& O N
78 RN
Ay

Localization via 6G LEO Satellites
and RISs

Master’s thesis in Information and Communication Technology

Cl GAO

DEPARTMENT OF ELECTRICAL ENGINEERING

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2026
www.chalmers.se


www.chalmers.se




MASTER’S THESIS 2026

Localization via 6G LEO Satellites and RISs

CI GAO

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Electrical Engineering
Information Communication and Technology
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2026



Localization via 6G LEO Satellites and RISs
Ci Gao

© Ci Gao, 2026.

Supervisor: Sharief Saleh, Department of Electrical Engineering
Examiner: Henk Wymeersch, Department of Electrical Engineering

Master’s Thesis 2026

Department of of Electrical Engineering
Information Communication and Technology
Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Typeset in KTEX
Gothenburg, Sweden 2026

Localization via 6G LEO Satellites and RISs
CI GAO

Department of Electrical Engineering
Chalmers University of Technology

v



Abstract

Modern autonomous applications, such as intelligent transportation, unmanned
aerial vehicles, and remote sensing systems, require accurate and uninterrupted po-
sitioning services. These requirements are no longer met via conventional satellite
localization systems, such as the global navigation satellite system (GNSS), as they
suffer from weak received signals which can be easily jammed and/or spoofed, lim-
ited geometric diversity, and severe blockage in complex propagation environments.
Compared with GNSS, 6G low-earth-orbit (LEO) satellites can provide lower prop-
agation delay, stronger received signals, and richer Doppler information due to the
LEO orbit. However, LEO-satellite-based localization still faces significant chal-
lenges, particularly in single-LEO scenarios where the line-of-sight (LoS) signal may
be weak, obstructed, or insufficient to provide reliable localization geometry. 6G’s
emerging reconfigurable intelligent surfaces (RISs) provide a promising solution by
creating controllable reflected paths that can act as virtual anchors for localiza-
tion. Although prior studies have investigated single-RIS-assisted LEO localization,
the RIS-assisted path is usually weak and sensitive to noise and interference, which
may cause severe performance degradation in low signal-to-noise-ratio (SNR) scenar-
ios. To improve localization robustness, this thesis investigates a multi-RIS-assisted
single-LEO localization framework. Multiple RISs are exploited to provide addi-
tional geometric constraints, while a joint positioning method is adopted to enhance
positioning robustness. Moreover, a time-orthogonal RIS coding scheme is applied
to separate different RIS branches and mitigate inter-RIS interference during chan-
nel parameter estimation. Simulation experiments are conducted to evaluate the
localization performance of the proposed framework by comparing the theoretical
Cramer—Rao bound (CRB) with the corresponding estimation results. The results
demonstrate that double-RIS setup drops the 3D position error from 10* m level to
10 m level compared to single-RIS setup in low-SNR region, which provides a useful
basis for future LEO-NTN localization systems.

Keywords: LEO localization, RIS, OFDM, Doppler, Fisher Information Matrix.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

3GPP third generation partnership project
6G sixth generation

AoA angle of arrival

AoD angle of departure

AoD-H angle of departure horizontal
AoD-V angle of departure vertical
AWGN additive white Gaussian noise
BL bearing line

CFO carrier frequency offset

CP cyclic prefix

CRB Cramér—Rao bound

CRLB Cramér—Rao lower bound

FFT fast Fourier transform

FIM Fisher information matrix

GCS global coordinate system

GEO geostationary Earth orbit

GNSS global navigation satellite system
HEO highly elliptical orbit

IFFT inverse fast Fourier transform
LCS local coordinate system

LEO low earth orbit

LoS line-of-sight

MEO medium earth orbit

MIMO multiple-input multiple-output
ML maximum likelihood

MLE maximum likelihood estimation
MP multipath component

NF noise figure

NLoS non-line-of-sight

NTN non-terrestrial network

OFDM orthogonal frequency division multiplexing
PNT positioning, navigation, and timing
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PSD
RCS
RIS
RMSE
SNR
SP
STD
TDOA
TN
TOA
TP
UAV
UE
URA

power spectral density
radar cross section
reconfigurable intelligent surface
root mean square error
signal-to-noise ratio
scatter point

standard deviation

time difference of arrival
terrestrial network

time of arrival

time positioning
unmanned aerial vehicle
user equipment

uniform rectangular array



Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

<

= 3 3

Sets

0

Tz xR

Parameters

Generic indices for anchors, RIS bearing lines, or array elements
Subcarrier index, £k =0,..., K — 1

Fast-time sample index after CP removal, k =0,..., K — 1
OFDM symbol or slow-time index, ¢, =0,...,L —1

OFDM symbol index within one time-orthogonal block

RIS index, r € {1, 2} for the double-RIS case

Multipath component or scatter-point index

RIS reflecting-element index

Index or number of time-orthogonal blocks

Set of RISs

Set of OFDM subcarriers

Set of OFDM symbols

Set of OFDM symbols within one time-orthogonal block

Set of reflecting elements of the r-th RIS

Set of direct satellite—scatter point—UE multipath components

Set of RIS-related multipath components associated with the r-th
RIS
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Speed of light

Carrier frequency

Carrier wavelength, A = ¢/ f,

OFDM subcarrier spacing

Useful OFDM symbol duration, "= 1/Af

Cyclic-prefix duration

Total OFDM symbol duration

Number of OFDM subcarriers

Number of OFDM symbols

Number of OFDM symbols in one time-orthogonal block
Number of time-orthogonal time blocks

Total transmit power

Thermal noise power spectral density

Receiver noise figure

Receiver noise variance

Effective noise variance including Multipath power

Average multipath-component power

LEO satellite orbital altitude

LEO satellite position

LEO satellite velocity vector

Position of the r-th RIS

Rotation matrix from the LCS of the r-th RIS to the GCS
Identity matrix

FFT matrix

time-orthogonal code matrix for time-orthogonal RIS profile design
time-orthogonal code coefficient for the r-th RIS in the i-th block
Phase-control vector of the r-th RIS during the /-th OFDM symbol
Number of RIS elements along the local z-axis of the r-th RIS
Number of RIS elements along the local z-axis of the r-th RIS
Number of reflecting elements of the r-th RIS

RIS inter-element spacing

Pitch angle of the RIS local coordinate system

Roll angle of the RIS local coordinate system

Yaw angle of the RIS local coordinate system
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Rotation matrix with respect to the z-axis

Rotation matrix with respect to the y-axis

Rotation matrix with respect to the z-axis

Number of scatter points in direct satellite-scatter point-UE
Number of scatter points in the r-th RIS path
Scattering-strength parameter related to the radar cross section
Position of the m-th direct scatter point

Position of the m-th scatter point associated with the r-th RIS
SNR threshold for joint positioning

Random position in the cluster disk

Random phase in the scatter path

Total path Loss

Basic path loss

Attenuation due to atmospheric gases

Attenuation caused by ionospheric or tropospheric scintillation
Building entry loss

Shadow fading

The RIS element radiation pattern

The broadside unit vector

The physical aperture

The distance between satellite and LoS scatter points

The distance between LoS scatter points and receiver

The distance between satellite and RIS scatter points

The weights of RIS distance measurement

The weights of RIS 6 measurement

Unknown UE position

Estimated UE position

UE position estimated by bearing-line localization
UE position estimated by delay-difference positioning
Receiver clock bias or time offset

Estimated receiver clock bias
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Estimated LoS complex channel coefficient

Complex cascaded channel coefficient of the r-th RIS-assisted path
Estimated complex channel coefficient of the r-th RIS-assisted path
Complex channel coefficient of the m-th direct MP

Complex channel coefficient of the m-th MP associated with the
r-th RIS

Passband channel amplitude of the LoS path

Passband channel amplitude of the r-th RIS-assisted path
Passband channel amplitude of the m-th direct MP
Passband channel amplitude of the m-th RIS-related MP
Azimuth angle
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Steering vector of the r-th RIS
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Signal matrix after subtracting reconstructed RIS components
Pilot matrix

Pilot symbol on the k-th subcarrier and ¢-th OFDM symbol
Additive complex Gaussian noise matrix

Fast-time Doppler matrix of path ¢

Delay and inter-subcarrier Doppler matrix of path ¢
Slow-time Doppler matrix of path ¢

Delay steering vector

Doppler steering vector

Vectorized delay-Doppler steering vector

Projection matrix onto the subspace spanned by z
Orthogonal projection matrix onto the null space of z

Measured delay-difference range quantity associated with the r-th
RIS

Projection matrix for the r-th RIS bearing line
Bearing line constructed from the r-th RIS AoD
Incident unit vectors in scatter RIS path
Outgoing unit vectors in scatter RIS path
Spatial frequency in scatter RIS path

Spatial frequency in scatter RIS path
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1

Introduction

1.1 Background

Satellite positioning has become an indispensable technology for navigation, com-
munication, sensing, and location-related services. Conventional global navigation
satellite system (GNSS) have been widely used for positioning, navigation, and
timing (PNT) services [1]. However, GNSS-based positioning still faces several lim-
itations in challenging environments. In urban canyons, indoor-like areas, and ob-
structed scenarios, GNSS signals may be severely blocked, attenuated, jammed, or
spoofed [2, 3, 4, 5]. Moreover, due to the high orbital altitude of medium Earth orbit
(MEO) satellites, GNSS signals usually arrive at the receiver with weak power. The
relatively slow variation of GNSS satellite geometry also limits the available Doppler
diversity, which may restrict localization robustness in future 6G scenarios requiring
reliable positioning under weak or obstructed signal conditions [6, 7]. Fortunately,
future 6G wireless systems are expected to support high reliability, low latency,
global coverage, and the deep integration of communication, sensing, and localiza-
tion [8, 9, 10, 11]. To achieve these objectives, non-terrestrial networks (NTNs) are
regarded as a key component of 6G systems, since they can extend service coverage
beyond the limitation of terrestrial networks (TNs) and provide continuous connec-
tivity over wide geographical areas [12, 13, 14]. By integrating NTNs with TNs,
future wireless systems are expected to support seamless and cross-regional com-
munication and positioning services [12, 13, 15]. Among different NTN platforms
shown in Fig. 1.1, low Earth orbit (LEO) satellites have recently attracted signifi-
cant attention. Compared with conventional MEO GNSS satellites, LEO satellites
are deployed at much lower orbital altitudes, which leads to shorter propagation
distances, lower propagation delays, and improved received signal strength [2, 16].
In addition, the high orbital velocity of LEO satellites introduces strong Doppler
dynamics over time and frequency. These Doppler characteristics can provide ad-
ditional localization information and can be jointly exploited with time-delay and
carrier-phase measurements [2, 6, 17]. Therefore, LEO satellites are promising not
only as communication nodes in NTNs, but also as complementary or alternative
localization sources for future PNT services [3, 7, 17]. Nevertheless, it’s still a
challenge to achieve accurate positioning using a single LEO satellite. Although a
LEO satellite can provide useful delay and Doppler observations, the localization
geometry offered by a single satellite is inherently limited. In particular, the di-
rect line-of-sight (LoS) path alone may not provide sufficient geometric diversity
for high-accuracy three-dimensional positioning, especially when the receiver clock
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Figure 1.1: The illustration of NTN-TN integrated communication and position
in 6G era [15].

bias and carrier-frequency offset need to be jointly estimated. Therefore, addi-
tional controllable propagation paths are required to improve the observability of
the localization problem under a single-LEO condition. RIS has been recognized as
another key enabling technology for 6G localization. By intelligently adjusting the
phase or amplitude of reflected electromagnetic waves, RIS can reshape the wireless
propagation environment and create controllable propagation paths [18, 19, 20, 21].
These RIS-reflected paths can provide additional delay and angular information,
enhance coverage, and improve localization geometry [9, 18, 22]. Owing to its low
cost, passive or nearly passive structure, and flexible deployment, RIS is particularly
attractive in localization scenarios where the direct LoS path is weak, blocked, or
geometrically insufficient [23, 24, 25]. The integration of LEO satellites and RISs is
expected to benefit a wide range of future applications. For intelligent transporta-
tion and autonomous driving, RISs can be deployed on roadside units, traffic lights,
or building facades to strenghthen LEO satellite signals and improve positioning re-
liability in urban blockage scenarios [9, 19, 26]. For emergency communications and
disaster response, LEO satellites can provide wide-area connectivity, while RISs de-
ployed on temporary platforms or unmanned aerial vehicles (UAVs) can strengthen
reflected links and support high-accuracy localization when terrestrial infrastructure
is unavailable or damaged [2, 3, 27]. Therefore, LEO-RIS integrated localization is
a promising direction for future 6G-enabled PNT systems.

1.2 Related Work

1.2.1 LEO-Satellite-Based Localization

LEO-satellite-based localization has been extensively investigated in recent years.
Compared with conventional GNSS satellites, LEO satellites operate at much lower
orbital altitudes and move at significantly higher velocities. This fast orbital motion
creates strong Doppler variations, which can be exploited together with time-delay
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Figure 1.2: The 6G localization urban scenario using single LEO aided by multiple
RISs [23].

and carrier-phase measurements for high-accuracy positioning. Existing studies have
shown that LEO satellites can serve either as an enhancement to GNSS or as in-
dependent localization sources by using dedicated communication signals or oppor-
tunistic signals [7, 28, 29].

Existing LEO-based localization approaches can be broadly classified into two cat-
egories.

o The first category is based on signals-of-opportunity (SOP), where communica-
tion LEO satellites originally designed for non-navigation services are reused as
opportunistic localization sources. Representative examples include commer-
cial constellations such as Starlink, Orbcomm, Globalstar, and Iridium [30].
The main advantage of this approach is that it reuses already deployed satellite
infrastructure, reducing the need for dedicated navigation payloads. However,
opportunistic localization is challenging because the signal structure, timing
information, ephemeris accuracy, and receiver access to proprietary system
parameters may not be fully disclosed [15]. As a result, advanced receiver ar-
chitectures and signal-processing methods are often required to extract useful
localization observables from communication signals.

» The second category is based on dedicated LEO-PNT satellite constellations [31].
Unlike SOP-based methods, dedicated LEO-PNT systems are explicitly de-
signed to provide navigation services from low Earth orbit. Representative
commercial efforts include the PULSAR system from Xona Space Systems, the
GeeSAT /GeeSpace system, and CentiSpace from Future Navigation [32, 33].
These systems are expected to broadcast navigation-related information such
as ephemeris, clock bias, and clock-drift corrections. Their several signal struc-
tures, including GNSS-like signals, orthogonal frequency division multiplexing
(OFDM), and chirp spread spectrum (CSS), are being investigated for LEO-
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PNT applications.
Depending on the signal design and receiver capability, LEO satellite signals can pro-
vide several types of localization observables, including pseudorange, carrier phase,
Doppler shift, AoA, andAoD [34].

o Pseudorange and carrier-phase measurements provide range-related informa-
tion, but they require accurate timing, synchronization, and ambiguity han-
dling.

« Doppler measurements are particularly informative in LEO systems because
of the high satellite velocity, and they can support positioning and tracking
even when timing information is limited.

o Angle-domain measurements can further improve observability when antenna
arrays are available, but they increase receiver hardware complexity and re-
quire accurate array calibration.

To achieve those positioning methods, a common approach to improve LEO-based
localization is to employ multiple satellites. Multi-LEO localization provides bet-
ter geometric diversity and enables joint estimation of the user position, velocity,
clock bias, and frequency offset through multiple independent delay-Doppler ob-
servations [3, 17]. However, this approach relies on the simultaneous visibility of
multiple satellites. In dense urban, indoor-edge, or obstructed environments, the
number of visible LEO satellites may be limited. Moreover, multi-satellite posi-
tioning increases system-level complexity because the receiver must model multiple
satellite ephemerids, clock errors, Doppler dynamics, and inter-satellite measure-
ment consistency [3, 29]. Therefore, high-accuracy localization under a single-LEO
condition remains an important but challenging problem. The fundamental diffi-
culty of single-LEO localization is the lack of geometric diversity. A single direct
LoS path can provide useful delay and Doppler information, but these observations
alone may not be sufficient to robustly resolve the user position, clock bias, and
frequency-related uncertainties. This motivates the introduction of additional con-
trollable propagation paths to enhance localization observability without requiring
multiple simultaneously visible satellites [18, 23, 35].

1.2.2 RIS-Assisted Localization

RIS localization provides a promising solution for improving localization geometry,
coverage, availability, and robustness in future integrated TN and NTN.

1.2.2.1 RIS function

A RIS can create a controllable reflected propagation path and can therefore be
regarded as a virtual anchor with known position and configurable electromagnetic
response [18, 35].

o By properly adjusting the phase or amplitude response of its reconfigurable
elements, a RIS can provide additional positioning measurements, such as time
of arrival (TOA), AoA, and AoD. These additional measurements are particu-
larly useful when the LoS path is blocked, severely attenuated, or geometrically
unfavorable.
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o What’s more, adding RIS-based measurements to the positioning filter can
further improve localization accuracy by increasing the number of independent
geometric constraints.

e Another important advantage of RIS technology is its ability to provide accu-
rate angular information. Because a RIS consists of a large number of spatially
distributed reconfigurable elements, beam sweeping or structured phase-profile
design can be used to estimate both horizontal and vertical AoA/AoD [36].
Such angular measurements can support high-accuracy localization even in
systems with limited antenna resources at the user equipment (UE), thereby
reducing the requirement of deploying large antenna arrays at the receiver.

o Compared with deploying additional base stations, RISs can improve position-
ing geometry without introducing extra satellite clocks, base-station clocks
bias, or carrier frequency offset (CFO), which is beneficial to reduce synchro-
nization complexity and requires additional clock and frequency-offset calibra-
tion.

Therefore, RIS-enabled positioning can enhance localization performance with lower
deployment and operation cost than adding new base stations. These properties
make RIS a suitable technology for improving single-LEO localization, where the
direct satellite path provides limited delay-Doppler information while the RIS paths
provide additional delay and angle information.

1.2.2.2 RIS types

Within RIS localization, different RIS architectures can be considered depending on
the required coverage, power consumption, hardware complexity, and propagation
conditions [15]. The main types include:

» Passive RIS: reflects incident signals without power amplification. It is energy-
efficient and low-cost, but its performance depends strongly on the strength
of the incident signal.

o Active RIS: amplifies the reflected signal and can improve communication
and localization performance under weak or degraded channel conditions, es-
pecially for NTN links. However, it requires additional power supply and
introduces higher hardware complexity.

o Hybrid RIS: combines passive and active elements, aiming to balance the low-
power advantage of passive RIS with the signal-enhancement capability of
active RIS.

o STAR-RIS: also known as intelligent omni-surface, supports both reflection
and transmission. Unlike conventional RIS, it can serve users on both sides
of the surface, which is useful for extending terrestrial and non-terrestrial
coverage to indoor or blocked areas.

1.2.2.3 Single RIS localization

In a single-LEO positioning system, the RIS path introduces additional propaga-
tion delay and angular information, which can compensate for the limited geometric
information provided by the direct satellite-to-UE LoS path. In [23], the RIS single-
LEO localization problem was investigated with one visible LEO satellite and one
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RIS deployed near the UE. This work bridges conventional single-LEO localization
and RIS localization by introducing one controllable reflected path to complement
the direct satellite-UE LoS path. A comprehensive OFDM signal model was devel-
oped by accounting for receiver clock bias, CFO, and both slow-time and fast-time
Doppler effects caused by the high mobility of the LEO satellites. A low-complexity
multi-stage estimator was further proposed to estimate the LoS delay and Doppler
first, subtract the reconstructed LoS component, and then estimate the RIS delay
and AoD. This work [23] contributes an important benchmark for RIS single-LEO
localization.

Nevertheless, single-RIS localization still has several limitations. First, a single RIS
introduces only one additional positioning anchor. If the RIS position is geometri-
cally unfavorable with respect to the satellite and the UE, the delay-angle constraints
may still be weak. Second, the cascaded satellite-RIS-UE path usually experiences
larger path loss than the LoS path, which makes the RIS path more sensitive to noise
and multipath (MP) interference. Third, the improvement provided by a single RIS
depends heavily on the quality of the estimated RIS channel parameters. These
limitations indicate that simply adding one RIS may not be sufficient for robust
high-accuracy localization in challenging single-LEO scenarios [18, 23, 37].

1.2.2.4 Multi-LEO and Multi-RIS Localization Method

To further improve geometric diversity, multiple RISs can be deployed as spatially
separated positioning anchors. Compared with a single-RIS model, a multi-RIS sys-
tem can provide multiple independent RIS paths with different delays, angles, and
propagation geometries. In [38], a multi-LEO and multi-RIS localization framework
was proposed for UE tracking. Different from single-LEO or single-RIS localization,
this approach assumes that multiple LEO satellites and multiple terrestrial RISs
are simultaneously available. The system exploits both satellite transmissions and
RIS paths to provide richer channel observations and stronger geometric diversity.
The localization problem in [38] is formulated as a high-dimensional user-tracking
problem. Specifically, the unknown user state includes the 3D position, 3D velocity,
and 3D orientation of the UE, leading to a 9D tracking problem. To handle this
challenging state estimation problem, a tracking algorithm based on the unscented
Kalman filter (UKF) and Riemannian manifold theory was developed. The UKF is
used to deal with the nonlinear observation model and time-varying measurement
uncertainty, while the Riemannian manifold formulation is adopted to properly rep-
resent and update the constrained orientation state. In the multi-LEO multi-RIS
system considered in [38], the separation of different propagation paths mainly re-
lies on orthogonal satellite multiplexing and the assumption of an efficient channel
estimation process. Specifically, different LEO satellites are assigned orthogonal
frequency resources so that their downlink pilot signals can be transmitted simulta-
neously without mutual interference. After pilot transmission, the receiver estimates
the geometric channel parameters associated with the direct satellite-UE LoS paths
and the RIS paths. Since the RISs are deployed at different locations and orienta-
tions, their RIS paths lead to different delay, Doppler, and angular characteristics
in the channel-parameter domain. Thus, the different RIS paths are assumed to
be separable by the channel estimator, rather than being explicitly separated by a
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dedicated time-orthogonal RIS coding scheme in the later work. In [38], the MP
effect is modeled through a statistical shadowed Rician channel model rather than
explicit scatter paths. The LoS component is treated as a deterministic channel
component, while the non-line-of-sight (NLoS) or MP component is modeled as a
zero-mean Gaussian random term. This model is applied to the satellite-UE and
RIS-UE channels, where both LoS and NLoS components may exist in the near-
ground propagation environment. In contrast, the satellite—RIS channel is assumed
to be LoS-only because the RISs are deployed at elevated positions and are consid-
ered to be far from near-ground clutter. The MP are treated as additive disturbance
in the received signal and are incorporated into the observation uncertainty through
the channel-parameter covariance.

However, this method relies on the simultaneous visibility of several LEO satellites
and several RISs. This requirement imposes constraints on satellite constellation
deployment, RIS infrastructure availability, and path visibility. This motivates the
study of single-LEO multi-RIS localization, where multiple terrestrial RISs are used
to compensate for the limited satellite visibility.

1.2.2.5 Multi-RIS Separation

In [39], different RIS paths are separated by using time-orthogonal RIS profiles in
TN. Specifically, the transmission block is divided into several time blocks, and
the LoS path and individual RIS paths are assigned mutually orthogonal temporal
profiles. After receiving, orthogonal projection is applied to extract the observa-
tions associated with the LoS component and each RIS branch, enabling separate
channel-parameter estimation for different paths. The MP components are modeled
explicitly through a geometric channel model rather than represented by an im-
plicit shadow-fading model. The received signal includes both LoS MP components
and RIS MP components. These MP components are not exploited as additional
positioning information in the proposed algorithm and regarded as effective noise.
Instead, they are incorporated into the channel model and simulations to evaluate
how unresolved scatter paths affect channel estimation and positioning accuracy.
However, this work primarily focuses on TN base station localization and does not
involve LEO satellite-assisted scenarios.

1.2.3 Comparison and Research Gap

Table 1.1 compares representative localization approaches in terms of the number
of satellites, the number of RISs, the RIS-path separation strategy, and the MP
model. The comparison shows that existing studies have addressed different parts
of the problem, but a unified framework for single-LEO multi-RIS localization with
RIS separation and explicit MP evaluation is still missing.

From Table 1.1, the research gap can be identified from three aspects. First, multi-
LEO localization improves geometric diversity, but it relies on the simultaneous
availability of multiple visible satellites, which may be difficult to satisfy in dense
urban, indoor-edge, or obstructed environments. Second, single-RIS-assisted LEO
localization reduces the dependence on multiple satellites, but it introduces only
one additional virtual anchor, which is limited by its poor RIS geometry and weak
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Table 1.1: Comparison of Related Localization Approaches.

Approach Satellite |RIS num-|RIS separation scheme MP model
number |ber
Single-LEO local-|One No RIS Not applicable. Statistical channel models.
ization [29]
Multi-LEO local- | Multiple No RIS Not applicable. Statistical channel models.
ization [3, 17]
Single-RIS- One One No inter-RIS separation is re-|Not applicable
assisted LEO quired.

localization [23]
Multi-LEO multi- | Multiple Multiple Satellites are separated by or-|Statistical shadowed Rician model.
RIS tracking [38] thogonal frequency resources.|The NLoS/MP component is mod-
Different RIS paths are assumed |eled as a zero-mean Gaussian ran-
to be distinguishable through ge- |dom term.

ometry and channel estimation.

Time-orthogonal |No LEO Multiple Uses time-orthogonal RIS pro-|Explicit geometric MP model.
multi-RIS sidelink files to explicitly separate the|Both LoS-related and RIS-related
positioning [39] LoS path and individual RIS |scatter paths are included.

paths.

This thesis One visible | Multiple Uses time-orthogonal RIS cod-|Explicit geometric MP model.
LEO ing to explicitly separate differ-|LoS-related and RIS-related MP
ent RIS branches after Doppler |components are generated from ge-
compensation. ometric propagation routes.

RIS-path observability. Moreover, this model does not take MP into consideration.
Third, for the multi-LEO multi-RIS model, it is necessary to develop an accurate
channel estimator that can separate high-dimensional channel components while
preserving the temporal synchronization and parameter consistency among differ-
ent paths. Fourth, although time-orthogonal multi-RIS separation has been studied
in TN sidelink positioning, directly extending it to LEO-NTN localization needs
more efforts because the high satellite mobility introduces strong Doppler phase ro-
tations. If these Doppler effects are not properly compensated, the orthogonality
among different RIS profiles may be degraded. Fifth, most models adopt statisti-
cal channel models to describe MP, but the impact of explicit MP scatter paths
on single-LEO multi-RIS localization has not been sufficiently investigated to eval-
uate the geometric disturbance for LoS and RIS paths. Therefore, the main gap
addressed in this thesis is the lack of a unified localization framework for a single
visible LEO satellite assisted by multiple time-orthogonally coded RISs under MP.
Such a framework should jointly address Doppler compensation for LEO signals,
multi-RIS branch separation, robust positioning using multiple virtual anchors, and
explicit MP evaluation. This motivates the proposed double-RIS localization frame-
work, where time-orthogonal RIS coding, Doppler compensation, staged channel
estimation, joint positioning, and explicit scatter-path simulations are considered
together.

1.3 Problem Statement

Multi-LEO localization can improve geometric diversity, but it relies on the simulta-
neous availability of multiple visible satellites. Single-RIS LEO localization reduces
this requirement by introducing an additional controllable reflection path, but it
provides only one virtual anchor and may still suffer from poor geometry or weak
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reflected-path observability. Although multi-RIS localization has been investigated
in terrestrial or quasi-static scenarios, its application to LEO-NTN localization re-
mains less explored, especially under high satellite mobility and strong Doppler
effects. Similarly, time-orthogonal RIS coding has mainly been developed for TN
localization or communication scenarios, where the power gap between the LoS and
RIS-assisted paths is usually less severe. In a LEO-NTN scenario, the large propaga-
tion distance, high Doppler shift, and weak RIS-reflected signals make the separation
of multiple RIS paths more challenging. Therefore, the design of time-orthogonal
RIS profiles together with Doppler compensation requires further investigation. Fi-
nally, MP effects are often represented by statistical NLoS shadow-fading models,
while fewer studies explicitly model scatter paths and analyze their impact on chan-
nel estimation and localization accuracy.

1.4 Thesis Objectives

To realize multi-RIS LEO localization under realistic propagation conditions, this

thesis pursues the following five objectives:

e Develop accurate channel models and build a simulation environment.
Construct a geometric and channel model in a multi-RIS single-LEO scenario
which contains the LoS, RIS, and MP together with Doppler and CFO effects.
Explicit MP is designed to evaluate the robustness of the proposed method.

« Develop RIS configurations to resolve the path-association problem.
Design a time-orthogonal RIS coding scheme that distinguishes the RIS branches
and suppresses inter-RIS interference.

o Develop channel estimation algorithms to estimate channel parame-
ters. Build a staged channel estimation algorithm that extracts the LoS and
RIS-branch parameters from the received signal to reduce the complexity of di-
rect joint estimation algorithm.

o Develop positioning algorithms. Design a joint positioning method that
combines bearing-line methods and delay-difference method to estimate the UE
position, achieving more robust performance than the single-RIS setup.

e Derive the Cramer—Rao bound. Derive the Cramér-Rao bound (CRB) for
channel parameter estimation and localization accuracy. root mean square error
(RMSE)-based evaluation metrics are evaluated to the performance in the Monte
Carlo.

1.5 Contributions

Based on the above research gap, the main contributions of this thesis are summa-

rized as follows.

o Multi-RIS single-LEO system model: This thesis extends existing single-LEO and
single-RIS localization models to a double-RIS single-LEO architecture. Different
from the multi-LEO satellite localization, this method can exploit single visible
satellite localization. What’s more, the multiple RIS provides more localization
information to improve performance compared to the single-RIS.
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Time-orthogonal RIS branch separation: This thesis applies time-orthogonal RIS
coding to separate the two RIS branches at the receiver as well as improve the
LoS delay estimation. Unlike the conventional encoding scheme, the proposed
scheme is only applied to RIS paths because LoS path power is stronger than
RIS branch power.

Staged channel-parameter estimation: A staged estimator is developed to first
estimate and subtract the dominant LoS component and then estimate the sep-
arated RIS branches. Compared with high-dimensional joint estimation, this
staged approach reduces the search dimensionality and extracts the channel pa-
rameters by sequence. What’s more, the second-stage refinement is operated to
optimize the extracted channel parameters.

Joint positioning strategy: This thesis combines bearing-line localization and
delay-difference time positioning (TP) to build up joint positioning method through
an signal-to-noise ratio (SNR)-dependent selection rule. The bearing-line solu-
tion is used when the RIS-path delay estimate is unreliable at low SNR, while
the delay-difference solution is selected at higher SNR to exploit range-related
information.

CRB benchmarking and multipath evaluation: The thesis derives and numerically
evaluates channel-domain and position-domain CRBs. The MP components are
explicitly modeled to evaluate the robustness of the proposed localization frame-
work under structured propagation interference. The complex path gains are
treated as nuisance parameters, while the impact of MP is assessed through both
Monte Carlo simulations and an effective-noise approximation in the CRB anal-
ysis.

6 Thesis Outline

The remainder of this thesis is organized as follows:

10

Chapter 2 introduces the fundamentals and theoretical background of the prob-
lem. It first describes different satellite orbits. Then, the device configurations
for each component in the proposed model are explained in detail, followed by an
introduction to geometric states and measurements. Next, channel parameters
are introduced, followed by a general introduction to positioning methods.
Chapter 3 describes, in detail, the signal models used in this thesis. Specifically,
it introduces the transmit signal model, the received passband signal model, the
received baseband signal, the sampled received signal model, and the observations
in compact matrix form. Finally, the chapter ends with a summary of the main
assumptions of this work.

Chapter 4 describes the proposed method, including the channel-parameter es-
timation, time-orthogonal RIS coding scheme and the positioning method. The
channel-parameter estimation features a staged-channel estimation framework,
which sequentially processes LoS channel estimation, Doppler elimination, RIS
decoding scheme, RIS branch channel estimation, and second-staged refinement.
The time-orthogonal RIS coding scheme is introduced for the aim of encoding
and decoding for RIS branch. The positioning method mainly explains the po-
sitioning methods, including bearing-line, delay-difference positioning, and joint
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positioning.

Chapter 5 presents the simulation setup, the experiment evaluation metrics, and
the numerical results. It compares the double-RIS setup with single-RIS setup to
evaluate the performance of the proposed method. The MP effect is studied to
explore the robustness of the proposed method. In addition, the ablation studies
are conducted to validate the effectiveness of each key component, including the
RIS AoD heatmap analysis, different positioning methods, and the RIS time-
orthogonal coding scheme.

Chapter 6 summarizes the main findings and the existing limitations. Fur-
thermore, it provides future directions to highlight several promising research
directions as well as potential risk management for the future application.

11



1. Introduction

12



2

Fundamentals

This section introduces the fundamental concepts and theoretical background in
the subsequent system modeling and algorithm design. First, satellite orbits are
systematically reviewed to explain their characteristics and application to motivate
the use of LEO satellites. Second, the device configuration describes single-antenna
UE, the LEO satellite transmit model and RIS introduction. Third, the geomet-
ric model is established to define the states of the user equipment, satellite, RIS,
and multipath scatterers, together with the corresponding geometric measurements.
Fourth, channel parameter are derived from the geometric model to build up the
proposed positioning signal channel model. Fifth, we introduce several fundamental
geometric positioning methods, providing the theoretical basis for the localization
methods in the following chapters.

2.1 Satellite Orbit Classes

The Earth attracts many satellites by the laws of Kepler. There are several con-
straints in the space of Earth: the higher density of the atmosphere, debris caused
by former launchers and satellites in the lower altitudes, and high-energy particles
trapped in the Van Allen radiation belts located in approximately 2000 km and 8000
km. These factors affect the satellite orbits that can be used for the communication
task. Satellite orbits can be divided into geostationary Earth orbit (GEO) and LEO
satellites, MEO satellites, highly elliptical orbit (HEO) satellites [16], which is illus-
trated in Fig. 2.1, Table. 2.1 and Table. 2.2. LEO satellites are typically deployed

HEO

LEQ Za
@
GEO ‘w

planet Earth

Figure 2.1: Illustration of the classes of orbits of satellites [16].

13



2. Fundamentals

Table 2.1: Comparison of different satellite orbit classes [16].

Orbit Typical altitude Coverage characteristic

GEO 35786 km Very large continuous regional coverage

LEO 500-2000 km Small coverage per satellite; large con-
stellation required

MEO 8000-20000 km Medium to large coverage; fewer satel-
lites than LEO needed

HEO 7000 — 45000 km Long-duration coverage near apogee, es-

pecially for high-latitude regions

Table 2.2: UE-to-satellite propagation delay for different satellite orbit classes [16].

Orbit UE to Satellite Delay [ms] Max Propagation Delay [ms]

Min Max
LEO 3 15 30
MEO 27 43 90
GEO 120 140 280

at altitudes between 500 km and 2000 km and the inclination angle of the orbital
plane ranging from 0 to more than 90 degrees, providing a low propagation delay
and relatively strong received signals. But their coverage area per satellite is limited
and their high orbital velocity introduces significant Doppler effects. Their con-
stellations are employed above the International Space Station and below the first
Van Allen belt. GEO satellites are located in the equatorial plane at an altitude of
approximately 35786 km. Since their orbital angular velocity is equal to the Earth’s
rotation rate, they appear still with respect to the Earth surface. MEO satellites
are deployed at higher altitudes, typically between 8000 km and 20000 km, usually
above the Van Allen belts. The inclination angles of the orbital plane range from 0
to more than 90 degrees. GNSSs, like GPS, Galileo and Beidou Navigation Satellite
System, are developed based on the MEO satellite constellations. HEO satellites use
highly elliptical orbits, whose operational altitude can range from around 7000 km
to more than 45000 km. The propagation delay associated with the UE-to-satellite
link varies significantly with the satellite altitude. In general, LEO satellites pro-
vide the lowest propagation delay due to their relatively low orbital altitude, while
GEO satellites introduce the largest delay because of their much longer propagation
distance. The typical UE-to-satellite propagation delays for different satellite orbits
are summarized in Table 2.2.

14
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Table 2.3: LEO satellite system-level parameters [16].

Parameter LEO
Satellite orbit LEO-600
Satellite altitude 600 km
Frequency band S-band, 2 GHz
Equivalent satellite antenna aperture 2m
Satellite EIRP density 34 dBW/MHz
Satellite Tx max gain 30 dBi
3-dB beamwidth 4.4127°
Satellite beam diameter 50 km

2.2 Device Configuration

2.2.1 UE Configuration

We consider a single UE equipped with an omnidirectional single antenna. The UE
is located in the vicinity of the RIS and receives both the direct LoS signal from
the LEO satellite and the RIS-assisted signal and additive noise. Since the UE is
equipped with only one antenna, there is no array response at the UE to extract AoA
information. This single-antenna UE configuration makes the localization problem
more challenging, as spatial information must be inferred indirectly from the RIS
paths rather than from a receiver antenna array. Therefore, the estimated UE
position of the UE is mainly obtained from the delay, Doppler, and RIS-induced
angular features of the received signal.

2.2.2 LEO Satellite Configuration

In this work, the LEO satellite is configured according to the Third Generation Part-
nership Project (3GPP) NTN Set-1 LEO-600 S-band reference scenario. Specifically,
we consider the LEO Scenario C1, where the satellite adopts a transparent payload
and earth-fixed steerable beams. The satellite altitude is set to 600 km, and the
service link operates in the S-band with carrier frequency f. = 2 GHz. According to
the Set-1 LEO-600 S-band configuration, the equivalent satellite antenna aperture
is Dgyy = 2 m, the satellite equivalent isotropically radiated power (EIRP) density is
34 dBW/MHz, and the satellite transmit maximum antenna gain is G.x = 30 dBi.
The corresponding 3 dB beamwidth is f3qp = 4.4127°, and the nadir-pointing satel-
lite beam diameter is approximately 50 km. The satellite is modeled as a direc-
tional transmitter with a fixed maximum antenna gain. This directional antenna
gain represents the main-beam gain of the LEO satellite antenna. In the considered
simulation, the detailed antenna pattern, sidelobe structure, and satellite attitude
dynamics are not explicitly modeled. Instead, the steerable earth-fixed beam is
assumed to be properly pointed toward the service area during the observation in-
terval, and its beam-pointing effect is absorbed into the fixed maximum gain and
EIRP-density model.

A simplified satellite orbit model is adopted to generate physically meaningful range
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and Doppler measurements, which takes the satellite orbital altitude h, the Earth
radius R and the initial azimuth-elevation angle tuple O, = (6%, 9;1“) as inputs,
and outputs the satellite position and velocity vectors.

Paat (1) = deat (£ (0 (1) ) (2.1)
dsat (1) = Rsin (—0,(1)) + \/R2sin? (—0%,()) + 2Rh + h2. (2.2)
Vsat (t) = dsat (t)u (esat (t)) + dsat (t)u(esat (t)) ) (23)

Psat () denotes the satellite position at time t. dg(t) is the distance between UE
and the LEO satellite. (0 (t))is the unit direction vector from LEO satellites.
Vsat (1) is the satellite velocity with respect to time. dsat(t) and (04 (t)) denote the
time derivatives of the distance and the unit direction vector, respectively.

2.2.3 RIS Configuration
2.2.3.1 RIS Elements

Each RIS employs a uniform rectangular array (URA) as shown in Fig. 2.2. The
number of reflecting elements of the rth RIS is

N, = N,,N.,, re{1,2}, (2.4)

where N, , and N, denote the numbers of elements along the local z- and z-axes,
respectively. In the simulations, both RISs use N, , = N, = 10, and thus each RIS
contains N = 100 reflecting elements. The carrier wavelength is A = f—cc, and the
inter-element spacing is set to A/2. The position of the (4, j)th RIS element of the
rth RIS is

xr,i
pT:’i,j = 0 s (25)
Zr,j
where N N
ri — - a0 ) = 7”'7er_17 2.
T, (z 5 )2 i=0 ’ (2.6)
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and

. Nz,r - 1 )\ .
sy = (=75 ) 5 TNt (2.7)

2.2.3.2 Profile Configuration
For n RIS element in rth RIS, the RIS controllanle delay 7,,, is defined by

Trn €

Qi} (2.8)

Thus, the corresponding phase shift is given by
Wy = =20 feTom, Wy € [—2m,0]. (2.9)
Combining all N, RIS elements, the RIS configuration vector is expressed as
w, = et ez ene]T e OV (2.10)

Every elements in the RIS configuration vector has unit modulus with the controlled
phase, which can adjust the expected signal direction to improve the signal

[w]n| =1, Vn. (2.11)
The time-varying RIS configuration vector is given by

e*jZﬂ'chr,N(t) T . (212)

wr(t) — [e*JQ”chr,l(t)’ 6*327"1667'@2(1‘/)’ .

2.3 Geometric Model

2.3.1 States

We consider a three-dimensional LEO satellite localization system consisting of one
LEO satellite, one approximately static UE, and several RISs [23, 18, 39]. The
unknown UE position with three unknown parameters is denoted by

p € R’ (2.13)
The known positions of RISs, similarly defined by three parameters, are denoted by
prr € R®, 1 e {1,2}, (2.14)

where r defines the index of RISs and in this experiment r € 1,2 is defined by two
to illustrate. The position of the LEO satellite is defined by

DPsat € R’ (2.15)

Within a short observation interval, the LEO satellite is assumed to move with
approximately constant velocity. Its position is given by

psat(t) = psat(o) + tvsa‘m (216)
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where vy, is the satellite velocity.

The satellite and UE clocks are assumed to be asynchronous, characterized by an
unknown time offset 0 and an unknown CFO ;. In addition to the deterministic
LoS and RIS paths, MPs are introduced through scatter points (SPs). In this work,
the MP propagation is not modeled through an implicit NLoS shadow-fading term.
Instead, explicit scatter paths are introduced into the received signal. Specifically,
the scatter points are generated around predefined cluster centers, and each MP
component is constructed according to its geometric propagation route, including
its delay, Doppler factor, and path gain. Based on the defined assumption, these
MPs are modeled as single-bounce scattering paths added in the received signal. Let
My denote the number of LoS MP paths (satellite-SP-UE), and let M, denote the
number of scatter paths in the rth RIS path (satellite-SP-RIS-UE). The position
of the mth scatter point corresponding to the LoS MP path is denoted by

Qom ERY, m=1,..., M. (2.17)

In the RIS MP paths, the position of the mth scatter point associated with the rth
RIS is denoted by

Gm ER?, re{l1,2}, m=1,...,M,. (2.18)
The SPs are randomly generated around cluster centers [9]. The SP is generated as

COS (O,
q =P+ Rrandom 0 5 (219)

sin oy,

where p. denotes the center of the scatter cluster, R,qndom denotes the random
position in the disk and «,, denotes the random phase. The R,qn4om is defined by
the the cluster radius R, following random distribution.

Rrandom = RC\/E7 u ~ u(07 1)7 (220)

and
ay ~ U0, 27). (2.21)

This construction uniformly distributes the SPs inside a horizontal disk in the
global x-z plane, while y is determined by the corresponding cluster center shown
in Fig. 2.3.

2.3.2 Geometric Measurement

The local coordinate system (LCS) is related to the orientation angles of three axes,
known as the pitch ¢,, roll ¢,, and yaw ¢., respectively, to the x, y, and z axes.

o The pitch angle ¢, denotes the vertical tilt between the y-axis of the LCS and
the xy-plane of the global coordinate system (GCS). Its positive or negative
values denote the upward or downward trend of the antenna array, respectively.

e The roll angle ¢, denotes the vertical tilt between the x-axis of the LCS and
the xy-plane of the GCS. The positive roll angle denotes the counterclockwise
rotation along the antenna array y-axis.
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Rrando'm

Pclustercenter

Figure 2.3: The SP position diagram on the x-z plane.
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Figure 2.4: Three rotation positive angles of RIS antenna array [15].

‘/T_, GCs

A
o> RIS'SLCS

T » UE’s LCS

&

D7 ul
x4 ¢xU

Figure 2.5: The elevation and azimuth angles [15].
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o The yaw angle ¢, denotes the horizontal tilt between the y-axis of the LCS and
the y-axis of the GCS. The positive yaw angle denotes the westward direction
of the antenna array.

The translation from LCS to GCS can be represented by orientation R(¢,, ¢y, ¢.).
The standard order of applying matrices is usually listed as follows: roll angle, pitch
angle, and yaw angle.

1 0 0
R.(¢,) = |0 cos¢, —sing,|, (2.22)
0 sing, cos¢, |

[ cos¢, 0 sing,]
R,(6,)=| 0 1 0 |. (2.23)
|—sing, 0 cosa,)

cos¢, —sing, 0

R.(¢,) = |sing, cos¢p, O (2.24)
0 0 1
R(¢x, ¢y, 02) = Ra(¢:)Ra(¢0) Ry (0y)- (2.25)

The LoS vector between the rth RIS and the UE in the GCS is shown in Fig. 2.5,
where pr, = [*r,, Yrr, 2rs]T and p = [z,y, 2|7 denote the positions of the rth RIS
and the UE, respectively. The three-dimensional distance between them is denoted

by dru,r = Hp - pR,rH:

dry = 1P = Pasll = /(@ = 2r0)? + (Y — yrs)? + (2 — 2102 (2.26)

The geometric angles 60,,,, in the GCS, with respect to the rth RIS, can be expressed
as
atan2 (Y — Yrr, T — Try)
gru,r - sin’l z d_ ZR,r s (227)

2.4 Channel Parameters

2.4.1 Delay

Based on the last section’s geometric parameters, the distance, delay, and Doppler
information can be computed as follows: The LoS distance between the satellite and
the UE is

dsu = Hp - psatH . (228)

The corresponding propagation delay 7, is

_ ||p_psat|| +5

T =24 , (2.29)

C C
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where ¢ is the speed of light, § is the unknown time offset. The rth RIS path
parameters can be modeled as follows: The distance between the satellite and the

rth RIS is:
dsr,r = Hpsat - pR,T” ) (23())

Similarly the distance between rth RIS and UE is:

dru,r = ||p — PR (231)

Based on the distance parameters, the delay parameters of each part are listed:

dsrr
s, T -, 2.32
iy = &2 232
drur
Ty = T 4§, (2.33)
C

The total delay of rth RIS path 7, is:

dsr,r

Tsru,r = Tsr,r + Tru,r = c +

drur - r - T
C & &

Scatter points are randomly generated around given cluster centers in equation 2.19
For the mth scatter paths in LoS path, they are defined:

dT,m - ||psat - qO,mH 5 (235>

and
drm = HP - qO,mH . (2-36)

The direct scatter path in the LoS path can be expressed as:

d m d m sat — m B m
roum = Som tdrm 5 [P = domll + [P = doml] 5 (2.37)
c c
For mth scatter path in RISpath, the parameters are listed:
dT,T,m - ||psat - qr,mH 5 dR,T,m - ”qr,m - pR,rH . (238)
The scatter path in the RIS paths can be expressed:
d r,m d r,m dru
Tsru,r;m — i * fr, * B +0
Hpsat - qr("rjn” + Hqu - pRT” + “p - pRrH (239)
= J ’ ’ 44
c

For the

21



2. Fundamentals

2.4.2 Doppler

To calculate the LoS Doppler vg,, the following formula can be modeled:

_ Vg;t(l) - psat)

Vou = 45 2.40
clp—parl] T (240)

The Doppler of rth RIS path v, can also be modeled as follow:

T /

Vsr,r _ _VsatRTu<0rs,r)’ (241>
c

where R, denotes the rth RIS rotation matrix, which is constructed from the yaw,

pitch, and roll rotation, which denotes the rth RIS rotation transfer from the LCS

of the RIS to the GCS. u(#) denotes the rth RIS unit direction vector. In this work,

the RISs and UE are determined static so the Doppler v, , only includes unknown

CFO:

Vrur = 5f7 (242)
The total rth RIS path Doppler vy, is defined:
vI R,u(f.
Vsrugr = Vsrr + Veugr = _M—(TS,T) + 6f7 (243)
c

For the LoS MP generated by the mth scatter point qg ,,, the corresponding prop-
agation path is satellite — SP,, — UE. Since both the scatter point and the UE
are assumed to be static during the observation interval, the Doppler of the scatter
path is only induced by the satellite-to-SP part. Therefore, the total Doppler factor
of the mth direct MPC is modeled as

v — Vg;t (qO,m - psat)
su,m
¢[|qom — Pat |

+6,, m=1,... M, (2.44)

For the scatter path in the rth RIS, the propagation path is satellite — SP, ,,, —
RIS, — UE. Similarly, since the SP, RIS, and UE are assumed static, the Doppler
factor is approximated by the Doppler induced by the satellite-to-SP segment plus
the CFO. Thus, the total Doppler factor of the mth scatter path in the rth RIS is
written as

_ Vg;t (qr,m B psat)

1% =
s c qu,m - psatH

+6; re{l,2}, m=1,..., M, (2.45)

2.4.3 Angles

For the rth RIS, the RIS-to-satellite incident vector and the RIS-to-UE outgoing
vector are shown in Fig. 2.6

Aprs,r = Psat — PR,r (246)

and
Apru;r =P — PR (2.47)
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AoA % Satellite AoD D UE
¢

RIS Array

RIS Array

Figure 2.6: The illustation of AoA and AoD in the RIS scenario.

respectively. Their local-coordinate representations for AoA and AoD are

, ! (W; . (2.48)

_tanfl ( [RTT(Apru,r)b >
r Apru,?‘)]l

eru r T (
7 e (B dpa)
| ‘Apru,r

(2.49)

/

When RIS is considered the starting point, @ . . denotes the incident angle LoS from

the satellite to the rth RIS while 8, . denotes the outgoing AoD from the rth RIS
to the UE. For the MP in the RIS path, the incident direction is determined by
the corresponding scatter point rather than by the satellite position. Therefore, the
incident direction of the scatter-path should be modeled separately. For the scatter
path in the mth scatter point of the rth RIS, the incident and outgoing unit vectors

are given by

rs,r

in 7 9rm — PRy

Uy = Rr TN (25())
’ ||qr,m - pR,rH
and
ult = Rfm_ (2.51)
’ P — Prll

Here, pr, denotes the position of the rth RIS, q, ,, denotes the position of the mth
scatter point, and p denotes the UE position. Since the RIS elements are located on
the local x-z plane, only the x- and z-components of the incident and outgoing unit
vectors contribute to the spatial phase. Thus, the scatter-path spatial frequencies
are defined as

= [wina] 4+ ] (2.52)
and

o = [win,] [ (2.53)
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2.4.4 Channel Gain

2.4.4.1 Atmospheric and Large-Scale Propagation Effects

In the considered NTN scenario, the propagation link between a satellite transmitter
and a ground UE experiences several attenuation effects. According to the 3GPP
NTN channel model [16], the total path loss can be expressed as

PL = PLy + PLy + PLy + PLe, (2.54)

where PL denotes the total path loss in dB, PLy, is the basic path loss, PL, repre-
sents the attenuation due to atmospheric gases, PLg denotes the attenuation caused
by ionospheric or tropospheric scintillation, and P L, is the building entry loss. Since
the transmission signal is outside the building, the PL, term is ignored. What’s
more, for the system operates at S-band with f. = 2 GHz, atmospheric attenuation
PL, is relatively weak compared with the free-space path loss. The basic path loss
is then modeled as

PL, = FSPL(d, f,) + PL, + SF, (2.55)

The free space path loss (FSPL) is given by
FSPL(d, f.) = 32.45 + 20 logy,(f.) + 20logo(d), (2.56)

The shadow fading term SF' follows a zero-mean Gaussian distribution in the dB
domain,

SF ~ N(0,08), (2.57)

where ogp is the standard deviation of shadow fading. Therefore, the path loss is
further simplified to the following equation:

PL = FSPL(d, f.) + SF + PL,, (2.58)

To divide constant part and distance-change part, the path loss is rewritten as
A
—PL/20
10~ PE/20 — m./GSpace. (2.59)
where Gypace contains the constant terms and the distance term is expressed by ﬁ.

2.4.4.2 LoS Channel Gain

For the satellite-UE LoS path, the channel gain is modeled as

A

Psu = \/GsatGUEGspaceFdsua

(2.60)
where G, is the satellite antenna gain, Gyg is the UE antenna gain, dg, is the

satellite-UE distance, A = ¢/ f. is the wavelength, and 7y, is the LoS propagation
delay including the receiver clock bias.
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2.4.4.3 RIS Channel Gain and Response

In the proposed system, each RIS is modeled as a URA composed of electrically
small passive reflecting elements. Since RIS elements are commonly regarded as
low-gain radiating elements placed above a conducting ground plane and a cosine-
type element radiation pattern is adopted to characterize the directional response
of each RIS element. Let ¢/ denote the angle between the propagation direction and
the broadside direction of the RIS element [41]. The element radiation pattern is
modeled as

Yeos®(y), 0<y <3,

(2.61)
0, T <<,

where v denotes the maximum gain coefficient in the broadside direction, and b is
the factor controlling the shape of the element radiation pattern. The second case
in (2.61) indicates that the RIS element only responds to the incident or reflected
signals within the front half-space, while the signals from the back side of the RIS
are ignored. Let n, denote the broadside unit GCS vector of the rth RIS. Since the
RIS elements are located on the x—z plane of the RIS and the broadside direction is
aligned with the local y-axis, the global broadside direction of the rth RIS can be
expressed as

T
i, =R, [0 1 0] . (2.62)
For an arbitrary unit propagation direction G observed from the RIS, the angle

satisfies
cos(¢)) = 'R, (2.63)

Therefore, the RIS element gain in the direction G can be written in vector form as

2b

Go(t) =~ (0"8,) ", (2.64)
The physical aperture of each RIS element is

)\2
A= —. 2.65
- (2.65)
According to the relationship between the effective aperture and antenna gain, the

broadside gain coefficient is given by

41 A,
7= (2.66)
Meanwhile, v and ¢ satisfy the following relationship:
1
v =2(2b+ 1), b:%—5 (2.67)

When A, = \?/4, the broadside gain coefficient and the directivity factor become
~ 0.285. (2.68)
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—— LoS Path
- => RIS Path
Multi-Path

Figure 2.7: The system illustration with LoS and RIS scatter-path.

Meanwhile, v and ¢ satisfy the following relationship:

y=2B+1), b=

(2.69)

N | —

This value corresponds to a broad low-gain RIS element radiation pattern and is
suitable for modeling general passive RIS reflecting elements. For each RIS path, two
RIS directional gains need to be considered based, where G, and G, represent
the incident-side directional gain and outgoing-side directional gain. ug,, and u,,,
denote the incident and outgoing unit direction vector from the r th RIS.

Gsr,r = C:e (usr,r> 5 (270)
and
Gru,r = Ge (uru,r) . (271)

For the rth RIS-assisted path, the cascaded channel coefficient is separated into pg. ,
and Py,
Psru,r = PsryrPru,r- (272)

The satellite-RIS channel gain is modeled as

A

Psr,r = \/ Gsathr,erpace >
dmdg

(2.73)

The RIS-UE channel gain is written as

A
ru,r — \/ Yrur 5 2.74
Pru, ¢ ’ GUE 47Tdru,r ( )
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Geometric positioning methods
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Figure 2.8: Four Position Method [15].

2.4.4.4 MP Channel Gain

The MP scatter paths are included two types: the scatter paths in the LoS path
and scatter paths in RIS paths in Fig. 2.7. The LoS scatter paths do not involve
any RIS array response, whereas the RIS scatter paths include both a scatter-path
gain and the RIS array response. Its complex channel gain is modeled as [39]

vV 47’(’0305)\
(47T)2dT,de,m 7

Psum = \/GsatGUEGspace (275>

where crcg is as the radar cross section (RCS) coefficient of the m-th SP in the LoS
scatter path. Similarly, the scatter paths in RIS paths can be defined by:

Gsr,r,m = Ge (u??m) ) (276>
Gru,r,m - Gc (u:z%) y (277)

V 47TCRCS )\2
(47T) 3dT,r,m dR,r,m dru,r

psru,r,m - \/GsatGUEGspaceGsr,r,mGru,r,m (278)

2.5 Geometric Positioning Methods

Geometric positioning methods estimate the target position by using range, range-
difference, or angle measurements from known reference nodes [15, 26, 42]. Let the
UE position be

p=[z,y,2]", (2.79)

and let the position of the r-th RIS be
¥, r=1,...,R, (2.80)

Prr = [xﬂ Yr, 2r

According to these measurements, geometric positioning methods can be classified
into ranging-based multilateration, range-difference-based multilateration, triangu-
lation, and hybrid distance-angle positioning, as shown in Fig. 2.8.

27



2. Fundamentals

2.5.1 Ranging-Based Multilateration

Ranging-based multilateration estimates the UE position from absolute range mea-
surements between the target and multiple anchors. The range measurement from
the r-th RIS is modeled as

dy = [P = Proll + o, (2.81)

where d, is the measured range and n, denotes the ranging error. Geometrically, each
range measurement defines a sphere centered at the corresponding RIS positions:

(:E - 177")2 + (y - yT)Q + (2 - ZT)Q = CZE (2'82)

The UE position is obtained from the intersection of multiple spheres. In practice,
due to measurement errors, the position is commonly estimated by nonlinear least
squares:

) (2.83)

where w, is a weighting coefficient. This method is suitable when range-related
measurements, such as TOA or round trip time (RTT), are available. However,
the range-position relationship is nonlinear, and linearized solutions may introduce
linearization errors.

R
p= argmpinZwT (dr — [P — Pr»
r=1

2.5.2 Range-Difference-Based Multilateration

Range-difference-based multilateration estimates the UE position from the difference
between ranges measured with respect to different RIS. This method is often asso-
ciated with time difference of arrival (TDOA) measurements and requires tight syn-
chronization among RISs. Taking the first RIS as the reference, the range-difference
measurement can be expressed as

ACZrl =|p —Pr.ll = [IP = PrAll + N1, 7=2,..., R (2.84)
For TDOA measurements, A
Adrl = CA7A'T1, (285)

where c is the speed of light and A7,; is the measured time difference. Each range-
difference measurement defines a hyperboloid:

Ip — Prsll — P = pill = Ady. (2.86)

The UE position can be estimated by

R
. 5 2
p=argmin }_ w1 (Ady — [p — .+ p —pull) - (2.87)
r=2
where w,; is a weighting coefficient. This method is widely used in cellular posi-
tioning because base stations can usually be synchronized. Similar to ranging-based
multilateration, its measurement model is nonlinear and may suffer from lineariza-
tion errors. In this work, the Range-difference-based multilateration provides funda-

ment for the delay-difference positioning method using the delay information from
LoS path and RIS paths.
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2.5.3 Triangulation

Triangulation estimates the UE position from angle measurements obtained at mul-
tiple RISs. For the r-th RIS, let #% and ¢ = denote the estimated azimuth and

ru,r ru,r

elevation angles. The corresponding unit direction vector is

ru,r ru,r

cos 0% cos he

0, = |sin % cosf, | . (2.88)
sin éﬁf”
Ideally, the UE lies on the bearing line
P = Prr + drﬁr; (289)

where d,. is an unknown distance parameter. With multiple RISs, the UE position
can be estimated by minimizing the perpendicular distance to all bearing lines.
Define the perpendicular projection P,

P.=1-ua1’. (2.90)
Then, the UE estimation is resolved by the perpendicular distance
& 2
p = arg mgn > w [P (p—pry)|”- (2.91)
r=1

where w, is the weight coefficient of rth measurement path. A closed-form weighted
least-squares solution is

R -1 /R
p= <Z wTP,,> (Z w,P,p Rm) . (2.92)
r=1 r=1

Triangulation is suitable when AoA or AoD measurements are available. In this
thesis, the triangulation method provides fundament the bearing-line positioning
method because the RIS AoD is extracted from the channel estimation algorithm.
On the other hand, this positioning method is sensitive to angle errors, which re-
quires high-accuracy angle estimation algorithm.

2.5.4 Hybrid Distance-Angle Positioning

Hybrid distance-angle positioning combines range and angle measurements, which
can estimate three-dimensional position even from a single RIS if both range and
two-dimensional angle information are available. RIS at pg, receives the measure-
ment values including the range JR,T, azimuth éﬁj,r, and elevation 9§L7T. The unit
direction vector can be expressed by ﬁr(éﬁj’m éﬁiw,) For each RIS pg,, the UE posi-
tion can be reconstructed as A

P = Pr, +d0,. (2.93)

Furthermore, when multiple RISs are available, range and angle constraints can be
jointly fused as

. . R . 9 R
p=argmin }_ we, (& — Ip —prll) + 3 wo, [Pr(p —pro)I*. (294)

r=1 r=1
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where w,, is a weighting coefficient for the distance and wy, is is a weighting
coefficient for the angle. Hybrid positioning exploits both range constraints and
directional bearing-line constraints to reduce geometric ambiguity and improve ro-
bustness, which inspires this thesis to build a joint positioning method in this thesis.
However, since the range term ||p — pg.|| is nonlinear in p, how to obtain optimal
resolution through the cost function is the key part to improve the localization
accuracy.
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System Signal Model

This section establishes the system signal model for the subsequent positioning sig-
nal channel model. First, the main assumptions are introduced to clarify the signal
propagation environment and simplify some variation. Second, the transmitted
OFDM signal is defined in the time domain with signal parameters. Third, the
received passband signal is derived by incorporating the previously-defined effects
of propagation delay, Doppler shift, channel gain, and RIS profile. Fourth, the base-
band signal is further sampled to reveal the information over subcarriers and OFDM
symbols. Fifth, to provide a simplified mathematical formulation, the observed sig-
nals are represented by compact matrices for the following algorithms description.
Sixth, the assumptions in this work are summarized to further describe the model
with more details.

3.1 Transmit Signal Model

The satellite employs an OFDM waveform with K subcarriers and L OFDM sym-
bols, as shown in Fig. 3.1. Each OFDM symbol has a total duration 7}, in equa-
tion 3.1, where T" denotes the useful symbol duration, A f is the subcarrier spacing,
and Tcp is the cyclic prefix (CP) duration.

Tym=T+Tcp, T=1/Af (3.1)

L symbols
]

K subcarrier —

OFDM Signal

Figure 3.1: The structure illustration of the OFDM signal.
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The transmitted complex baseband signal in the time-domain is given by

Pt 2~ 2mkAf(t—IT: t— 1Ty
s(t) = Z Z xp g 2R Toym) |yt | W) (3.2)
K DD Toym

where P, denotes the total transmit power across all K subcarriers, z;; € C
is the pilot symbol transmitted on the k-th subcarrier of the [-th OFDM sym-

bol with|xy,| = 1, and rect(t) = 1 for ¢t € [0,1] and otherwise 0, in this work
t € [0, LTyym]|. The normalization factor 1/% ensures that the average power per

subcarrier equals Py /K, so that the total transmit power across all subcarriers
satisfies E[||s(t)]|?] = Piot when |zy,]?> = 1. The transmitted passband signal is

3(t) = R{e* s(t)} (3.3)

In this work, all time-frequency resource elements are dedicated to localization pilot
symbols. Specifically, the pilot sequence is known at the receiver and can be written
as

Tp = To, |zo| = 1, k=0,....K—-1, [=0,...,L—1. (3.4)

Since the transmitted pilots are known, the received signal is fully parameterized by
the unknown channel parameters for the further performance evaluation.

3.2 Received Passband Signal Model

The received passband signal without MP at the UE consists of the LoS component,
the RIS components and thermal noise.

g(t) = ghos(t +Z@§LST ii(t), (3.5)

The received passband signal with MP at the UE consists of the LoS component, the
LoS MP components, the RIS components, the RIS MP components, and thermal
noise.

G(t) =G> (1) + G (1) + Z (F505.(6) + 3w, (1)) + at), (3.6)

where n(t) denotes the additive thermal noise at the receiver with power spectral
density (PSD) Ny. The LoS satellite-UE component is modeled as

Iggﬁ)s(t) = Psu S(t — Tsu + Vsut) ) (37)
where pgy, Tsu, and v, denote the LoS path channel amplitude, propagation delay,

and Doppler-induced frequency-shift factor.
The LoS MP component is given by

Mo
gsMuP ) = Z Psu,m S<t — Tsu,m + Vsu,mt> y (38)
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where M) is the number of MP scatter paths, and psym, Tsum, and Veym are the mth
LoS MP path, amplitude, delay, and Doppler shift respectively. The rth RIS signal
path is expressed as

Np—1

yg{lsr (t) = psru,r Z S(t — Tsru,r + Vsru,rt - Tr7n(t> — TOps,rn — 7—9m7r,n>a (39)
n=0

where the parameters pgur, Torur, and Vg, denote the rth RIS path amplitude,
initial delay, and Doppler-induced frequency-shift factor respectively. And the term
T,.n(t) is the controllable delay introduced by the nth reflecting element of the rth
RIS at time ¢. The element-dependent delays 7y,_ ., and 7y, », describe the relative
propagation delays with respect to the RIS phase center. The geometric delay
difference of the nth RIS element can be expressed as

T
S— . ) (3.10)
c
where p,, denotes the nth element position in the rthe RIS and a positive g, ,
value corresponds to a delay with respect to the reference point while a negative
value denotes a earlier arrival. The RIS MP component associated with the rth RIS
is modeled as

M, N,.—1
gé\ffr ) = Z Z psru,’r‘,m S(t - Tsru,r,m - Tn,r(t) + Vsru,r,mt

m=1 n=0

(3.11)

T,m

= TeMP »pnom T TCﬁvfm,Tnm)7
where M, denotes the number of MP components associated with the rth RIS
branch. The parameters psurm, Torurm, and Vs rm Tepresent the amplitude, delay,

and Doppler shift of the mth RIS MP component, respectively. The terms 7eaep ., 1,
and 7emp o, 0 denote the MP geometric delay of nth elements in rth RIS.

3.3 Received Baseband Signal Model

After downconversion of the received passband signal in (3.6), the noise-free com-
plex baseband signal can be decomposed into the LoS component, the LoS MP
components, the RIS components, and the RIS MP components as

y(t) = yheS () + 0 (1) + Z (U355.(t) + b, (1)) (3.12)

The baseband LoS component is given by
YEOS (1) = ague™ s (t — Ty + vit) (3.13)
gy = paue 2T (3.14)
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Qi 18 the complex baseband LoS channel gain. Although the carrier term is removed
by downconversion, the carrier-frequency Doppler phase e/?™f¢¥sut remains in the
baseband signal. The LoS MP component is modeled as

Mo
ysMuP(t) = Z asumeﬂ”fc"s“’mts(t — Toum + Vsuml) , (3.15)

m=1

Qgu,m = psu,meijQﬂfCTsu’m (316)

For the rth RIS, the RIS component is written as

RIS (t) == O5sru,1"6]27l-fcysrumt5(t - Tsru,r + Vsru,rt> GRIS,T (t), (317)

ysru T

—9nf.
Agru,r = Psru,r€ 92 feTaru,r (318)

Oy, is the cascaded baseband channel coefficient of the rth RIS path. The term
Gris,(t) denotes the effective RIS response. Let a,.(6) € CNr denote the rth RIS
steering vector associated with the angle tuple 8. The nth element of a.(0) is
modeled as

[a,(0)],, = ,,(0) = exp (=127 feTorn) (3.19)

By stacking the responses of all RIS elements in rth RIS, the RIS steering vector

can be written as
67.7277.](67—9,7“,1

6_]27rfCT9,T,2

a.(0) = , € CM. (3.20)
e_JQWfCTB,r,NT‘

The position of rth RIS Pg, is expressed as
Pr, = [Pr1,Pr2;- - Pr,] € RN (3.21)

the steering vector can be compactly expressed as

a.(0) :exp< chgT (0)). (3.22)

For a satellite-to-RIS AoA 6., and RIS-to-UE AoD 8,,,, the RIS response is ex-
pressed as

Grs, () = (a,(6:s,) © a,(0rur) wi(t), (3.23)

where ® denotes the Hadamard product. The RIS MP component in the rth RIS
is given by

M,
Yarnr(8) = D Qarum€™ bt — 7+ Verrmt) GRis (), (3:24)

m=1

_i9 )
Osru,rm = Psru,r,m€ J2m feTaru,r,m (325)

G} r.m(t) is the RIS spatial response to the mth MP associated with the rth RIS.
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Slow-time
Tsym ETsym
L
. KT
Sampling at ¢ = Tsym + Tcp + 07a
K
Tcp K
Fast-time
Figure 3.2: The OFDM sampling process.
The RIS steering vector in MP is then written as
; MP
2r f, rm
Amp,r (f%ﬂ Cr]t/rlrfj) =€eXp|J Pg,r ]\(/)[P ) (326)

Therefore, the RIS array response of the mth scatter path associated with the rth
RIS is expressed as
Grisram(t) = ampr(t)w (1) (3.27)

mp,r

3.4 Sampled Received Signal Model

After down-conversion, the received signal is sampled at the following time instances
in Fig. 3.2

w1

t = Ty + Tep + 7 L K—1, 1=0,...,L—1, (3.28)

After CP removal, these LoS and RIS signals are modeled as follows:

YEioS —ag, o127 fevan (1Toym+Tep+ 5 )

su,K,

T (3.29)
X S((l =+ Vsu) (lTSym + TCP + 2) - 7—su> 5
T (3.30)
X S((l + VSH,H’I) (lTsym + TCP _I_ 2) - TSLI,IH) Y
szlr%lisr,n,l :asru,rGRIS,r,l€]2chusmm(lTsym—i_TCP—i_%)
7 (3.31)
X S<(1 + Vsru,r) (lTsym + TCP + Kj[{) — Tsru,r) )
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MP — MP JQchVsru,r,m 1T m+TCP+£
sru,r,m,k,l _aSYU,T,mGRIS,T,m,le ( Y K)
KT (3.32)
X s (1 + Vsrum,m) lTsym +Tep + ? — Tsru,r,m | 5

where GRrig,; and GPA{/[IISD’ rm, are the sampled RIS and MP RIS response during the
Ith OFDM symbol. To further simplify the channel models, there are several as-
sumptions to conduct.

36

o The constant phase rotation caused by 27 f.r;Tcp can be absorbed into «,

where i € (su; su, m; sru, r; sru,r,m).
The known CP-related subcarrier phase caused by kA fTcp inside s(-) can be
merged into the pilot symbol zy .
The terms v;Tcp and v;kT /K ins s(-) are neglected because they only introduce
very small time-delay perturbations.
For the system parameters in Table 5.1, we have K = 2000, Af = 15 kHz,
T =1/Af = 66.67 us, Tcp = 0.07T = 4.67 us, and B = KAf = 30 MHz.
The delay resolution is therefore

1 I

B KA ® 33.3 ns. (3.33)
In Table 5.1, 6, = 45°, 6,, = 90°, and h = 600 km, based on equation 2.2 the
satellite distance is calculated as dg,; ~ 814.80km, based on equation 2.3 the
satellite velocity ||veat|| & 8.111 x 10 m/s generated by the orbit function is

Veat ~ [0, —8.0834 x 10%, 6.7038 x 10%]” m/s (3.34)

Furthermore, based on equations 2.40-2.43 and realistic simulation parame-
ters, vy, ~ 1.84845 x 107° and Veruyr A 1.84849 x 107®. There are several
assumptions to list:

Vsu = Vsru,1 &= Vsru,2- (335)

lv;] <1.85x 107° ~ 2 x 107°. (3.36)

With the Doppler factor bounded by |v;| < 2 x 107°, the two neglected delay
perturbations are upper bounded by

lviTep| <2 x 107° x 4.67 ps ~ 9.3 x 10" s = 0.093 ns, (3.37)
kT _5
Vi < |u|T =2 %107 x 66.67 us ~ 1.33 ns. (3.38)

Both values are much smaller than the delay resolution 33.3 ns, whose distor-
tion is negligible for s(-).

In contrast, the inter-subcarrier Doppler term ;7T is retained because it
accumulates over the whole observation window. For L = 256 and Ty, =
1.07T = 71.33 ps, its maximum magnitude is

V(L — D) Tym| S 2 x 1077 x 255 x 71.33 ps ~ 363.7 ns, (3.39)

which is larger than the delay resolution and therefore cannot be ignored.
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The maximum phase rotations of the slow-time Doppler phase and the fast-
time Doppler are approximately

27| fovi(L — 1) Tyym| =~ 1.46 x 10*7 rad, (3.40)

and
(K -1)T

2
T K

fevi ~ 5.3m rad, (3.41)

These phase rotations are non-negligible and must be retained in the sampled
received signal model.
Based on these assumptions, the sampled LoS and RIS signals can be simplified as

YLOSl = 6]27chVsu(lTsym+%)
—+su

su,K,

w1 (3.42)
XS lTSym * K — Tsu T VsulTsym )
MP _ 927 fevsu,m (I Tsym+ 5L
}/Su7m7[{’l _O{Su7m6 ( vy e )
i (3.43)
X 8 lTsym + ? — Tsu,m + Vsu,mlTsym ,
o 27 feVsr R 1Ty m_l,_ﬂ
STU,T, KLl :asruﬂ"GRISﬂﬂ,leJ fevs uT( ¥ K)
e (3.44)
X S lj-'sym + ? — Tsru,r + Vsru,rlTsym ,
MP _ MP 727 feVsru,rm (1T 5T
sru,r,m,rK,l —Oésru,r,mGRISmmJe ( Ly K)
L (3.45)
X' 8 lTsym + ? = Tsrurym T VsrummlTsym _

3.5 Observations in Compact Matrix Form

By inserting the OFDM transmit signal in (3.2) into (3.42)—(3.45), the received
observations can be written in compact matrix form. Let Y € CX*X denote the re-
ceived sample matrix after CP removal, where rows correspond to fast-time samples
and columns correspond to OFDM symbols. Let F € CEX*X denote the unitary fast
Fourier transform (FFT) matrix, and define the pilot matrix

Ptot
K

Xk = T (3.46)

For any propagation path i = su; sru, r; su, m; sru, r, m, define the fast-time Doppler
matrix, the delay and inter-subcarrier Doppler matrix and the slow-time Doppler

matrix
wT
(A, = ™R (3.47)

[Bi]k,l — e—]Qﬂ'k‘Af(Ti—VilTsym)’ (348)
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(il = e2mleniTiom. (3.49)

A; captures the fast-time Doppler effect, B; captures both the delay-induced sub-
carrier phase and the inter-subcarrier Doppler effect, and C; captures the slow-time
Doppler phase across OFDM symbols. The LoS observation matrix can thus be
constructed as follows:

Y8 = a0, Ay, O F7 (B, © Cy © X) . (3.50)
The rth RIS path is defined
Y;{r{fr = asru,rAsru,r @ FH (Bsru,'r @ Csru,r @ GRIS,T @ X) . (351)

where Ggis, € CE*L is the RIS response matrix. Similarly, the LoS MP matrix is
expressed as

Mo
Y;\{IIP = Z asu,mAMP o FH (BMP © CMP X) : (3.52)
m=1

su,m su,m su,m

where the matrices AMP " BMP “and CMP - are obtained from (3.47)-(3.49)

su,m? su,m? su,m
For the RIS MP components associated with the rth RIS, the equation is represented
by:

sru,r STUu,T,m STUu,T,Mm sru,r,m

M,
YU, = taurmAN,,, ©FT (BYY,,, 0 CMY, L O GNE,,,©X),  (353)
m=1

where GXE denotes the RIS response of the mth MP related to the rth RIS.

S,r,m
Combining all path components and receiver noise, the overall observation matrix
is

Y = YEoS 4 yMP 4 XRj (YRS + Y3, +N, (3.54)
r=1

vec(N) ~ CN (Owur, 07 Tier) - (3.55)

o? = NoN; (3.56)

Ny = kgTy (3.57)

o? is the noise variance per complex OFDM resource element under the unitary

OFDM and the total thermal-noise power over bandwidth B would be Bo? in a
continuous-time receiver. Ny is the noise figure (NF) of UE, Nj is the thermal-noise
power spectral density and kg is Boltzmann’s constant, Ty = 290 K is the reference
noise temperature.
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3.6 Summary of Assumptions

The system model is developed under the following assumptions, whose detailed

derivations are provided in the Appendix.

1. Static UE and short observation interval: The UE is assumed to remain static
within one observation block, i.e.,

p(t) = p. (3.58)

During this short interval, the LEO satellite moves with approximately constant

velocity,
Vsat(t) ~ Vgat, (359)

and the satellite-to-RIS angular variation is negligible, namely
QTSJ(LTSym) - Hrs,’r(()) ~ O; (360)

where L is the number of OFDM symbols in one observation block.

The observation window is approximately 18.26 ms. For a low-speed UE moving
at 1 m/s, the delay within one block is about 0.61 ns, which is negligible compared
with the delay resolution 33.3 ns. Compared to the satellite large distance dgq,
the satellite velocity and angular variation is much smaller within one observation
block.

2. Asynchronous receiver: The satellite and the UE are not perfectly synchronized.
Therefore, an unknown clock bias ¢ and an unknown CFO §; are included in the
delay and Doppler models and need to be estimated.

3. Far-field plane-wave model: Due to the large LEO satellite distance d,u, the
satellite is assumed to lie in the far field of the RISs and the UE. The RIS-UE
path is also modeled under the far-field assumption, so that plane-wave steering
vectors can be used for the RIS array response. The RIS aperture is about 0.954
m when the diagonal aperture is used. At f. = 2G Hz, the Fraunhofer distance
is approximately 12.1 m. Since the RIS-UE distance in the simulation is about
13.72 m, which supports the far-field assumption model.

4. Doppler assumption: Since the RISs and the UE are located in a small local
region compared with the large satellite distance d,,;, the Doppler factors of the
LoS and RIS paths are approximately identical. With ¢; < v4,, the Doppler of
different paths have such assumptions:

Vsu = Vsru,1 ~ Vsru,2- (361)

5. RIS profile configuration: The RIS phase profiles are assumed to be known at
the UE side through RISS-aided positioning protocols. Each RIS profile remains
constant within one OFDM symbol and is updated symbol by symbol.

6. Multipath modeling assumption: In this work, MP propagation is modeled explic-
itly rather than represented by an implicit NLoS shadow-fading term. Specifically,
SPs are generated around predefined cluster centers, and each MP component is
constructed according to its geometric propagation route, including the corre-
sponding delay, Doppler factor, and path gain.
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Only single-bounce scatter paths are considered in the MP model. This assump-
tion is adopted because each additional scattering or reflection path introduces
extra path loss, and multi-bounce components are expected to be significantly
weaker, especially for the already weak RIS paths in the considered simulation
setup.

The MP paths are constructed in the channel model, but in the CRB analysis
they are regarded additional effective noise into thermal-noise variance o2

ol = 0" + Pup ave, (3.62)
where Pyp ave denotes the average received power of the injected MP interference.
The MP delays, Doppler factors, angles, and complex gains are not explicitly
added to the Fisher information matrix (FIM) as additional unknown nuisance
parameters, which represents a worthwhile avenue for further research.
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Methods

This section describes the proposed methods for channel-parameter estimation and
positioning method. The channel-parameter estimation procedure estimates LoS
channel and RIS channel parameters separately to reduce high-dimension compu-
tation. LoS channel estimation algorithm mainly extracts its delay, Doppler and
gain values. After removing the LoS part, the RIS branches are separated through
a time-orthogonal decoupling strategy. The delay, Doppler and angular information
in the RIS branches are extracted based on the decoupled RIS observation signal,
A second-stage estimation procedure is then introduced to refine the estimated pa-
rameters and improve the robustness of the overall estimation process. Finally, the
positioning methods exploit the estimated channel parameters using joint position-
ing compared.

4.1 Channel-Parameter Estimation

Instead of directly performing a high-dimensional joint maximum likelihood esti-
mation (MLE), a staged estimation method is adopted. The reason is that the
complete parameter set contains the LoS delay, LoS Doppler, two RIS delays, two
two-dimensional RIS AoDs, three complex channel gains, leading to prohibitively
high search complexity.

4.1.1 Complexity Analysis

The complexity of the proposed estimator comes from the sequential estimation of
the LoS parameters, RIS path decoupling, the subsequent RIS parameter estimation
and second-stage refinement.

o For the LoS path estimator, the complexity mainly comes from the FFT-based
delay-Doppler coarse search and the 2D MLE refinement. The FFT-based
search scales approximately as O(Ng Ny logy(NgNp)), where Ni and Ny, de-
note the FF'T sizes in the delay and Doppler dimensions, respectively. The 2D
MLE refinement has complexity O(N, gzMiterK L). where N, is the number of
grid points per dimension, M;., is the number of refinement iterations.

o For the RIS decoupling, the decoding step requires linear processing over the
received resource grid with complexity O(KL).

o After decoding, each RIS branch is processed independently. For each branch,
the 1D FFT delay estimation has complexity O(L Nk log, Ni), where L = L/2
is the number of symbols in each decoded block. The 2D AoD MLE search and
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Figure 4.1: The system framework structure of channel estimation and positioning
method.

the subsequent 1D delay MLE refinement have complexities O(N, g2Mite,,N,,I~,)
and O(Ny;M;;., K), respectively. Since two RIS branches are used, the RIS
complexity is approximately twice that of a single-RIS branch.

» In second-stage refinement, the complexity repeats the LoS and RIS parameter
estimation steps to increase the computational cost by 2.

« The total algorithm complexity can be calculated by O(2(Ng Ny logy(Nk N1, )+
N2Mjo KL+ KL + 2(LNy logy Nic + N2Miye, No L + Ny My K))),

In contrast, a direct joint grid search would need to estimate the LoS delay-Doppler
parameters and the two RIS delay-Doppler-AoD parameter sets simultaneously,
which results in an 10D MLE search with complexity scales on the order of O (N, glOK L).
Therefore, the proposed sequential estimation channel estimation strategy drasti-
cally reduce the complexity compared with direct joint MLE.

4.1.2 LoS Path Channel Parameter Estimation

Since |@gu| > |@srur|, the LoS path is usually the strongest component in the re-
ceived signal. Therefore, the RIS paths and MP are first ignored, and the received
signal is approximated as LoS-dominated. The LoS delay and Doppler are estimated
by a coarse-to-fine procedure: delay is first coarsely estimated using an inverse fast
Fourier transform (IFFT) along the subcarrier dimension, Doppler is coarsely esti-
mated using an FFT along the slow-time dimension, and then a two-dimensional
local MLE grid refinement is performed.
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4.1.2.1 Doppler Elimination

Before the delay estimation, we first need to remove the fast-time Doppler effect
and then demodulate the received signal. However, compensating the fast-time
Doppler effect requires knowledge of the Doppler effect. Based on the previously
mentioned Doppler assumption in Section 3.6, the LoS Doppler shift can be coarsely
approximated by the satellite-to-RIS Doppler shift,

Vsy = Vgr- (41)

Based on this approximation, the fast-time Doppler component and the subcarrier-
dependent Doppler phase are compensated before performing delay estimation.
Specifically, the received signal matrix Y is first compensated for the fast-time
Doppler term as

Y=F(A},0Y), (4.2)

where © denotes the Hadamard product and A7, is the complex conjugate of the
estimated fast-time Doppler matrix. Its element can be expressed as

[A:u] _ *]27ch1/su/{/(KAf) (43)

Kl — )
Then, the subcarrier Doppler phase is further removed by

Y=B oY, (4.4)

Vsu

[stu]kz,ﬁ — e—jQTrkAfusuZTsym ’ (45)

where ]A3§u is the complex conjugate of the estimated inter-subcarrier Doppler ma-
trix. After these Doppler compensation steps and absorbing constant X into ay, in
equation 3.50, the remaining LoS signal can be approximately written as

Y ~ ay, (By, © Cy) + N, (4.6)
Specifically, their elements are given by
[BSU]W — 6—327rkAfTSu7 [Csu]kz — eﬂwfcusueTsym7 (4.7)

)

Since all columns of By, are identical and all rows of Cy, are identical, the compen-
sated LoS signal can be reprsented the following rank-one representation:

Y ~ ag,b(re)c! (ve) + N, (4.8)
where the delay steering vector and Doppler steering vector are defined as
[b(Tsu)]kz — e_JQWkAfTsu’ [C(Vsu)]e — eI fevsulTsym (4.9)
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4.1.2.2 2D-FFT search

This rank-one structure shows that the subcarrier dimension is primarily governed
by the LoS delay, while the slow-time dimension is governed by the LoS Doppler
shift. Therefore, the initial estimates of 7, and vy, can be obtained either by a
2D- FF'T search or by two separate 1D-FFT searches with non-coherent integration.
Under the two-dimensional FF'T formulation, the coarse estimates are given by

b (7)Y (v)|. (4.10)

[/?sua ﬁsu] = arg H}_,%X

In the simulation, the zero-padded FF'T sizes are set to
Ng = Ny =28, (4.11)

where N and Nj, denote the FF'T sizes along the subcarrier and slow-time dimen-
sions, respectively. The corresponding delay—Doppler spectrum is

1

L—
Pliy, i) = [>
=0

K-1
Z Yk,l e]27rk1,—/NK e*j27rlzy/NL : (412>
k=0

where
1;=0,...,Ng — 1, i, =0,...,N, — 1. (4.13)

The delay-Doppler grid point corresponding to the strongest peak is selected as

(ix,45) = argmax Pliy, i,]. (4.14)
If it’s supposed to avoid the computational cost of a full joint 2D search, the separa-
bility in (4.10) is exploited to decouple the estimation into two successive 1D-FFT
stages. First, the delay spectrum is computed by zero-padding the subcarrier di-

mension to Ng = 2! and applying an IFFT along the subcarrier dimension:

L—-1

Prlir] =}

=0

K-1
% 2nkir /N,
Z Yk,l e] +/Nk ,

ir = argmax P, [i,]. (4.15)
k=0 “

The summation over [ is performed non-coherently, which makes the delay estimate
less sensitive to the residual Doppler-induced phase rotation across OFDM symbols.
After obtaining the coarse delay estimate, the delay-dependent subcarrier phase is
compensated and the subcarriers are coherently combined:

K-1
= Z Yk,l 6327rkAf+S". (416)
k=0

Then, the slow-time sequence is zero-padded to N; = 2'3, and a slow-time FFT is
applied to obtain the Doppler spectrum:

L—-1 A
Z r e—j27rlz,,/NL
=0

Pl/[iu] =

: iy = argmax P,[i,]. (4.17)

44



4. Methods

Since the FFT grid points only determine the fractional delay and Doppler within
one FFT period, the integer ambiguities are resolved using a known reference ge-
ometry. In this work, the reference delay 7,.; and Doppler v,.; are obtained from
the known satellite-RIS geometry (74, vs-). Therefore, the coarse delay estimate is

computed as
A LTrefAfJ +Z:/NK

su = , 4.18
and the coarse Doppler estimate is computed as
ref felsym| + 0,/ N
oy = WretSTom] 0 /NL (4.19)

Vey =
o fcﬂym

4.1.2.3 2D-MLE search

To further improve the estimation accuracy, the coarse FFT estimates 7,, Uy, are
refined by an iterative 2D-MLE search. The MLE refinement can be formulated as

. o 2
[Tsus Usu)] = arg min HHZL(T,V)y‘ , (4.20)
y = vec (Y) , z=vec(Z), (4.21)
Z=B,, cC,, oX. (4.22)
The orthogonal projection matrix is defined as
I =1-11,, (4.23)
H
77
7= T (4.24)
2|2

At each refinement iteration, the local search region is centered around the current
estimate and its width is reduced recursively. Specifically, at the hth refinement
iteration, the delay and Doppler search grids are generated as

no =t oy = (4.25)
where 7= and 2"~V are the delay and Doppler estimates obtained from the

previous iteration, and A7; and Av; denote the initial local grid offsets in the delay
and Doppler dimensions, respectively.

2Tmax 2Vmax

AT = Ay = 4.26
TTN, -1 TN, -1 (4.26)
For each candidate pair (Ti(h), l/j(»h)), their corresponding complex path gain is esti-
mated as
H T(h)7y(h) o
A, ) = 2t Y (1.27)
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where (-)f denotes the Hermitian transpose. The log-likelihood form is then eval-
uated as the negative residual energy and the candidate pair that maximizes the
likelihood is selected as the updated estimate value

h h . ~r (R h h IONIE
£,y = — [[§ = a1, )7, )| (4.28)
~(h) ~(h)) _ (h)  (h)
(7’ U ) = arg T%T‘{’” L(r;7v;7). (4.29)

i Y
In general, this recursive refinement improves the delay-Doppler resolution without
requiring a dense global two-dimensional search.

4.1.2.4 Estimate LoS channel gain

After obtaining the refined estimates 7, and 7,,, the LoS channel gain can be
estimated by least squares as

zly
2l
Thus, the LoS accurate path parameter estimates are obtained through a low-
complexity coarse-to-fine procedure for the subsequent channel parameter extrac-
tion. After LoS path channel estimation, the LoS signal is reconstructed as

A

Qgy =

(4.30)

ysu = &suzsu<7ﬁsu> ﬁsu)a (431)

And the received signal subtracts the reconstructed LoS signal, resulting in y,es,
which mainly includes RIS signals, MP signals and noise.

Yies =Y — }A’su- (432)

4.1.3 RIS Path Preprocessing

4.1.3.1 RIS Doppler Elimination

Based on the Doppler assumption, the estimated values 7, is used to eliminate the
RIS path Doppler. What’s more, both RIS branches have similar Doppler effect, so
the terms Ag., By, and C;_ denote all RIS Doppler effect.

Vsru Vsru

ﬁsru,l ~ ﬁsru,Q ~ ﬁsu; (433>

Using this coarse Doppler estimate, the fast-time Doppler RIS effect in the residual
signal is removed by

Yris—combined = F (A;u ® Yr€s> , (4.34)
A;‘ru is the conjugate of the estimated RIS fast-time Doppler matrix with
A T
[A:ru]n,é = €Xp (_]27rfcﬁsru’}(> . (435)

Then, the RIS inter-subcarrier Doppler term is compensated as

YRIS—cornbined = B} O) ?RIS—combinecb (436)

Vsru
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[stm]k,f = exXp (_]27TkAfﬁsru€Tsym) . (437)

To compensate the slow-time Doppler,

Y RIS combined = YRIScombined O Ci..o (4.38)
[Czsm]k,e = exp (]QchﬁsruKTsym) . (439)

4.1.3.2 RIS Path Decoupling

Although time-orthogonal coding schemes have been investigated in several RIS lo-
calization studies [39, ?], these schemes usually include the LoS component in the
orthogonal temporal coding process. In the considered LEO localization scenario,
however, the direct LoS path is much stronger than the RIS paths, |agy| > |asrur]-
Moreover, the LoS component is first estimated and subtracted in order to extract
the dominant LoS channel parameters and avoid its interference with the weak RIS
branches. Therefore, in this work, the time-orthogonal coding scheme is applied
only to the RIS branches, while the LoS component is processed separately before
RIS decoding. The RIS profiles are assumed to be known at the UE through RIS
positioning protocols, which adopt time-orthogonal RIS profiles to differentiate in-
dependent RIS paths from the others. The signal, with L OFDM symbols, is divided
into I' blocks according to the number of RISs, with each block consisting of L = %
OFDM symbols. In this work, I' = R. Then, we define a normalized orthogonal
code matrix M € C'*T using the rows m, using orthogonal columns from a discrete
Fourier transform (DFT) matrix Fr € C'*I'| whose (7, j)th element is given by

[Fr];; = exp (—jQIZT(i -1y — 1)) ) i,j=1,...,I. (4.40)

The codeword assigned to the rth RIS is selected as one column of Fr and is denoted
by m, € C. Its ith element can be written as

1 2m . , .
(m,]; = Wis exp (—jF(Z —1)(j— 1)> , i=1,...,T, (4.41)

where j denotes the selected DFT column index for the rth RIS. The selected code-
words satisfy the orthonormality condition

1 =7
mim, ={"’ e (4.42)
0, r#r,
The normalized code matrix is given by
M = [my, ..., mp], MM = I;. (4.43)

For OFDM signal, the RIS configuration of the rth RIS during the {th OFDM
symbol of the 7th block can thus be expressed as

W, il = My =11, (4.44)
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The vector w, ; € CV denotes the reference RIS configuration of the rth RIS during
the /th OFDM symbol in the first block and the vector W, (j—1)i+i denotes the ¢ th
block RIS controller vector of rth RIS path.

For the double-RIS case, two mutually orthogonal codewords are sufficient and the
corresponding time-orthogonal code matrix is given by

The corresponding time-orthogonal code matrix is given by

M — \}5 H _11] | (4.45)

The two RIS branches are assigned two orthogonal codewords as

mlz\}g[l 1] mgz\}g[l -1 (4.46)

Time-orthogonal Decoding
After the Doppler elimination operation, the Doppler-compensated signal block will
be as follows:

YS%S—combined == YRIS—combined (:7 (Z - 1)[~’ : Zf’ o 1) = CKXE' (447)

Following the inverse operation of the time-orthogonal encoding scheme, the rth
RIS branch is decoded as

v

F .
YSTUJ’ = Z mr,in()gS—combinew (448)

i=1

For the double-RIS case, the two decoded RIS branches are explicitly written as

Y (1 < (2
YSFU,l - YI(Z{I)S—combined + YI(DLI)S—Combined (449)
) (1 (2
YSYU,Q - Y%{I)S—combined - Y%{I)S—Combined (450)

Theoretically, Ysml denotes the received signal on RIS1 path while Ysrmg denotes
the received signal on RIS2 path. And these two received signal are independently
addressed by following RIS path estimation algorithm.

4.1.4 RIS Path Channel Parameter Estimation

After Doppler compensation and time-orthogonal decoding, we estimate each RIS
path independently. The r-th RIS signal can be approximately expressed as

Y]

Ysru,r ~ Asru,r (Bsru,r O, GRIS,T) + N (451)

Here, oy, denotes the complex channel gain of the r-th RIS path, B, , is the
delay-induced subcarrier phase matrix affected by 74, ,, and Ggis, denotes RIS
response matrix affected by the unknown AoD 6,,,.
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4.1.4.1 1D-FFT Delay Coarse Estimation.

The RIS path delay is first coarsely estimated through a 1D FFT-based search with
non-coherent integration over the slow-time dimension:

L—1
Forur = argmax > b (7)iiapu e (4.52)
(=0

where gy r ¢ denotes the ¢-th column of Ysrw. The delay is first coarsely estimated
by applying a zero-padded 1D-FFT along the subcarrier dimension. In this work,
the zero-padded FFT size is set to Nx = 23 The corresponding delay spectrum for
the rth RIS branch is computed as

L-1|K-1

Pr,r [ZT] = Z Z Kru,r,k,ﬁejzﬂkiT/NK
=0 | k=0

. i, =0,...,Ng—1. (4.53)

The delay grid point corresponding to the strongest peak is selected as

iy, = argmax Py ,[i.]. (4.54)
Since the FFT grid only determines the fractional delay within one subcarrier-
spacing period, the known satellite-to-RIS delay 75, is used to resolve the ambiguity.
Specifically, the coarse estimate of the RIS-to-UE delay is computed as

~ . Z:T/NK - (Tsr,rAf - LTsr,rAfJ>

Trur = : Af . (455)

Finally, the coarse total RIS path delay can be reconstructed as

7A—sru,7“ = Tsry T 7A_ru,7"- (456)

4.1.4.2 2D-MLE AoD Estimation

The estimated coarse delay 75, , is then used to coherently integrate the RIS residual
signal over the subcarrier dimension:

v

Faony = Y1, b (7o) € CE. (4.57)

Given this integrated slow-time observation, the azimuth and elevation AoD of the
r-th RIS path are estimated by solving the following 2D MLE problem:

2

{HA“Z fct }:arg min HHzLAoDJ.S’AoD,r , (4.58)

)
ru,r? Y ru,r gaz el
ru,r Y ru,r

For each candidate AoD pair (0*,0%), the corresponding RIS response template
is Zaop, = Gris,(0%,0%). At each refinement iteration, the local search region
is centered around the current AoD estimate and its width is reduced recursively.
Specifically, at the h-th refinement iteration, the azimuth and elevation search grids
are generated as

az A A e ) Ags!
O = 0 T Y = B (459)
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where égg;gh—ﬂ and éﬁﬁfﬁ‘l) are the AoD estimates obtained from the previous it-
eration, and Af#¢* and AQJ"fl denote the initial local grid offsets in the azimuth and
elevation dimensions, respectively. The initial angular resolutions are given by

2 2
gmax A@el _ emax

AQGZ’:
N,—1’ N, —1’

(4.60)

where N, is the number of grid points in each dimension.
The corresponding complex path gain is estimated in closed form by least squares
as

H az,(h) pel,(h) &

ZAoD,r (9@ s Vs
The log-likelihood is evaluated as the negative residual energy:

Loaony (0570 0D) = —|Facns — Gaonr (055P,05) 201, (020 02|
(4.62)
The candidate AoD pair that maximizes the likelihood is selected as the updated
estimate:

(éaz’(h) éel’(h)> =arg max La,p, (6(-”’(]1),967’[’(]1)) . (4.63)

ru,r Y ru,r g2 (B pel, (1) i
i ]

4.1.4.3 1D-MLE Delay Refinement

After the AoD is estimated, the RIS response vector GRIS’T is reconstructed and
used to coherently integrate the RIS residual signal over the slow-time dimension:

S’T,T‘ = Ysru,rG}*{IS,r € CK- (464)

The RIS-related delay is then refined through a one-dimensional MLE search:

2

— Tsr,ry (465)

~ . 1 v
Ty = Argmin HHZT’TyT,T

where 7., denotes the known delay from satellite-to-RIS, and the template z., =
b(Tsru,) is the delay steering vector corresponding to the candidate RIS-assisted
delay. At each refinement iteration, the local delay search region is centered around
the current delay estimate and its width is reduced recursively. Specifically, at the
h-th refinement iteration, the RIS-UE delay search grid is generated as

A
7—753,)7’,1' = A;Z;l) + 2;71- ) (466>

where ?}3;1) is the delay estimate obtained from the previous iteration, and A; de-

notes the initial local grid offset in the delay dimension. The initial delay resolution
is given by
2Timax

AT = 4.
T N, (4.67)

where N, is the number of grid points.
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For each candidate delay 7™ the corresponding total RIS-assisted path delay is

U,

Ts(:}u),r,z' = Tsr,r + quh) (468)

The delay-domain template is then generated as
Zrr (7ihs) = b (Tarw +7004) (4.69)
The corresponding complex path gain is estimated in closed form by least squares
as "
Z’Ir{T Trur, S’TT
Oy (Tfff)m) = ( = ) 5 (4.70)
- ‘ Zr,r (T’IEZ)T’L'>

The log-likelihood is evaluated as the negative residual energy:

Ly (T7SZ?T,i) = - ‘ Yrr — Gy (TT(Z,)T,Z-) Zry (Trgg,)r,i)

The candidate delay that maximizes the likelihood is selected as the updated esti-
mate:

I (4.71)

A(h) _ (h)
Truy = A8 MWAX L, (7’ ) . (4.72)

U, TU,T,%

Tru,r,i

4.1.4.4 Estimate RIS complex gain

Finally, with the refined delay and AoD estimates, the complex channel gain of the
r-th RIS path is estimated by least squares as

~ . Zgl}v”r,r
aSTU,T - 2 .
| Zry |

(4.73)

4.1.5 Second-Stage Refinement

In the multi-RIS localization model, the estimated channel parameters may still be
affected by residual interference for several reasons. First, the LoS signal is usually
much stronger than the RIS-reflected signals. Therefore, even a small LoS estima-
tion error may leave residual components in the received signal and contaminate the
subsequent RIS parameter estimation. Second, although multiple RISs are separated
by time-orthogonal coding, imperfect LoS subtraction and residual inter-RIS leak-
age may still introduce interference into the channel parameter estimation process.
Third, MP components may interfere with both the LoS and RIS signals because
they have similar delay-Doppler structures and signal formats.

To reduce these residual errors, a second-stage refinement is applied. Specifically,
the RIS signals are reconstructed using the first-stage estimates and then subtracted
from the received signal to obtain a cleaner observation for further parameter re-
finement.

ysru,r = ﬁsru,rzsru,r (%ru,ra éra ng“)a (474>

They are then subtracted from the original received signal:
R
Yclean =Y — Z }A’sru,r' (475)
r=1
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The LoS delay and Doppler parameters, (7(2), 7{2)), are then re-estimated from the
cleaned observation y.ean. Based on the updated LoS estimates, the RIS parameter
estimation procedure is repeated to obtain the refined estimates %2, 6, and ¢{2.
In the current implementation, the second-stage refinement is applied once after the
initial LoS and RIS parameter estimation. It is designed as a fixed refinement step
rather than an iterative outer-loop procedure; therefore, no additional convergence

criterion is introduced.

4.2 Positioning Method

After the channel parameters are estimated, the UE position is estimated from the
geometric constraints provided by the RIS paths. The estimated RIS AoD provides
angular bearing-line constraints, while the delay difference between the direct LoS
path and each RIS path provides range-related constraints. Accordingly, two posi-
tioning methods are considered: bearing-line (BL) localization and delay-difference
localization, also denoted by TP. The joint positioning method combines the ro-
bustness of bearing-line localization at low SNR and the improved range resolution
of delay-difference localization at high SNR, based on an SNR-dependent threshold
rule.

4.2.1 Bearing-Line Localization

Bearing-line localization follows the principle of triangulation, where the UE position
is inferred from angular measurements obtained at known RISs. Base on the previous
content about the triangulation localization, the bearing line generated by the r-th
RIS is defined as

IT(dT) = pR,T + drﬁr7 (476)

In the presence of angle estimation errors, the bearing lines from different RISs may
not intersect exactly. Following the triangulation formulation, the UE position can
be estimated by minimizing the weighted perpendicular distance to all bearing lines.
The projection matrix onto the plane perpendicular to 1, is

P, =1-1,4’. (4.77)

T

For any candidate position p, the vector P,(p — pr,) is the perpendicular residual
from p to the r-th bearing line. The bearing-line estimate is then obtained by solving

R
PBL = arg mgn Z we, ||Py (p — pR,r)”2 ) (4.78)
r=1

where wy, is the weighting coefficient of the angular measurement from the r-th
RIS. The corresponding weighted least-squares solution is

-1

R R
Por = (z we,rpr) (z wg,TPTpRQ | (4.79)
r=1 r=1

52



4. Methods

In the double-RIS implementation, uniform weights are used, and this expression is
equivalently implemented in matrix form as

-1
IA)BL = (A%;LABL> AngBL> (4.80)
with
Py Pipr
App, = , bgr, = . 4.81
w= g w2 (4.81)

This bearing-line solution provides a robust initial position estimate when the delay
estimates are unreliable.

4.2.2 Delay-Difference Localization

The delay-difference localization method is motivated by range-difference-based mul-

tilateration using difference between 74, , and 7g,. In the considered LEO-RIS-UE

geometry, the delay difference between the RIS path and the LoS path satisfies
dsrm + dru,r - dsu

sru,r — Tsu — y 4.82
Torur — T, . ( )

Using the estimated LoS delay and the estimated RIS-UE delay, the measured
range-difference for the r-th RIS is defined as

ﬁr =C (%ST’U,T - 7A—su> =cC (TST,T + 7A—7"u,r - 7A-Su) ) (483)

The distance parameter d,., from RIS to UE, is estimated through the following 1D
nonlinear least-squares problem:

A

d, = argmin [dyr,r + dy — [|Psat = (PR + dr0,) || = 5] (4.84)
The corresponding delay-difference position estimate from the r-th RIS is

IA)TP,T = PRy + Czrﬁr- (485)

For the double-RIS case considered in this work, two independent delay-difference
position estimates are obtained. They are fused by a weighted average:

R R
Pre = ) wrp,Dre,, > wrpy =1, (4.86)
r=1

r=1

where wrp, denotes the fusion weight of the r-th delay-difference estimate.

4.2.3 Joint Positioning

The bearing-line and delay-difference methods have complementary advantages. The
bearing-line estimate mainly depends on the angular information extracted from the
RIS paths, and is therefore more robust when the RIS delay estimate is noisy or
biased. This is particularly useful in the low-SNR region, where the delay peak
is more sensitive to noise, residual interference, and MP components. In contrast,
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when the SNR is sufficiently high, the delay estimate becomes more reliable, and
the delay-difference method can provide additional range-related information.
Therefore, an SNR-threshold strategy is adopted to select between the bearing-line
estimate and the delay-difference estimate:

(4.87)

~ [PB, SNR < 7,

prp, SNR > vy
In this work, the switching threshold is operated through the transmit-power sweep-
ing variable. Specifically, the threshold is set to P, = —30 dB, which corresponds to
approximately SNR = 40 dB in the reported simulation results. Below this thresh-
old, the bearing-line estimate is selected because the RIS-path delay estimate may
still be unreliable and can suffer from large estimation errors. Above this threshold,
the delay-difference estimate is used, since the RIS-path delay is generally expected
to provide more reliable range-related information at sufficiently high SNR.
Finally, the clock bias and CFO are estimated as

§ = 7y — 1P~ Poatl| (4.88)
&
and _—
57 = gy — YeutlP — Prar) (4.89)
||p - psatHC

where & denotes the estimated time bias, ) s denotes the estimated CFO, dg, is the
satellite-to-UE distance, v, is the satellite velocity vector, and u(fy,) is the unit
direction vector of the LoS path.
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Algorithm 1 Staged Channel-Parameter Estimation for multi-RIS Localization

1:
2:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

23:

INPUTS Received signal Y, pilot matrix X, Time-orthogonal code Matrix M
OUTPUTS Estimated LoS parameters (7s,,7,) and RIS path parameters
{Frur, 0L 002 YR
Stage-A: LoS Parameter Coarse Estimation
Doppler Compensation with v,, = v,.
2D FFT search: coarse estimates (7, Usy)-
2D MLE search: Refine the LoS delay and Doppler (7yy, Psy)
Estimate the LoS complex gain &g, and remove LoS part yg,
Stage-B:RIS Path Preprocessing
Compensate Doppler phases using Jsyy 1 & Ugpu2 R Usy.
Decode the RIS branches by the time-orothogoanl code:Ysm,r
Stage-C: RIS Path Parameter Estimation
for r=1,2,..R do
1D FFT Search: Coarse estimate of 7, ,
2D MLE search: Estimate the RIS AoD by 2D-MLE:(6<, ., 622 )
1D MLE search: Refine the RIS-UE delay 7y,
Estimate RIS complex gain: the RIS complex gain &gy r
end for
Stage-D: Second-Stage Refinement
Reconstruct the estimated RIS signals Ysru,r'
Remove RIS components from the original observation Y gean-
Re-estimate the LoS delay and Doppler (72, 7(2)).

su ? U su

Repeat the channel estimation algorithm {#2), (6, .6 )@}E

return (7, Us) and {7, (é;l"ur’ é?fur) 5:1'
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Algorithm 2 Multi-RIS Positioning Algorithm

1:

10:
11:

12:

13:

14:
15:

16:
17:

18:
19:
20:

INPUT Estimated LoS delay (7, Dsu), RIS-path delays {f,}2,, RIS AoDs
(é;l"u,w é(slfu,r)@) 71‘%:1'

QUTPUT UE position estimate p, clock-bias estimate 5, and CFO estimate
Of.

Stage-A: Bearing-Line Positioning
forr=1,2..R do
Construct the bearing line from the rth RIS:I, : p = pr, + d,0,.
Construct the projection matrix:P, = I — 6,07 .
end for
Estimate the UE position using the least-squares intersection of the bearing

} ) ~1
lines: PBL = (Zﬁ:l w@,rPr) (Z””R:l wG,TPTpR,r) .
Stage-B: Delay-Difference Positioning
for r=1,2..R do
Construct the delay-difference range term: p, = ¢ (Tour — Tsu) =
c (Tsr,r + 7A—ru,r - 7A—su) )
Estimate the RIS-to-UE range by one-dimensional optimization: d, =
arg mindr [dsr,r + dr - ||psat - (pR,r + drﬁr)H - ﬁr]z
Obtain the estimated delay-difference position from the rth RIS:

Prpr = PRy + drur-

end for
Fuse the estimated positions from multiple RISs:
R R
f’TP = Z wTP,rf)TP,r, ZWTP,T = 1.
r=1 r=1

Stage-C: Joint Positioning
Combine two estimated positions according to the SNR threshold:

p= PeL, SNR < 7,
pre, SNR > .

Estimate the clock bias: 6 = 7, — M.
Estimate the CFO factor using the LoS Doppler relation: b} F = Usy — %.
return Final UE position estimate p, clock-bias estimate ) , and CFO estimate

3.
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Experiments and Results

This section presents the simulation setup, experiment metrics and numerical results
to evaluate the proposed positioning method. First, the simulation setup explains
the values of simulation experiment parameters described in the geometric model
and channel model. Second, the experiment evaluation metrics, including CRB
and RMSE, are introduced to provide both theoretical and empirical assessments
of the estimation and positioning accuracy. The CRB characterizes the theoretical
lower bound, while the RMSE measures the practical performance obtained from
Monte Carlo simulations. Finally, the experiment results and ablation studies are
presented to validate the effectiveness of the proposed method and to illustrate the
contribution of each key component.

5.1 Simulation Setup

The experiments are conducted in MATLAB using LEO NTN parameters based
on 3GPP TR 38.821 (Rel-16) Scenario C1-Set 1-Case 9 [16]. An SNR scanning
methodology is also employed to assess localization and generate CRB and RMSE
curves to evaluate estimation performance.

5.1.1 Geometry and Deployment Parameters

This model captures the dominant large-scale propagation effects relevant to S-
band LEO downlink localization. The carrier frequency is set to f. = 2 GHz,
corresponding to a wavelength of A = ¢/ f.. The LEO satellite is located at an orbital
altitude of 600 km, with azimuth and elevation angles set to (90°,45°). The UE is
placed at p = [0, 10, 1.5]” m , while the RISs are deployed at fixed known positions,
pPr1 = [4, 0, 10]" m, pro = [—4, 0, 10]" m and prs = [-6, 0, 8] m. The OFDM
waveform uses K = 2000 subcarriers, L. = 256 OFDM symbols, and a subcarrier
spacing of Af = 15 kHz, resulting in a system bandwidth of B = KA f = 30 MHz.
The useful OFDM symbol duration is 7' = 1/Af, and the full symbol duration is
Tiym = (1+0.07)T", where the cyclic prefix duration is T¢p = 0.077". The clock bias
is 0 = 1 ns, and the CFO factor is §; = 107°.

5.1.2 Transmit Energy

The large-scale loss terms used in the link-budget model are fixed throughout the
simulations. Specifically, the atmospheric scintillation loss is set to PL, = 2.2 dB,
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the shadow fading margin is set to SF' = 3 dB, and the atmospheric gas attenuation
is set to PL, = 0.1 dB. These values are kept constant for all transmit-power levels
so that the effect of the power sweep can be evaluated under the same propagation
condition. To evaluate the impact of satellite transmit power, a transmit-power
offset is swept around the nominal 3GPP reference value. The nominal reference
power is set to Psgpp = 54 dBm, as given by The total transmit power level is
expressed as

Piot[dBm] = Psgpp[dBm| + Piyeep[dB], (5.1)

where Pyyeep is the power offset used to generate different received SNR levels. In
the simulations, Piyeep is swept from —40 dB to 10 dB with a step size of 5 dB.
The transmitted pilot symbols are deterministic and have constant amplitude over
all occupied subcarriers and OFDM symbols.

k=0,....K—1, 1=0,...,L—1, (5.2)

where P,y is the linear transmit power in watts and B = 30 MHz is the occupied
bandwidth. The thermal noise 0 = NyN; is generated by a noise power spectral
density of Ny = —174 dBm/Hz, together with a receiver noise figure of Ny =7 dB.
Thus, for each value of Psyeep, the received SNR changes only due to the transmit-
power scaling, while the propagation geometry, RIS configuration, and noise model
remain fixed. For each transmit power level, the corresponding received signal-to-
noise ratio (SNR) is computed by accounting for both the direct LoS component
and the RIS components. For a system with R RISs, the total SNR is defined as

POT OésuzL—i_Zﬁ: asrur2 g S?"2
S e (T lasrur  lgras. ) 63

o2

When MP is present, the received signal contains not only thermal noise but also
residual MP interference. Therefore, an effective SNR is further defined by replacing
the thermal noise power with an equivalent noise power. This equivalent noise power
includes both the thermal noise power and the average MP power. The effective SNR
is defined as

PtotT (|O~/su|2L + Zle |asru,r|2 ||gRIS,r||§)

SNR.g = .
Oeft

(5.4)

5.1.3 Multipath Configuration

In this case, the LoS MP path contains M, = 4 scatter paths, while the RIS MP
branches each contain M; = M, = 3 scatter paths. The RCS of the scatterer path
is set to cres = 0.5. Two scatter clusters centers are located at [2, 2, 12]T m and
[—2, 2, 12]7 m, respectively. Each cluster has a radius of R, = 1 m. The SPs
are randomly generated within the local x—z plane of the corresponding cluster,
while the same geometry seed is used for all SNR points to ensure reproducibility.
Therefore, the transmit-power sweep only changes the received signal strength and
does not change the scatterer geometry. When MP is considered, its received power
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is also included in the effective noise variance used for the effective CRB and SNR.
Specifically, the effective noise variance is obtained by adding the average received
MP power over all subcarriers and OFDM symbols to the thermal noise variance.

O-gﬁ“ = 02 =+ PMP,avga (55)

5.1.4 Monte Carlo Procedure and Random Seeds

For each SNR point, the estimator is evaluated over Ny = 100 Monte Carlo trials.
In each trial, the geometry, satellite state, RIS positions, RIS configurations, pilot,
and deterministic channel parameters are kept fixed, so that the Monte Carlo results
reflect the effect of independent noise realizations under the same propagation and
system settings. To ensure reproducibility, fixed random seeds are used in the sim-
ulation. Four fixed random seeds are used to ensure the reproducibility of different
random processes in the simulation. Specifically, one seed is used for generating
the directed RIS beamforming profiles w,;, one seed is used for generating the MP
scatterer geometry R,qndom, one seed is used for generating the MP phasesa,,, and
one seed is used before the Monte Carlo estimation loop to reproduce the additive
white Gaussian noise (AWGN) realizations and random grid initializations.

5.1.5 Iterative Parameter

The delay, Doppler, and angular parameters are first initialized by coarse search and
then refined by iterative MLE search. The initial grid size is set to N, = 10. The
number of local refinement layer is set to Nier = 10.

In LoS 2D-MLE and RIS 1D-MLE, delay search half-range is set to Tyax = 5/c s,
corresponding to a range uncertainty of 5 m. The initial delay-grid resolution is
therefore approximately 1 m in range.

. 2Tmax 1
Cc

AT =
T N,

In LoS 2D-MLE, the Doppler search half-range is set to vp.x = (25/3.6)/c, corre-
sponding to a velocity uncertainty of £25 km/h. The initial Doppler-grid resolution
is approximately 5 km /h in velocity resolution.
2max  D/3.6
_ /36

Ay — —
v N, c

s, (5.6)

/s, (5.7)

In RIS 2D-MLE, the angular search half-range is set to 0,,,x = 45°, giving an initial
angular-grid resolution of

=9°, (5.8)

At refinement layer h, the local search interval is scaled by 27" around the estimate
obtained from the previous layer. The LoS delay and Doppler parameters are first
initialized using zero-padded FFT searches with an FFT size of Nx = N; = 23, and
the RIS delay parameter is also estimated by 1D-FFT search with size of N, = 213,
The distance refinement function in the TP method are solved using MATLAB
fminunc, whose optimality tolerance is set to €y = 10710,
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5.2 Experiment Evaluation Metrics

5.2.1 Cramér—Rao Bound Analysis

Let yi; denote the noise-free received signal at the kth subcarrier and the {th OFDM
symbol. According to the implemented signal model, y;; is given by

R
Yk = Tk (OéoBo,k;,lCo,l +> OérBr,k,zCr,lGRls,r,l> , (5.9)
r=1
The channel parameter vector is defined as
n=[R{ao},S{an},..., R{ar}, S{ar}, 70, .., 7h Y0, v,
96[ eaz 9€l eaz }T
ru,1) Vru,lr o Yru, Ry Yru,R .

(5.10)

Assuming circularly symmetric complex Gaussian noise with variance o2, the FIM

of 7 is *
L), {KZILZI (ay’“> ay’“} . (5.11)

im0 iz \ ) O

The CRB of the channel parameters is then obtained as
C,=1" (5.12)

When MP is present, the MP components are not explicitly included as nuisance
parameters in this FIM. Instead, their average received power is incorporated into
an effective noise variance. Therefore, the effective FIM I‘;’Iﬁ under MP is computed
by replacing o2 with o2%;:

], = é}%{z 3 (ay’”> %y?;“b’l}, (5.13)

ol im0 iz \ Ona

The effective CRB of the channel parameters is obtained as
cet = (Ieff) . (5.14)

The delay, Doppler, and angular error bounds are extracted from the diagonal entries
of C, or Cfiff. To obtain the positioning CRB, we define the state vector

s = [R{aw}, S{w},. .., R{ar}, S{ar},p", 4 6", (5.15)

The dependence of the channel parameters on the positioning-related state variables
is characterized by the state-to-channel Jacobian matrix

on
J=—. 5.16
B (5.16)
The FIM of the state vector is obtained by the chain rule as
I,=JL,J. (5.17)
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The position error bound, the clock-bias and CFO error bounds are given by

PEB = \/tl" ([Is_l]p’p) CEB = [15_1]575 FEB = A/ [I;l](;fﬁf. (518)

When MP is present, the effective channel-domain FIM IZH is constructed by re-
placing the thermal noise variance o2 with the effective noise variance o2%. Using
the same state-to-channel Jacobian matrix, the effective FIM of the state vector is
obtained as
i Tyeft
L'=J1IJ (5.19)

Here, I¢T represents the approximate state-domain FIM under MP propagation,
where the residual MP interference is treated as part of the equivalent noise power.
The effective position error bound, clock-bias error bound, and CFO error bound
are given by

PEB.g = \/tr <|:(I§ﬁ)l:|p,p> CEBeg = m FEBes = [(Iiﬁ)*lhfﬁf

(5.20)
The detailed derivatives used to construct the state-to-channel Jacobian and the
numerical CRB implementation are provided in Appendix A.2.

5.2.2 RMSE and Error Metrics

To evaluate the positioning performance, this work reports not only the final UE
position error but also the estimation errors of the intermediate channel parameters
that directly affect localization. In this work, the term “Error” refers to an RMSE-
based evaluation metric, which is used as a unified indicator to quantify the accuracy
of the estimated positioning-related parameters and to show their impact on the final
positioning performance. For a generic scalar parameter n, the standard RMSE over
Nyc Monte Carlo trials is defined as

1 e 2
RMSE, = S (D — ). (5.21)

Based on the standard definition, all the reported error metrics in the following are
computed from RMSE, but are expressed in the physical units that are most relevant
to positioning performance.

For delay-related parameters including time-bias, the error is converted into meters
by multiplying the delay error by the speed of light ¢ to reflect the distance deviation
for directly reflects the influence of delay estimation error on the range-domain
positioning accuracy. Therefore, the delay-domain error is defined as

Error, = J ! % [c () — 7). (5.22)

Nuc =

For Doppler-related parameters including CFO, the normalized Doppler error is
converted into an equivalent velocity error by multiplying it by c¢. The Doppler
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error is therefore reported in m/s and is defined as

Error, = J ! Nic [c (00 — V)] (5.23)

For the RIS AoD parameters, the error is reported in degrees. For an AoD parameter
0, the error is computed as

1 Nme 9
Errorg = | — > (9(1) — 9) : (5.24)

For the final UE position estimate, the position error is defined as the three-dimensional
position RMSE, which is used as the main indicator of the final positioning perfor-
mance.:

Nmc

1 4
Error, = J]VMC > 1p® —p*. (5.25)
=1

5.3 Results and Discussion

In this work, multiple RISs are considered to evaluate the proposed algorithm and
to compare its performance with different single-RIS configurations. Specifically,
RIS1 and RIS2 are placed in a symmetric geometry, whereas RIS1 and RIS3 form an
asymmetric geometry. For the single-RIS setup, RIS1, RIS2, and RIS3 are evaluated
separately, and the TP method is used to estimate the final UE position. For the
double-RIS setup, the pair composed of RIS1 and RIS2 is used to evaluate the
performance under a symmetric deployment, while the pair composed of RIS1 and
RIS3 is used to evaluate the performance under an asymmetric deployment. In
the double-RIS setup, the joint positioning method is adopted by default, while the
ablation study further compares the performance differences among three positioning
methods. The main RMSE-based error metrics include the delay error, Doppler
error, angle of departure horizontal (AoD-H) error, angle of departure vertical (AoD-
V) error, 3D position error, time-bias error, and CFO error.

5.3.1 Double-RIS Versus Single-RIS under Symmetric De-
ployment

The comparative results between the single-RIS and double-RIS setups under the
symmetric deployment are shown in Fig. 5.1. In this work, RIS1 [4,0, 10]7 and RIS2
[—4,0,10]T are symmetrically deployed with respect to the UE[0,10,1.5]7. The
single-RIS setups evaluate RIS1 and RIS2 separately, whereas the double-RIS setup
jointly exploits both RISs. In the Fig. 5.1, the red, blue curves denote RIS1-only,
RIS2-only in the single-RIS setup. In the double-RIS setup, yellow and green curves
represent the RIS-1 and RIS-2 performance. Due to the symmetric positions of these
two RISs have similar performance curves. To better interpret the results, the SNR
range is roughly divided into three regions: low SNR with SNR < 40 dB, medium
SNR with 40 < SNR < 60 dB, and high SNR with SNR > 60 dB.
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Figure 5.1: Performance comparison between RIS1 (red), RIS2 (blue), and doub-
1eRIS setups (yellow for RIS1 and green for RIS2) and their CRBs.

5.3.1.1 Low-SNR Region

In the low-SNR region, the double-RIS setup provides the most significant robustness
improvement in the final positioning-related metrics, including the 3D position error,
time-bias error, and CFO error, whose curves have similar curve shape. The single-
RIS setups suffer from severe threshold effects: the 3D position error can reach
103-10* m level, whereas the double-RIS setup keeps the position error much lower
around the 10 m level. Similarly, the time-bias error is reduced from the 103-10* m
level to approximately the 107! level, and the CFO error is reduced from the 101102
m/s level to around 10~! m/s for double-RIS setup. The reason for this improvement
can be observed from the RIS delay and RIS AoD subplots. At low SNR, the
RIS paths are weak and sensitive to the noise, therefore the RIS delay or angular
parameters can’t be reliably estimated. The RIS delay error can reach 103-10% m,
and the AoD-H and AoD-V errors also remain at tens of degrees. The single-RIS
setup mainly relies on the delay estimation, whose positioning accuracy is severely
affected by the large RIS delay error. In contrast, the double-RIS setup benefits
from the additional geometric constraint provided by the bearing-line methods, less
dependent on unreliable RIS delay estimation values. What’s more, the LoS delay
and LoS Doppler errors are relatively similar among the three methods in this region,
roughly around 107! m and 10~! m/s, respectively, which indicates double-RIS setup
mainly comes from improved geometric robustness rather than a large improvement
in the LoS parameter estimation.
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5.3.1.2 Medium-SNR Region

The medium-SNR region corresponds to the transition region. In this positioning-
related curves,the single-RIS setups start to recover from the threshold effect and
gradually approach the double-RIS performance as well as the theoretical CRB
curve, which means satisfying performance for both RIS setups. The single-RIS 3D
position and time-bias errors decrease rapidly from the 103-10* m level to the sub-
meter level, while the CFO error decreases toward approximately 1072 m/s. The
double-RIS setup also improves in this region, but its curve is smoother because it
has already maintained a much lower error in the low-SNR region. This improvement
is mainly attributed to the enhanced RIS delay and angular estimation accuracy.
The RIS delay and AoD errors decrease sharply around 40-50 dB. Specifically, the
RIS delay error drops from the 103-10* m level to the sub-meter level, while the AoD-
H and AoD-V errors decrease from several tens of degrees to around 1 degree and
further approach 10~! degrees as the SNR increases. For the LoS delay, all methods
continue to improve and approach the the platform 1072 m level due to stronger
signal interference. The double-RIS curve remains slightly lower error in LoS and
earlier down-trend in RIS delay, suggesting that time-orthogonal RIS coding and
more reliable LoS subtraction help reduce residual interference. For LoS Doppler
and CFO, both setups approach the theoretical curves to prove the effectiveness
of the RIS estimation algorithm. For the RIS Doppler estimation, the empirical
standard deviation (STD) may appear to break the theoretical CRB. This is because
the RIS-path Doppler is not independently estimated in the simulation; instead, it is
approximated by the estimated LoS Doppler, oy, , = Ds,, which is a biased estimator
for the RIS Doppler, while the theoretical CRB denotes the unbiased estimator.

5.3.1.3 High-SNR Region

In the high-SNR region, both methods reach their error-floor levels due to residual
signal interference, and the gap between the single-RIS and double-RIS setups be-
comes smaller. The 3D position error is generally on 1072-10~! m, the time-bias
error is below 107! m, and the CFO error is around 10731072 m/s. Therefore,
once the RIS paths are reliably estimated, the single-RIS methods can also achieve
accurate localization. It is worth noting that the double-RIS setup remains compet-
itive and achieves lower error-floor levels in delay and angular estimation, which can
be attributed to the time-orthogonal coding, despite the reduced per-RIS branch
power. A degradation is mainly observed in the LoS Doppler metrics. This is be-
cause the reduced per-RIS branch power in the time-orthogonal coding makes the
LoS Doppler estimation more sensitive to residual phase errors. Compared with the
single-RIS setup, the symmetric double-RIS setup significantly improves position-
ing robustness in the low-SNR region and provides competitive or slightly improved
performance in the medium- and high-SNR regions.
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Figure 5.2: Performance comparison between RIS1 (red), RIS3 (Cyan), and dou-
bleRIS asymmetric setup (yellow for RIS1 and purple for RIS3) and their CRBs.

5.3.2 Double-RIS Versus Single-RIS under Asymmetric De-
ployment

To further study the effectiveness of double-RIS setup, the comparative results be-
tween the single-RIS and double-RIS setups under the asymmetric deployment are
shown in Fig. 5.2. In this work, RIS1 [4,0,10]" and RIS3 [—6,0, 8] form an asym-
metric deployment with respect to the UE [0,10, 1.5]7. The single-RIS setups eval-
uate RIS1 and RIS3 separately, whereas the double-RIS setup jointly exploits both
RISs. In Fig. 5.2, the red, cyan curves denote RIS1-only, RIS3-only in the single-RIS
setup. In the double-RIS setup, yellow and purple curves represent the RIS1 and
RIS3 performance. Due to the symmetric positions of these two RISs have simi-
lar performance curves. Compared with the symmetric double-RIS deployment in
Fig. 5.1, the asymmetric double-RIS deployment shows a similar overall performance
trend. In both cases, the double-RIS setup significantly improves robustness in the
low-SNR region and maintains competitive accuracy in the medium/high-SNR re-
gion. This indicates that the proposed double-RIS framework does not rely strictly
on a symmetric RIS layout.

5.3.2.1 Comparison with the Symmetric Deployment

The main similarity between the symmetric and asymmetric deployments is observed
in the final positioning-related metrics. In the low-SNR region, the single-RIS setups
still suffer from severe threshold effects, whereas the double-RIS setup keeps the
3D position error, time-bias error, and CFO error at a much lower level. More
specifically, the 3D position error is reduced from approximately 103-10* m for the
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single-RIS baselines to around 10 m for the double-RIS setup. The time-bias error
is also reduced from the 10>-10* m level to approximately the meter level, while
the CFO error decreases from the 10'-10* m/s level to around 107! m/s. This
behavior is consistent with the symmetric case and confirms that the performance
improvement achieved by the double-RIS setup is more generally applicable, rather
than being merely a result of a particular placement configuration. In the medium-
SNR region, the asymmetric deployment also shows a transition behavior similar to
the symmetric deployment. Both the single-RIS and asymmetric double-RIS setups
approach the theoretical bounds similarly to the symmetric double-RIS setup, which
demonstrates satisfactory positioning performance in the medium-SNR region. As
the RIS paths become detectable around 40-60 dB, the RIS delay and angular
estimation errors decrease rapidly. The RIS delay error drops from the 10%-10%
m level to the 1072-107! level, while the AoD-H and AoD-V errors decrease from
several tens of degrees to around the 107! degree level. Therefore, both symmetric
and asymmetric deployments demonstrate that the proposed method can provide
stable performance over the threshold transition region. In the high-SNR region,
the asymmetric double-RIS setup also achieves a performance level close to that
of the symmetric double-RIS setup and even shows slightly improved performance,
in terms of 3D position error and time-bias error, due to the increased diversity
of geometric information. The 3D position error reaches the error-floor around
1072-107! m, the time-bias error is below 10~! m, and the CFO error is around
1073-1072 m/s. For the channel-parameter estimates, the LoS delay and RIS delay
errors are generally around the 1072 m level, while the AoD-H and AoD-V errors are
around 1072-10~! degrees. These values are comparable to those obtained under the
symmetric double-RIS deployment, suggesting that the performance improvement
is not strongly dependent on a specific placement configuration.

5.3.2.2 Differences Caused by the Asymmetric Geometry

Although the overall performance of the double-RIS setup remains similar to the
symmetric case, the asymmetric deployment results in some noticeable differences
because of the asymmetric positioning. In the symmetric deployment, the RIS1-only
and RIS2-only curves are close to each other because the two RISs have similar ge-
ometric relationships with the UE. In contrast, under the asymmetric deployment,
the RIS1-only and RIS3-only results differ due to the asymmetric geometry. This
difference is especially visible in the LoS delay results in the medium- and high-
SNR regions, where the RIS3 case reaches a higher error floor earlier than the RIS1
case. This is mainly attributed to the less favorable geometry of RIS3, which makes
the LoS path separation more sensitive to residual interference and estimation er-
rors. The asymmetric geometry also affects the Doppler-related metrics. In the
LoS Doppler subplots, the RIS3 reaches a higher error-floor 1072 — 107%m/s than
RIS1 1073m/s, which can also be explained by the less favorable geometry of RIS3.
Nevertheless, these differences do not change the main conclusion. The asymmet-
ric double-RIS setup still achieves performance close to the symmetric double-RIS
setup especially in the final localization metrics despite the presence of the less fa-
vorable geometric positions. Therefore, the asymmetric experiment verifies that the
proposed method is not limited to an ideal symmetric deployment and can maintain
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Figure 5.3: Estimation performance of the single-RIS setup without multipath
(red) and with multipath (blue).

reliable performance under more general RIS geometries.

5.3.3 The Effect of Multipath

5.3.3.1 Multipath versus No-Multipath

This subsection evaluates the influence of the MP effect on the proposed localization
framework. Fig. 5.3 first compares the single-RIS setup without and with MP, where
the red curve denotes RIS1 without MP and the blue curve denotes RIS1 with MP.
In general, it can be observed that MP mainly introduces severe error floors and
threshold effects in the estimation results. For the LoS delay estimation, the no-
MP case achieves a lower high-SNR error floor in medium-/high- SNR region. This
suggests that LoS-related MP components bias the direct LoS delay estimate due to
their similar delay—Doppler structure and non-negligible power. The degradation is
more pronounced for the RIS delay error, where the RIS1 delay error without MP
can approach the theoretical bound in the medium-/high- SNR region around 1072
m. However, the the MP case reaches the higher error-floor around the m level since
the medium-SNR. On the other hand, the RIS2 approaches the theoretical bound in
medium-/high- SNR region because the RIS2 branches is approximately orthogonal
to the LoS and RIS1 components, which leads to accurate delay estimation for RIS2.
In comparison, the Doppler-related metrics are less affected, although small high-
SNR error floors are still observed. These estimation errors further degrade the final
localization performance. In 3D position error, the RIS1 without MP can approach
the theoretical bound in medium/high SNR region while the performance is limited
to higher error floor m level due to the MP. The time-bias error and the CFO error
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Figure 5.4: Estimation performance of the single-RIS setup (red) and double-RIS
setup (yellow for RIS1 and green for RIS2) under multipath.

reach higher error-floor under MP. Overall, MP acts as structured interference and
introduces residual estimation bias even when the thermal noise level is low.

Fig. 5.4 compares the single-RIS and double-RIS setups under MP, where the red,
yellow and green curves denote the RIS1 , RIS1 in the double-RIS and RIS2 in the
double-RIS under the MP with the RCS value is 0.5. Although MP degrades the
estimation performance in the single-RIS setup, the double-RIS setup still achieves
performance comparable to the no-MP case in the low-SNR region. The double-RIS
setup reduces the 3D position error from 10* m to 10! m level, reduces the time-bias
error from 10° m to the 10° m level, and lowers the CFO error from the 10! m/s
level to the 107! m/s level. In the medium-/high-SNR region, both LoS and RIS
delay meet the bottleneck under the MP, which means that the MP component
with similar delay—Doppler structure degrades the delay estimation severely. The
LoS delay reaches error-floor around the 10! m level and RIS delay reaches error-
floor around the m level. Despite these limitations, the double-RIS method still
provides slight improvements in the 3D position and time-bias estimation errors.
Overall, MP introduces structured interference and high-SNR error floors, but the
proposed double-RIS method still achieve reliable localization accuracy especailly in
low-SNR region.

5.3.3.2 Impact of the Multipath Coefficient

This subsection investigates the influence of the MP coefficient cgrcs on the sym-
metric double-RIS setup. Two cases are compared in Fig. 5.5, namely crcs = 0.5
and cros = 2, where the latter represents stronger MP interference. Increasing crcs
mainly introduces higher residual error floors. For the LoS delay estimation, the
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Figure 5.5: Estimation performance of different multipath coefficient in symmetry
double-RIS setup cres=0.5(yellow is RIS1 and green is for RIS2) and cres=2(purple
for RIS1 and pink for RIS2).

medium-/high-SNR error floor increases from the 1072 m level to the 107! m level
when creg increases from 0.5 to 2. This indicates that stronger MP components
degrade the direct LoS delay estimate due to their similar delay—Doppler structure.
The similar trend appears in the in the RIS delay estimation, the RIS1 in cRecs = 2
reaches higher error-floor m level than cRes = 0.5. RIS2 dealy curves in both ex-
periments approach theoretical bounds benefited from the time-orthogonal coding
scheme. The LoS and RIS Doppler estimations are less sensitive to the increasing
MP coefficient. This is because both Doppler estimates are mainly determined by
the LoS Doppler estimation, which is less affected by MP after delay-domain recon-
struction and subtraction. The LoS Doppler estimation is less sensitive, decreasing
from the 107! m/s level at low SNR to the 1072 m/s level at high SNR, although
the stronger MP case still shows a slightly higher floor. In terms of positioning
accuracy, the increasing MP curves achieves similar performance in low-SNR region
and higher error-floor in medium-/high- SNR region. For both MP coefficients, the
double-RIS geometry keeps the 3D position error at the 10! m level and time-bias
error at m level in the low-SNR region. In the medium- and high-SNR regions,
the curve with a larger MP coefficient generally performs worse than the case with
cros = 0.5. However, around 40 dB, the crcg = 2 curve shows a temporary higher
error in the 3D position and time-bias errors, which is mainly attributed to the
SNR-based threshold rule. Overall, increasing cgrcg from 0.5 to 2 strengthens the
MP interference and mainly causes higher high-SNR error floors in the channel and
position estimates. Nevertheless, the proposed double-RIS method still maintains
satisfactory performance, particularly in the low-SNR region, due to the robustness
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Figure 5.7: Double-RIS Setup AoD heatmap and its bearing-line map(40dB).
provided by the proposed framework.

5.3.4 Ablation Study

This section provides deeper insight into the proposed method from three perspec-
tives: RIS AoD algorithm likelihood heatmaps, bearing-line visualization, compari-
son of different positioning methods, and the effect of RIS time-orthogonal coding.

5.3.4.1 RIS AoD Heatmap Comparison

Fig. 5.6 and Fig. 5.7 demonstrate two RIS likelihood heatmap and bearing-line
map in the double-RIS setup under two SNR threshold (40dB and 60dB) to reflect
different SNR region. The AoD likelihood heatmaps visualize the 2D-MLE search
for the RIS angular parameters. The horizontal and vertical axes denote AoD-V
and AoD-H, respectively. The red star denotes the estimated AoD, the green cross
denotes the true value, and the white circles indicate possible peaks. The color
intensity indicates the likelihood value, with brighter yellow regions corresponding
to stronger candidate peaks. The bearing-line map illustrates the positioning result
in the x-y plane. The two RISs, represented by blue and pink square, are located at
[—4,0,10] and [4,0,10], and their bearing lines are constructed from the estimated
AoD values. The red star represents the estimated UE position, while the green cross
represents the true position. Asshown in Fig. 5.6, in SNR (60 dB) the estimated AoD
values of both RIS1 and RIS2 are close to the true values, which demonstrates that
the proposed AoD 2D-MLE search algorithm is capable of accurately extracting the
AoD information in high-SNR region. The corresponding bearing lines intersect near
the true UE position, confirming that the double-RIS bearing-line method provides
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Figure 5.8: Double-RIS Setup three positioning methods comparison for delay-
difference only (red), bearing-line only (blue) and joint positioning(yellow).

effective geometric constraints for localization. Asshown in Fig. 5.7, in SNR (40 dB),
the estimated AoD values show slight deviations from the true values and additional
candidate peaks become more prominent, which may disturb the estimation process.
This observation explains the increased angular estimation error observed in the low-
SNR region. Nevertheless, the estimated AoD values remain close to the true values,
and the bearing-line intersection is still near the true UE position.

5.3.4.2 Positioning Method Comparison

To verify the effectiveness of the proposed double-RIS joint positioning method, this
section compares three positioning strategies underthe same double-RIS channel-
parameter estimates: the delay-difference method, the bearing-line method, and
the proposed joint positioning method. The results are shown in Fig. 5.8. Since
the estimated channel parameters are identical for the three methods, the channel-
parameter estimation subplots are the same as those in Fig. 5.1. Therefore, this
ablation study focuses on the last three metrics, namely the 3D position error, time-
bias error, and CFO error, which directly reflect the final localization performance.
The curves in Fig. 5.8 are distinguished by three colors: red, blue, and yellow,
representing the delay-difference method, the bearing-line method, and the proposed
joint positioning method, respectively. In the low-SNR region, the TP method
suffers from a severe threshold effect like the single-RIS setup, while the bearing
line (BL) and joint positioning methods achieves robust localization accuracy. The
latter two method drops from 10* m level to 10 m level in 3D position error, from
10% m level to 107! m level in time-bias error and from 10 m/s level to 107! m/s
in CFO error. This improvement is mainly attributed to the geometric constraints
provided by the BLL method using angular information, while the TP method heavily
depends on accurate RIS delay estimation. In the medium-/high- SNR region, the
gap between these three methods is smaller due to increasing RIS. In medium-SNR
region, 3D position error, time-bias error and CFO curves approaches the CRB
curves from 107! to 1072 m level,10~! to 1072 m level and 1072 to 1073 m/s level
separately. In high-SNR region, all three metric curves reaches their error-floor due
to the increasing signal interference. Among the three methods, the joint positioning
method achieves slightly better performance than the BL method in the medium-
and high-SNR regions, benefiting from the improved accuracy of the RIS delay
estimation.
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(left) and LoS velocity (right). Red, blue, yellow curves denote RIS1, double-RIS
(uncoded), double-RIS.

Based on the above experimental results, the ablation study demonstrates the com-
plementary advantages of the two positioning methods. The TP method is sen-
sitive to RIS delay errors at low SNR but becomes accurate at high SNR. The
BL method provides better low-SNR positioning robustness but it isn’t as accu-
rate as TP method when RIS delay error improves. By combining both methods,
the proposed joint positioning method achieves more robust and stable localization
performance across the whole SNR range.

5.3.4.3 RIS Time-Orthogonal Coding Study

This section investigates the role of the proposed time-orthogonal RIS coding in
the double-RIS setup and explains why the double-RIS configuration can achieve
improved or comparable estimation performance. A half-amplitude single-RIS ex-
periment is used as a reference, as shown in Fig. 5.9, which emulates the effective
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per-RIS reflected-signal strength in the time-orthogonal double-RIS configuration.
From the LoS delay estimation, the coded double-RIS curve is close to the half-
amplitude single-RIS curve, and both remain at the 1072 m level in the high-SNR
region. This indicates that the LoS delay improvement can be achieved by reducing
the interference from the RIS components, where LoS path is mainly affected by
the similar encoding RIS1 branch and RIS2 branch is approximately orthogonal to
the LoS path. In the RIS delay estimation, the double-RIS has similar trend with
the half-amplitude curve in low-SNR region and slight improvement in high-SNR re-
gion, which explains slight positioning improvement for double-RIS setup compared
to single-RIS. This behavior can be interpreted from the time-orthogonal coding
structure. The LoS component is not coded by the RIS coding scheme, which is re-
garded as similar coding pattern with RIS1 branch, therefore the RIS2 is suppressed
due to the orthogonality when LoS delay is estimated. Also in the high-SNR region,
each RIS branch delay is estimated more accurately due to the suppression from the
orthogonality.

To further investigate whether the observed improvement is mainly caused by the
reduced reflected-signal energy or by the proposed time-orthogonal coding scheme,
an uncoded double-RIS experiment is conducted, as shown in Fig. 5.10. Red, blue
and yellow curves denote RIS1, uncoded double-RIS and double-RIS. The uncoded
double-RIS method integrates the RIS branches without time-orthogonal coding
during channel estimation, which destroys the data association between the re-
ceived signal and each individual RIS branch, making branch-wise RIS parameter
estimation unreliable. Therefore, the following experiment focuses only on the LoS
component for the uncoded double-RIS case. In LoS delay estimation, among three
methods, the uncoded double-RIS setup shows a highest LoS delay error floor at
the 1072-10~! m level, while the coded double-RIS setup keeps the lowest error-
floor at the 1072 m level in medium-/high- SNR region. This demonstrates that
time-orthogonal coding effectively reduces residual RIS path interference, especially
when thermal noise is no longer dominant. For LoS Doppler estimation, the effect
of coding is less significant. Both double-RIS methods have similar curves and have
higher error-floor 10731072 m/s level in high-SNR region. The remaining high-SNR
floor is mainly caused by residual Doppler mismatch between different propagation
paths rather than by inter-RIS interference alone. The ablation results confirm that
the proposed time-orthogonal RIS coding is essential for the double-RIS setup. It
separates the two RIS branches, reduces inter-branch interference, and prevents the
additional RIS branch from degrading the LoS delay estimation.
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Table 5.1: Experiment Simulation Parameters.

Parameter Symbol Value

UE position p [0, 10, 1.5]7 m
RIS1 position PRr1 [4, 0, 10]" m
RIS2 position PR2 [—4, 0, 10]T m
RIS3 position PR3 [—6, 0, 8]7 m
RIS orientation R, Is.s, r € {1,2}
RIS dimensions N, x N, 10 x 10
Number of RIS elements N, 100
Inter-element spacing dris A/2

LEO satellite orbital altitude h 600 km

LEO satellite angles (622,,6)  (90°, 45°)
Carrier frequency fe 2 GHz
Wavelength A c/ fe

Number of subcarriers K 2000

Number of OFDM symbols L 256
Subcarrier spacing Af 15 kHz
System bandwidth B=KAf 30 MHz
Useful OFDM symbol duration T 1/Af

OFDM symbol duration Tiym (14+0.0MT
Cyclic prefix duration Tep T%T

Time bias 0 1 ns

CFO factor d¢ 107°

Nominal 3GPP transmission power Psapp 54 dBm

Noise PSD No —174 dBm/Hz
Noise figure Ny 7 dB
Time-orthogonal block number r 2
Time-orthogonal block length L=L/T 128
I[FFT/FFT size Nk, Np 213

MLE grid size N, 10

MLE refinement iterations Niter 10

Monte Carlo runs Nuc 100

LoS scatter paths M, 4

RIS1/RIS scatter paths My, M, 3
Scatter-cluster centers Pe 2, 2, 12]7, [-2, 2, 12]T m
Scatter-cluster radius R, 1m

Scatter RCS coefficient CRCS 0.5,2

MLE delay grid boundary Trmax +5/cs

MLE Doppler grid boundary Vmnax +7/c

MLE AoD grid boundary 0 max +45°
Location uncertainty for beamforming /diag(%,) [1, 1, 1] m
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6.1 Conclusion

This thesis studied LEO localization for a single UE using a multi-RIS setup. The
considered propagation channel includes the LoS signal, multiple RIS signals, and
scatter MP signals. To separate different RIS branches, a time-orthogonal RIS pro-
file based on time-orthogonal coding was adopted, and Doppler compensation was
performed before time-orthogonal decoding to preserve the code orthogonality. To
avoid high-dimensional joint estimation, a staged channel estimation procedure was
developed. The LoS delay and Doppler were first estimated by exploiting the dom-
inant LoS component. Then, the reconstructed LoS signal was subtracted from
the received signal, followed by Doppler compensation and time-orthogonal decod-
ing for estimating the RIS delays and AoDs. Finally, the proposed positioning
method combines bearing-line positioning and delay-difference positioning based on
the SNR-threshold rule. Based on the simulation results, the main conclusions are
summarized as follows.

e The double-RIS setup significantly improves low-SNR positioning accuracy
compared with the single-RIS setup. In the low-SNR region, the single-RIS
methods suffer from severe error brought by RIS delay error, with 3D position
errors at the 10* m level. In contrast, the double-RIS setup keeps the position
error at the 10 m level, reduces the time-bias error from the 10* m level to the
m level, and reduces the CFO error from the 10> m/s level to the 10~ m/s
level.

e In the medium- and high-SNR regions, the double-RIS setup maintains com-
petitive accuracy with slight improvement. After the RIS estimation becomes
reliable, the RIS delay error decreases from the 103-10* m level to the 1071
m level, while the AoD errors decrease from the 10 degree level to the 1071
degree level. At high SNR, the 3D position error reaches the 1072 m level, the
time-bias error remains below the 10~ m level, and the CFO error reaches the
1073 m/s level.

e The MP results show that MP acts as structured interference and introduces
high-SNR error floors. Under MP, both single-RIS and double-RIS face the
limitation of LoS and RIS delay in medium-/high- SNR region, where the LoS
delay reaches at the 1072-10~! m level, and the 3D position error is limited
to the submeter level. Stronger MP further increases the residual error floor
and worsen the positioning accuracy. Nevertheless, the double-RIS setup still
keeps low-SNR robust positioning under MP, reducing the position error from
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the 10* m level to the 10 m level.
o The ablation study confirms the complementary roles of delay-difference and
bearing-line positioning. The delay-difference method is sensitive to unreliable
RIS delay estimates at low SNR, leading to position errors at the 10* m level,
but it becomes accurate at high SNR. The bearing-line method achieves more
robust positioning accuracy at low SNR, keeping the position error at the
10' m level, but its high-SNR accuracy is slightly worse than delay-difference
method. The proposed joint positioning method combines these advantages
and provides stable and improved performance across the whole SNR range.
e The time-orthogonal RIS coding is essential for the double-RIS system to
reduce the interference for LoS and RIS delay estimation. With coding, the
double-RIS setup achieves a LoS delay error floor at the 1072 m level, close to
the half-amplitude single-RIS reference. Without coding, double-RIS method
achieves even higher error-floor than single-RIS method. This confirms that
the proposed coding scheme separates the two reflected branches and reduces
inter-branch interference, which is essential for the double-RIS setup.
In summary, the proposed double-RIS localization framework improves positioning
accuracy across all-SNR region by combining multiple-RIS, joint positioning, and
time-orthogonal RIS coding. The most significant gain appears in the low-SNR
region, where the proposed method reduces the 3D position error, time-bias error,
and CFO error by several orders of magnitude compared with single-RIS setup.
Although MP and residual Doppler mismatch introduce high-SNR error floors, the
proposed method still maintains reliable and improved localization accuracy across
the evaluated SNR range.

6.2 Limitations

Although the proposed double-RIS localization framework demonstrates clear per-
formance gains, several limitations remain in the current study.

e The MP components are included in the received signal but are not explicitly
modeled as unknown channel parameters in the theoretical bound. In the
current CRB evaluation, their effect is approximated through an effective noise
term, which cannot fully capture the structured interference and estimation
bias caused by MP propagation.

e The current simulation assumes a fixed and static UE during the signal trans-
mission period. This assumption simplifies the delay and Doppler models, but
it does not fully represent mobile scenarios such as vehicles or other dynamic
users.

o The current model considers a single LEO satellite. Although the proposed
method exploits multiple RISs, the potential geometric diversity from multiple
LEO satellites is not included.

e The joint positioning method is implemented using a relatively simple strat-
egy that combines bearing-line and delay-difference positioning according to
the received SNR. This approach verifies the complementary roles of the two
positioning methods, but more advanced nonlinear optimization may further
improve the final position estimate.
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The RIS response, phase profiles, and element positions are assumed to be
perfectly known. In practice, imperfect RIS calibration, phase errors, element
position errors, and quantized phase shifts may degrade the reflected-path
parameter estimation.

Practical satellite and receiver imperfections are not fully considered. The
satellite ephemeris, satellite clock, synchronization, oscillator instability, phase
noise, and other hardware impairments are assumed ideal or only partially
represented, although they may affect the delay, Doppler, and CFO estimation
accuracy in real systems.

6.3 Future Work

Several research directions can be developed based on the above limitations.

Future work should explicitly include MP components in the channel estima-
tion and theoretical analysis. Instead of treating MP as effective noise, the MP
delays, Doppler shifts, angles, and complex gains can be modeled as nuisance
parameters. This would allow the construction of a more complete FIM and
a more accurate CRB for evaluating the proposed localization method under
structured MP interference.

The proposed framework can be extended to dynamic UE scenarios. For mo-
bile users, the UE position and velocity should be jointly estimated, and the
Doppler model should include both satellite motion and UE motion.

Multiple LEO satellites can be introduced into the localization model. In
practical NTN systems, a terrestrial UE may receive signals from several LEO
satellites. Jointly exploiting multiple satellite LoS paths and multiple RIS
paths can provide stronger geometric diversity and improve localization ro-
bustness.

More advanced joint positioning optimization methods should be studied. In-
stead of using a simple SNR-based combination of bearing-line and delay-
difference positioning, future work can formulate the final localization prob-
lem as a nonlinear problem to jointly use delay, angle, Doppler, clock-bias,
and CFO information with proper uncertainty weighting.

Practical RIS calibration errors should be incorporated. Future studies can
analyze the impact of imperfect RIS phase control, element position errors,
mutual coupling, finite phase resolution, and imperfect knowledge of the RIS
orientation. Robust beamforming profiles and calibration-aware estimation
algorithms can then be designed.

Realistic satellite and hardware impairments should be included. Future work
can consider satellite ephemeris errors, satellite clock errors, oscillator phase
noise, synchronization errors, sampling-frequency offset, quantization effects,
and other transceiver impairments.
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6.4 Risk Considerations

This thesis is a simulation-based study and does not involve real satellite data or
the collection and processing of high-accuracy locations of real users. Therefore,
a detailed privacy impact assessment and practical deployment risk analysis are
not included within the scope of this work. High-accuracy localization enabled
by LEO satellites and RISs has societal value, including improved emergency re-
sponse, autonomous navigation, industrial automation, and reliable positioning in
environments where conventional GNSS signals are weak or unavailable. At the
same time, such technologies are inherently dual-use. High-accuracy positioning
capabilities may be misused for unauthorized tracking. Therefore, future practical
systems should treat privacy protection, security, energy efficiency, and sustainable
space-infrastructure management as explicit design requirements.

o From a privacy perspective, high-accuracy localization may be misused for
unauthorized target tracking. Hence, practical deployment should consider
access control, user consent, data minimization, and privacy-preserving data
processing, especially when localization results are associated with identifiable
users.

o From a security perspective, the proposed framework relies on delay, Doppler,
and angle-domain measurements. As a result, it may be vulnerable to spoofing,
jamming, or malicious reflected paths. Future practical systems should there-
fore incorporate authentication mechanisms, interference monitoring, spoofing
detection, and robust estimation methods to ensure the reliability of localiza-
tion results.

o From an ecological and infrastructure-deployment perspective, RISs are often
regarded as low-power, passive, or nearly passive infrastructures. However,
large-scale deployment still requires materials, installation, maintenance, and
power supply. Large LEO constellations also raise sustainability concerns,
including launch-related emissions, orbital congestion, satellite lifetime, space
debris, and end-of-life disposal. Therefore, the localization performance gains
should be carefully balanced against infrastructure cost, energy consumption,
and environmental impact.
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Appendix 1

A.1 Numerical Checks for Modelling Assumptions

This appendix provides numerical checks for the main modelling assumptions used in
the simulation. The purpose is not to prove that the assumptions hold in all possible
deployment scenarios, but to verify that they are reasonable under the parameters
used in this thesis.

A.1.1 Observation-Window Duration

The observation duration is determined by the number of OFDM symbols and the
OFDM symbol duration. In the simulation, the total symbol duration including CP
is

Toym = 1.07T = 71.33 ps. (A.1)

Therefore, the total observation-window duration is
Tops = LToym = 256 x 71.33 pis ~ 18.26 ms. (A.2)
For example, a low-mobility user moving at 1.83 cm within one observation block.
Ad, = v, Typs = 1 X 18.26 ms ~ 1.83 cm (A.3)

The induced propagation-delay perturbation is upper bounded by

Ad, 1.83x1072
¢  3x108

Aty < ~ 6.1 x 107" s = 0.061 ns. (A.4)

This value is much smaller than the delay resolution 33.3 ns, so the UE motion
within one estimation window has a negligible impact on the range, Doppler, and
angular parameters, and the UE position can be treated as constant within one
observation block.

A.1.2 Satellite Displacement During One Observation Win-
dow

The LEO satellite velocity in the considered setup is approximately ||V || = 8.11 km/s.
During one observation window, the satellite position displacement is therefore
bounded by

Adgat = || Veat | Tobs =~ 8.11 x 10 x 18.26 x 1072 ~ 148.1 m. (A.5)

I



A. Appendix 1

The satellite displacement Ad,,; is small compared with the satellite distance, so
the satellite velocity can be approximated as constant during one block.

Adg, 1481
dai 815 x 107

~1.82x 1074 (A.6)

A conservative upper bound on the angular variation of LEO satellites caused by
this displacement can be written as

Ad,, 148.1
A sa’ < %
Voat 5 dai  8.15 x 105

~ 1.82 x 10* rad ~ 0.010°, (A.7)

In the simulation, the initial angular search range is +45° with GridSize = 11,
leading to an initial angular grid spacing of

2 x 45°
— =9 A.
11-1 0 (A.8)

Apopo =
After recursive grid refinement with ctrThr = 10, the last evaluated angular grid
spacing becomes

o

9
AAOD,ﬁnal = ? ~ 0.0176°. (Ag)

Abar_, 0010° o (A.10)
Apop finar 0.0176°

Hence, the satellite-induced angular variation within one observation block is smaller
than one final angular grid interval of the MLE refinement. Moreover, it is much
smaller than the initial angular search spacing of 9°. Therefore, the satellite-to-RIS
angular variation is not resolved as a separate angular change within one estimation
window, and it is reasonable to treat the satellite-to-RIS angle as approximately
constant over one observation block.

A.1.3 Far-field of the RIS Array—UE

For the carrier frequency f. = 2 GHz, the wavelength A

¢ 29979 x 10°

A= — =
fe 2 x 109

~ 0.1499 m. (A.11)

Each RIS is a 10 x 10 uniform rectangular array with inter-element spacing A/2.
The side length of the active aperture is

A
Digae = (10 — 1) ~ 9 x 0.07495 ~ 0.6745 m. (A.12)

Using the side length as the aperture dimension, the Fraunhofer distance is

2D2 2(0.6745)>
dp sige = —34e oy ~ 6.07 m. A.13
F.sid ) 0.1499 m (A.13)

A more conservative choice is to use the diagonal aperture,

Daiag = V2Dgde ~ 0.954 m. (A.14)
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The corresponding Fraunhofer distance becomes

2D%.,  2(0.954)?
dF,diag = ~
A 0.1499

~ 12.1 m. (A.15)

In the simulation, the UE is located at p = [0,10,1.5]7 m, while the two RISs are
located at pris1 = [4,0,10]7 m and pgrise = [—4,0,10]7 m. Thus,

deuy = ||P — Pris.1|| = V42 + 102 + 8.52 =~ 13.72 m, (A.16)

s ~ 13.72 m. (A.17)

Both distances are larger than the conservative diagonal-aperture Fraunhofer dis-
tance d giag - Therefore, the far-field plane-wave model is suitable for the simulations
for RIS-UE paths.

A.1.4 Doppler approximation between LoS and RIS Paths

In the considered simulation geometry, the UE position is
p. = [0,10,1.5]" m, (A.18)
and the two RISs are located at
Prisg = [4,0,10" m,  prisz = [4,0,10]" m. (A.19)

For the satellite setting with 6, = 45°, #,, = 90°, and A = 600 km, the orbit function
gives
Peat ~ [0, 5.761499 x 10°, 5.761499 x 10°]" m, (A.20)

and
Vear & [0, —8.083376 x 103, 6.703809 x 10%)" m/s. (A.21)

The speed of light is ¢ = 2.9979 x 10® m/s, and the normalized carrier-frequency
offset is 0, = 107°.
For the LoS satellite-UE path, the propagation distance vector is

dsy = P_Pear & [0, —5.76140 x 10°, —5.76148 x 10°]" m. (A.22)

The corresponding unit direction vector is

dSU.

T ~ [0, —0.70710, —0.70711]". (A.23)

Ugy =

Therefore, the geometric Doppler factor is

VigUsy  5241.73
¢ 2.9979 x 108

~ 1.74845 x 107°. (A.24)
Including the common normalized CFO, the direct-path Doppler factor is
Vz;tusu

Vgy = —2 50 4 pepo A~ 1.84845 x 107°. (A.25)
C
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For the satellite—RIS path, the propagation vector is

dyr1 = Psat — Pris ~ [—4, 5.761499 x 10°, 5.761399 x 10°]" m. (A.26)
dsr 1 -6 T
~Unl = g ’ P~ [4.91 x 1075, —0.7071129, —0.7071006]". (A.27)
sr,1

vI(—ug:)  5241.83
c "~ 2.9979 x 108

Since the RIS and the UE are assumed static in the simulation, the RIS-UE branch
only contains the common CFO, i.e.,

~ 1.74849 x 107°. (A.28)

Vgr1 =

Vg = 07 = 1075, (A.29)
Therefore, the total Doppler factor of the first RIS-assisted path is
Va1 = Var1 + Vra1 ~ 1.84849 x 107°. (A.30)

This small phase variation supports the use of approximately common Doppler com-
pensation for the LoS and RIS branches in the considered geometry.

A.2 Details of the CRB Evaluation

This appendix provides the main derivatives used for the numerical evaluation of the
CRB. The purpose is to make the mapping from the geometric state vector to the
channel parameters explicit and to clarify the treatment of nuisance channel gains
and MP components.

A.2.1 Signal Model and Channel-Parameter FIM

Let the noiseless received signal at the kth subcarrier and the [th OFDM symbol be

written as
R

Yk, = QoZok,1 T Z Qr 2y kil (A.31)

r=1

where the index 0 denotes the direct satellite-UE LoS path and r = 1,..., R denotes
the rth RIS-assisted path. Here, ap and o, correspond to asg, and oy, respectively.
The LoS component is

2060 = Ti1BokiCos (A.32)

and the rth RIS-assisted component is
Zr il = ThiBr k1 CriGRIS -1 (A.33)

Here, xy; is the pilot symbol, B; ;; denotes the delay-related subcarrier phase term,

C;, denotes the Doppler-related phase term, and Gris ., is the temporal response of
the rth RIS.
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The channel-parameter vector is defined as

n = [R{ao}, S{ao}, ... R{ar}, S{ar},

Tsus Tsru,1y « - - » Tsru, R
(A.34)

Vsu, Vsru 1y+++5Vsru R

oc!

ru17 ru,lr TuR70ruR}

The complex path gains are included as unknown nuisance parameters. Thus, the
final position bound accounts for the uncertainty of the channel gains rather than
assuming that the gains are perfectly known.

Assuming circularly symmetric complex Gaussian noise with variance o2, the Fisher
information matrix of n is

T s = =R {Z > (8%)* ay’“’}. (A.35)

o 3% 6771)

The derivatives with respect to the real and imaginary parts of the complex gain

are
Y, — Y, — 4%
a%{az} l,k,l? a%{az} l,k,l‘

With the phase convention used in the implemented signal model, the delay deriva-
tive is

(A.36)

a(r;yjl = _.]2 kAf a’t’zlk‘l <A37)
The Doppler derivative is
0

ayjl = 727 (fe + BA ) gy 02 oy (A.38)

The factor (f. + kAf) reflects that the implementation includes both the carrier
Doppler phase and the subcarrier-dependent wideband Doppler phase.
Similarly, the known incident unit vector from the rth RIS to the satellite is

w,,, = et " PRr_ (A.39)
Hpsat - pR,rH

Since the RIS array response is evaluated in the local coordinate system of the RIS,
the GCS unit vectors are transformed by RI. The local incident and outgoing
directions are therefore

/ /

T T
u,, . =Ryu,.,, u,,, =R, Uy, (A.40)

U,

The temporal RIS response is modeled as

GRISTZ — Z aT"n anr,n,h <A41)

n=1
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where w; ,,; is the phase coefficient of the nth element of the rth RIS. The incident
and outgoing steering terms are given by

2 /
ay;, = exp (J ; Py, ) : (A.42)
and 5
a;c“),(n = eXp <J ;\Tp,{n ;‘u T) ’ <A43)
where p,, denotes the position of the nth RIS element in the local coordinate
system.

The derivatives of the GCS outgoing unit vector are

—cos B¢ sinf%* ]

a —_ TU,T TU,T
Yrur _ | cos 0cl,, cos 0% |, (A.44)
89?13 r 0

and _ ;
o —sin ¢, . cos 0%
ru,r el az
S0 = | sin HW Ao (A.45)
T cos ¢!

L ru,r n
. !/ o T . . .
Since u,,,, = R, 0, its derivatives are
/
8uru,r auru r

=RT : 0 ge A.46
8X T aX ) X e { rur’ rur} ( )

The derivative of the RIS response is

aGRIS il

- § : rn ran,n:l

/
27T T 8urur

x i c {0% ¢
j)\p’l"n aX X {TU?” rur}

(A.47)

The received-signal derivatives with respect to the RIS angular parameters are then

) IGrs..
85{7}%1 = Oérxk,lBr,k,lCrl 85:;T l, <A48)
and 9 50
Ykl RIS,rl
a@ﬁgﬂq = Oérxk,lBr,k,lCrl 891?5”, . <A49)

The MP paths generated by the scatter points are included in the received-signal
simulation. For example, the direct MP path uses 7., and vg,,,, while the RIS-
related MP path uses gy pm and Vg ,m. However, these MP delays, Doppler
factors, angles, and gains are not explicitly included as nuisance parameters in 7).
Instead, their average received power is incorporated into an effective noise variance:

O-gff = 02 + PMP,avga (A50)
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Therefore, the effective channel-domain FIM under MP is computed by replacing

o? with o%:
K-1L-1 *
1], = %{Z 3 (ay’”> ay’”}. (A.51)

ol =0 i=o \ O"a ony
The channel-domain CRB and the effective channel-domain CRB are obtained as

c,=L' cCf= @ﬁ) . (A.52)

The delay, Doppler, and angular error bounds are extracted from the diagonal entries
of C, or C.

A.2.2 State-to-Channel Jacobian

The positioning-related state vector is defined as

s — [m{ao}, Sao}, ..., R{ar}, S{ar},

. (A.53)
DPay Dy Pz 6a 5f] ’

where p = [ps,py,p.]" is the UE position, § is the receiver clock bias, and d; is
the normalized CFO. The dependence of the channel parameters on the positioning-
related state variables is characterized by the state-to-channel Jacobian matrix

on
Os’
The gain-related part of J is an identity matrix, since the real and imaginary parts
of the path gains are included in both 1 and s as nuisance parameters.

Let psat and v,y denote the instantaneous satellite position and velocity within the
short observation interval. For the direct path, define

J= (A.54)

dsu
dsu = P — Psat; dsu = ”dbuH 5 €su = d (A55)
The direct-path delay and Doppler are
dsu
Tou = — + 0, (A.56)
c
and
vl eq
Vgy = S50 Of. (A.57)
c
Their derivatives are P . 5
Tsu T Tsu
B =1 A58
ap w95 (A.58)
and 5 . 5
% 1%
U I el = A.59
op oy (T~ emes,). 03y (A.59)
For the rth RIS-assisted path, define
srr - ||psat pR,T’H ) dru,r =P — PR (AGO)
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and q
druﬂ’ = Hdru,rH ) eru,r = dru,r . (Aﬁl)

ru,r

The RIS-assisted delay is

dsr r dru r
Tsru,r = : i — + J. (A62)
C

Since dg, is independent of the UE position, the derivatives are

aTsrum o 1 T 67_sru,r

p  coren 95

=1. (A.63)

According to the Doppler model used in this work, the RIS-branch Doppler is
Varuy = —VT'J? + 45 (A.64)

where u,,, is the GCS unit vector from the rth RIS to the satellite. For a given

satellite-RIS geometry, u,;, is known and does not depend on the UE position.
Therefore,

aVSI‘].I T aVSI‘U T
~ =0 = =1. A.65
ap 1x3; 8(5f ( )

For the GCS RIS-to-UE angular parameters, define
Ap]ru,r =P —Prr= [Al‘r, qu«, AZT‘]T' <A66)

Let

Pr =1 Al’% + Ay?? dru,r = HApru,TH . <A67)

The GCS azimuth and elevation angles are

Ore . = atan2 (Ay,, Ax,), (A.68)
and A
gl — gin~ ( Z) . (A.69)
’ dru,r
Their derivatives with respect to the UE position are
005, 1
oo = —Ay. Az, 0], (A.70)
and gt
;fu,r . 1 2
oo Zoopr [—Aa:TAzr —Ay, Az, pr} ) (A.71)
The derivatives of 6% - and 02, . with respect to 6 and d; are zero.

Using the above derivatives, the state-domain FIM is obtained by
I, =J1,J. (A.72)
The state-domain covariance lower bound is

C.,=1I" (A.73)
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The position error bound, the clock-bias error bound, and the CFO error bound are
given by

PEB = \/tl‘ ([Cs]pp), CEB = [05]575, FEB = A/ [Cs]gf’(gf. (A74)

When MP is present, the effective state-domain FIM is obtained using the same
Jacobian matrix:

eff T yeff
ot = J7Ty. (A.75)

The corresponding effective state-domain covariance lower bound is
-1
cf = (1) . (A.76)

The effective position error bound, clock-bias error bound, and CFO error bound
are given by

PEBeg = y/tr ([Cftlpp), CEBeg = /[Cf]55, FEBeg = /[Cs, 5,
(A.77)
In the reported figures, delay-related bounds and clock-bias bounds are converted
to meters by multiplying by c¢. Doppler-related and CFO bounds are reported in
equivalent velocity units by multiplying by c.
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