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Abstract—The rapid deployment of Low Earth Orbit (LEO)
satellite constellations is transforming global connectivity, with
potential applications extending beyond communication into
precise Positioning, Navigation, and Timing (PNT). Their low
altitude, high signal availability, and strong Doppler character-
istics make LEO satellites a promising candidate for accurate
and reliable localization, where traditional Global Navigation
Satellite Systems (GNSS) fail. This study investigates the potential
of LEO-based indoor positioning by comparing two spread
spectrum techniques—Direct Sequence Spread Spectrum (DSSS)
and Chirp Spread Spectrum (CSS)—in terms of resilience to
Doppler shifts and multipath propagation in the acquisition
stage. A MATLAB-based simulation framework was developed
to mimic LEO signal conditions of an indoor environment.
The results demonstrate that while DSSS offers strong Doppler
resilience, its acquisition performance degrades under bandwidth
constraints. In contrast, CSS maintains robust synchronization
across varying channel impairments, preserving peak resolution
even in severe multipath and spectrally constrained environ-
ments. The results indicate that CSS may offer advantages for
next-generation LEO-based PNT applications, especially under
challenging propagation conditions.

Index Terms—CSS, DSSS, Indoor Positioning, LEO-PNT,
Spread Spectrum

I. INTRODUCTION

Accurate indoor localization has become increasingly im-
portant in recent years due to the growing demand for location-
based services (LBS) in various domains such as asset track-
ing, healthcare monitoring, and emergency response systems.
Despite the advancements in positioning technologies, achiev-
ing robust and reliable indoor localization remains a signifi-
cant challenge due to the complex physical characteristics of
such environments. While Global Navigation Satellite Systems
(GNSS), including GPS and Galileo, have revolutionized out-
door navigation, their performance significantly diminishes in
indoor environments due to signal blockage, attenuation, and
multipath effects [1]. As alternatives, terrestrial-based position-
ing systems, such as Wi-Fi, Bluetooth, and Ultra-Wideband
have been explored for indoor environments. Although these
technologies can offer precise positioning [2], their accuracy
and coverage are often constrained by infrastructure availabil-
ity and scalability.

In recent years, Low Earth Orbit (LEO) satellites have
emerged as a promising candidate to provide reliable position-
ing in both indoor and outdoor environments [3]. Due to their
reduced orbital altitude (typically between 500 and 2,000 km),
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LEO satellites offer several advantages compared to Medium
Earth Orbit (MEQO) satellites used in traditional GNSS. LEO
constellations often have more favorable geometric configura-
tions for positioning, which lead to lower Geometric Dilution
of Precision (GDOP) and consequently enhance positioning
accuracy [4]. Moreover, the reduced transmission distance
for LEO satellite signals results in significantly lower path
loss, leading to stronger signal strength and improved signal
penetration into indoor environments [3].

Nevertheless, there are several technical challenges to be
addressed if the full potential of LEO satellites is to be real-
ized for indoor positioning. These include significant Doppler
shifts, frequent satellite handovers due to shorter visibility
periods, signal attenuation, multipath effects, and near-far
interference. In order to overcome these challenges, dedicated
LEO-PNT (Positioning, Navigation and Timing) systems are
being developed specifically for high-accuracy positioning
and navigation purposes. Extensive research is being done
in various segments, including the space, ground, and user
segments, and signal design to optimize the performance of
these emerging systems [5].

This study explores the extent to which signal process-
ing, particularly spread spectrum techniques, can address key
challenges in LEO-based indoor localization. These meth-
ods involve spreading the signal across a wider bandwidth
to improve signal robustness and resistance to interference,
effectively mitigating the effects of multipath propagation
and signal degradation, which is particularly useful in indoor
environments [6].

This paper compares the performance of two spread spec-
trum techniques—Direct Sequence Spread Spectrum (DSSS)
and Chirp Spread Spectrum (CSS)—in the context of indoor
localization using LEO-PNT signals. The objective is to ad-
dress the following research question:

How do DSSS and CSS compare in terms of accuracy and
resilience to Doppler shifts and multipath propagation in the
acquisition of LEO-PNT-based indoor localization?

By evaluating these two spread spectrum techniques through
both theoretical analysis and simulations, this study aims to
explore their usability for indoor LEO-PNT. The remainder
of this paper is structured as follows: Section II provides an
overview of recent developments of spread spectrum methods
for LEO-based positioning. This is followed by a description
of the simulation methodology and signal models used to
assess DSSS and CSS performance in Section III. The subse-
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quent sections, Section IV and Section V, present the simula-
tion results and their discussion, with a focus on Doppler shifts
and multipath propagation effects. Finally, the paper concludes
by summarizing the key findings and outlining avenues for
future research in Section VI.

II. RELATED WORK

LEO satellites are increasingly being explored as a promis-
ing solution for enhancing traditional GNSS for LBS. Three
main approaches have emerged: using signals of opportunity
from non-navigation satellites for positioning via Doppler
or carrier-phase analysis [7]; augmenting GNSS with cor-
rection data or relayed signals to improve performance in
difficult environments [8]; and deploying dedicated LEO-
PNT constellations with purpose-built signals and payloads
for high-precision global coverage [5]. This paper focuses
on the third approach, evaluating its potential for reliable
indoor localization. A review of the current literature on signal
design for dedicated LEO-PNT systems reveals that the use
of other spread spectrum techniques than Direct Sequence
Spread Spectrum (DSSS) remains an underexplored area. In
this section, three key techniques are examined—DSSS, Fre-
quency Hopping Spread Spectrum (FHSS), and Chirp Spread
Spectrum (CSS)—highlighting their advantages and potential
applicability within LEO-PNT architectures for indoor posi-
tioning.

1) Direct Sequence Spread Spectrum: DSSS has been
widely employed in communication and navigation systems,
including GNSS, 3G cellular networks, and IEEE 802.11b Wi-
Fi, and serves as the core spreading method in Code Division
Multiple Access (CDMA) systems [9]. By modulating data
with a high-rate pseudorandom sequence, DSSS spreads the
signal across a wide bandwidth, lowering its power spectral
density and enhancing resilience against interference, jam-
ming, and interception. In the context of indoor localization,
DSSS offers several advantages. The despreading process at
the receiver concentrates the signal energy while distributing
noise and interference, thereby improving the signal-to-noise
ratio (SNR) and mitigating multipath propagation [10].

Nevertheless, its susceptibility to the near-far problem,
where stronger interfering signals can overwhelm weaker ones,
remains a limitation [11]. Moreover, studies show that the
significant Doppler shifts of LEO satellites introduce addi-
tional challenges in achieving precise carrier and code phase
synchronization. These shifts expand the acquisition search
space, increasing both signal acquisition time and computa-
tional complexity [12]. In order to address this, alternative
signal acquisition methods have been proposed. FFT-based
techniques continue to serve as a foundational approach, with
enhancements such as approximate kernel functions [13] and
hierarchical search strategies [14] that aim to reduce process-
ing overhead while maintaining detection performance. Given
its successful deployment in navigation systems and its ca-
pacity to enhance robustness in multipath-dense environments,
DSSS was included in this study as a baseline technique for

evaluating spread spectrum performance in LEO-PNT-based
indoor localization.

2) Frequency Hopping Spread Spectrum: FHSS has re-
ceived comparatively less attention in satellite-based position-
ing than DSSS, despite its long history in secure communica-
tions and its wide use in wireless technologies such as Blue-
tooth [6]. By rapidly switching the carrier frequency according
to a pseudorandom sequence shared between transmitter and
receiver, FHSS offers strong resilience against interference,
jamming, and the near-far problem, as no single frequency is
occupied long enough to be consistently disrupted [6]. Recent
studies by Jung et al. [15] and Prasetyo Adi et al. [16] demon-
strate that FHSS-based systems can significantly improve
interference resilience and data reliability in dynamic LEO
environments. Although the primary focus of this research is
on satellite communication rather than positioning, the findings
underscore the potential of FHSS for achieving robust signal
performance in such environments. However, further research
is required to assess its suitability for accurate and resilient
positioning in LEO-PNT systems. Given these gaps and the
focus of this paper, FHSS was not considered in this work.

3) Chirp Spread Spectrum: CSS has recently emerged
as a promising candidate for LEO-PNT systems due to
its inherent resilience to interference, multipath propagation,
and Doppler effects [17]. Utilizing linear frequency mod-
ulation—commonly referred to as chirping—CSS has been
successfully deployed in long-range, low-power communica-
tion systems such as LoRa. Its potential is increasingly being
explored in the field of satellite communications. One of CSS’s
key advantages is its low acquisition complexity due to its less
stringent synchronization requirements. Egea-Roca et al. [12]
have shown that CSS can reduce acquisition complexity by up
to two orders of magnitude compared to DSSS. Additionally,
CSS’s continuous chirp structure allows for effective Doppler
shift tracking and compensation [18]. Recent research has
further refined CSS signal design specifically for LEO-PNT
purposes by introducing pilot/data structures, hybrid modu-
lation schemes, and optimized chirp parameters, improving
sensitivity, ranging accuracy, and data throughput [19], [20].
Despite its strengths, CSS faces scalability challenges in high-
user-density scenarios due to inter-signal interference stem-
ming from imperfect orthogonality [12]. In order to address
this, recent studies proposed enhancements such as fractional
chirp rate designs (FCR-CSS) [21] and advanced waveform
structures like Symmetry CSS (SCSS) [22] and Asymmetry
CSS (ACSS) [23], improving both correlation performance and
system capacity.

Although research has demonstrated the benefits of CSS
for LEO-PNT, a comparative study between CSS and other
spread spectrum techniques, particularly DSSS, in terms of
their performance in indoor localization remains sparse. This
gap presents an opportunity to investigate the performance of
CSS relative to DSSS, specifically within indoor LEO-PNT
applications. In this work, we take a first step toward analyzing
their performance through experiments.
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III. METHODOLOGY

This section outlines the simulation framework developed
to evaluate and compare the performance of two spread
spectrum techniques—DSSS and CSS—under LEO-PNT-like
conditions. It includes the signal models for both techniques,
along with environmental configurations representing a LEO
satellite constellation and an indoor propagation environment.
The signals are subjected to environmental effects such as
Doppler shift and multipath propagation, after which the
performance of each technique is assessed in terms of signal
acquisition and robustness. The simulation environment was
implemented in MATLAB.

A. Signal Modeling

This part of the simulation framework models both DSSS
and CSS signals and upconverts them to a carrier frequency
of 1575.42 MHz, corresponding to the GPS L1 band [1]. The
sampling frequency is set to 10 MHz. In order to ensure a
fair comparison, both DSSS and CSS signals are allocated a
spread bandwidth of 2.046 MHz.

1) DSSS: The DSSS signal is constructed using a pseu-
dorandom noise (PRN) sequence with a sequence length of
1023 chips and a chip rate (R.) of 1.023 Mbps, which is
directly proportional to the spread bandwidth. These values
have been chosen to align with the GPS L1 standard, providing
a meaningful baseline for comparison. Following the spreading
process, the baseband signal is modulated using Binary Phase
Shift Keying (BPSK). Fig. 1 shows an example of the DSSS
spreading process, along with the resulting BPSK-modulated
signal.

At the receiver, the acquisition of the DSSS signal involves
estimating the Doppler shift (fq) and code delay (7chip),
which arise due to the relative motion between the satellite
and receiver, and the signal propagation time, respectively.
In order to improve computational efficiency over traditional
two-dimensional search methods, an FFT-based correlation
approach is employed. This method involves computing the
correlation R(7.pp, fa) between the received signal and a
locally generated PRN sequence, across a range of Doppler
frequencies [6]. As defined in (1), the estimated Doppler shift
( fd) is determined by identifying the frequency that yields the
maximum correlation across all delays.

fd = argfmax S_n,?‘x |R(Tchipa fd)| (D
d chip

Once fd is identified, the code delay 7.p;, is estimated by
locating the earliest delay that maximizes the correlation or
reaches the minimum threshold at this frequency, as shown

in (2).
%chip = argmax ‘R(Tchipa fd)’ (2)

Tchip

2) CSS: The CSS signal is generated using Binary Offset
Keying (BOK), where each data bit is represented by either
an up-chirp or a down-chirp. This modulation scheme was
selected for its simplicity, as it offers a straightforward and
efficient way to map binary data to frequency shifts [19].
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Fig. 1: Example of DSSS signal construction using a binary
message [1 0] and a pseudorandom sequence [1010101010].
The subplots show: (1) input data, (2) PRN sequence, (3)
spread baseband signal (1 kHz bandwidth), (4) carrier signal
(1 kHz), and (5) BPSK-modulated output.

The up-chirp increases in frequency over time, while the
down-chirp decreases, with each chirp sweeping over the
2.046 MHz bandwidth over a duration of 50ms, yielding a
linear chirp rate (u) of approximately 40.92MHz/s. Fig. 2
illustrates an example of BOK-CSS signal generation using
the binary sequence [1 0], where the waveform is composed
of an up-chirp followed by a down-chirp. The configuration
parameters used in this study are based on the design recom-
mendations presented in the study by Egea-Roca et al. [12],
which proposes optimized multi-satellite access schemes and
signal configurations, including chirp durations tailored for
constellations of 50 and 100 LEO satellites.
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Fig. 2: Example of BOK-CSS signal generation using the
binary sequence [1 0], with a bandwidth of 1kHz, a carrier
frequency of OHz, and a chirp duration of 0.2s. Subplots
show: (1) input data, (2) corresponding BOK-CSS signal, and
(3) spectrogram.

In order to enable accurate acquisition and synchronization
of the CSS signal at the receiver, a dedicated synchroniza-
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tion signal is transmitted in the first time slot, prior to the
data-bearing chirps. This synchronization signal consists of a
coherent sum of an up-chirp and a down-chirp, as shown in
Fig. 3. The estimation process involves dechirping the received
synchronization signal with both chirp types, followed by FFT-
based spectral analysis. The resulting frequency content of
the dechirped signals reveals spectral peaks corresponding to
delay- and Doppler-induced frequency shifts [12]. As demon-
strated in (3), the estimated delay (7) is computed as the
frequency difference between the dechirped up- and down-

chirps.
* f up — f down
2
where fup and fgown are the peak frequencies in the up- and
down-chirp FFT spectra, respectively, and p is the chirp rate.
The Doppler shift ( fd) is estimated by computing the average
of these frequencies, as shown in (4).
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Fig. 3: Time-frequency representation of an example synchro-
nization signal, with a bandwidth of 1 kHz, a carrier frequency
of 0Hz, and a chirp duration of 0.2s.

B. Environment Simulation

In order to evaluate the performance of satellite-based posi-
tioning under varying conditions, the simulation environment
consists of two key components: a LEO satellite constellation
and an indoor propagation model.

The simulation of the LEO satellite constellation is con-
structed based on the orbital parameters typical of LEO satel-
lites, such as altitude, velocity, orbital inclination, coverage
area, and orbital period. Due to the absence of official LEO-
PNT system specifications, the constellation model for this
study is founded upon the paper by Celikbilek et al. [24],
which provides a methodology for designing LEO constel-
lations tailored to PNT applications. In order to model the
satellite constellation, we used MATLAB’s Satellite Commu-
nication Toolbox.

Within this framework, the constellation itself consists of
three orbital shells. The first shell is a Walker Star constellation
133/19/1 at an altitude of 1835 km with an inclination of
34 °. The second shell is a Walker Delta 99/3/1 at an altitude
of 1550 km with an inclination of 86 °. The third shell a
Walker Delta 150/30/1 at an altitude of 1477 km with an
orbital inclination of 80 °.
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In addition to the satellite constellation, the indoor en-
vironment is a factor affecting signal performance due to
phenomena such as attenuation, multipath propagation, signal
blockage, and interference. We model the attenuation by
reducing the amplitude of the signal relative to the nominal
value.

C. Simulation of Observables

This study focuses on two key factors that affect the
performance of LEO-PNT systems: the Doppler effect and
multipath propagation. Both of these phenomena can signifi-
cantly degrade signal quality and reduce positioning accuracy.

In order to provide a more realistic signal reception model,
a propagation time delay is introduced. This delay, denoted
by 7, corresponds to the time required for the signal to
cover the distance d between the satellite and ground-based
receiver [17], as expressed by (5).

d

== 5)
C

where c is the speed of light in a vacuum. In practical terms,
this delay is simulated by inserting a sequence of zeros, equiv-
alent to the time of 7, at the beginning of the transmitted signal
for both DSSS and CSS modulation schemes. This approach
effectively shifts the signal in time without modifying its
inherent structure. It is important to note that the perception of
time delay differs between DSSS and CSS due to their distinct
signal structures. CSS employs long-duration chirps, resulting
in a delay perception that encompasses the full frame length
rather than being confined to a single symbol. In contrast,
DSSS relies on PRN codes of fixed length, limiting the delay
range that one is able to recover without the use of data to
one PRN sequence.

Complementing the delay model is the simulation of the
Doppler shift, which manifests as a frequency offset in the
received signal. This shift arises from the relative motion
between the transmitter (satellite) and the receiver (ground
station), with the magnitude of the shift determined by their
instantaneous relative velocity v, along the line of sight
(LOS) path. This Doppler shift is computed according to (6).

fo=" ©6)
C

Here, f; is the Doppler shift, ¢ is the speed of light, and
fe is the carrier frequency of the transmitted signal [17]. In
this study, the simulation dynamically computes f; at each
time step to adjust the signal frequency accordingly, ensur-
ing realistic modeling of Doppler-induced frequency offsets.
For signals operating in the GPS L1 band, typical Doppler
shifts for LEO satellites range approximately from —35kHz
to +35kHz, depending on orbital parameters and elevation
angles [12].

In addition to delay and frequency effects, multipath prop-
agation represents another significant challenge in LEO-PNT
signal integrity. This phenomenon occurs when a transmitted
signal reaches the receiver via multiple paths, caused by
reflections off surfaces such as buildings or other obstructions.
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TABLE I: Simulation scenarios for DSSS and CSS evaluation

Signal  Scenario Delay [samples]  Doppler shift [Hz] Multipath components

DSSS  DSSS-DI1 2,000 +20,000 /

DSSS  DSSS-D2 8,000 +20,000 /

DSSS DSSS-MP 2,000 +20,000 Path 1: +50 samples, attenuation 1.5
Path 2: +2,000 samples, attenuation 0.7

CSS CSS-D1 100,000 +20,000 /

CSS CSS-MP 100,000 +20,000 Path 1: +50 samples, attenuation 1.5

Path 2: +20,000 samples, attenuation 0.7

These multiple signal paths result in delayed and attenuated
replicas of the original signal, leading to signal distortion and
potentially degrading positioning accuracy. In the simulation,
multipath is modeled in a simplified way. Each multipath
signal is modeled by introducing a specific time delay T;
and an associated attenuation factor «;, where ¢ indexes each
multipath path. The resulting received signal r(t) is given
by (7).

N

r(t)=> a;-s(t— ) 7)

i=0
Here, s(t) is the original transmitted signal and N denotes
the total number of multipath components, with ¢ = 0
corresponding to the direct LOS path [17]. This model enables
analysis of multipath-induced signal distortion and its impact
on acquisition performance.

D. Performance Evaluation

In order to evaluate the impact of Doppler shift and mul-
tipath propagation on the performance of DSSS and CSS, a
series of test scenarios were defined and implemented within
the simulation framework. Each scenario models a different
combination of propagation effects, as shown in Table I, to
assess signal robustness and acquisition performance under
varying levels of channel effects. In addition to these scenarios,
several additional configurations were tested to explore a
broader range of channel conditions.

For DSSS, three scenarios were implemented to isolate the
effects of propagation impairments:

« DSSS-D1: A moderate-delay, high-Doppler scenario.

o DSSS-D2: A high-delay, high-Doppler scenario.

o DSSS-MP: A multipath scenario that builds on DSSS-D1
by introducing two delayed and attenuated replicas of the
original signal.

In parallel, for CSS, two scenarios were constructed to
evaluate performance under comparable conditions:
o CSS-D1: A high-delay, high-Doppler scenario.
e CSS-MP: A multipath scenario that builds on CSS-DI
by introducing two delayed and attenuated replicas of the
original signal.

IV. RESULTS

This section presents the performance evaluation of DSSS
and CSS signal estimation under varying channel conditions,
including time delay, Doppler shift, and multipath propagation.

A. Doppler Effect & Time Delay

The performance of DSSS signal estimation was evaluated
under two scenarios, referred to as DSSS-D1 and DSSS-D2. In
the first scenario, DSSS-D1, which includes a moderate time
delay and high Doppler shifts, the correlation surface showed a
sharp and well-defined peak with a maximum value of 250. In
contrast, scenario DSSS-D2, characterized by a significantly
larger time delay, produced a broader correlation peak with
a reduced maximum value of 16. As shown in Fig. 4a and
Fig. 4b, these results highlight the robustness of DSSS under
moderate propagation conditions, while larger delays lead to
a notable degradation in performance due to the zero’s added
before the signal.

The evaluation of the CSS signal was conducted under
scenario CSS-D1, which combines large time delays with
high Doppler shifts. The results indicate that CSS maintains
high estimation accuracy under these conditions, consistently
providing precise time delay and Doppler shift estimates. Fur-
ther testing confirmed that the system’s performance remains
resilient to variations in time delay as well as to Doppler
shifts of varying magnitudes and directions. As shown in
Fig. 5a, the FFT spectra of the dechirped synchronization
signal demonstrate well-defined, symmetric spectral peaks,
enabling accurate and easy parameter estimation.

B. Multipath Propagation

The effect of multipath propagation on DSSS signal estima-
tion was evaluated under the DSSS-MP scenario. As shown
in Fig. 4c, multiple correlation peaks were observed, corre-
sponding to both the LOS path and the multipath components.
Fig. 4d also shows a zoomed-in view to demonstrate that even
when a multipath component arrives with a minimal delay
relative to the LOS signal, two distinct correlation peaks can
still be identified. It is also important to note that the first
multipath component exhibited stronger attenuation than the
LOS signal. Despite this, the system is still able to estimate
the code delay and Doppler shift for the LOS signal, as
the correlation peak remains sharp and identifiable. However,
when the spread bandwidth is reduced by a factor of ten, the
resulting correlation function becomes significantly degraded,
as shown in Fig. 4e. In this case, the correlation peak appears
wider and more distorted, reducing the system’s ability to
accurately estimate the code delay of the LOS signal.

Similarly, the effect of multipath on CSS signal estima-
tion was evaluated in the CSS-MP scenario. As shown in
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Fig. 4: Correlation search spaces showing the impact of time delay, Doppler shift (a),(b), and multipath propagation (c),(d),(e)

on DSSS signal acquisition.

Fig. 5b, multiple spectral peaks appear in the FFT plots of
the dechirped up- and down-chirp signals, corresponding to
the LOS path and the multipath components. A zoomed-in
view of the down-chirp peak, as shown in Fig. 5c, reveals that
even when a multipath component arrives with a delay close
to the LOS signal, two distinct peaks remain visible in the
spectral domain. When the spread bandwidth is reduced by a
factor of ten, the resulting spectrum, shown in Fig. 5d, exhibits
a slightly distorted correlation peak. However, both the LOS
and multipath peaks remain distinguishable.

V. DISCUSSION
A. DSSS

The simulation results provide valuable insights into the
acquisition performance of DSSS signals in LEO-PNT envi-
ronments. Our findings show that the DSSS system exhibits
strong resilience to variations in Doppler shift, irrespective
of the magnitude and direction. However, the larger Doppler
shifts in LEO environments significantly expand the Doppler
search space, increasing computational load.

Furthermore, in scenarios involving moderate time delay,
the autocorrelation properties of the PRN sequence produce
sharp correlation peaks for both delay and Doppler shift,
reflecting accurate temporal alignment. However, as the time
delay increases, particularly when the delay becomes compa-
rable to the frame length of the signal, the correlation structure

deteriorates. This degradation arises from the finite-length
transmission model of DSSS, where the signal is transmitted in
discrete frames. When the delay causes misalignment beyond
the frame boundaries, fewer PRN chips overlap between the
received signal and the locally generated reference, resulting
in broader, lower-amplitude correlation peaks. Consequently,
the estimation uncertainty increases, reducing the accuracy
of delay and Doppler shift estimation. In order to address
this, a continuous transmission model similar to that used
in GPS systems should be adopted [1]. In such a model,
the signal repeats indefinitely, so any time delay manifests
as a cyclic code phase shift rather than an absolute offset,
preserving correlation properties and enabling more robust
synchronization under large delays. We identify this as one of
the limitations of this study, and future work could incorporate
this wrap-around to mimic GNSS signals more realistically.

The impact of multipath propagation further highlights
the strengths and limitations of the DSSS approach. In a
multipath environment, each propagation path gives rise to
a distinct peak in the correlation plot, with its position and
amplitude determined by its respective delay and attenuation.
The results show that even in scenarios where a multipath
component arrives with minimal delay relative to the LOS
signal, the DSSS system is capable of resolving two distinct
correlation peaks. This is due to the high time resolution
afforded by the wide spread bandwidth. Nevertheless, when
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Fig. 5: FFT spectra showing the impact of time delay, Doppler shift (a) and multipath propagation (b),(c),(d) on CSS signal

acquisition.

the spread bandwidth is reduced by a factor of ten, the
resulting correlation peak becomes broadened and distorted,
impairing the system’s ability to isolate the LOS signal in the
acquisition step. These findings underscore the role of spread
bandwidth in determining acquisition performance. A higher
spread bandwidth allows for faster PRN sequences, which
improves resilience to multipath interference, but at the cost
of increased bandwidth.

B. CSS

The simulation results for CSS demonstrate its robustness
and accuracy under challenging channel conditions, includ-
ing large time delays, high Doppler shifts, and multipath.
This performance advantage stems from the fundamental sig-
nal structure of CSS. Unlike conventional correlation-based
synchronization techniques, which may exhibit performance
degradation as delay or Doppler increases, the CSS approach
consistently maintains spectral integrity, resulting in sharp and
well-defined correlation peaks. Moreover, the results demon-
strate that CSS synchronization is highly resilient to multipath
propagation. Despite the presence of multiple paths, including
cases where a multipath component had a greater amplitude
than the LOS signal, the algorithm consistently retrieved the
correct parameters.

One of the primary reasons for this robustness lies in the use
of a dual-chirp synchronization signal, consisting of up- and
down-chirps, enabling efficient separation of the time delay
and Doppler effect through a frequency-domain approach.
During the acquisition of the synchronization signal, the
dechirping process transforms the time delays into frequency
shifts, while the Doppler shifts manifest as symmetric offsets
around the central frequency. This results in clear, symmetric
spectral peaks, allowing for independent, accurate estimation
of each parameter via relatively simple algebraic computa-
tions. By representing delays as frequency components, CSS
maintains its correlation structure even in the presence of
large delays, thereby ensuring reliable synchronization under
challenging propagation conditions.

Importantly, the findings also highlight that when the spread
bandwidth is reduced by a factor of ten, a scenario that
significantly degrades DSSS performance, the CSS system

continues to distinguish between the LOS and multipath
components in the acquisition stage. Although the spectral
peaks are broadened and exhibit a slight distortion under
reduced bandwidth, they remain individually identifiable. This
enhanced separability is attributed to the Frequency-Modulated
Continuous Wave (FMCW) nature of CSS signals. The lin-
ear chirp structure induces a direct mapping between time
delays and frequency shifts upon dechirping, enabling fine-
grained resolution in the frequency domain. Consequently,
closely spaced multipath components that are challenging to
separate using conventional time-domain correlation methods
can still be resolved as distinct spectral peaks. This inherent
property of chirp-based signaling provides CSS with superior
resolution capabilities, particularly in bandwidth-constrained
environments.

VI. CONCLUSION

This study evaluated the acquisition performance of DSSS
and CSS signals within LEO-PNT environments, particularly
under challenging conditions, such as large Doppler shifts and
multipath propagation. While DSSS provides robust perfor-
mance against Doppler shifts, it increases the computational
complexity of acquisition significantly. This spread spectrum
technique experiences limitations under reduced bandwidth,
which impair its multipath resolution capabilities in the ac-
quisition stage. Moreover, for DSSS to function effectively
under large time delays, a continuous transmission model is
essential to preserve code phase coherence and enable accurate
acquisition and tracking, which we identify as a limitation
of this study. In contrast, CSS consistently delivers higher
acquisition accuracy and robustness in challenging LEO-PNT
environments characterized by significant Doppler shifts and
multipath. Overall, while DSSS remains a viable solution,
CSS’s enhanced acquisition speed, precision, and robustness
make it a promising candidate for reliable localization using
LEO satellite signals, especially in spectrally limited and
complex propagation environments.

Building on these findings, future research should extend
the current simulation framework to incorporate a broader
spectrum of realistic conditions, including the near-far prob-
lem, co-channel interference, and hardware impairments. Ad-
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ditionally, refining the indoor environment model and overall
propagation models to capture signal transitions from space
through the atmosphere into indoor settings will provide a
more comprehensive understanding of LEO signal behavior.
Since the current study is focused primarily on modeling
Doppler shift and multipath rather than attenuation, a full
link budget analysis remains a key area for future work to
evaluate signal performance in complex indoor settings. The
present study focuses on the acquisition process, while the
implementation of a tracking stage is left for future work to
enable a more complete performance assessment. Moreover,
further exploration of other spread spectrum techniques, such
as FHSS, as a complementary or alternative approach, may
reveal new opportunities for enhancing the reliability and
accuracy of indoor LEO-PNT systems.

In conclusion, this study establishes a foundational under-
standing of the trade-offs between DSSS and CSS in terms of
acquisition, highlighting the strengths and limitations of each
technique under indoor propagation conditions. As the demand
for high-precision indoor localization continues to grow, future
advancements in LEO-PNT systems will depend on the inte-
gration of advanced and resilient signal processing strategies
capable of mitigating these impairments and ensuring reliable,
high-accuracy performance in complex environments.
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