig. 3. Comparisons between different positioning approaches under
different M .

VAP. However, if the walls are not perfect mirrors, or there
are some obstacles, VAP is not applicable any more while
RISP is always suitable.
In brief, we demonstrate that RIS has the potential to

replace traditional active positioning anchors, i.e., access
points and sensors, and provide an idea for multipath
recognition in positioning. Moreover, toward an enhanced
positioning accuracy, it is more beneficial to adopt ToA.

ε2
L,ToA = c2

8Nπ2κ2

M∑
k=0

γk

(
M∑
k=0

γk cos2 φk)(
M∑
k=0

γk sin2 φk)− (
M∑
k=0

γk sinφk cosφk)2
,

ε2
L,AoA = 6

π2N(N2 − 1)

M∑
k=0

γk
d2
k

cos2 φk

(
M∑
k=0

γk
d2
k

sin2 φk cos2 φk)(
M∑
k=0

γk
d2
k

cos4 φk)− (
M∑
k=0

γk
d2
k

sinφk cos3 φk)2
.

(30)
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Fig. 4. Simulation comparisons of ε between different positioning
approaches with M = 0 and 1.

V. Conclusions

In this letter, a general model for UWB-aided RIS-
assisted indoor positioning has been developed and the
CRLB of the position estimates has been derived. Specif-
ically, RIS plays the role of marking the channel, while
UWB signals are utilized for multipath recognition. Both
theoretical derivations and simulation results demonstrat-
ed that the combination of RIS and UWB signals has
the potential to realize accurate indoor positioning with a
single access point. Moreover, compared with conventional
single-physical-anchor positioning, i.e., using VAs, RISP
shows a wider applicability. Furthermore, the proposed
scheme achieves significant cost reduction, since it requires
only a single access point and some low-cost RIS units. In
this sense, the proposed scheme provides a more accurate
and cost-effective solution for indoor positioning.
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