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Abstract—Reconfigurable intelligent surfaces (RIS) have
emerged as a promising technology for 6G networks. In this
letter, we explore a novel use case for RIS: passive localization
and tracking of a RIS-equipped object using monostatic sensing,
where the fixed transmitter and receiver share the same single
antenna, using OFDM signals. We develop a low-complexity
algorithm that achieves centimeter-level accuracy using only
6 MHz bandwidth, and by applying temporal coding to random
RIS phase profiles, separating signals from undesired multipath
sources. In addition, we evaluate the impact of model uncertainty
on the performance of the algorithm.

Index Terms—Reconfigurable intelligent surface, passive local-
ization, tracking, extended Kalman filter.

I. INTRODUCTION

NDOOR localization and tracking have become increas-

ingly important in recent years due to the growing need
for efficient and accurate navigation solutions in various
applications such as smart homes, robotics, and IoT devices.
Traditional indoor localization systems often rely on multiple
antennas and an array of sensors, resulting in a complex
and costly infrastructure. However, the rapid advancement in
RIS has opened new possibilities for more efficient and cost-
effective solutions [1].

RISs are planar structures engineered to manipulate elec-
tromagnetic waves in a controlled manner, which can be
leveraged to enhance the performance of monostatic sensing
systems. By dynamically adjusting the RIS configuration,
one can optimize its interaction with incoming signals,
ultimately enhancing localization precision and tracking capa-
bilities. Besides these benefits, RISs are semi-passive, low-cost
devices, making them ideally suited for installation on both
static surfaces and moving objects.

Considering the characteristics of the user, localization
techniques can be divided into active and passive methods. In
the former, the user either transmits or receives signals [2], [3],
while in the latter, the user merely reflects or scatters signals
from a transmitter [4], [5]. The authors in [6] introduce a
novel full-duplex UE self-localization method where a RIS is
used to reflect the signal transmitted by the UE back to the
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UE itself. Some studies have been conducted on tracking the
user, [7] proposes a Bayesian user localization and tracking
algorithm for multiple RISs-aided mmWave MIMO systems
in an online fashion, [8] investigates a multiple RISs-aided
single-user MIMO scenario, utilizing an Extended Kalman
Filter (EKF) for user trajectory tracking and analyzing the
impact of positioning on communication performance in non-
line-of-sight conditions. Reference [9] explores the use of RIS
to replace remote cells in downlink time-difference-of-arrival
measurements for positioning within a single cell, employing
an EKF algorithm for user tracking.

In this letter, we investigate a novel approach for indoor
passive RIS localization and tracking, where a single-antenna
full-duplex transceiver forms a monostatic sensing system that
transmits signals and receives the reflected signals from the
object equipped with a RIS, as well as other scatterers in the
environment. Our main contributions can be summarized as
follows: i) We formulate the system model for multicarrier
transmission, taking into account the unknown multipath
effects from the environment. By designing an appropriate RIS
phase profile, we could eliminate multipath interference. ii)
We propose a novel low-complexity RIS location estimator
and an EKF tracking algorithm that could track the speed and
location of the object. iii) We evaluate the performance of
the proposed methods in terms of estimation accuracy through
simulations in different indoor environments.

Notations: Hermitian, transpose, conjugate, and pseudoin-
verse of the matrix are represented by ()M, ()7, ()* and ()T,
- denotes the dot product, ||| and ||| indicates the modulus
and the frobenius norm, and j? = —1. The real and imaginary
parts are indicated by R and 3.

II. SYSTEM MODEL

We consider a wireless system as depicted in Fig. 1 com-
prising of a single-antenna, full-duplex transceiver with a
known location pg € R3 and an object with an unknown
location p, € R3 in the plane z = 0, equipped with a RIS. We
assume that p,. represents the center location of the RIS, which
is to be estimated, and py,, € R3 represents the location
of the mth RIS element. Therefore, the center RIS location
relative to the transceiver can be expressed as pg, = pg — Pr-
The RIS adopts the form of a Uniform Planar Array (UPA)
containing M elements with inter-element spacing of % [6],
where A represents the signal wavelength.

The transceiver transmits L consecutive OFDM symbols
on N subcarriers with frequency spacing Ay, and receives
the reflected signals from the RIS and other scatterers in the
environment. We assume that the energy of all transmitted
symbols is P;. At the transceiver, the received signal over time
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Fig. 1. System setup with a single antenna transceiver at a known location
Po, and an object equipped with a RIS, with unknown location and velocity
to be estimated, moving in the plane z = 0.

and subcarriers is given by the matrix Y € CN*L [6]

N,
Y = /Prgord(70,)b" + /P > gosd(ros)1] + W, (1)
s=1

where gor = por eI¥ is the complex channel gain with
unknown global phase offset ¢ ~ U][0,27) due to the lack
of phase synchronization between the different entities, and
attenuation amplitude pg, given by [10], [11]

2
() o 5
Por = —— 5
4x||por||®
where ¢ is the elevation angle from the center of the RIS to
the transceiver and gy = 0.285 [10]. Furthermore in (1), the
transmission delay 1o, is given by

_ 2llporll _ 2[pol3
c csinp’

3)

where c is the speed of light, and the phase offset produced
by the delay on each subcarrier is denoted as d(7)

—7127TA
1, e J2mTA

d(T) _ 7e—j27TT(N—1)Af:|T. (4)

The vector b € CM is the RIS response vector, given by

b, = e 325E (IPo—pr,mllI—[[Por 1) (5)

In the far-field assumption, the factor in the exponent of (5),
[P0 —Pr,m || —|[Por|| can be approximated as q,), ”gw” where
am = rm[cos(Em + a) sin(&y, 4+ @) 0T € R3, in which
Tm (resp. &) denotes the RIS mth element’s distance (resp.
azimuth angle) from the origin, « is the orientation of the RIS
planar in the plane z = 0 which is assumed to be known.
The wave vector “I;g:H is indicated in Fig. 1. Thus, the RIS
response vector b is a function of 6 and ¢, and (5) can be
rewritten as

[b(0, )]

— 32 = 7', COS p cos(0—a— §m) (©6)
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The number of unknown and unwanted multipaths is given
by Ng, each path’s path loss and delay are denoted by
gos and Tos. Here, we assume that the wavelength remains
constant across the entire transmission bandwidth, allowing
us to neglect beam squint effects [5]. We ignore the Doppler
effect in this letter, as it may not be a critical factor considering
a slowly moving object that causes a negligible frequency shift.
We further assume that the RIS is managed by a controller
which modulates the phase of the incident wave according
to the RIS phase profile matrix @ = exp(jw) € CM*L on
each element which changes over time. The noise matrix W €
CN*L has i.id circularly-symmetric Gaussian elements with
variance 2.

Finally, we choose the RIS phase profile {2 with a particular
structure and we assumem that  is fully known to the
transceiver. Inspired by the design of this profile in [6],
we study to remove the unknown multipath reflected by the
scatterers from the received signal in (1). We divide the
number of transmissions L in half, and denote them by L1 =
1,2,..., % and Lo = % +1,..., L, the corresponding phase
profile is denoted by @ = Q = exp(j@) € e CM*% and
Qy = —Q. Each entry of the matrix € is randomly and
independently drawn from the unit circle. Thus, the received
signal in (1) can also be divided into Y; and Yo, both €
(CN X g .

Our goal is to estimate the location and velocity of the
moving object equipped with a RIS, using low complexity
methods based on the observation Y, given the fixed location
of the transceiver and the RIS phase profile.

III. Low COMPLEXITY LOCATION ESTIMATOR

The receiver, 1n the first step, computes the following

CNX

quantity Y e 2 as the new observation

- 1

Y=5(Y1-Y2)=

5 Pygord(ro,)b " X+ W, (7

where the noise matrix W ~ A/(0, ) e CVx3, By doing
so, the unknown and undesired multlpath are removed.
Using the Jacobi—Anger identity [2], (6) can be written as

3
i=—1

( — 7 cos(f —a — §m)) exp(Jiy),
8)

where J; is the ith order Bessel functions of the first
kind. Thus, (6) can be further rewritten as b(f,¢) =
G(0)F(p), where G(0) € CM*I with each entity [g,, (0)]; =
3t (74—rm cos(f — o — &), and [F()]; = exp(jip). In
thls manner, b(6, ¢) is in a form separable at angles 6 and (.
Since the transmission delay 7, is a function of ¢ accord-
ing to (3), we can rewrite (7),

Y = /Pigord()F(¢) ' G(0) Q2+ W. ©
such that the maximum likelihood estimation becomes

HY v/ Pigord(y

~ ~ 112
[@wﬁ,@} = arg_min G(@)TQH :
gor,0,¢ F

(10)
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Now that the angles 6 and ¢ are in independent form in (10),
we can operate a 2-stage 1D search estimator, which is less
complex than a 2D joint search.

In a first stage, we estimate the angle ¢: after intro-

~ L
ducing v = Prgo,G(0)TQ € CI*Z, we apply a least
mean square method to express 7 as a function of ¢,
A(p) = & (F()*F(p) 1)TF(p)*d(p)1Y. Thus, the estima-
tion of angle ¢ can be obtained by a 1D search as

¥ — ()R T4

In a second stage, we estimate the angle §: with the angle
¢ estimated in the previous step, by introducing 7(0) =
dP)F(3) GO < CN*% and using the least mean
square method, the complex channel gain can be expressed as
Gor(0) = [|(n(6)Hn(6)) 'n(0)"Y //P¢||%. Hence, the estima-
tion of angle € can be obtained by a 1D search as

(1)

» = arg min
©

¥~ VP @mo)| (12)

0= arg m@in

IV. TRACKING WITH AN EXTENDED KALMAN FILTER

The Extended Kalman Filter (EKF) is a widely used
recursive algorithm for tracking the motion of an object.
Its widespread use is due to its ability to handle system
nonlinearities and its effectiveness with noisy observations.

We consider the scenario where the object follows the
constant velocity motion model [12], and define the state
vector at time step k for this model as

13)

5 T
s € R? = [z, %, Yk, Uk, 0k]

where 3, and y;, are the location coordinates, i, and g are
the velocity components in the x and y directions, and ¢y, is
the orientation of the object.

However, in real world, there may be unpredictable forces
acting on the model that cause velocity fluctuations that can
be modeled as random acceleration. To account for this, the

state transition function can be written as [12], [13]
Spy1 = Fsp +wyg, where (14)
1 T¢ 0 0 O
0 1 0 0 O
F=1[0 0 1 Ts 0 (15)
0O 0 O 1 0
0O 0 0 o0 1

The time between successive observations is denoted by T,
and the process noise wj represents the uncertainties in the
system’s motion that cannot be modeled deterministically.
Assuming that the object undergoes a random acceleration in
velocity in x (resp. y) direction of az, (resp. agk N(0,02),
and random noise in orientation ay, ~ N (0, ot between time
step k£ — 1 and k. From Newton’s laws of motlon we have

2 2 T

s
— Qxy T Qg

5 (16)

S
Ay s Ts Qyy, > Qo

Wwyp = B)

As a result, the process noise covariance matrix is given by
Q= E(wkwk) [12], [13].
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To define the observation function, we begin by removing
the delay effects from the received signal Y, given by

. He) | oT
y = (d(mr) Y) ~ NvPgorQ b+w.  (17)
We can rewrite (17) as the observation y, € Céﬂ at time k
Y = h(sk) + vg, (18)

where v, is the observation noise, and its covariance matrlx
is diagonal represented by R with all entries equal to N %- ”

The EKF algorithm consists of two main steps: predlctlon
and update. In the prediction step, the algorithm first calculates
the predicted state for the current time step k as

Spik—1=F8 qjp—1- (19)

Then, it computes the predicted error covariance matrix for

the current time step k as
Pt = FPy_11 F ' + Q. (20)

During the update step, the state estimate and error covariance
matrix are adjusted according to

Kj =Py H] (Hklsk|k—1HZ + R)_17 2N

er :ykfh<§k|k_1), 22)

8k = Skjk—1 + Ki[R(er); S(ep)], (23)

P = Prjp—1 — Kkaf)k\kflv (24)

where K; is the Kalman gain, H; = | Bhik is the

Jacobian matrix of the observation functlon evaluated at the
predicted state estimate, given in detail in the Appendix.

The proposed localization and EKF tracking algorithm can

be summarized as follows:

e At time step k = 0, the location estimator described in
Section III is used to perform localization, initializing the
object’s estimated location in the state vector $q|g. The
velocity components in the state vector $g| and the error

covariance matrix 130‘0 are both initialized to 0.

o After time step k>1, once the prediction and update steps
are completed as described in (19)-(24), the EKF has a
new state estimate and covariance matrix for the current
time step. This process can be repeated for subsequent
time steps to track the state of the system.

V. SIMULATION RESULTS

Simulation Parameters. In our simulations, we model a
room with dimensions 8 m x 8 m x 4 m, the object moves on
the plane z = 0 m, its location is denoted by p, = [z, v, O]T,
where x and y are both in the range [—4,4] m. T is 0.2 sec
and the object starts from [—3, 73,0]T at time step k = 0,
The search resolution of angle ¢ and # in (11) and (12) is ér—o
From time steps k = 1 to k = 60, the object moves with a
speed of i = 0 m/sec and ;, = 0.5 m/sec. From time steps
k = 61 to k = 120, the object moves with a speed of i3, = 0.5
m/sec and ¢ = 0 m/sec. With a total system bandwidth of
6 MHz, we simulate over 5000 random RIS phase profiles and
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Fig. 2. Process noise ag = 0.1,0.01,0.001. Orientation process noise a% = 0. (a) Location RMSE (meter). (b) Velocity RMSE in x axis (meter/sec).

(c) Velocity RMSE in y axis (meter/sec).

TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value
Wavelength A 1 cm
Light speed c 3%x108 m/s
Subcarrier bandwidth Ay 120 kHz
Number of subcarriers N 50
Total transmission power NA f Py 30 dBm
Number of transmissions L 100
Noise power spectral density Ny -174 dBm/Hz
UE’s noise figure ny 3dB
Noise variance o2 = ngNo -171 dBm/Hz
Transceiver location Po [0,0,4] T
Jacobi-Anger identity order I 20

noise realizations to evaluate the performance. The rest of the
simulation parameters are given in Table I.

The estimation complexity is determined by the Jacobi-
Anger identity order / and the angular search resolution in
both ¢ and 6. To ensure a fair comparison between 1D and
2D searches, we evaluate location estimation at the initial
location [—3, 73,0]T. In terms of MATLAB runtime for
one Mont-Carlo simulation, a 2-stage 1D search takes about
6 seconds, while a 2D search requires about 16 seconds to
achieve similar estimation performance. Therefore, the 2-stage
1D search proves to be a more time-efficient choice.

Velocity process noise ag. An important factor affecting
the tracking performance of the system is the velocity process
noise UZ, which represents the disturbances in the state
transition model. Fig. 2 shows the root mean square error
(RMSE) performance of location and velocity in x and y axes
over different velocity process noise. When crg is small, it
indicates that the system is relatively stable, with minimal
uncertainty during state transitions. As a result, the EKF’s state
predictions will be more accurate, leading to better tracking
performance. However, if there is a sharp turn in the actual
system (e.g., the object changes direction at time step k = 61),
a small ag can cause the EKF to adapt more slowly to these
changes. This is because the EKF may take longer to converge
to the true state since it has more confidence in the state
transition model than in the observations, which may not
accurately represent the changes. When ag is large, it indicates
that the system is believed to have significant uncertainties
during state transitions, so the EKF will have less confidence
in its predictions and rely more heavily on noisy observations,

4
3 e > |
T, R
20 3.2 1
. 3
e 1 238 ]
- 2.6
[%2) L J
= 0 A 3 25
© ~
>_1 L ..'2 i
ot 3 ,
A
3l 32 -3 28— Trye path ]
— Estimated path
-4 w w w w w w w w w
4 3 -2 -1 0 1 2 3 4
X axis (m)
Fig. 3. Velocity process noise o = 0.01. One example of the trajectory of

the true path and the estimated one, starting point at [—3, —3, O}T.

which can lead to inaccurate state estimates, but it can also
adapt quickly to sharp turns. Fig. 3 shows an example of the
trajectory of the true path and the estimated one.
Orientation process noise 2. While it is assumed that
the initial orientation « is known and remains constant during
motion according to (13) - (15), it may fluctuate as the
object moves. These variations can significantly affect the
tracking performance of the system, especially due to the high
sensitivity of the channel model to the orientation shown in (6),
since there is only a single antenna on the transceiver. Fig. 4
shows that as the degree of orientation change increases, there
is a corresponding degradation in tracking performance.
Comparison with other method. The proposed method is
contrasted with a 2-stage 1D search location estimation at each
time step, as detailed in Section III, and depicted in Fig. 5. It
can be seen that the RMSE doesn’t converge over time without
performing EKF. The EKF plays a crucial role in continuously
updating and refining the estimate by incorporating new
measurements in an iterative and adaptive process. Notably, the
proposed method could accurately estimate the velocity while
it could not without the EKF. In terms of runtime efficiency,
the proposed method completes one Mont-Carlo simulation
with 120 time steps in 8 seconds, while the compared method
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Fig. 4. Velocity process noise 02 = 0.1. Location RMSE (meter) with
different orientation process noise oy .
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Fig. 5. Velocity process noise 03 = 0.1. Orientation process noise ag =0.
Comparison between the proposed method and the one without EKF.

requires 15 minutes. This significant difference highlights the
much higher efficiency of the proposed method using EKF.

VI. CONCLUSION

We present a novel RIS-enabled passive localization
and tracking use case, where a single-antenna full duplex
transceiver transmits multiple OFDM signals and processes the
signals reflected from the RIS-equipped object in a spectrum-
efficient system. We demonstrate that the signals reflected by
the RIS can be separated from the unknown and undesired
multipath by using the designed RIS phase profile. Based on
this, the location and velocity of the object can be estimated
with proposed low-complexity estimators. Simulation results
confirm that location estimation can achieve centimeter-level
accuracy using only 6 MHz bandwidth.

APPENDIX

Since the state vector (13) is a real-valued vector, while the
observation function (17) — (18) is a complex-valued vector,
we write the Jacobian matrix as

OR(h) o R o OR(K)
x5 _ | @ ) )
Hy, € R =1 580 0 BSm aS(h) |- (29
Oz dy Oa
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The function h at transmission / in (18) can be written as

M
h(1) = N\/Pipor D (cos By + 5 sin B ),

m=1

(26)

where 3, = @) — 47”rm cos @ cos(f — a — &) + 1, such
that the upper left entry in (25) becomes

OR(h(1)  OR(h(1) e _ OR(R(]) 99

_ - 27
Oz dp  Ox o6 9z’ ()
where
M
M) _ N/ Prope T sing 3 sin flmrm
B A 7
12 m=1
xcos(0 —a—E&m),
M
OR(h(l Ar '
% = —NV/Pipor—- cowmz;l sin B1,m Tm
xsin(f — a— &),
Op _ Zwsing g0 v 28)

8.73 [po]g (j()S(p7 8.1? a 1‘2(1 =+ tan2 9) '

The calculation of the other entries in (25) follow similarly.
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