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Abstract—This paper analyses the achievable delay and
Doppler estimation accuracies and the Multipath Error En-
velopes (MEE) of Low Earth Orbit (LEO) Position-Navigation-
Timing (PNT) systems, using the novel Orthogonal Time Fre-
quency Space (OTFS) modulation. In this paper we investigate
the advantages the OTFS modulation, which has originally
been designed for communication purposes, may bring to the
positioning field in LEO-PNT systems, in particular in the
presence of doubly-selective wireless fading channels exhibiting
both delay and Doppler spreads. We show how a LEO air-to-
ground channel fits this description due to its fast dynamics,
and we present the improvements of using OTFS with respect to
the standard spread-spectrum single-carrier Binary Phase Shift
Keying (BPSK) modulation in terms of delay-Doppler estimation
accuracy, in addition to a comparison of their performance in
LEO multipath scenarios through their respective MEEs.

I. INTRODUCTION

Wireless positioning by means of Global Navigation Satel-
lite Systems (GNSS) has been the de-facto standard for
outdoor positioning for many years [1], [2]. Nonetheless, the
demands in the ever-increasing positioning field have put
forward the need for systems with higher accuracy, while
keeping a reduced complexity and thus, a smaller power-
consumption footprint. A prominent solution comes from the
use of alternative systems to complement the GNSS con-
stellations. In particular, the use of Low-Earth-Orbit (LEO)
satellites, now in the spot of the so-called NewSpace economy
[3]-[5], can significantly contribute to improve the positioning
solution.

The three most important challenges that satellite-based po-
sitioning must face in the coming years are: i) achieving good
accuracy in indoor scenarios, ii) overcoming unintentional
and intentional interferences, and iii) providing positioning
solutions for devices with limited computational resources
(e.g. as in the context of Internet of Things). LEO satellites are
expected to solve the first two challenges due to their closer
orbital distance to the Earth, and thus their closer proximity
to user terminals, resulting in a greater received power; as
for the third challenge, it is expected to be addressed by the
use of new signaling formats specifically tailored to such new
user requirements. Using LEO as an alternative positioning
system is also expected to guarantee highly secure, sovereign,
and global connectivity services to provide support to crisis
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management and protection of critical infrastructure. Due to
the above-mentioned advantages, the use of LEO satellites for
positioning is currently heavily investigated [3], [4], [6]-[8],
still with many key aspects to be researched and covered.
Particularly, there’s no general consensus on the LEO-PNT
signal design, which is still looking for an optimal trade-
off [9]. To this end, this paper showcases the potential of
the up-and-coming modulation first presented in [10], named
Orthogonal Time Frequency Space (OTES), and its adoption
by future dedicated LEO Position-Navigation-Timing (LEO-
PNT) satellites.

The main novel contributions of this paper are: i) inves-
tigating the potential of OTFS in the context of LEO-PNT
systems (while OTFS has been studied so far with LEO signals
for communication purposes [11], to the best of the Authors’
knowledge, its potential as a positioning waveform in LEO-
PNT systems has not yet been addressed in the open literature);
ii) presenting the signal design and configuration of the OTFS
modulation for positioning with high delay-Doppler estimation
accuracy; iii) comparing the delay and Doppler accuracies and
the Multipath Error Envelopes achievable with OTFS with a
benchmark based on the spread-spectrum single-carrier BPSK
modulation, used in all existing GNSS systems; the Cramer-
Rao lower Bound (CRB) is also given for reference.

II. LEO-PNT CONCEPT AND RELATED WORK

LEO-PNT (Low Earth Orbit Positioning, Navigation, and
Timing) refers to the use of satellites in low Earth orbit (LEO)
to provide positioning, navigation, and timing services. Unlike
traditional GNSS satellites, which operate in medium Earth
orbit (MEO), LEO satellites orbit much closer to the Earth,
typically at altitudes between 500 and 2000 kilometers above
the Earth. Strictly speaking, LEO orbits start around 150 km
above the Earth, but due to the strong Earth drag effect below
500 km, the commercially launched LEO satellites so far
have been in orbits above 550 km [4], [9], [12]. Due to their
proximity to Earth, LEO satellites can provide stronger signals
and lower latencies compared to GNSS signals when similar
carrier frequencies are employed [9]. LEO-PNT systems could
also complement existing GNSS systems, providing additional
signals that enhance overall accuracy and resilience against
jamming and spoofing, which are highly desirable nowadays.
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Most of the research dedicated to LEO-PNT so far has focused
on using existing LEO constellations, such as the SpaceX
Starlink, the Amazon Kuiper, or UK’s Oneweb, as signals
of opportunity and harnessing their potential for positioning
through various Doppler-based positioning [7], [8] or cog-
nitive processing approaches [6], [13]. LEO-PNT design as
standalone systems has been addressed very little so far and
the research has focused mainly on LEO-PNT constellation
optimization [14] or on the systematic assessment of various
LEO-PNT concepts, including orbit and constellation design,
carrier frequency, bandwidth, and signal power issues [9].

Previous work focusing on LEO-PNT waveform modulation
design is rather limited and can be found for example in [15]
,which focuses on Chirp Spread Spectrum (CSS) modulations,
and in [16], focusing on direct-sequence spread spectrum
BPSK modulation, which is also the waveform of choice in
GNSS systems. For comparative purposes and also because
CSS is a non-stationary modulation, we chose the direct-
sequence spread spectrum BPSK as a benchmark in our
studies. Related works have also focused on developing and
optimizing the navigation payloads in LEO-PNT, without a
particular attention to the modulation waveform; such works
include the research on hosted payloads, designed to augment
existing GNSS constellations with additional navigation sig-
nals from LEO satellites and which rely on GNSS for orbit
determination and time synchronization, ensuring compatibil-
ity and interoperability [17]. There are currently no studies on
standalone LEO-PNT navigation payloads to the best of the
Authors’ knowledge, though research efforts focused on such
navigation payload design are undertaken in the INCUBATE
project', which also sponsored this work.

III. OTFS MODULATION OVERVIEW

OTFS, initially designed as an evolution of Orthogonal Fre-
quency Division Multiplexing (OFDM) for wireless communi-
cations, fundamentally aims at solving one of the key problems
of the latter [18], the Inter-Carrier Interference (ICI) suffered
under strong user dynamics [19]. OFDM systems may require
complex equalization techniques and increased guard intervals
to mitigate ICI effects [18], [20], which can reduce spectral
efficiency and increase computational complexity [21].

In contrast, OTES represents a relatively novel approach
[20], [22], [23] introduced to address the intricate challenges
that future wireless systems are expected to encounter, such as
Doppler and delay spreads, and associated ICI and ISI effects.
Unlike conventional methods such as single-carrier and OFDM
communications, OTFS exploits better and jointly the time
and frequency diversity, which aids in the management of ICI,
offering promising capabilities in handling the demands of 6G
networks, where it is standing as a solid candidate. The delay-
Doppler representation in OTFS allows for more accurate
channel estimation with lower training overhead, which is
beneficial in dynamic environments.

Uhttps://www.incubateproject.org/
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Essentially, OTFS adds an extra layer to OFDM by translat-
ing a time-frequency signal into the so-called delay-Doppler
(DD) domain, by means of the Inverse Symplectic Fourier
Transform (ISFFT), or otherwise by directly converting from
the time domain to the DD domain through the Zak trans-
form. While OFDM divides the signal into various frequency
subcarriers, OTFS adds the time layer into the modulation
scheme by concatenating various OFDM symbols into one
OTFS symbol, making the OTFS symbol longer and time-
diverse. These translations manage to convert a time-variant
channel into a non-variant sparse and separable set of taps
in the delay-Doppler (DD) domain. Because of the way in
which OTFS handles the longer symbol time with respect to
OFDM, all the symbols in the DD domain experience the
channel similarly, solving the limitation of OFDM of losing
orthogonality when the channel dynamics are strong [24].

Notably, OTFS has received attention from multiple dis-
ciplines and not just 5G/6G communications, such as in
the field of radar [22] or Internet of Things (IoT) [23].
However, its benefits as a positioning waveform have not been
studied yet, to the best of the Authors’ knowledge. This paper
aims at extending OTFS for LEO-PNT-based positioning and
investigating its potential as a waveform in future standalone
LEO-PNT designs.

IV. OTFS SIGNAL MODEL

OTFS makes use of the delay-Doppler (DD) domain to ob-
tain specific signal properties that make it robust towards chan-
nel impediments, particularly Doppler spreads and ICI. The
discrete-time domain representation of the OTFS-modulated
signal represented in Fig. 1 is given by s(k),

—1M—1
Xtr[n, m] Z > Xoplg, ple’*7 ¥ ()
p=0 ¢=0
—1M-1
(k) Y Y AulhmeT @)
\/7k =0 m=0

with Xpp[g, p] containing the (M x N) information-bearing
symbols in the DD domain that are converted into a set of
(M x N) time-frequency (TF) symbols Xtg[k, m] in (1). The
latter are then transmitted using the available bandwidth B,
which is divided into a set of M equi-spaced subcarriers with
separation Af = B/M, over N consecutive time slots of
duration 1" seconds each, known as the OTFS frame duration.
The TF symbols can be conveniently put in matrix form as,
Xer = FarXppFy- 3)
and the OTFS signal samples in (2) can be stacked into the
(M N x 1) vector s as follows,
T
N) @)

S = F]Ig[XFT(Z, 1) N FﬁXFT(Z,

with Fg the (Q x () discrete-time Fourier matrix, and
simplified into the following compact expression,

s = vec(F Xpr) = vec(XppF¥). 5)
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Fig. 1. OTFS block diagram with oversampling to get access to the underlying characteristics of the signal.

As can be seen, an OTFS frame can be regarded as a set
of N consecutive pre-coded OFDM symbols. In the delay
domain, the OTFS resolution is given by A7 = 1/B while
in the Doppler domain, this concatenation of OFDM symbols
provides a Doppler resolution of Ay = %. These resolutions
define the DD grid where the symbols are placed, along with
the M subcarriers and /N concatenated OFDM symbols, which
in turn give M delay grid points and N Doppler grid points.

In the sequel, we will consider the reception of the OTFS

signal s(k) over a multipath channel, leading to,

Np
r(k) = ocs(k—T)ejQWkV—FZ ays(k—7—7]) eI Loy (k)

=1

(6)
which includes the Line-of-Sight (LOS) component, impacted
by a delay 7 and a Doppler shift v, and with amplitude «,
along with the V,, multipath components. The I-th multipath
integrant has an amplitude «;, and is affected by a relative
delay 7/ and a relative Doppler shift v}, which are relative to
the LOS’s 7 and v, respectively. Finally, w(k) represents the
receiver thermal noise.

V. OTFS CONSIDERATIONS FOR LEO-PNT

The benefits of using OTFS signals in a LEO context have
already been shown for the case of Non-Terrestrial-Networks
[25], where a gain is observed with respect to its OFDM
counterpart due to the ICI induced by the high Doppler
dynamics of the LEO satellite. The advantages for LEO
positioning applications with OTFS have not been addressed
yet, even though a relevant gain should be expected as well
due to the time-varying relative Doppler between the LOS and
the reflected paths caused by the fast-changing geometry.

For the sake of clarity in the subsequent analysis, we will
consider an OTFS signal composed of a single pilot symbol
in the DD domain without other data surrounding it, shown
in Fig. 2. This figure exhibits the underlying characteristics
of a pilot in the DD domain, which can be extrapolated to
any data placed in this domain, which is comprised of a two-
dimensional sinc in the delay-Doppler directions, whose zeroes
appear at the integer points of the grid.
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Fig. 2. Underlying characteristics of one OTFS pilot

To properly recover this pilot and be able to obtain ac-
curate delay and Doppler estimates, we are implementing
an oversampled receiver in the DD domain, which can be
implemented through oversampled Fourier transforms in (3)
and (4), as shown in Fig. 1. In particular, at the receiver, F
can be applied with a larger number of points in order to
oversample the Doppler domain, by computing XDD’ MxN =
ZF y . > With N the zero-padding factor and Z the received
time-domain signal reshaped to an M x N matrix. For the
delay domain, the oversampling can be applied similarly at
transmission through s = vec(F};, v Xpr), with Ny the
number of samples per each embedded OFDM symbol in the
OTFS frame.

The OTFES multipath mitigation properties have been studied
in the literature for communications applications [26], [27],
where a strong dependence on the OTFS signal design in the
DD domain has been found. A similar study is presented next,
but keeping in mind LEO-based positioning applications.

A. Representative scenario definition

In order to address the study of OTFS for LEO-based posi-
tioning applications, the one-ray multipath scenario considered
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in [5] will be adopted. This scenario comprises one replica
coming from the reflection of the transmitted signal onto an
object separated a distance d from the receiver, and a receiver
altitude of hrx. Two different cases are considered herein,
mainly depending on the satellite elevation 6, at the moment
of receiving the signal, and the distance d, as described in
Table I.

TABLE I. SCENARIO DEFINITION FOR LEO-BASED
POSITIONING

Scenario d hrx sat. height sat. vel. 0 Ad ife v
1) 20m 2m 500 km 0.75 °s 45° 2dcos(6.) 10 GHz 14.6 Hz
2) 30m 2m 500 km 0.75 °s 60° 2dcos(61) 12 GHz 29 Hz

Due to the fast-changing geometry caused by the rapid
movement of the LEO satellite, the reflected ray will have
quick changes in its amplitude and path length. These quick
changes derive in a relative Doppler shift of the multipath
with respect to the LOS, defined as v/ = % . %. Hence,
a quick variation on the extra path length that the multipath
travels with respect to that of the LOS will result in added
relative Doppler shift in the multipath signal. The extra path
length Ad of the multipath with respect to the LOS varies
with 6.;, which in turn varies with time, depending on the
satellite angular velocity, defined in deg/s. Furthermore, the
satellite angular velocity will be higher the lower the satellite
altitude, and thus the relative Doppler shift v/ will be higher
for lower-flying satellites.

We take two different scenarios with reflection distances,
satellite elevations, and carrier frequencies, which are repre-
sentative of real-case multipath scenarios.

They result in 2/ values of 14.6 Hz and 29 Hz, respectively,
which gives enough separation for the LEO multipath channel
to be considered to be doubly-spread, that is, to be have
paths that are distinguishable in both delay and Doppler
directions. This gives an opportunity for OTFS to shine, given
its characteristic time-frequency diversity, which endows it
with a high Doppler resolution that can be able to discern the
multipath in both delay and Doppler directions at the same
tfime.

B. OTFS signal configuration

Let us consider a B = 10 MHz, a sampling frequency F; =
50 MHz, and the reception of one OTFS symbol. To make use
of OTFS for the aforementioned LEO doubly-spread channel,
the Doppler resolution defined as Av = ﬁ should be small
enough to tell apart the various paths in the Doppler domain.

Taking into account the obtained »’ values from Table
I, a target value of Arv = 15Hz is chosen, which is small
enough to avoid strong overlapping between the LOS and the
multipaths in either of the two scenarios, so that the LOS
can be distinguished clearly and little error is induced by the
presence of multipath. While such a configuration will avoid
overlapping of the main lobes of the LOS and the multipath
signal due to Av being bigger than v/, it is notable that the

multipath will have an impact nonetheless on the LOS, given
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the secondary lobes present in each component, as shown in
Fig. 2. The impact of the multipath on the LOS will only be
nought when ¢/ is an integer multiplier of Av. This mitigation
approach is not possible for other modulations that do not
achieve time and frequency diversity, since the paths will not
be distinguishable in the two dimensions.

For the considered B, and for a frequency subcarrier spacing
of Af = 15 kHz, following the OFDM standard in [28], a
total of M = 667 subcarriers are deployed, which entails a
frame duration of 7' = 1/Af = 66.7 us. This means that a
total of NV = 1000 need to be transmitted per OTFS frame in
order to achieve the desired Doppler resolution Av, with one
OTFS symbol lasting 1/Av = 66.7 ms, which is small enough
for v/ to remain roughly constant and thus time-invariant for
OTFES. Table II presents a summary on the configuration of the
relevant OTFS parameters, namely N and M, for the given
B, and the target Av considering the worst-case scenario from
Table I.

TABLE II. OTFS PARAMETERS FOR THE WORST SCENARIO IN

TABLE 1
B Af M target Av needed NV
B _ B _
I0MHz 1SkHz % =667 | 15Hz | 35 = 1000

VI. SIMULATION RESULTS

In this section, simulation results are presented for the OTFS
performance in the LEO-based positioning scenarios defined in
Section V-A with multipath. First off, though, we take a look at
the performance of OTFES in a scenario without multipath. The
results for OTFS will be compared with those obtained for the
spread-spectrum single-carrier BPSK modulation widely used
in GNSS. The Cramér-Rao Bound (CRB) will be considered
as well as a reference benchmark.

A. Performance for the LOS-only channel

Let us first consider the case for an Additive White Gaussian
Noise (AWGN) channel, i.e. without multipath, for the re-
trieval of the achievable accuracy of OTFS, and its comparison
with BPSK and their respective CRBs. For OTFES, the delay
and Doppler are estimated at the receiver in the DD domain,
where only one DD symbol and a known position in the DD
grid are transmitted. For BPSK, the delay and Doppler are
estimated by computing the ambiguity function (AF) obtained
by performing the correlation between the baseband received
signal and the local replica (i.e. matched filter), for various
tentative Doppler values.

For an AWGN channel, the CRB for time-delay estimation
(i.e. ranging accuracy) is given by (7), with \/aB/2 the root-
mean-square (RMS) bandwidth and E the received signal
energy.

-1
CRB(7) = (04(15/2)2 - Nf%) (7)

Regarding the factor «a, it2 can be approximated for OTFS
and BPSK as aorps =~ % and appsg ~ 4.41, respectively
[29], the difference coming from the better spectrum utilisation
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Fig. 3. Delay estimation accuracy comparison between OTFS, BPSK and
their respective CRBs.
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Fig. 4. Doppler estimation accuracy comparison between OTFS, BPSK and
the CRB.

of OTFS with respect to BPSK. The agrps is actually the
same as that of OFDM, since OTFS can be understood as
OFDM plus precoding. In order to make a fair comparison
between OTFS and the spread-spectrum single-carrier BPSK,
the latter is using a symbol rate 1/7 = B/2 and its spectrum
is filtered so as to make sure that BPSK has the same two-
sided bandwidth B used by OTFS.

With these considerations in mind, the results in Fig. 3
are obtained, showcasing the achievable delay RMS Error
(RMSE). These results show that OTFS does not provide much
advantage in ranging estimation with respect to BPSK in an
AWGN channel, except for the better spectral usage that gives
a larger RMS bandwidth, and thus better delay accuracy. These
results should be expected, given that the CRB defined in
(7) has little dependance on the modulation scheme, except
for that given by «, and the pilot in the DD domain does
not provide an advantage with respect to the AF of spread-
spectrum BPSK in a multipath-less scenario.

Regarding the CRB for Doppler estimation, in this case both
OTFS and BPSK have the same CRB expression since the
Doppler estimation does not depend on the signal waveform
but on the received energy. The expression is thus given by,

B, \ !
w3) ®

The results for the Doppler estimation are shown in Fig. 4,

CRB(v) =3 - <47r2
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where OTFS is shown to perform similarly to BPSK. By the
same token as in the delay RMSE, the results are expected
since OTFS should not provide a substantial gain with respect
to spread-spectrum single-carrier BPSK in a scenario without
multipath.

B. Performance for the LEO multipath channel

In this subsection we consider the two multipath scenarios
described in Table I with the OTFS configuration in Table II.
The received OTFS signal in the DD domain for the v/ in
the first scenario, and considering an example 7/ = 45 m,
is compared to the BPSK AF for this same signal in Fig.
5. The advantage of using OTFS in doubly-spread channels
is clearly seen, since OTFS manages to discern the LOS
and the multipath in both delay and Doppler domains, while
BPSK cannot distinguish the multipath from the LOS since
no Doppler differentiation can be achieved, and the LOS and
multipath lobes end up coalescing, which distorts the main
lobe of the LOS, and thus affects the estimation accuracy
of both delay and Doppler. Even if in this case the OTFS
LOS ends up without distortion because of the doubly-spread
channel, it is noticeable that it only needs the various paths
to be distinguishable in one of the two dimensions, and thus
OTEFS suffers from little error even if there is negligible delay
difference, if the paths are separated in the Doppler dimension.

To analyse the multipath effect on positioning accuracy, it
is common to obtain the Multipath Error Envelope (MEE),
which provides the error that might be expected for a certain
relative multipath delay with respect to the LOS. The MEE is
a concept used in satellite navigation systems to describe the
bounds of errors caused by multipath interference. Multipath
interference occurs when a signal from a satellite reaches the
receiver via multiple paths due to reflections off surfaces like
buildings or the ground. This can cause errors in the position
calculation.

The MEE provides an estimate of the maximum potential
error introduced by these multipath effects. It is particularly
important in urban environments where reflections are more
common. The typical way to model MEE is to consider a LOS
and a single multipath reflection, with variable spacing to the
first path and typically at half of the amplitude of the first path
and to investigate the effect of such varying multipath spacing
on the positioning accuracy. We present the MEE results in
meters, showing both the multipath delay (or replica delay)
and the MEE as time (or delay) multiplied with the speed of
light, for a more illustrative representation.

Fig. 6 shows the MEE for BPSK and OTFS for the LEO
scenarios in Table I, and for the case of v/ = 0 Hz. Notably,
any v/ produces the same MEE for BPSK, due to the low
resolution in the Doppler direction of the AF, while OTFS
is capable of distinguishing the various paths through their
differentiation in Doppler shift, which produces a very low
MEE for OTFS in the considered LEO scenarios, and in
general for any v/ larger than Av.
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Fig. 5. OTFS signal at the DD domain at reception (left) and the ambiguity function of BPSK at reception (right) for a channel with doubly-spread multipath.
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Fig. 6. Comparison of the Multipath Error Envelope between BPSK and
OTFS.

VII. CONCLUSIONS

In conclusion, this paper has shown the prospect of using
OTFS as a waveform solution for future LEO-PNT applica-
tions and air-to-ground propagation channels exhibiting large
Doppler spreads. We have shown some of the capabilities
of OTFS in terms of delay and Doppler estimation accuracy
in comparison with a spread-spectrum single-carrier BPSK
modulation, currently used in GNSS systems as well as with
the theoretical CRB bound for an AWGN channel. We also
studied the performance in multipath, focusing on multipath
error envelopes for various LEO scenarios. Specifically, we
have made use of the relative Doppler shift given by the
fast-changing geometry of the LEO scenario, which makes
the LEO channel doubly-spread. Under such assumption of
doubly-spread channels, the OTFS waveform manages to
distinguish the Doppler differences between the channel paths
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due to its improved Doppler resolution with respect to OFDM
or any other modulation, which comes from its distinctive
signal design. For this reason, the MEE of OTFS becomes
increasingly small with bigger Doppler differences between
paths and, with the proper setup of the OTFS configuration
parameters (namely the bandwidth B, the number of subcar-
riers M, and the number of embedded OFDM symbols N), it
becomes considerably small for LEO multipath channels and
thus well suited for PNT applications. Our findings so far point
out towards the fact that high positioning accuracy in multipath
scenarios can be achieved with a proper configuration of
OTFS, making it a potentially promising solution for LEO-
PNT. Future research on LEO-PNT waveform design should
also take into account how to optimize the signal acquisition
and tracking in the presence of significant Doppler shifts and
spreads, due to the high relative velocities between LEO satel-
lites and ground receivers. LEO satellites often operate within
constrained bandwidths, making thus essential to also optimise
the waveforms to low bandwidths and to expand our work
to bandwidths below 10 MHz. Last but not least, designing
waveforms that can scale up with large constellations and
integrate seamlessly with existing GNSS and communication
systems [30] remains a significant challenge.
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