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Abstract—During the past decades, seamless navigation has
become crucial for numerous Position-Navigation-Timing (PNT)-
based applications, with Global Navigation Satellite Systems
(GNSS) serving as the primary provider for PNT solutions.
However, GNSS faces limitations and severe threats which are
limiting to the increasing needs in positioning applications.
The use of Low-Earth-Orbit (LEO) satellites for positioning is
projected to be a strong alternative to standard GNSS due to
its potential improvements in key metrics for positioning. In this
regard, the present paper unveils the use of the Orthogonal Time
Frequency Space (OTFS) modulation for a standalone LEO-
PNT system, and it discusses how OTFS can be tailored to
any LEO-PNT scenario to obtain excellent multipath mitigation
capabilities. Specifically, these are achieved by using the Doppler
characterisation of LEO multipath signals, which combines
well with the high Doppler resolution of OTFS. A statistical
analysis on the relative delay and Doppler of the reflected
signals is conducted during several passes of two real LEO
satellites over a receiver in an urban environment, from which
OTEFS is configured given a requirement on ranging accuracy.
Subsequently, the hypothetical use of OTFS for these two real
LEO satellites is analysed through simulations on its ranging
accuracy, demonstrating its improvements over the standard
Binary Phase Shift Keying (BPSK) modulation used in GNSS.

Index Terms—LEO-PNT, OTFS, delay-Doppler processing

I. INTRODUCTION

In recent years, positioning services have seen a substan-
tial increase in the demands for high accuracy and reduced
complexity, driving the need for enhanced and revamped
solutions that overcome the limitations of GNSS [1], [2].
One such solution is the employment of alternative systems
to complement the GNSS constellations, and particularly the
use of Low Earth Orbit (LEO) satellites, commonly referred
as the LEO Position-Navigation Timing (LEO-PNT) solution,
which have been shown to provide prominent advantages for
positioning services [3[|-[5]]. Inherently, LEO satellites yield
signals with higher received power than GNSS, which give
higher Carrier-to-Noise ratios (C'/Np) and stronger robustness
to intentional and unintentional interferences. Furthermore,
LEO satellites are subject to faster time-varying multipath,
along with improved Geometric Dilution of Precision (GDOP).
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It is for this reason that, when used complementarily to
GNSS, LEO-PNT is expected to add the layer of integrity,
security and sovereignty that many governmental bodies and
industrial partners are seeking for next-generation satellite-
based positioning systems [6].

All these advantages have triggered the study of future ded-
icated LEO-PNT constellations within both public and private
institutions. Among all the features to be carefully addressed,
the signal design stands out as particularly important due
to its critical role in ensuring the system’s performance and
reliability, while keeping low complexity to encourage adop-
tion in small devices with constraints on power consumption
and computational load (e.g. devices for Internet of Things
applications). This latter feature is actually one of the GNSS
Achilles’ heel, and it is intended to be circumvented in future
LEO-PNT signal designs through the use of more efficient
signaling schemes. To this end, several signal modulations
are currently under study for their use in LEO-PNT such
as Chirp Spread Spectrum (CSS) [7], Orthogonal Frequency
Division Multiplexing (OFDM), due to its synergies with
signals envisaged to be used in 5G non-terrestrial networks
(NTN) [8]], and GNSS-like signals better tailored to LEO
scenarios, and thus using lower chipping rates and shorter
codes than in conventional GNSS [9]].

In this context, the present work intends to unveil the
interest of the Orthogonal Time Frequency Space (OTFES)
modulation, a variant of OFDM first proposed in [[10] for
communications in highly time-variant multipath channels
[L1]. OTFES is engineered by adding an extra layer to OFDM
by means of a Symplectic Fourier transform (SFFT), which
translates from the time-frequency domain of OFDM into the
so-called delay-Doppler (DD) domain, or otherwise by using
the Zak transform representation of time-domain signals [[12].
Such a design keeps the Bit-Error-Rate (BER) low in highly
dynamic scenarios, since each symbol in the DD domain has
an improved resolution directly related to the channel, which
makes them more time-invariant and thus robust to Inter-
Carrier Interference (ICI) [[12]].

Notably, a myriad of disciplines are considering the use
of OTFS, from future 5G/6G wireless networks [13]], next-
generation radar systems [[14]-[17]], devices for Internet of
Things (IoT) [18[]-[20], and most recently, Integrated Sensing
and Communications (ISAC) [21]]-[23]]. The interest is not
only due to the OTFS robust performance in high-mobility
scenarios, but also to its direct interaction with the delay-



Doppler (DD) domain of the channel. Such interaction mir-
rors the underlying physical geometries of the environment,
allowing different reflected paths to be separated. In the
communication arena, this is clearly used to mitigate ICI, but
in the positioning arena, this feature can also be used for
sensing the environment, thus bringing an interesting added
value in the aforementioned applications dealing with ISAC.

While most of the existing contributions on OTFS focus on
terrestrial applications, little attention has been drawn so far to
the possibility of using OTFS for satellite-based positioning.
In this context, the present paper extends the results in [24],
by analysing a real-case scenario for LEO-based positioning
in urban environments. To this end, numerical results are
obtained from a Matlab ray-tracing engine for a user terminal
located in downtown Hong Kong and receiving signals from
a set of Starlink satellites. The ray-tracing results provide
valuable insights on the delay-Doppler spread that can be
expected in this type of scenarios. These insights serve as a
guideline for designing the delay-Doppler grid of prospective
OTEFS schemes for LEO-PNT, and to assess their achievable
ranging performance.

II. OTFS FUNDAMENTAL CONCEPTS FOR LEO-PNT
A. OTFS signal model

The properties of the OTFS signal are given by its ability to
convert a doubly-dispersive time-domain channel into a sparse
and separable set of taps in the delay-Doppler (DD) domain.
To do so, the available two-sided bandwidth B is divided
into M subcarriers with separation Af = B/M. Similarly,
the available time for transmitting a so-called OTFS block
or frame is divided into NN consecutive time slots, each of
duration T'= 1/Af seconds. Assuming for simplicity that a
rectangular pulse shape is used, parameters M and N are then
the ones characterizing the discrete-time performance of the
OTEFS signal.

In the DD domain, a set of M N symbols are stacked into an
M x N matrix Xpp, corresponding to the bins of an M x N
DD grid. The M N DD symbols are then transformed into a
set of M'N time-frequency (TF) symbols as follows,
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with X an M x N time-frequency matrix, and then these
symbols are transmitted similarly to a conventional OFDM
signal [25[]. That is, the baseband equivalent of the resulting
discrete-time OTFS transmitted signal s(k) is given by
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fork=0,..., M N —1. Interestingly, the M N signal samples
of the OTFS signal can be stacked into the (M N x 1) vector
s and thus conveniently expressed in matrix form as,

1
s = MveC(XDDF%). 3)

with F the (N x N) Fourier matrix such that [FN}p,q =
ﬁe—ﬂ”mﬂv and thus FyFH =1y,

B. OTFS Doppler-delay resolution

We consider the following signal model for the received
signal in an NNV,-path multipath channel,
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where o; for [ = 0..., N, denotes the amplitude of each

replica, v and 7 the delay and Doppler of the line-of-sight

(LoS), while v/ and 7/ represent the relative Doppler and delay

of the multipath with respect to the LoS, respectively. Finally,
w(k) contains the thermal noise.

According to the considerations discussed in Section [[T-A}
the DD domain of the OTFS signal has a delay resolution
given by A7 = 1/B and a Doppler resolution of Av = %.
This shows that the resolution in the Doppler domain depends
on both the number of subcarriers M but also on the number
of slots N, which corresponds to the number of consecutive
OFDM symbols that form an OTFS frame. This concatenation
of OFDM symbols is actually what brings OTFS the capability
of coping with time-varying multipath channels.

Because of the strong dynamics of the LEO satellite, the
relative Doppler of the multipath with respect to the LoS is
not negligible, as is instead for MEO satellites. Its value is
given by v/ = % . %, with f. the carrier frequency and
Ad the path distance difference between multipath and LoS.
Depending on the distribution of v/ within a given working
scenario, the OTFS Doppler resolution Av can be properly
configured so as to make the reflected paths separable in the
DD domain.

C. Adjusting OTFS to accuracy requirements

Following the logic described in the previous subsection, the
OTFS design goal considered in this work aims at setting Av
and A7 so that they allow the paths of a LEO doubly-spread
channel to be separable in the DD domain.

For a certain v/ and 7/, the multipath-induced ranging
estimation error of OTFS is approximated by,

ermp(7, V) = ermp (7', =0) - sinc(20'/Av)  (5)

with e, mp(7/,0/ = 0) the value of the Multipath Error
Envelope as portrayed in [24] for a particular 7/ and v/ = 0.

Notably, Eq. (3) directly relates the delay error with the
OTFS Doppler resolution, thus relating the configuration of
parameters M, N and B with the ranging estimation accuracy.
These can be related because of the OTFS signal design, with
the accuracy improving as the paths stop overlapping in either
one of the Doppler and delay dimensions.

From Eq. (3], given some requirement on the delay estima-
tion accuracy and a certain statistical distribution of the values
of v/ and 7/, the OTFS parameters M, N and B can be designed
so that they produce a Av that fits said requirement. As an
example, the relation between Avr and the delay accuracy is
further shown in Fig. [1] where we take 7/ = 30 m, which
results in an e, pp(7,0/ = 0) of -4.68 m [24], and show
the different errors produced for various choices of Av. This
goes to show that Ay can be designed according to a given
statistical requirement on e, \p and given the distributions



of v/ and 7’. Fig. [1] also depicts the difference between the
simulated values of e, \p with the model in Eq. @
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Fig. 1: Representation of e, yp with respect to v/, for various
values of Av, and taking 7/ = 30 m.

In Section[M] the exact 7’ and v distributions in LEO mul-
tipath scenarios are obtained, and Section |I_V| follows with the
Av definition using the developments in this subsection, for
the obtained distributions and a delay accuracy requirement.

III. EMPIRICAL LEO DELAY-DOPPLER DISTRIBUTION
A. Scenario definition

The considered received LEO signal is defined by Eq. (@).
As mentioned in the previous section, the strong dynamics
of the LEO channel yield non-negligible values of v/, which
mainly depend on the satellite altitude and the multipath
geometry of the receiver. The characterisations of v/ and 7/ in
LEO scenarios are obtained in this section, for one particular
receiver position and taking data from real LEO satellites.
Notably, 7’ and v depend only on the geometry of the system
and not on the signal design, and thus we take data about the
positions of real satellites even if they do not run with OTFS.

For this task, we consider a User Equipment (UE) highly
impacted by multipath signals, such as one placed in the
city centre of Hong Kong, as described in Table [l On the
transmission side, we evaluate two LEO satellites from the
Starlink constellation, namely ’Starlink-1007" and ’Starlink-
31658°, with the properties shown in Table | and hypotheti-
cally working at f. = 10 GHz. Specifically, these two satellites
were chosen because of their difference in altitude, taking into
account the strong relation between satellite altitude and ¢/,
and because of their prototypicality within the currently ex-
isting LEO constellations. Using their TLE files, we compute
the positions of each satellite during May 2024, and using the
Matlab ray-tracing engine we find the Ad of the various paths
over time, from which we can then compute /. We repeat this
operation during various passes of the satellite over the UE to
extract the statistical characterisation of /.

TABLE I: Satellite and receiver setup

UE pos. [lat, lon] Satellite ID Sat. alt. Sat. vel.  Sat. passes over UE
22.319, 114.169 1007 ~553 km ~27310 km/h 188
22.319, 114.169] 31658  ~300 km ~27900 km/h 160

B. Simulated ray-tracing results

For the two setups in Table [l and considering all the
multipath rays that the receiver gets with 3 or fewer reflections,

the results for the characterisation of 7’ and v’ are shown in
Fig. 2] and Fig. [3] respectively.
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Fig. 2: Distribution of 7’ for the described LEO scenarios.
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Fig. 3: Distribution of v/ for the described LEO scenarios.

From these results, the average || for Starlink-1007 is
found to be 5.9 Hz, while its average |7’| is 19.34 m. In com-
parison, for Starlink-31658, these values reach 10.31 Hz and
16.18 m, respectively. As expected, the faster ’Starlink-31658’
produces bigger values of |v/| while 7/ remains independent.

IV. OTFS RANGING ACCURACY PERFORMANCE

We consider a simulation setup with B = 10 MHz and Fj
= 50 MHz, and compare OTFS to BPSK, the standard mod-
ulation in GNSS, using the aforementioned Starlink satellites.
Notably, these satellites do not use OTFS and are considered
herein only as a hypothetical case, to showcase the potential
advantages of OTFS for any constellation of LEO satellites.

Let us assume that we have a requirement on achieving
a ranging error below 1 m when 7" = 30 m for 97.5% of
Doppler cases when using ’Starlink-31658’. The 7/ = 30 m
case is considered because it is a critical case for both OTFS
and BPSK for the given B [24]. Considering Eq. (5) and the
Doppler distribution shown in Fig.[3] we find that a Av =2.5
Hz fits this requirement. For the given B, an M = 667 and an
N = 6000 are configured to reach the target Awv.

A. Simulated delay accuracy against Es/Ny

Using the signal model in Eq. , the average v/ values
found using ’Starlink-1007" and ’Starlink-31658’, and con-
sidering the critical 7/ = 30 m case, the Root-Mean-Square



Error (RMSE) of the delay estimation is computed for various
values of E/Ny, with E; the received signal energy, and
taking that the multipath’s power is 3 dB below that of the
LoS. Fig. @] compares these results between OTFS and BPSK
modulations, and with their respective Cramér-Rao Bounds
(CRB). For the delay estimation, the considered CRB only
takes into account the presence of the LoS, and is given

—1
by CRB(7) ~ (a(B/2)?- le/ , with « depending on
the Root-Mean-Square (RMS) bandwidth and approximated

4r?
as [aorrs &~ “5- and [a]gpsk ~ 4.41 [26].
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Fig. 4: Delay RMSE for representative values of v/ in the
Starlink constellation, for 7/ = 30 m and the set UE position.

Fig. [ shows the improvements of OTFS with respect to
BPSK. While the saturation level given by the presence of
multipath is high for BPSK, OTFS keeps it low due to its fine
Doppler resolution that allows for the distinction of LoS and
multipath. Interestingly, Eq. shows that if v/ equals nAv,
with n € {0,1,2,...}, then e; \yp = 0 m and the delay RMSE
follows the CRB, such as the case of v’ = 2.5 Hz. For other
values of v/, the saturation levels depend on e, \p. Given
that the average || of ’Starlink-1007" is lower than that of
’Starlink-31658°, the saturation level of the prior is higher. For
BPSK, since its Doppler resolution is much worse than that of
OTFS, varying v/ has negligible impact, and the LoS cannot
be discerned from the multipath through Doppler refinement.

B. Statistical analysis of OTFS multipath ranging accuracy

Next, we take into consideration all the values of v/ given
by both satellites in Fig. [3] and the case of 7 = 30 m, and
we compute the delay RMSE for each. For this experiment,
we focus solely on the impact of the multipath without
considering the channel noise, to evaluate its affectation on
both modulations. We put each v’ value into our simulator,
which considers one multipath with a power 3 dB lower than
the LoS. The results in Fig. [5] display the histogram of the
OTFS delay RMSE for both satellites, compared with BPSK.

As expected, the error using BPSK is high, unchanging, and
equal in both satellites, but for OTFS the error differs due to
the different distributions of v of the two considered satellites.
Particularly, OTFS performs best for ’Starlink-31658, which
is expected from Eq. [5| since the average |v//| is higher, given
the lower altitude of the satellite. Table [[Il shows the statistical
results of the delay RMSE for the two satellites.
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Fig. 5: Delay estimation error induced only by the presence
of multipath, for 7= 30 m and the v/ distributions in Fig.

TABLE II: OTFS and BPSK performance comparison

City Satellite ID OTFS mrmse OTES % < 1 m BPSK mrMsE
Hong Kong 1007 145 m 79.48 % 11.78 m
Hong Kong 31658 0.68 m 95.50 % 11.78 m

These results show that the requirement we set for e, np
is almost achieved, with the vast majority of the OTFS delay
error for ’Starlink-31658 falling below 1 meter, and a delay
RMSE of 0.68 m. The small discrepancy of these results from
the requirement comes from Eq. (5) being an approximation.

These findings indicate that, if OTFS were to be used
in LEO satellites, such as Starlink, prominent advantages in
terms of positioning accuracy in multipath scenarios could
be obtained and tailored to a specific requirement. They also
show its dependency with the v/ /Av ratio; the slower the LEO
satellite, the lower the ratio and the lower the delay accuracy.
Given the direct relation between them, better accuracy can be
achieved by lowering Av, at the cost of higher complexity.

V. CONCLUSIONS

In conclusion, the prospect of using OTFS with LEO
satellites in a real urban multipath scenario has been studied
and compared with the standard BPSK modulation in GNSS.
OTFS shows important gains in ranging estimation accuracy
in the presence of multipath for the LEO channel due to the
relation between the fine Doppler resolution of the prior and
the relative Doppler of the latter. We have obtained the cost
function of the multipath delay error that depends on the pa-
rameters of OTFS and on the distribution of the relative delay
and Doppler, from which OTFS can be configured to obtain
a certain multipath ranging error. Given the dependancy with
the relative delay and Doppler distributions, they have been
analysed simulating satellites ’Starlink-1007" and ’Starlink-
31658’ flying over downtown Hong Kong, for numerous
passes of these satellites. From them and from an imposed
requirement on the accuracy of the ranging estimation, the
OTFS parameters keeping with it have been defined. Finally,
given their definition, the ranging estimation accuracy results
have been obtained and compared with BPSK, showcasing the
clear gains of OTFS for LEO-PNT in multipath scenarios and
the compliance with said ranging accuracy requirement.
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