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Abstract—6G networks aim to enable applications like au-
tonomous driving by providing complementary localization ser-
vices through key technologies such as non-terrestrial networks
(NTNs) with low Earth orbit (LEO) satellites and reconfigurable
intelligent surfaces (RIS). Prior research in 6G localization using
single LEO, multi-LEO, and multi-LEO multi-RIS setups has
limitations: single LEO lacks the required accuracy, while multi-
LEO/RIS setups demand many visible satellites and RISs, which
is not always feasible in practice. This paper explores the novel
problem of localization with a single LEO satellite and a single
RIS, bridging these research areas. We present a comprehensive
signal model accounting for user carrier frequency offset (CFO),
clock bias, and fast and slow Doppler effects. Additionally, we de-
rive a low-complexity estimator that achieves theoretical bounds
at high signal-to-noise ratios (SNR). Our results demonstrate the
feasibility and accuracy of RIS-aided single-LEO localization in
6G networks and highlight potential research directions.

Index Terms—6G, non-terrestrial networks (NTNs), reconfig-
urable intelligent surfaces (RIS), single-LEO localization.

I. INTRODUCTION

Non-terrestrial networks (NTNs) utilize space- and airborne
platforms and are expected to play a crucial role in social
sustainability, enhancing network resilience, and providing
continuous connectivity in scenarios where terrestrial infras-
tructure may be inadequate or non-existent [1]. In particular,
the use of low earth orbit (LEO) satellites has the potential to
provide global 6G integrated communication and sensing (e.g.,
positioning, imaging) services [2], complementing existing
terrestrial communication systems and space-based positioning
systems (e.g., GPS) [3].

Focusing on the important application of user localization,
LEO-based NTN has been studied in various contexts, ben-
efiting from the high satellite mobility, high-power signals,
and low latencies [4], [5]. Existing studies can be divided
into multi-LEO localization [6]–[9] or single-LEO localization
[4], [5], [10]. In the former category, [6] studied a multi-

This work is supported by the European Commission through the Hori-
zon Europe/JU SNS project Hexa-X-II (Grant Agreement no. 101095759),
the Swedish Research Council grant 2022-03007, the Spanish R+D project
PID2020-118984GB-I00, and the King Abdullah University of Science and
Technology (KAUST) Office of Sponsored Research (OSR) under Award
ORA-CRG2021-4695.

Figure elements b
y macrovector on Freepik

RISLEO

UE

GCS

<latexit sha1_base64="6kcYvyvW+7h8fRHjpKGjDCQMhXc=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIzFyIrvGoEcSLx7RyCOBDZkdemHC7OxmZtZINvgFXvULvBmv/osf4H84wB4ErKSTSlV3urv8mDOlHefbyq2tb2xu5bcLO7t7+wfFw6OmihJJsUEjHsm2TxRyJrChmebYjiWS0OfY8kc3U7/1iFKxSDzocYxeSAaCBYwSbaT7p/NeseRUnBnsVeJmpAQZ6r3iT7cf0SREoSknSnVcJ9ZeSqRmlOOk0E0UxoSOyAA7hgoSovLS2aUT+8wofTuIpCmh7Zn6dyIloVLj0DedIdFDtexNxf+8TqKDay9lIk40CjpfFCTc1pE9fdvuM4lU87EhhEpmbrXpkEhCtQlnYQslgiKfmFzc5RRWSfOi4lYr1bvLUq2cJZSHEziFMrhwBTW4hTo0gEIAL/AKb9az9W59WJ/z1pyVzRzDAqyvX8eglWM=</latexit>

x0

<latexit sha1_base64="QDMSlGSz7HcOIMyva56qg/z9tCU=">AAAB/HicbVDLSsNAFL3xWeur6tJNsIhdlUSkuiy4cVnFPqANZTK9aYdOJmFmIoRQv8CtfoE7ceu/+AH+h9M2C9t64MLhnHu59x4/5kxpx/m21tY3Nre2CzvF3b39g8PS0XFLRYmk2KQRj2THJwo5E9jUTHPsxBJJ6HNs++Pbqd9+QqlYJB51GqMXkqFgAaNEG+khveiXyk7VmcFeJW5OypCj0S/99AYRTUIUmnKiVNd1Yu1lRGpGOU6KvURhTOiYDLFrqCAhKi+bXTqxz40ysINImhLanql/JzISKpWGvukMiR6pZW8q/ud1Ex3ceBkTcaJR0PmiIOG2juzp2/aASaSap4YQKpm51aYjIgnVJpyFLZQIinxicnGXU1glrcuqW6vW7q/K9UqeUAFO4Qwq4MI11OEOGtAECgG8wCu8Wc/Wu/Vhfc5b16x85gQWYH39Ask4lWQ=</latexit>

y0

<latexit sha1_base64="hW7UvngrdgD+QScxfODxzNyV6D8=">AAACFnicbZBLSgNBEIZ74ivGV9SdbgaDkFWYEYkuA25cRjAPSGKo6VSSJj09Q3eNGIeAx/AEbvUE7sStWw/gPZw8Fibxh4aPv6qo6t8LpTDkON9WamV1bX0jvZnZ2t7Z3cvuH1RNEGmOFR7IQNc9MCiFwgoJklgPNYLvSax5g6txvXaP2ohA3dIwxJYPPSW6ggMlVjt71KQ+ErSbhA8U62h0NyV4HLWzOafgTGQvgzuDHJup3M7+NDsBj3xUxCUY03CdkFoxaBJc4ijTjAyGwAfQw0aCCnw0rXjyh5F9mjgduxvo5CmyJ+7fiRh8Y4a+l3T6QH2zWBub/9UaEXUvW7FQYUSo+HRRN5I2BfY4ELsjNHKSwwSAa5HcavM+aOCUxDa3hYPiKMe5uIspLEP1rOAWC8Wb81wpP0sozY7ZCcszl12wErtmZVZhnD2xF/bK3qxn6936sD6nrSlrNnPI5mR9/QL9BqEI</latexit>

✓az
ru

<latexit sha1_base64="sAb55OE+CHzWHxQxGEkhJ1W0yB0=">AAACFnicbZDLSsNAFIYnXmu9Rd3pJliErkoiUl0W3LisYC/Q1jKZnrZDJ5MwcyKWUPAxfAK3+gTuxK1bH8D3cNpkYVt/GPj4zzmcM78fCa7Rdb+tldW19Y3N3FZ+e2d3b98+OKzrMFYMaiwUoWr6VIPgEmrIUUAzUkADX0DDH11P640HUJqH8g7HEXQCOpC8zxlFY3Xt4zYOAWm3jfCIiYon9ymBmHTtgltyZ3KWwcugQDJVu/ZPuxeyOACJTFCtW54bYSehCjkTMMm3Yw0RZSM6gJZBSQPQnWT2h4lzZpye0w+VeRKdmft3IqGB1uPAN50BxaFerE3N/2qtGPtXnYTLKEaQLF3Uj4WDoTMNxOlxBQzF2ABliptbHTakijI0sc1tYVSyNBdvMYVlqJ+XvHKpfHtRqBSzhHLkhJySIvHIJamQG1IlNcLIE3khr+TNerberQ/rM21dsbKZIzIn6+sX7Rqg/g==</latexit>

✓el
ru

<latexit sha1_base64="zpI/RAIw/xkj59UEl80evlniZTU=">AAACKXicbZDLSsNAFIYnXus96tJNsAgVtCQi1WXBjcsK1hbaUCbTkzo4mYSZk2IJeQofwydwq0/gTt2K7+G0RqiXHwZ+vnMO58wfJIJrdN1Xa2Z2bn5hsbS0vLK6tr5hb25d6ThVDJosFrFqB1SD4BKayFFAO1FAo0BAK7g5G9dbQ1Cax/ISRwn4ER1IHnJG0aCefVjpItxiEGZJ3pvYTFPMD77pcJru9+yyW3Uncv4arzBlUqjRsz+6/ZilEUhkgmrd8dwE/Ywq5ExAvtxNNSSU3dABdIyVNALtZ5Nv5c6eIX0njJV5Ep0JnZ7IaKT1KApMZ0TxWv+ujeF/tU6K4amfcZmkCJJ9LQpT4WDsjDNy+lwBQzEyhjLFza0Ou6aKMjRJ/tjCqGQgcpOL9zuFv+bqqOrVqrWL43K9UiRUIjtkl1SIR05InZyTBmkSRu7IA3kkT9a99Wy9WG9frTNWMbNNfsh6/wTCVKlI</latexit>

(psat,vsat)

<latexit sha1_base64="XTDjKZu4P0NFYliz4VRjtiyUUVI=">AAACInicbVDLSsNAFJ34rPVVdekmWJQKUhKR6rLgRne1WhWaUibTGx06mYSZG7GE/IGf4Re41S9wJ64Et/6H07QLqx4Y5nDOvdx7jx8LrtFxPqyp6ZnZufnCQnFxaXlltbS2fqmjRDFosUhE6tqnGgSX0EKOAq5jBTT0BVz5/eOhf3UHSvNIXuAghk5IbyQPOKNopG5pp+Ih3KMfpHHWzWnaPD3P9jw/Ej09CM2XNrPdbqnsVJ0c9l/ijkmZjNHolr68XsSSECQyQbVuu06MnZQq5ExAVvQSDTFlfXoDbUMlDUF30vyezN42Ss8OImWeRDtXf3akNNTD3UxlSPFW//aG4n9eO8HgqJNyGScIko0GBYmwMbKH4dg9roChGBhCmeJmV5vdUkUZmggnpjAqGYjM5OL+TuEvudyvurVq7eygXK+MEyqQTbJFKsQlh6ROTkiDtAgjD+SJPJMX69F6td6s91HplDXu2SATsD6/AYx2pW4=</latexit>

(pRIS, R)

LCS

<latexit sha1_base64="FIN9qnA1UXNdj2TI6Ww5RLgGMMI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIzFyIrvGoEcSLx7RyCOBDZkdemHC7OxmZtYEN/gFXvULvBmv/osf4H84wB4ErKSTSlV3urv8mDOlHefbyq2tb2xu5bcLO7t7+wfFw6OmihJJsUEjHsm2TxRyJrChmebYjiWS0OfY8kc3U7/1iFKxSDzocYxeSAaCBYwSbaT7p/NeseRUnBnsVeJmpAQZ6r3iT7cf0SREoSknSnVcJ9ZeSqRmlOOk0E0UxoSOyAA7hgoSovLS2aUT+8wofTuIpCmh7Zn6dyIloVLj0DedIdFDtexNxf+8TqKDay9lIk40CjpfFCTc1pE9fdvuM4lU87EhhEpmbrXpkEhCtQlnYQslgiKfmFzc5RRWSfOi4lYr1bvLUq2cJZSHEziFMrhwBTW4hTo0gEIAL/AKb9az9W59WJ/z1pyVzRzDAqyvX8rQlWU=</latexit>

z0

<latexit sha1_base64="dxyxNIOp9+4wEXfyYo2K9qresnE=">AAACRHicbZA9SwNBEIb3/P42ammzGAQFCXdB1FKwsVQwKuRCmNvMJYt7e8funBCO+0v+DH+BjYV2dnZiK25iCk18YeHlmRlm9o0yJS35/rM3NT0zOze/sLi0vLK6tl7Z2Ly2aW4ENkSqUnMbgUUlNTZIksLbzCAkkcKb6O5sUL+5R2Nlqq+on2Erga6WsRRADrUr56HCmPZCUFkP2kWYAPVMUti8LA94SJBPMD2GQiO7PdpvV6p+zR+KT5pgZKpspIt25S3spCJPUJNQYG0z8DNqFWBICoXlUphbzEDcQRebzmpI0LaK4Y9LvutIh8epcU8TH9LfEwUk1vaTyHUOTrXjtQH8r9bMKT5pFVJnOaEWP4viXHFK+SA+3pEGBam+MyCMdLdy0QMDglzIf7YI0AJV6XIJxlOYNNf1WnBUO7o8rJ7WRwktsG22w/ZYwI7ZKTtnF6zBBHtgT+yFvXqP3rv34X3+tE55o5kt9kfe1zegULTA</latexit>(↵
su , ⌧

su , ⌫
su )

<latexit sha1_base64="FcRwiQQNEhWkkrR1Wf8zJuUIS2o=">AAACRHicbZA9SwNBEIb3/P42ammzGAQFCXdB1FKwsVQwKuRCmNvMJYt7e8funBCO+0v+DH+BjYV2dnZiK25iCk18YeHlmRlm9o0yJS35/rM3NT0zOze/sLi0vLK6tl7Z2Ly2aW4ENkSqUnMbgUUlNTZIksLbzCAkkcKb6O5sUL+5R2Nlqq+on2Erga6WsRRADrUr56HCmPZCUFkP2kWYAPVMUlhTlgc8JMgnmB5DoZHdHu23K1W/5g/FJ00wMlU20kW78hZ2UpEnqEkosLYZ+Bm1CjAkhcJyKcwtZiDuoItNZzUkaFvF8Mcl33Wkw+PUuKeJD+nviQISa/tJ5DoHp9rx2gD+V2vmFJ+0CqmznFCLn0VxrjilfBAf70iDglTfGRBGulu56IEBQS7kP1sEaIGqdLkE4ylMmut6LTiqHV0eVk/ro4QW2DbbYXssYMfslJ2zC9Zggj2wJ/bCXr1H79378D5/Wqe80cwW+yPv6xuRArS3</latexit>

(↵sr , ⌧sr , ⌫sr)

<latexit sha1_base64="nM5fwgL5Q/wvxnEZwpBEnWSWtXY=">AAACE3icbVBLSgNBEO2Jvxh/URcu3AwGIW7CjEh0GXDjMoL5QCaEnk5N0qSnZ+iuEcMwx/AEbvUE7sStB/AA3sPOZ2ESHxQ83quiqp4fC67Rcb6t3Nr6xuZWfruws7u3f1A8PGrqKFEMGiwSkWr7VIPgEhrIUUA7VkBDX0DLH91O/NYjKM0j+YDjGLohHUgecEbRSL3iiScgwLKH8IR+kMaZp/hgiBe9YsmpOFPYq8SdkxKZo94r/nj9iCUhSGSCat1xnRi7KVXImYCs4CUaYspGdAAdQyUNQXfT6QOZfW6Uvh1EypREe6r+nUhpqPU49E1nSHGol72J+J/XSTC46aZcxgmCZLNFQSJsjOxJGnafK2AoxoZQpri51WZDqihDk9nCFkYlA5GZXNzlFFZJ87LiVivV+6tSzZknlCen5IyUiUuuSY3ckTppEEYy8kJeyZv1bL1bH9bnrDVnzWeOyQKsr18+GJ7y</latexit>

(p)

<latexit sha1_base64="v1trpP43sflqAKJKCdVk/f4nMB0=">AAACRHicbZA9SwNBEIb3/P42ammzGAQFCXdB1FKwsVQwKuRCmNvMJYt7e8funBCO+0v+DH+BjYV2dnZiK25iCk18YeHlmRlm9o0yJS35/rM3NT0zOze/sLi0vLK6tl7Z2Ly2aW4ENkSqUnMbgUUlNTZIksLbzCAkkcKb6O5sUL+5R2Nlqq+on2Erga6WsRRADrUr56HCmPZCUFkP2kWYAPVMUpi8LA94SJBPMD2GQiO7PdpvV6p+zR+KT5pgZKpspIt25S3spCJPUJNQYG0z8DNqFWBICoXlUphbzEDcQRebzmpI0LaK4Y9LvutIh8epcU8TH9LfEwUk1vaTyHUOTrXjtQH8r9bMKT5pFVJnOaEWP4viXHFK+SA+3pEGBam+MyCMdLdy0QMDglzIf7YI0AJV6XIJxlOYNNf1WnBUO7o8rJ7WRwktsG22w/ZYwI7ZKTtnF6zBBHtgT+yFvXqP3rv34X3+tE55o5kt9kfe1zebM7S9</latexit>

(↵
ru

, ⌧
ru

, ⌫
ru

)

Fig. 1. A 6G localization scenario with a single-LEO satellite aided by a
single-RIS in an urban setting.

LEO system with 3GPP numerology, while [7] focused on
joint localization and time-frequency synchronization in NTN-
IoT applications. Opportunistic multi-LEO localization using
NTN was proposed in [8], while [9] demonstrated the practical
feasibility of positioning without detailed knowledge of the
transmitted signal. In the latter category, [5] considered joint
localization and communication from a single LEO satellite of
a time-synchronized user, relying on angle-of-departure (AoD)
and time-of-arrival (ToA) measurements. Note here that small
AoD measurement errors will lead to high positioning errors
at such a long distance. On the other hand, [10] utilized
time-difference-of-arrival (TDoA) and frequency-difference-
of-arrival (FDoA) of signals sent at two-time instances, i.e.,
capitalizing on the satellite’s high mobility, to localize the
user. Such a method requires minimal user equipment (UE)
mobility between the two transmissions, ideally a static UE,
for it to work. An alternative way to solve the 6G LEO posi-
tioning problem without needing terrestrial base stations (BSs),
unreliable LEO-AoD measurements, or long inter-transmission
times is to rely on reconfigurable intelligent surfaces (RISs), as
mentioned in [1]–[3] and elaborated in [11]–[13]. For instance,
[11] showed that so-called STAR-RIS can enhance single-
LEO indoor localization coverage through theoretical error-
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bound analysis. An RIS beamforming technique to optimize
the positioning Cramér-Rao lower bound (CRLB) of a single
satellite-RIS-UE problem was proposed in [12]. The proposed
method requires knowledge about the RIS-UE AoD, which
cannot be estimated due to the fixed RIS configuration over
time. To solve that, they assume rough prior knowledge about
the UE’s position, from which a rough AOD estimate can be
attained. In [13], a Riemannian manifold-based approach was
proposed to solve a 9D UE tracking problem (3D position,
velocity, and orientation) in a multi-LEO multi-RIS setup. This
makes [13] the only work, to date, to attempt to solve the
RIS-aided LEO localization estimation problem, albeit with
multiple satellites and RISs in view, which imposes stringent
constraints in the constellation deployment.

In this paper, inspired by [14], we address the problem of
single-LEO user localization with the aid of a single RIS while
considering the impact of time-varying RIS configurations on
the capability to estimate the AoD and to separate the RIS
path from the direct path. The contributions of this work are
two-fold: (i) we present a more complete and realistic signal
model than that used in [11]–[13], accounting for both the
user carrier frequency offset (CFO) and clock bias, as well
as slow-time and fast-time Doppler effects; and (ii) we derive
a practical multi-stage estimator that harnesses the problem
structure to circumvent the coupling between the AoD and the
CFO/Doppler in time-domain.

Notation: We use bold for (column) vectors (e.g., x) and
bold uppercase for matrices (e.g., X). Transpose is denoted as
X⊤, Hermitian as XH, and complex conjugate as X∗. The
entry on row k, column l of matrix X is denoted by Xk,l.

II. SYSTEM MODEL

We consider a single LEO satellite with a single directional
antenna, a single UE with an omnidirectional antenna, and a
single RIS in the vicinity of the UE, as shown in Fig. 1. We
assume that the UE is static and has an unknown location
p ∈ R3, whereas the RIS has a known location pRIS ∈ R3,
and a known orientation described by R ∈ SO(3), the rotation
from the local coordinate system (LCS) of the RIS to the
global coordinate system (GCS) [3]. During the measurement
time, the satellite has known location psat(t) = psat(0) + tvsat

and velocity vsat. The clocks of the satellite and the UE are
assumed to have an unknown time offset δ, and an unknown
CFO δf . The RIS is equipped with a uniform rectangular array
(URA) of N = Nx ×Nz elements, where Nx and Nz are the
number of the RIS elements placed along its local x and z-axes,
respectively. The nth element of the RIS is located at pn in the
LCS of the RIS. The RIS elements are spaced by λ/2, where
λ = c/fc is the wavelength, fc is the carrier frequency, and c
is the speed of light. The RIS phase configuration is denoted
by ω = [eȷω1 , . . . , eȷωN ]⊤, where ωn = −2πfτn is the phase
shift induced by the nth element’s delay τn ∈ [0, 1/fc] [15].

A. Signal and Channel Models

1) Transmit Signal Model: The satellite emits orthogonal
frequency division multiplexing (OFDM) signals, using K
sub-carriers and L symbols with a total symbol duration
Tsym = T + TCP, where T = 1/∆f is the elementary symbol
duration, ∆f is the subcarrier spacing, and TCP is the cyclic
prefix (CP) duration. The transmitted complex baseband signal
is expressed as

s(t) =

√
Ptot

K

L−1∑
ℓ=0

K−1∑
k=0

xk,ℓe
ȷ2πk∆f (t−ℓTsym) rect

(
t − ℓTsym

Tsym

)
,

(1)
where Ptot is the total transmitted power over all subcarri-
ers, xk,ℓ ∈ C is the transmitted pilot symbol during the
ℓth transmission on the kth sub-carrier with |xk,ℓ| = 1,
rect(t) = 1 when t ∈ [0, 1], and 0 otherwise, and t ∈
[0, LTsym]. The transmitted passband signal is expressed as
s̃(t) = ℜ{exp(ȷ2πfct)s(t)}.

2) Received Passband Signal at the UE: The channel be-
tween the satellite and the UE comprises two paths, a direct
line-of-sight (LoS) satellite-UE path (‘su’) and a satellite-RIS-
UE path (‘sru’, called the RIS path), i.e., no multipath effect
assumed.1 The received passband signal at the UE in the time
domain is ỹ(t) = ỹsu(t) + ỹsru(t) + n(t), where n(t) is the
thermal noise at the receiver with power spectral density (PSD)
N0 and

ỹsu(t) = ρsus̃(t − τsu + νsut) (2)

ỹsru(t)=ρsru

N−1∑
n=0

s̃(t−τsru+νsrut−τn(t)−τθrs,n−τθru,n) , (3)

in which ρi, τi, and νi are the channel amplitude (due to path
loss and antenna patterns and atmospheric effects, e.g., tropo-
spheric attenuation), the initial delay, and the frequency shift
factor of the ith path (i ∈ {su, sru}), and τn(t) is the controlled
delay of the nth RIS element at time t. Moreover, τθrs,n captures
the delay/time-advance2 of the impending signal at the nth RIS
element (from the satellite), compared to the RIS phase center.
Similarly, τθru,n is the delay at the nth RIS element of the signal
towards the UE compared to the RIS phase center. Under the
plane-wave model, these two delays depend on the AoA at
the RIS, θrs, and the AoD from the RIS, θru, respectively.
Correspondingly, θrs =(θaz

rs , θel
rs) and θru = (θaz

ru , θel
ru) comprise

the azimuth and elevation AoA and AoD tuples of the RIS, re-
spectively, in the RIS’s LCS. From simple geometry, it follows

1Attributes of these two paths, e.g., channels, delays, and Dopplers, will
be sub-scripted by i ∈ {su, sru}, respectively. Additionally, the attributes of
all paths between individual entities might be alternatively sub-scripted by
j ∈ {su, sr, and ru}. Finally, parameters that pertain to the RIS path only,
e.g., angle-of-arrival (AoA), AoD, and steering vectors, will be sub-scripted
by g ∈ {rs, ru}. The first letter of g is associated with the origin of the
vector/center of the angle and the second letter with the destination.

2A positive τθ,n value corresponds to a delay with respect to the phase
center while a negative value conveys a time advance.
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that τθ,n = −p⊤
n u(θ)/c is affected by the AoA/AoD tuple, θ,

where u(θ) = [cos(θaz) cos(θel), sin(θaz) cos(θel), sin(θel)]⊤.

B. Geometric Relations

The path delays are computed as τsu = dsu/c + δ,
τsru = τsr + τru, τsr = dsr/c, and τru = dru/c + δ,
where dj is the initial range of the jth path at t = 0
(j ∈ {su, sr, and ru}). The frequency shifts in the given
paths are modeled as νsu = v⊤

sat(p − psat)/(dsuc) + δf ,
νsru = νsr + νru, νsr = −v⊤

satRu(θrs)/c, and νru = δf .
Finally, the RIS’s azimuth and elevation AoA/AoD in the LCS
are computed as θaz

g = arctan([R⊤∆pg]2/[R⊤∆pg]1) and
θel
g = arcsin([R⊤∆pg]3/dg), respectively. Here, ∆pg denotes

the vector from RIS to satellite (for g = rs) or from RIS to
UE (for g = ru) in the GCS.

C. Assumptions

In general, ρi, νi, and θrs are all functions of time t, as
they depend on the varying location of the LEO satellite.
However, we will operate under conditions (see Section V-B)
under which the Doppler shift caused by the satellite is constant
over t as vsat is assumed to be constant over that period
and θrs(LTsym) − θrs(0) ≈ 0. The time dependence notation
was omitted for αi to simplify the expressions. However, αi

changes over time in the generative model. We also assume
that the RIS and the UE are in close vicinity, thus νsu ≈ νsr.
By further assuming δf ≪ νsr, we obtain that νsu ≈ νsru.3 We
also assume that the RIS phase configurations change slowly,
at a rate of one configuration per OFDM symbol.

III. DISCRETE-TIME OBSERVATION MODEL

A. Received Baseband Signal at the UE

The baseband noise-free signals corresponding to the LoS
and RIS paths after downconversion of (2)–(3) are

ysu(t) = αsue
ȷ2πfcνsuts(t − τsu + νsut) (4)

ysru(t) = αsrue
ȷ2πfcνsruts(t − τsru + νsrut)GRIS(t) , (5)

where αi = ρi exp(−ȷ2πfcτi), GRIS(t) = (a(θrs) ⊙
a(θru))

⊤ω(t) ∈ C is the RIS beamforming gain, and a(θ) ∈
CN is the RIS’s steering vector given the angle tuple θ. The
nth element of a(θ) is modeled as an(θ) = exp(−ȷ2πfcτθ,n).
Note here that the term k∆fτθ,n was omitted from an(θ) since
K∆fτθ,n ≪ 1, ∀θ, n.

Sampling (4) and (5) at t = ℓTsym +TCP +κT/K, i.e., after
CP removal and stacking the samples per OFDM symbol along
columns indexed by ℓ, results in

Ysu,κ,ℓ =αsue
ȷ2πfcνsu(ℓTsym+TCP+κT/K)

s((1 + νsu)(ℓTsym + TCP + κT/K) − τsu)
(6)

3These Doppler assumptions are utilized solely by the estimation algorithm
and do not influence the generative model. Therefore, even if these assumptions
are violated (e.g., the UE is mobile or located far from the RIS), the generative
model remains accurate, though the estimation performance may degrade. The
extent to which these assumptions hold and their impact on performance will
be examined in future work.

Ysru,κ,ℓ =αsruGRIS,ℓe
ȷ2πfcνsru(ℓTsym+TCP+κT/K)

s((1 + νsru)(ℓTsym + TCP + κT/K) − τsru) ,
(7)

where κ = 0, . . . ,K − 1 and GRIS,ℓ is the sampled version
of GRIS(t). Here, the constant phase shift caused by fcνiTCP

in the exponent terms can be absorbed into αi and the known
phase shift caused by k∆fTCP in s(·) can be merged to xk,l

to simplify the expression.
Several standard assumptions from terrestrial positioning can

be followed while others cannot, as they are no longer valid
in this setup due to high Doppler shifts caused by the LEO
satellite.4 For instance, we can neglect the terms νiTCP and
νiκT/K in s(·), as K∆fνiTCP ≪ 1 and K∆fνiT ≪ 1,
respectively. In contrast, the νiℓTsym term in s(·) cannot be
ignored, as K∆fνiLTsym > 1, i.e., the effect of large time-
bandwidth product K∆fLTsym (also called intersubcarrier
Doppler effect [16]). Likewise, the carrier frequency phase
shift caused by fcνiℓTsym and fcνiκT/K cannot be ignored,
as fcνiLTsym ≫ 1 and fcνiT ≈ 1. The latter two effects are
called the slow-time and fast-time Doppler effects, respectively.
Hence, (6) and (7) can be simplified to be

Ysu,κ,ℓ =αsue
ȷ2πfcνsu(ℓTsym+κT/K)

s(ℓTsym + κT/K − τsu + νsuℓTsym)
(8)

Ysru,κ,ℓ =αsruGRIS,ℓe
ȷ2πfcνsru(ℓTsym+κT/K)

s(ℓTsym + κT/K − τsru + νsruℓTsym) .
(9)

B. Observations in Compact Matrix Form

By inserting (1), the simplified LoS and RIS path signals in
(8)–(9) can be re-written in matrix form, respectively, as

Y su = αsuAsu ⊙ F H (Bsu ⊙ Csu ⊙ X) (10)

Y sru = αsruAsru ⊙ F H (Bsru ⊙ Csru ⊙ GRIS ⊙ X) , (11)
where X ∈ CK×L incorporates the transmitted pilot sym-
bols and

√
Ptot/K, F ∈ CK×K is the unitary FFT ma-

trix, Ai ∈ CK×L and Ci ∈ CK×L capture the fast-time
and slow-time Doppler effects, respectively, of the ith path,
Bi ∈ CK×L captures the sub-carrier phase shift and Doppler
effects of the ith path, and GRIS ∈ CK×L encapsulates the
RIS response. The elements of the matrices above are as
follows Ai,κ,ℓ = eȷ2πfcνiκ/KT , Bi,k,ℓ = e−ȷ2πk∆f (τi−νiℓTsym),
Ci,k,ℓ = eȷ2πfcνiℓTsym , and GRISk,ℓ = GRIS,ℓ. Finally, combin-
ing (10) and (11), the received signal in the time domain can
be expressed as

Y =
∑

i∈{su,sru}
Ai ⊙ F H(Hi ⊙ X) + N , (12)

where Hi ∈ CK×L encapsulates the effects of αi, Bi, Ci, and
GRIS (for the RIS path), N ∼ CN (0K×L, σ2IK×L), σ2 =
N0Nf is the noise variance at the UE, and Nf is the noise
figure (NF) of the UE.

4According to the simulation parameters shown in Table I, the Doppler shift
factor is ≈ 1.8 ∗ 10−5. Hence, K∆fνiTCP ≈ 2.6−3 ≪ 1, K∆fνiT ≈
0.04 ≪ 1, K∆fνiLTsym ≈ 10.1 > 1, fcνiLTsym ≈ 675 ≫ 1, and
fcνiT ≈ 2.5.
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IV. LOCALIZATION METHOD

A. Channel Parameter Estimation

The unknown channel parameters in (12) comprise
αsu, αsru, τsu, τsru, νsu, νsru, and θru. To avoid using a 6D
maximum-likelihood estimator (MLE)5, we utilize the fact
that the RIS path is much weaker than the LoS path, i.e.,
|αsu| ≫ |αsru|. Hence, we treat Y as if it only constitutes
the effects of the dominant LoS path, and proceed with
estimating the LoS channel parameters (αsu, τsu, νsu). Then, we
can subtract the reconstructed LoS path from Y and estimate
the RIS path parameters.

Remark (Range and Doppler ambiguities). The products ∆fτi
and fcνiTsym can be > 1, due to the long transmission
distance and the high speed of the LEO satellite, respectively.
Hence, those products can be re-written as Nτi + ∆f τ̃i and
Nνi + fcν̃iTsym, respectively, where Nτi = ⌊∆fτi⌋ ∈ N,
Nνi

= ⌊fcνiTsym⌋ ∈ N, τ̃i = τi − Nτi/∆f , and ν̃i =
νi−Nνi

/(fcTsym). Since the UE and RIS are in close proximity,
the integer values of the LoS and RIS path delay will mostly
be identical, as will those for the Doppler. However, to avoid
possible ambiguities, differential delays and Dopplers will be
exploited instead of absolute ones so that integer ambiguities
will cancel out.

1) LOS Path Channel Parameter Estimation: First, we
eliminate the fast-time Doppler effect, Asu, and the sub-carrier
Doppler shift (the second exponential term in Bsu, which
depends on νsu) from (12), as they will negatively affect the
delay estimation. To do that, we rely on the assumptions from
Sec. II-C to coarsely set ν̂su ≈ νsr. This allows us to eliminate
the bulk of the Doppler effects by computing

Y̊ = F (Â
∗
su ⊙ Y ) (13)

Y̆ = B̂
∗
ν̂su

⊙ Y̊ , (14)

where Â
∗
su and B̂

∗
ν̂su

are the complex conjugates of the esti-
mates of Asu and Bνsu , respectively, with elements Â∗

su,κ,ℓ =

e−ȷ2πfcν̂suκ/KT and B̂∗
ν̂suk,ℓ

= e−ȷ2πk∆f ν̂suℓTsym , respectively.
Then, absorbing constant X into αsu and introducing Bres

su,k,ℓ =

e−ȷ2πk∆fτi , we find
Y̆ ≈ αsu (Bres

su ⊙ Csu) + N (15)

= αsub(τsu)c
⊤(νsu) + N , (16)

where bk(τsu) = e−ȷ2πk∆fτsu and cℓ(νsu) = eȷ2πfcνsuℓTsym , since
all columns in Bres

su are identical, and all rows in Csu are also
identical. From (16), the delay and Doppler can directly be
estimated via a 2D-FFT or by 2 separate 1D-FFT with non-
coherent integration. Under 2D-FFT,

[τ̂su, ν̂su] = arg max
τ,ν

|bH(τ)Y̆ c∗(ν)| . (17)

To refine these initial estimates τ̂su and ν̂su, we perform an
iterative 2D MLE search with M iterations. Each iteration

5Here, 6D MLE can be used instead of 8D MLE because αsu and αsru can
be estimated in closed-form as a function of the remaining unknowns.

halves the search space of the previous iteration. The MLE
at each iteration can be expressed as

[τ̂su, ν̂su] = argmin
τsu,νsu

∥Π⊥
z ẙ∥ , (18)

where ẙ = vec(Y̊ ), Π⊥
z ≜ I − Πz , Πz ≜ z

(
zHz

)−1
zH

denotes the orthogonal projector onto the column space of z,
z = vec(Z), Z = B̂su ⊙ Ĉsu ⊙ X , and B̂su and Ĉsu are the
estimated versions of Bsu and Csu, respectively, using τ̂su and
ν̂su. Finally, α̂su is estimated as follows α̂su = zHẙ/∥z∥2.

2) RIS-path channel parameter estimation: The first step
toward estimating the RIS-path channel parameters is to elim-
inate the LoS path component from (12), using the estimated
LoS channel parameters to form Ŷ sru = Y − Ŷ su. Then,
we utilize the assumptions highlighted in Sec. II-C to set
ν̂sru = ν̂su, which enable us to speed up the estimation process
of the other parameters by decoupling the AoD and Doppler
effects in the slow-time dimension at the expense of biasing
the RIS path Doppler estimator. Next, we eliminate the fast-
time Doppler effect and the sub-carrier Doppler shift effect in a
similar fashion to (13)–(14). Similarly, we eliminate the slow-
time Doppler shift effect by using Ĉsru to form Y̆ sru, where
Ĉsru is the estimated version of Csru, by utilizing ν̂sru, and
Y̆ sru ∈ CK×L is the Doppler-free version of Ŷ sru, with (again
asborbing the constant X into αsru)

Ŷ sru ≈ αsru (Bsru ⊙ GRIS) + N (19)

= αsrub(τsru)g
⊤
RIS + N , (20)

where gRIS = [GRIS,0, . . . , GRIS,L−1]
⊤ is the RIS response.

Here, we used the fact that the sub-carrier dimension (the rows
of Ŷ sru) is solely modulated by the RIS-path delay τsru, and the
slow-time dimension is modulated solely by the RIS response
gRIS, which is affected by the unknown AoD θru. The RIS
path delay can be estimated via a 1D-FFT and non-coherent
integration over slow time

τ̂sru = arg max
τ

L−1∑
ℓ=0

|bH(τ)ŷsru,ℓ| , (21)

where ŷsru,ℓ denotes the ℓ-th column of Ŷ sru. Next, we perform
an iterative 2D MLE grid search on the AoD tuple, followed
by an iterative 1D MLE grid search on the RIS-path delay.
In each step, we utilize initial estimates to perform coherent
integration. The 2D AoD MLE search at each iteration is as

[θ̂az
ru , θ̂el

ru] = argmin
θaz

ru ,θ
el
ru

∥Π⊥
zAoD

y̆AoD∥ , (22)

where y̆AoD = Y̆
⊤
srub

∗(τ̂sru) ∈ CL is the coherent integration
of Y̆ sru over sub-carriers and zAoD = gRIS, which is a function
of the θru tuple. Similarly, the 1D MLE search formulation at
each iteration is as follows

τ̂ru = argmin
τsru

∥Π⊥
zτ

y̆τ∥ − τsr , (23)

where y̆τ = Y̆ sruĝRIS ∈ CK is the coherent integration of
Y̆ sru over slow-time, ĝRIS is the estimated version of gRIS, and
zτ = b(τ̂sru). Finally, the estimate of the RIS-path channel
gain is as follows α̂sru = zH

τ y̆τ/∥zτ∥2.
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B. Position, Time-bias, and CFO estimation

The position of the UE can be estimated as p̂ = pRIS +
d̂ruRu(θ̂ru), where d̂ru is the estimated range between the
RIS and the UE. To estimate d̂ru, we solve the following
minimization problem

d̂ru = argmin
dru

((dsr + dru) − (τ̂sru − τ̂su)c

− ∥psat − pRIS − druRu(θ̂ru)∥)2 .
(24)

Finally, the time bias and CFO are estimated as follows δ̂ =
τ̂su − d̂su/c, δ̂f = ν̂su −v⊤

sat ·u(θ̂su)/c. The overall localization
methodology is summarized in Alg. 1.

Algorithm 1: Proposed Localization Algorithm
1: Input: Received signal Y in the time domain.
2: Compensate fast-time Doppler with ν̂su ≈ νsr (13)-(14).
3: 2D FFT Search: Coarse estimate of τ̂su and ν̂su (17).
4: 2D MLE Search: Fine estimate of τ̂su and ν̂su (18).
5: Estimate α̂su and determine residual Ŷ sru.
6: Compensate the RIS path Doppler with ν̂sru ≈ ν̂su.
7: 1D FFT Search: Coarse estimate of τ̂ru (21).
8: 2D MLE Search: Fine estimate of θ̂ru (22).
9: 1D MLE Search: Fine estimate of τ̂ru (23).

10: Output: UE position p̂, clock bias δ̂, and CFO δ̂f

C. Complexity Analysis

For the LoS path, the complexity stems from both the 2D-
FFT and the 2D MLE refinement. The 2D-FFT scales as
O(NKNL log2(NKNL)), where NK and NL represent the
FFT size in delay and Doppler dimension. The MLE refine-
ment for the LoS parameters has complexity O(N2

gMKL),
where Ng is the number of grid points per dimension. For
the RIS path, the 1D FFT delay estimation has complex-
ity O(LNK log NK). The 2D-AoD and the 1D delay MLE
searches have complexities of O(N2

gML) and O(NgMK),
respectively. On the other hand, a 6D MLE grid search has
a complexity of O(N6

gMKL). Hence, the proposed method
drastically reduces the complexity.

V. SIMULATION SETUP AND RESULTS

A. Simulation Setup

The simulation parameters, including the transmission
power, atmospheric losses, antenna gains, etc, were guided
by 3GPP’s R-16 technical report (TR.38.821) (scenario C1,
set-1, case 9) [17]. The RIS element pattern was modeled
according to [18]. The simulation setup fixes all parameters,
including the position of the UE, the RIS, and the LEO
satellite settings,6 and sweeps the transmission power of the
LEO satellite, i.e., Ptot[dBm] = P3GPP[dBm] + Psweep[dB],

6Fixing the satellite settings refers to its initial position and velocity.
However, as highlighted in Sec. II-C, the satellite’s position will change over
time, and hence the channel gains will also change accordingly.

TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value
UE position p [0, 10, 1.5] m
RIS position pRIS [0, 0, 10] m
RIS orientation R I3×3

RIS dimensions Nx ×Nz 10× 10
LEO satellite orbital altitude h 600 km
LEO satellite angles (θaz

sat, θ
el
sat) (90◦, 45◦)

Carrier frequency fc 2 GHz
# of sub-carriers K 2000
# of symbols L 256
Sub-carrier spacing ∆f 15 kHz
Cyclic prefix duration TCP 7%T
Time bias δ 1 ns
CFO factor δf 10−6

Nominal 3GPP transmission power P3GPP 54 dBm
Noise PSD N0 −174 dBm/Hz
Noise figure Nf 7 dB
IFFT/FFT size NK , NL 213

MLE grid size Ng 10
MLE # of iterations M 10
MLE delay grid boundaries τmax ±5/c s
MLE Doppler grid boundaries νmax ±7/c
MLE AoD grid boundaries θmax ±45◦

Location uncertainty for beamforming
√

diag(Σp) [1,1,1] m

where P3GPP is 3GPP’s nominal satellite transmission power,
highlighted in Table I, and Psweep ∈ [−40,−35, . . . ,−10] dB.
For each corresponding signal-to-noise ratio (SNR), defined
as SNR = PtotT (|αsu|2L + |αsru|2∥gRIS∥2

2)/σ2, the root mean-
squared error (RMSE) of the parameters is computed based
on 100 Monte Carlo runs and compared to the corresponding
CRLB.7 Table I shows the simulation parameters used.

Satellite orbit: In order to simulate appropriate range and
Doppler measurements, we developed a simple satellite orbit
function that takes the satellite’s orbital altitude h and the initial
ascension (azimuth)-elevation angle tuple θsat = (θaz

sat, θ
el
sat) as

inputs, and provides the satellite position and velocity vectors
as outputs. The computation of the satellite position at time t
is modeled as follows psat(t) = dsat(t)u(θsat(t)), where dsat(t)
is the distance from the center of the GCS on the surface of
the earth to the satellite at time t and is computed as follows

dsat(t) = R sin(−θel
sat(t)) +

√
R2 sin2(−θel

sat(t)) + 2Rh + h2,
where R is the radius of the earth. The velocity of the satellite
at time t is modeled as follows vsat(t) = ḋsat(t)u(θsat(t)) +
dsat(t)u̇(θsat(t)), where ḋsat(t) and u̇(θsat(t)) are the time
derivatives of dsat(t) and u(θsat(t)), respectively.

RIS configurations: Two RIS configuration strategies were
tested in this work. In the first configuration strategy, the
components of ωℓ were chosen randomly from [0, 2π). The
second strategy assumes that the RIS is roughly aware of the
UE’s location and beamforms the reflected signal toward that
location in a stochastic fashion, i.e., the RIS beamforms at
p̃ ∼ N (p,Σp), where Σp ∈ R3×3 is the covariance of the
UE’s location. The RIS configuration for the ℓth transmission

7Following a similar methodology to the one shown in [12] while using the
extended signal model highlighted in Sec. III.
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Fig. 2. Estimation performance vs CRLB with beamforming (BF) and random RIS configurations (R). The RIS-path Doppler estimator broke the CRLB bound
as it is a biased estimator that is tested in favourable conditions (further discussions in Sec. V-B).

is computed as ωℓ = (a(θrs) ⊙ a(θ̃ru,ℓ))
∗, where θ̃ru,ℓ is the

RIS’s AoD tuple towards the sampled UE location, p̃ℓ.

B. Results and Discussion

The CRLB and performance of the proposed estimator for
the beamforming (BF) and random configuration cases across
multiple SNR values are shown in Fig. 2. In general, it can
be seen that the estimator can achieve the CRLB performance
at high SNRs. Moreover, we observe that, for most channel
parameters, the estimator usually attains the bounds at lower
transmission powers while using BF compared to its random
counterpart. The theoretical error bounds of these parameters
are also lower when using BF, compared to random RIS
configurations. This is mainly because the RIS path’s SNR
is ≈ 20 dB higher when utilizing BF, compared to when using
random configurations. Yet, not all parameters are affected
the same by RIS configuration. For instance, the estimation
of the LoS delay is enhanced slightly at higher SNRs while
using random configurations. This is evident because the RIS-
path signal is considered as interference while estimating the
LoS parameters. On the contrary, the RIS-path delay and AoD
estimation are enhanced by BF. Likewise, the position estimate
performance mirrors the performance of the estimation of

the RIS-path delay and AoD. This means that the system is
bottlenecked by the performance of the RIS-path estimation.
Hence, any further research should focus on enhancing the
RIS-path estimation performance, e.g., using different types of
RIS like STAR-RIS and active RIS or enhancing the estimation
algorithm. The same can also be said about the time-bias
estimation, as it heavily relies on the quality of the position
estimate. Additionally, it can be seen that there is a slight
performance gap between the CRLBs of the BF and random
configuration scenarios for position and time bias estimation,
whereas CFO estimation does not have such a gap. This
is because, unlike position and time bias estimation, CFO
estimation is more dependent on the quality of the LoS Doppler
estimation in comparison to the quality of the RIS-path’s
parameter estimation. This is mainly because of how close the
UE is to the RIS and the ability to use the known satellite-RIS
Doppler to extract the CFO from the LoS path. Finally, it is
worth noting here the fact that the RIS-path Doppler estimator
breaks the bound in both scenarios. This is caused by the usage
of the biased estimator ν̂sru = ν̂su in Sec. IV-A2.
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C. Open Challenges and Future Research Directions
As this work marks the first step toward exploring the 6G

single-LEO single-RIS problem, many open challenges and
extensions remain to be investigated. For instance, the system
model can be extended to be more realistic by (i) adding
uncertainty about the position and velocity of the satellite
due to gravitational forces and atmospheric drag; (ii) adding
uncertainty about the position and orientation of the RIS due
to installation/calibration errors; (iii) proper modeling of time-
varying atmospheric effects like the tropospheric, ionospheric,
and scintillation effects; (iv) considering a more realistic orbit
for the LEO satellite; (v) adding mobility to the UE based on
typical vehicular mobility models/patterns; (vi) adding addi-
tional paths (multipath effects); (vii) testing under non-line-
of-sight (NLoS) conditions; and (viii) adding other hardware
impairments (e.g., phase noise, power amplifier non-linearities,
RIS pixel failure and mutual coupling, etc.).

VI. CONCLUSION

In this paper, we showcased that a 6G single LEO satellite
has the potential to provide localization services for ground
users with the aid of a single RIS. We derived a comprehensive
channel model that accounts for the satellite’s mobility, fast-
and slow-time Doppler effects, atmospheric effects, time-bias,
and CFO. Via a novel low-complexity estimator, we showed
that meter-level positioning error can be theoretically achieved
at 30 dB SNR. The solution estimates the ToA and Doppler
of the two paths as well as the AoD of the RIS path to
estimate the UE’s position, time-bias, and CFO. It was shown
that the proposed estimator can attain the CRLB at high
SNR and that it is bottle-necked by the RIS path’s parameter
estimation errors. Moreover, we showed that configuring the
RIS elements to stochastically beamform towards the user’s
area can significantly enhance the estimator’s performance.
Finally, we presented a list of open challenges and possible
future research directions.
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