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Abstract: The recent rapid development of low Earth orbit (LEO) constellation-based navigation tech-
niques has enhanced the ability of position, navigation, and timing (PNT) services in deep attenuation
and interference environments. However, existing navigation modulations face the challenges of
high acquisition complexity and do not improve measurement precision at the same signal strength.
We propose a pulsed orthogonal time frequency space (Pulse-OTFS) signal, which naturally converts
continuous signals into pulses through a special delay-Doppler domain pseudorandom noise (PRN)
code sequence arrangement. The performance evaluation indicates that the proposed signal reduces
at least 89.4% of the acquisition complexity. The delay measurement accuracy is about 8 dB better
than that of the traditional binary phase shift keying (BPSK) signals with the same bandwidth. It also
provides superior compatibility and anti-multipath performance. The advantages of fast acquisition
and high-precision measurement are verified by processing the real signal in the developed software
receiver. As Pulse-OTFS occupies only one time slot of a signal period, it can be easily integrated
with OTFS-modulated communication signals and used as a navigation signal from broadband LEO
satellites as an effective complement to the global navigation satellite system (GNSS).

Keywords: LEO PNT; satellite navigation; OTFS; pulsed signal; performance evaluation

1. Introduction

The global navigation satellite system (GNSS) has become a fundamental component
of the position, navigation, and timing (PNT) service, providing high-precision positioning
and timing services. Meanwhile, the GNSS provides L-band microwave signals with high
temporal resolution, extending its applications from positioning/navigation to remote
sensing. However, the GNSS core constellations, such as the global positioning system
(GPS) in medium Earth orbit (MEO), exhibit significant signal attenuation after long-
distance propagation. This limits the applicability of the GNSS in environments with
high levels of deep attenuation and interference, including dense urban areas and indoor
settings, which presents a challenge for the further application of the GNSS [1]. In recent
years, many proposals have been put forward regarding the construction of numerous large
constellations of low Earth orbit (LEO) satellites, which accelerates the development of
LEO constellations. It is anticipated that the integration of communication and navigation
functions in LEO satellites will result in cost savings, as the construction of multiple systems
will no longer be necessary [2]. The navigation system based on a LEO constellation
offers several advantages, including strong signal strength, good dilution of precision
(DOP) factor, fast geometric changes that help improve precise point positioning (PPP)
performance, etc. [3–5].
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Signal modulation is the key technology for satellite navigation systems and has a
significant impact on the performance of navigation signals [6]. Some modulations have
been employed in the GNSS, starting with binary phase shift keying (BPSK) [7]. To sepa-
rate the spectrums of different signals on the same center frequency, binary offset carrier
(BOC) modulation was adopted [8]. In the context of the modernization of the GNSS, two
new modulation techniques were proposed, multiplexed BOC (MBOC) and alternate BOC
(AltBOC) [9]. AltBOC is capable of providing a greater degree of flexibility in terms of the
services it can offer than the former [10]. Nevertheless, the existing navigation modulation
cannot be employed directly for LEO satellites for two primary reasons. On the one hand,
the high Doppler caused by the LEO high-mobility channel significantly increases the acqui-
sition complexity of traditional navigation modulation; despite chirp spread spectrum-like
modulations effectively reducing the acquisition complexity, the measurement accuracy de-
creases [11,12]. On the other hand, the LEO constellation is primarily utilized for providing
communication and Internet services [13,14]; existing navigation modulation techniques
face challenges in meeting the requirements of broadband communication, despite their
inherent data transmission capacity [15]. It is therefore evident that the implementation
of navigation based on broadband communication modulation has become an important
research area [16].

Orthogonal frequency division multiplexing (OFDM) modulation is widely adopted
in communication systems, primarily due to its high spectral efficiency and strong anti-
multipath performance. Furthermore, the Cramer-Rao lower bound (CRLB) for OFDM
delay estimation is lower than that of BPSK [17], indicating that OFDM can improve the
ranging accuracy of LEO satellite signals for future high-precision navigation applications.
The navigation performance study of OFDM modulation showed that the code-tracking
performance of OFDM was superior to that of the other GNSS signals with a pre-filtering
bandwidth greater than 2 MHz [18]. Both the long-term evolution (LTE) and new radio
(NR) systems successfully use the positioning reference signal (PRS) based on OFDM
modulation for independent positioning [19–22]. As an OFDM-compatible modulation
technique, orthogonal time frequency space (OTFS) has been considered a candidate for
the next-generation communication system (6G) due to its excellent performance in high-
mobility channels [23,24]. OTFS multiplexes information symbols over two-dimensional
orthogonal basis functions in the delay-Doppler domain to combat the dynamics of the
time-varying multipath channels [25]. As OTFS still converts symbols to the time-frequency
domain, it can be expected to have a similar spectrum to OFDM, which means that OTFS
improves communication performance under high-mobility channels while retaining the
high-precision measurement capability of OFDM. Therefore, the application of OTFS
modulation to the LEO satellite constellation is expected to provide better broadband
communication and PNT services.

In recent years, OTFS has been investigated for use in LEO satellite constellations
with the expectation of providing PNT services [26]. A recent study preliminarily ex-
plored the performance of OTFS as a LEO navigation signal; the results show that the
theoretical delay and Doppler measurement accuracy of OTFS are better than BPSK, but
no receiver was developed to verify the conclusions [27]. In another work, a red and
blue frequency shift discriminator for OTFS modulation was designed to enable high-
precision Doppler measurements with LEO signals [28]. An OTFS-based communication
and navigation-integrated signal superimposes the AltBOC-modulated navigation message
with quadrature amplitude-modulated communication data and then the symbols are
transmitted via OTFS modulation, but the signal still utilizes time–domain PRN sequences
for delay measurements rather than OTFS itself [29]. Some other studies have focused on
pilot-based communication channel estimation [30–32], but these works cannot be directly
applied to navigation.

Currently, LEO satellite navigation signals face a challenge, i.e., neither traditional
navigation modulation nor OFDM reduces acquisition complexity; at least to the best of
our knowledge, no studies have shown that they have an advantage in this regard. It is
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well known that the acquisition of navigation signals is a three-dimensional search process
of the satellite, the code phase, and the Doppler frequency. For a specific satellite, the
acquisition complexity mainly depends on the loss introduced by the Doppler frequency
offset in the signal cross-correlation, and the larger this loss, the longer the frequency search
time required [7]. It can be anticipated that the Doppler loss for a pulsed signal is less than
that for a continuous signal for the same power, because the former has a shorter coherent
integration time, even though they have equal signal periods. The signal of the Locata
system can be operated in a pulse amplitude modulation (PAM) with different duty cycles,
power output, and pseudorandom noise (PRN) codes; PAM is commonly used to reduce
interference and increase the working range, i.e., to overcome the “near-far” effect [33,34].
Numerous experiments have demonstrated that the Locata signals satisfy most scenarios
where the GNSS is not available [35]. If the pulsed signals are applied to LEO satellites, it is
expected that the correlation loss caused by Doppler frequency offset can be mitigated to
reduce the acquisition complexity of the signal.

Inspired by OTFS modulation and pulsed signals, we propose Pulse-OTFS for LEO
satellites that achieves low acquisition complexity and high-precision measurements, as
well as better compatibility and anti-multipath performance. We make four contributions
in this paper:

1. A novel signal named Pulse-OTFS is proposed in this paper, which has the advantages
of both high-precision measurement and fast acquisition. We exploit the property
of OTFS modulation to naturally convert a continuous signal into a pulsed signal
by arranging multiple identical PRN code sequences in the delay-Doppler domain,
which results in the generation of time–domain Pulse-OTFS signals with different
duty cycles.

2. We introduce the mathematical model of the OTFS modulation and Pulse-OTFS
signals and derive general expressions for the power spectral density (PSD) and
autocorrelation function (ACF) of OTFS modulation, which are equally applicable to
the proposed signal. We also discuss the relationship between the proposed signal
properties and parameters as well as the connection with BPSK.

3. The navigation performance of Pulse-OTFS is evaluated in comprehensive detail and
compared with that of the original OTFS signal, traditional GNSS signal, and Locata
signal, i.e., Pulse-BPSK. The results indicate that the carrier power-to-noise density
ratio (C/N0 of the proposed signal is about 8 dB lower than that of the GNSS and
Locata signals for the same code-tracking accuracy. This means that the proposed
signal achieves higher measurement accuracy at the same C/N0. Meanwhile, the
acquisition complexity is reduced by at least 89.4%. It also has advantages in terms of
compatibility and anti-multipath performance.

4. We implement an experimental platform based on software-defined radio (SDR) and
verify the advantage in the fast acquisition and code-tracking accuracy of the proposed
signal through a real analog channel. The experimental results are consistent with the
theoretical performance analysis.

The remainder of this paper is organized as follows. Section 2 introduces the proposed
Pulse-OTFS signal model and derives analytical expressions of the ACF and PSD. Section 3
evaluates the navigational performance of the proposed signal. Section 4 verifies the
advantages of the proposed signal through an SDR-based experimental platform. Finally,
the paper concludes in Section 5.

2. The Proposed Pulse-OTFS Signal

This section introduces the mathematical model of the OTFS modulation and the pro-
posed signal, derives the expressions of ACF and PSD, and discusses the signal properties
with different parameters.
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2.1. Signal Model

The principle of OTFS modulation/demodulation is equivalent to adding an inverse
symplectic fast Fourier transform (ISFFT) operation before OFDM modulation and a sym-
plectic fast Fourier transform (SFFT) operation after OFDM demodulation, as shown in
Figure 1. These two-dimensional transformations convert modulated symbols between the
time-frequency domain and the delay-Doppler domain. The main signal parameters in-
clude the delay bins M, Doppler bins N, and bandwidth B, which are equal to the subcarrier
number, symbols number, and bandwidth of OFDM, respectively.
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The delay-Doppler transmitted symbol Xdd[m, n] (m = 0, · · · , M− 1, n = 0, · · · , N − 1),
is transformed to the time–frequency symbol by ISFFT:

Xtf[k, l] =
1√
NM

N−1

∑
n=0

M−1

∑
m=0

Xdd[m, n]e
j2π

(nl
N

−
mk
M

)
(1)

where k = 0, · · · , M − 1, l = 0, · · · , N − 1. Conversely, the time–frequency transmitted
symbol Xtf is transformed to the delay-Doppler symbol by SFFT:

Xdd[m, n] =
1√
NM

N−1

∑
l=0

M−1

∑
k=0

Xtf[k, l]e
−j2π

(nl
N

−
mk
M

)
(2)

The received symbols Ydd[m, n] and Ytf[k, l] can also be converted between the delay-
Doppler domain and time–frequency domain using the above equations.

The time–domain baseband signal can be expressed as:

s(t) =
1√
M

N−1

∑
l=0

M−1

∑
k=0

Xtf[k, l]Π(t − lT)ej2π fk(t−lT) (3)

where Xtf is defined in (1), T denotes the symbol period, fk is the frequency of the k-th
subcarrier, and fk = k∆ f , ∆ f is the subcarrier spacing and ∆ f = 1/T, and Π(t) is a
rectangular pulse defined as:

Π(t) =
{

1 0 ≤ t ≤ T
0 otherwise

(4)

2.1.1. Pulse-OTFS

Pulse-OTFS utilized as a navigation signal modulates the PRN code sequence spread
spectrum navigation data on a two-dimensional delay-Doppler grid:

Xdd[m, n] = vec−1
M,N(dkak) (5)



Remote Sens. 2024, 16, 4432 5 of 25

where k = 1, 2, · · · , MN, ak is the PRN code sequence with a code length of MN, dk is
the navigation data, and usually remains constant for several signal frame periods, and
vec−1

M,N(·) is the inverse vectorization operator.
The navigation data of the proposed Pulse-OTFS is spread by N identical PRN code

sequences in a frame, that is, the code length of the PRN code sequence is M, and the
navigation data are the same as (5). Its matrix form can be expressed as Xdd = aM×1 ⊗
d1×N , where ⊗ is the Kronecker product. According to the matrix form of ISFFT [25], the
equivalent time–frequency matrix is:

Xtf = FMXddF†
N

= FM(aM×1 ⊗ d1×N)F†
N

= (FMaM×1)⊗
(
d1×NF†

N
)

=
[√

NAM×1, 0M×(N−1)

] (6)

where FM and FN are the discrete Fourier transform matrices of dimensions M × M and
N × N, respectively, and AM×1 is the Fourier transform of the PRN code sequence.

Equation (6) illustrates that only the first column element in the time-frequency matrix
Xtf is non-zero, i.e., the time–domain baseband signal is only non-zero for the duration of
the first symbol in a frame signal period, and the duty cycle is 1/N. This is why we call it
Pulse-OTFS.

Consider a Pulse-OTFS system with M delay bins and N Doppler bins. The signal
has a total bandwidth of B and occupies a frame duration (signal period) of NT, and the
number of transmitted PRN code chips is M × N. Then, the following relationship can
be established: {

fc = MN/(NT) = M∆ f = B
Tc = 1/ fc = 1/B = T/M

(7)

where fc is the PRN code rate and Tc is the code chip duration.
Note that, unlike traditional GNSS signals where the bandwidth of the main lobe is

twice the PRN code rate, the main lobe bandwidth of OTFS/Pulse-OTFS is equal to the
PRN code rate, which has a significant impact on its PSD and ACF properties; we will
analyze this later in this section.

In this paper, the OTFS and Pulse-OTFS signals are simply denoted by OTFS(α, β) and
Pulse-OTFS(α, β), where {

α = fc/ f0
β = fc/∆ f

(8)

where f0 = 1.023 MHz is the reference frequency commonly used in the GNSS signal, α, β
are positive integers, and β is equal to the delay bins/subcarrier numbers M.

2.1.2. Transmission and Reception Process

Based on the previous introduction, we can summarize the transmission and reception
process of Pulse-OTFS signals for LEO PNT as follows:

Step 1: The navigation data are spread by the PRN code sequences and are arranged
in the delay-Doppler grid by (5).

Step 2: The delay-Doppler matrix is converted to a time–frequency domain signal by
ISSFT via (1). The transformed time–frequency matrix is expressed as (6).

Step 3: The time–frequency matrix is converted to a time–domain continuous baseband
signal by the OFDM modulator via (3).

Step 4: The time-domain continuous baseband signal is modulated to RF by the carrier
and transmitted over the antenna.

Now, we have completed the transmission process of the signal. The transmitted
signal travels across the LEO channel and is received by the following steps:
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Step 1: The RF signal received by the antenna is down-converted to a time–domain
baseband signal, and the continuous signal is converted to a discrete signal by an analog-
to-digital converter (ADC).

Step 2: The receiver uses the locally stored replica of the time domain signal to acquire
the received signal to estimate the code phase and Doppler frequency.

Step 3: The acquired signal is sent into the tracking loop to perform fine delay and
Doppler measurements and obtain the demodulated navigation data.

Step 4: The receiver uses the measurements and navigation data output from the
tracking loop to complete the positioning and timing process.

It can be seen that when Pulse-OTFS signals are employed for navigation, the reception
process is the same as that of traditional navigation signals. This process is different from
the communication signal in Figure 1. Since the orthogonality of the PRN code is not
changed either in the time domain or the delay-Doppler domain, the delay measurement
of Pulse-OTFS can also be completed in the time domain.

2.2. Derivation of ACF and PSD
2.2.1. Derivation of ACF

The ACF of OTFS can be written as:

R(t + τ, t) = E
(

s(t)s(t + τ)
)

=
1
M

E

(
∞
∑

l=−∞

M−1
∑

k=0
Xtf[k, l]Π(t − lT)ej2πk∆ f (t−lT)

∞
∑

n=−∞

M−1
∑

m=0
Xtf[m, n]Π(t + τ − nT)ej2πm∆ f (t+τ−nT)

)
=

1
M

∞
∑

i=−∞

∞
∑

r=−∞
RXtf(i, r)

∞
∑

l=−∞

M−1
∑

k=0
Π(t − lT)ej2πk∆ f (t−lT) · Π(t + τ − (l + r)T)ej2π(k+i)∆ f (t+τ−(l+r)T)

(9)

Since ISFFT does not change the power and orthogonality of information symbols [25],
then the power of information symbols is:

E
[
XtfXtf

]
= E

[
XddXdd

]
= σ2

X (10)

where X is the conjugation of X. σ2
X = 1 when the information symbols are PRN code chips.

The autocorrelation of the information symbol is

RXtf(i, r) =
{

1 i = 0 & r = 0
0 otherwise

(11)

We can observe from (9) that the ACF R(t + τ, t) is a function with a period of T for
variable t, and s(t) conforms to the definition of generalized cyclostationary processes.
Thus, the variable t in R(t + τ, t) can be eliminated, and the ACF R(τ) can be written as:

R(τ) =
1
T

T∫
0

R(t + τ, t)dt

=
1

MT

T∫
0

∞
∑

i=−∞

∞
∑

r=−∞
RXtf(i, r)

∞
∑

l=−∞

M−1
∑

k=0
Π(t − lT)ej2πk∆ f (t−lT) · Π(t + τ − (l + r)T)ej2π(k+i)∆ f (t+τ−(l+r)T)dt

=
1

MT

∞
∑

i=−∞

∞
∑

r=−∞
RXtf(i, r)

∞
∑

l=−∞

(1−l)T∫
−lT

M−1
∑

k=0
Π(t)ej2πk∆ f t · Π(t + τ − rT)ej2π(k+i)∆ f (t+τ−rT)dt

=
1

MT

∞
∑

i=−∞

∞
∑

r=−∞
RXtf(i, r)

M−1
∑

k=0
ej2πk∆ f (τ−rT) ·

∞∫
−∞

Π(t)Π(t + τ − rT)ej2πi∆ f (t+τ−rT)dt

(12)

Substituting (11) into (12) yields:

R(τ) =
1
M

M−1
∑

k=0
ej2πk∆ f τ 1

T

∞∫
−∞

Π(t)Π(t + τ)dt

=
1
M

M−1
∑

k=0
ej2πk∆ f τ

(
1 − |τ|

T

) (13)
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The above equation is both the theoretical expression for the ACF of OTFS and
Pulse-OTFS signals since the Pulse-OTFS signal is non-zero for at least one complete
symbol duration.

2.2.2. Derivation of PSD

Similar to OFDM, the information symbols on each subcarrier or symbol period of
the signal in (3) are statistically independent and orthogonal stochastic processes [36,37].
Consequently, the PSD of the Pulse-OTFS modulation is:

G( f ) =
T
M

M−1

∑
k=0

∣∣∣∣ sin[π( f − fk)T]
π( f − fk)T

∣∣∣∣2 (14)

To verify the correctness of (14), we compared the theoretical and simulation PSDs
of the Pulse-OTFS(1,1023) signal, where f c is 1.023 Mcps, the sampling rate is 2 MHz, the
delay bins M = 1023, the Doppler bins N = 10, and the signal duration is 100 ms. Figure 2
shows that the theoretical PSD is consistent with the simulation result.
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Figure 2. PSDs of the Pulse-OTFS signal.

2.2.3. Analysis of PSD and ACF

Since the properties of PSD and ACF strongly affect the navigation performance of the
signal, we discuss the PSD and ACF with different parameters in this section. To understand
the difference between the proposed signal and the traditional GNSS and Locata signals,
we have included BPSK(5) and Pulse-BPSK(5) signals with a 10 MHz bandwidth. The delay
bins M and the signal bandwidth B are the main parameters affecting the PSD and ACF of
Pulse-OTFS, so we give the PSD and ACF results of Pulse-OTFS with signal bandwidths of
1 MHz and 10 MHz and delay bins of 1, 64, and 1023 in Figures 3 and 4, respectively.

Figure 3 illustrates that the PSD main lobe of the Pulse-OTFS signal is flat and its
out-of-band (OOB) emission decreases as the delay bin increases. Interestingly, the PSD
degrades to that of a BPSK modulation with twice the bandwidth of Pulse-OTFS when the
delay bin is equal to 1. Compared to BPSK and Pulse-BPSK, the signal energy of Pulse-OTFS
is concentrated within the main lobe, and its OOB emission is much lower, which is an
advantage in some bands where the spectrum is strictly guarded.

As can be seen from Figure 4, for Pulse-OTFS signals with different parameters, the
main peak of the ACF is steeper the wider the signal bandwidth is, while there is not much
difference between the ACFs with different delay bins, except that its ACF when the delay
bin is equal to 1 degrades to that of the BPSK modulation with twice the bandwidth, which
is similar to the results in Figure 3. The main peak of the ACF of Pulse-OTFS in Figure 4 is
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steeper than that of BPSK and Pulse-BPSK for the equal bandwidth, which enables more
precise determination of the time of arrival, resulting in enhanced delay resolution and
measurement accuracy. This precision is particularly crucial for applications demanding
exact positioning or synchronization. But one may ask the question, although the ACF
of the Pulse-OTFS signal has a steep main peak, it has a lot of sidelobes; could this lead
to false locking during tracking similar to the BOC signal? The answer is no because its
S-curve has only one zero-crossing point; it can be found in the next section.
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3. Performance Evaluation

In this section, we evaluate the navigation performance of the proposed signal and
compare it with the original OTFS, traditional GNSS, and Locata signals. The selected
traditional navigation signal is BPSK(5), the selected Locata signal is Pulse-BPSK(5), and
the duty cycle of the pulsed signals is 1/10.

3.1. Quantization Loss

Most RF transmitters and receivers in modern communication or navigation systems
use digital-to-analog converters (DACs) and ADCs to implement the transmission of
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continuous-time signals and the reception of discrete-time signals. Due to limited resolution,
ADCs tend to introduce quantization errors into the system, which causes a loss in system
performance. Unlike BPSK, the amplitude of the OTFS time–domain signal does not have a
constant envelope, and a higher bit resolution may be required for amplitude quantization;
therefore, the quantization loss of the proposed signal is analyzed in this section. To simplify
the problem, we assume that the signal is quantized before it is transmitted. Therefore,
the quantization loss is for the entire system. The receiver does not suffer additional
quantization loss.

When the signal is Q-bit quantized (Q ≥ 1), there are 2Q − 1 quantization levels and
2Q quantization results, and the quantization function can be expressed as:

Q[n] =


−2Q + 1, s[n] ≤

(
2Q−1 − 1

)
L

2i + 1, iL < s[n] ≤ (i + 1)L
2Q − 1, s[n] >

(
2Q−1 − 1

)
L

(15)

where i ∈
{
−2Q−1 + 1,−2Q−1 + 2, . . . , 2Q−1 − 2,

}
. L is the quantization interval, and the

value of L is related to the quantization threshold and the number of quantization levels. If
the quantization threshold H is determined, we have

L =
H

2Q−1 (16)

In general, the quantization threshold is set to a constant value.
According to the Wiener–Khintchine theorem, it is known that the ACF of a signal is

the inverse Fourier transform of its corresponding PSD. Therefore, the PSD of the quantized
signal also reflects the quantization loss of the ACF. The closer the power ratio of the main
lobe of the quantized PSD is to that before quantization, the less the loss of the ACF. The
simulation results of the PSD of OTFS(10,1023) with different quantization bits are given in
Figure 5. The main lobe bandwidth of the signal is 10.23 MHz, the sampling rate is 20 MHz,
and +∞ represents no quantization. We can observe from the figure that the sidelobe of the
OTFS rises as the quantized bits of the signal decrease, which makes the power ratio of the
main lobe decrease and then the loss of the ACF becomes greater.
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Table 1 gives the corresponding quantization losses for OTFS(10,1023) with different
quantization bits Q. We can also calculate the main lobe power ratio of BPSK(5) as 92.45% in
all cases, which is because the amplitude of BPSK has a constant envelope. Comparing the
results in Table 1, we can see that the main lobe power ratio of OTFS is lower than that of
BPSK when the quantization bits Q ≤ 2. At this moment, the utilization of the transmitter
power is not as efficient as that of BPSK; the quantization loss is around −0.75 dB. The
main lobe power ratio of OTFS is higher than that of BPSK and its quantization loss is
significantly reduced if Q ≥ 3. Therefore, 3 bits can be selected to exploit the performance
of OTFS when hardware resources are sufficient.

Table 1. Power ratio of the main lobe and corresponding quantization loss for the OTFS signal.

Q (bit) 1 2 3 4 5 +∞

Power ratio of the main lobe (%) 83.86 84.24 94.03 98.52 99.59 99.93
Quantization loss (dB) −0.76 −0.74 −0.26 −0.06 −0.01 0

3.2. Acquisition Performance
3.2.1. Ambiguity Function

The ambiguity function is an important method to analyze the acquisition performance
of navigation signals. If the channel delay and Doppler are τ and fd, respectively, and the
coherent integration time is Tcoh, the ambiguity function can be written as:

A(τ, fd) =

Tcoh∫
0

s(t)s(t − τ)ej2π fdtdt (17)

Substituting (3) into (17) yields

A(τ, fd) =
1
M

Tcoh∫
0

M−1
∑

k=0
Xtf[k]Π(t)ej2πk∆ f t · Xtf[k]Π(t − τ)ej2πk∆ f (t−τ)ej2π fdtdt

=
1
M

M−1
∑

k=0
ej2πk∆ f τ

Tcoh∫
0

Π(t)Π(t − τ)ej2π fdtdt

=
1
M

M−1
∑

k=0
ej2πk∆ f τ

(
sin π fd(Tcoh − |τ|)

π fd(Tcoh − |τ|)

)(
1 − |τ|

T

) (18)

The ambiguity function envelope of OTFS is

|A(τ, fd)| =
∣∣∣∣∣ 1

M

M−1

∑
k=0

ej2πk∆ f τ

(
sin π fd(Tcoh − |τ|)

π fd(Tcoh − |τ|)

)(
1 − |τ|

T

)∣∣∣∣∣ (19)

Figure 6 shows the ambiguity function envelope of Pulse-OTFS(10,1023) with a signal
period of 1 ms and Doppler bins of 10. The variation in the ambiguity function envelope
along the delay axis is consistent with the absolute value of the ACF, while the variation in
the correlation values along the Doppler axis is similar to the GNSS signal. However, we
can see from the figure that the correlation loss of the proposed signal along the Doppler
axis is much less, its 3 dB loss of the peak corresponds to a frequency offset range up to
[−4.43 kHz, 4.43 kHz]. This is because the coherent integration time Tcoh is equal to the
signal period NT, but the effective coherent integration time Te f f = T as the Pulse-OTFS
signal is not zero for only the first symbol duration T.



Remote Sens. 2024, 16, 4432 11 of 25

Remote Sens. 2024, 16, x FOR PEER REVIEW 11 of 25 
 

 

( ) [ ] ( ) [ ] ( ) ( )

( ) ( )

( )
( )

1
2 22

tf tf
00

1
22

0 0

1
2

0

1, d

1 d

sin1 1

coh

d

coh

d

T M
j k f t j f tj k ft

d
k

TM
j f tj k f

k

M
d cohj k f

k d coh

A f k t e k t e e t
M

e t t e t
M

f T
e

M Tf T

π τ ππ

ππ τ

π τ

τ τ

τ

π τ τ
π τ

−
Δ −Δ

=

−
Δ

=

−
Δ

=

= Π ⋅ Π −

= Π Π −

 −  
= −   −   



 



X X

 (18)

The ambiguity function envelope of OTFS is 

( ) ( )
( )

1
2

0

sin1, 1
M

d cohj k f
d

k d coh

f T
A f e

M Tf T
π τ π τ τ

τ
π τ

−
Δ

=

 −  
= −   −   

  (19)

Figure 6 shows the ambiguity function envelope of Pulse-OTFS(10,1023) with a signal 
period of 1 ms and Doppler bins of 10. The variation in the ambiguity function envelope 
along the delay axis is consistent with the absolute value of the ACF, while the variation 
in the correlation values along the Doppler axis is similar to the GNSS signal. However, 
we can see from the figure that the correlation loss of the proposed signal along the Dop-
pler axis is much less, its 3 dB loss of the peak corresponds to a frequency offset range up 
to [−4.43 kHz, 4.43 kHz]. This is because the coherent integration time cohT  is equal to the 
signal period NT, but the effective coherent integration time effT T=  as the Pulse-OTFS 
signal is not zero for only the first symbol duration T. 

 
Figure 6. Ambiguity function envelope of Pulse-OTFS(10,1023). 

3.2.2. Acquisition Complexity 
The signal-to-noise ratio (SNR) of the Pulse-OTFS receiver output is 

( )
( )

2 222 2 1
2

00 0

sin1 1
/

M
d cohj k fcoh

kcoh d coh

f TPTI QSNR e
N T N M Tf T

π τ π τ τ
π τ

−
Δ

=

 −  +  = = −      −    
  (20)

In the case of a desired signal being in existence, the correlation value will satisfy the 
Rice distribution. Conversely, in the case of no desired signal being in existence, the cor-
relation value will satisfy the Rayleigh distribution. The acquisition threshold and acqui-
sition probability are as follows 

Figure 6. Ambiguity function envelope of Pulse-OTFS(10,1023).

3.2.2. Acquisition Complexity

The signal-to-noise ratio (SNR) of the Pulse-OTFS receiver output is

SNR =
I2 + Q2

N0/Tcoh
=

PTcoh
N0

(
1
M

M−1

∑
k=0

ej2πk∆ f τ

)2(
sin π fd(Tcoh − |τ|)

π fd(Tcoh − |τ|)

)2(
1 − |τ|

T

)2
(20)

In the case of a desired signal being in existence, the correlation value will satisfy
the Rice distribution. Conversely, in the case of no desired signal being in existence, the
correlation value will satisfy the Rayleigh distribution. The acquisition threshold and
acquisition probability are as follows

Vt = σn

√
−2 ln Pf a

Pd =
∞∫

Vt

f (v)dv
(21)

where σ2
n = N0/Tcoh is the noise power, Pf a is the false alarm probability, and f (v) is the

Rice distribution probability density function (PDF).
Doppler tolerance is referred to as the offset of the Doppler frequency when the signal

processing gain is at its minimum allowable level. This directly affects the division of
frequency grids in two-dimensional search, as well as the average acquisition time. The
Doppler tolerance is defined by the following equation

SNRTh = f unc(τ, fd,max) (22)

where SNRTh is the output SNR threshold during the acquisition process and fd,max is the
maximum Doppler offset that satisfies the minimum output SNR threshold.

If the maximum Doppler offset fd,max satisfies the false alarm probability Pf a and
acquisition threshold Vt, generally, 2 fd,max is selected as the Doppler search interval to
calculate the number of Doppler frequency searches. Substituting the SNR threshold
SNRTh = −2 ln Pf a and fd,max into (20) yields∣∣∣∣∣ 1

M

M−1

∑
k=0

ej2πk∆ f τ

(
sin π fd(Tcoh − |τ|)

π fd(Tcoh − |τ|)

)(
1 − |τ|

T

)∣∣∣∣∣ =
√

N0

PTcoh
SNRTh (23)
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The left part of (23) is the exact ambiguity function envelope; then, we have the peak
envelope of the ambiguity function for different Doppler offset:

A( fd) = max
τ

(∣∣∣∣ 1
M

M−1
∑

k=0
ej2πk∆ f τ

(
sin π fd(Tcoh − |τ|)

π fd(Tcoh − |τ|)

)(
1 − |τ|

T

)∣∣∣∣)
=

∣∣∣∣ 1
M

M−1
∑

k=0
sinc( fdTcoh)

∣∣∣∣ (24)

The Doppler search range of the LEO satellite at 1500 km altitude is (−40 kHz, +40 kHz)
with a 2 GHz carrier frequency [38]. Using a parallel code phase search (PCS) scheme and
signal period of 1 ms, the threshold on the right side of (23) is 0.64, then the corresponding
search interval of both BPSK and OTFS is 500 Hz, and the number of serial searches
for Doppler frequency is 161. However, the Doppler search interval of Pulse-OTFS and
Pulse-BPSK are both 500 N Hz and the number of serial searches for Doppler frequency is
160/N + 1, where the duty cycles are both 1/N for Pulse-OTFS and Pulse-BPSK. Assuming
that the same sampling rate and bit resolution are used for all signals to simplify the
analysis of acquisition complexity, the same number of multiplications and additions are
required to perform a PCS, denoted ∆m and ∆a, respectively. Thus, the overall acquisition
complexity depends on the number of complex multiplications and additions.

The acquisition complexity of different signals is listed in Table 2. Figure 7 shows the
multiplication and addition complexity ratio of Pulse-OTFS/Pulse-BPSK to OTFS/BPSK as
a function of Doppler bins N. The results illustrate that the acquisition complexity of pulsed
signals is significantly lower than that of continuous signals, but the decrease in complexity
is not linear with N because the Doppler search range is fixed, and the number of Doppler
frequency searches tends to be constant when N is large. Commonly, 1/N is not greater
than 0.1; then, substituting N = 10 into Table 2 yields the number of multiplications and
additions of the pulsed signals. In this case, the number of multiplications and additions
for Pulse-OTFS and Pulse-BPSK signal acquisition is reduced by at least 89.4% compared to
OTFS and BPSK signals.

Table 2. Acquisition complexity for different signals.

Signals Pulse-OTFS Pulse-BPSK OTFS BPSK

Multiplication (160/N + 1)∆m (160/N + 1)∆m 161∆m 161∆m
Addition (160/N + 1)∆a (160/N + 1)∆a 161∆a 161∆a
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3.2.3. Acquisition Probability

We next analyze the acquisition probability. From (20), it is easy to observe that the
SNR of all signals at the output of the correlator is the same if the delay offset τ and Doppler
offset fd are zero and the received signal power and coherent integration time are equal,
where coherent integration time is an integer multiple of the signal period. However,
with the same total false alarm probability, the higher the number of Doppler frequency
searches, the smaller the false alarm probability per search, and the lower the corresponding
detection probability.

The acquisition of navigation signals is essentially a detection problem, the Doppler
estimation accuracy depends mainly on the frequency search step. The correlation loss
introduced by the frequency offset is at its maximum when the true Doppler frequency
falls exactly at 1/2 of the two search frequency points, and the acquisition probability is the
worst. In the following, we analyze the acquisition performance of the proposed signals
under different Doppler frequencies and significant Doppler shift scenarios. We set the
signal bandwidth to 10.23 MHz, the sampling frequency to 20.46 MHz, and the total false
alarm probability to 10−3, N = 10, Tcoh = 1 ms. The theoretical detection probabilities
of different signals can be obtained as shown in Figure 8. Where 0 Hz and 40 kHz in
parentheses are the minimum and maximum channel Doppler, respectively. In addition,
37.25 kHz and 37.5 kHz in parentheses are the middle frequencies between two adjacent
frequency search points for continuous and pulsed signals, respectively.

Analyzing the results shown in Figure 8, we can conclude the following. Firstly all of
the signals have the same and highest acquisition probability at 0 Hz and 40 kHz; this is
because despite 40 kHz being a significant Doppler shift, it falls exactly at the frequency
search points at which it does not introduce correlation loss. Secondly, the acquisition
probabilities of the Pulse-OTFS and Pulse-BPSK signals at 37.5 kHz and OTFS and BPSK
at 37.25 kHz are about 0.9 dB lower than that at 0 Hz and 40 kHz, respectively, which
represents the worst detection probability. Finally, Pulse-OTFS and Pulse-BPSK have about
1 dB better detection performance than OTFS and BPSK at the same Doppler frequency
offset and carrier power-to-noise density ratio C/N0. The proposed signal improves the
acquisition probability compared to the continuous signals with the same total false alarm
probability and C/N0.
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where LB is the equivalent noise bandwidth of the code-tracking loops, 0/C N  is the car-
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3.3. Code-Tracking Performance

In the case that the front-end filter is assumed to be ideal, the CRLB of the code-tracking
error can be approximated [39]:

τCRLB =
BL(1 − 0.5BLTcoh)

(2π)2 C
N0

Br/2∫
−Br/2

f 2Gn( f )d f

(25)

where BLis the equivalent noise bandwidth of the code-tracking loops, C/N0 is the carrier
power-to-noise density ratio, Br is the pre-filtering bandwidth, and Gn( f ) is the normalized
PSD of the signal.

Let us further suppose that the parameters of the code-tracking loops are fixed. In
such a scenario, the code-tracking performance for different modulations is dependent on
the integral term in (25), which is defined as the Gabor bandwidth:

∆ fGabor =

√√√√√ Br/2∫
−Br/2

f 2Gn( f )d f (26)

The greater the Gabor bandwidth, the better the code-tracking performance will be.
Furthermore, the variance in the code-tracking error with the thermal noise for a widely
used non-coherent early–late processing (NELP) delay-locked loop (DLL) is [40]

σ2
NELP =

BL(1 − 0.5BLTcoh)
Br/2∫

−Br/2
Gn( f ) sin(π f d)2d f

(2π)2 C
N0

(
Br/2∫

−Br/2
f Gn( f ) sin(π f d)d f

)2 ·

1 +

Br/2∫
−Br/2

Gn( f ) cos(π f d)2d f

Tcoh
C
N0

(
Br/2∫

−Br/2
Gn( f ) cos(π f d)d f

)2

 (27)

where d is the early–late spacing of the correlator.
Figure 9 shows the Gabor bandwidth and the code-tracking accuracy of the NELP

DLL for all of the signals we compared. The pre-filtering bandwidth is 20 MHz, d = 1
chip, and BL = 1. To analyze the signal tracking performance under extreme conditions,
Figure 9b includes the theoretical tracking accuracies for the coherent integration time Tcoh
of 1 ms and 10 ms, C/N0 of 25 dB·Hz to 45 dB·Hz.

The results indicate that pulsed signals have the same code-tracking accuracy com-
pared to continuous signals. The longer the coherent integration time, the higher the
tracking accuracy at the same modulation and C/N0. The code-tracking accuracy of
OTFS(10,1023) and Pulse-OTFS(10,1023) is higher than that of BPSK(5) and Pulse-BPSK(5).
This means that to achieve the same code-tracking accuracy, the C/N0 of BPSK(5) and
Pulse-BPSK(5) is about 8 dB higher than that of OTFS(10,1023) and Pulse-OTFS(10,1023).
Obviously, the proposed signal has the advantage of code-tracking accuracy.

In a code-tracking loop, the discriminator curve (S-curve) is used to reflect the dis-
criminator gain and the zero-crossing point of the received signal. Figure 10 shows the
simulated S-curve of Pulse-OTFS(10,1023), Pulse-BPSK(5), OTFS(10,1023), and BPSK(5),
where Tcoh = 1 ms, d = 1 chip. Since a larger pre-filtering bandwidth does not neces-
sarily give better performance in BPSK, we set the pre-filter bandwidth to 20 MHz to
ensure a fair comparison. In contrast with BOC modulation, both OTFS(10,1023) and
Pulse-OTFS(10,1023) have only one zero-crossing point within 1 chip delay offset and can
therefore be received unambiguously. The discriminator gain is also higher than that of
Pulse-BPSK(5) and BPSK(5), so the code-tracking performance of the proposed signal is
superior to the latter.
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Figure 9. Comparison of code-tracking performance for different signals. (a) Gabor bandwidth and
(b) NELP DLL code-tracking error with a 20 MHz pre-filtering bandwidth.
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3.4. Anti-Multipath Performance

The anti-multipath performance of navigation signals is usually evaluated with the
code-tracking multipath error envelope and the average multipath envelope error based
on an NELP DLL [41,42]. The multipath error envelope is the maximum deviation caused
by the multipath effect, which reflects the worst case of multipath error corresponding
to a specific geometric delay. The average multipath envelope error is the accumulated
average of the multipath error envelope with the geometric delay, which reflects the overall
situation of the multipath deviation within a certain geometric delay.

The multipath error envelope is quantified as a function of the relative delay between
two rays, with the approximate expression being

ε ≈
±a
∫ Br/2
−Br/2 Gn( f ) sin(2π f τ) sin(π f d)d f

2π
∫ Br/2
−Br/2 f Gn( f ) sin(π f d)[1 ± a cos(2π f τ)]d f

(28)

where a is the multipath-to-direct ratio (MDR), generally below −6 dB, ε is the delay
estimation error, and τ is the geometric path delay.

The average multipath error envelope is calculated by the cumulative sum of the
absolute values of the multipath error envelope, whereby the values are added together to
give a total. The relationship between the average multipath error envelope can be written
as follows:

εa ≈
1
τ

∫ τ

0


∣∣∣ ε(τ)|∆ϕ1=0◦

∣∣∣+ ∣∣∣ ε(τ)|∆ϕ1=180◦

∣∣∣
2

dτ (29)

where ∆ϕ1 is the carrier phase offset between multipath and line of sight (LOS) path,
typically 0◦ or 180◦.

Figure 11 shows the multipath error envelope and average multipath error envelope
curves of all signals with d = 1 chip, a = −6 dB. The multipath error envelopes of Pulse-
OTFS(10,1023) and OTFS(10,1023) are significantly lower than that of Pulse-BPSK(5) and
BPSK(5) at a geometric path delay of less than 84 m and slightly worse thereafter. For
the average multipath error envelope, Pulse-OTFS(10,1023) and OTFS(10,1023) are the
best at all geometric path delays. Hence, the proposed signal has better anti-multipath
performance than that of the Pulse-BPSK and BPSK signals.
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3.5. Compatibility

The mutual interference and compatibility between different signals are important
performance indicators for navigation signals, and the generally used indicator is the
spectral separation coefficient (SSC). The SSC measures the amount of interference caused
by other signals in the same band. The compatibility of a signal becomes better with
decreasing SSC value; its expression is

χ =
∫ Br/2

−Br/2
Gl( f )Gn( f )d f (30)

where Gl( f ) is the normalized PSD of interference signals.
Table 3 shows SSC values for different signals. It can be seen that Pulse-OTFS(10,1023)

and OTFS(10,1023) provide the same SSCs and also keep a low level of mutual interference
with other signals. The results suggest that Pulse-OTFS has two advantages when utilized
as a navigation signal: it minimizes interference with existing GNSS signals and Pulse-OTFS
signals from different satellites.

Table 3. SSC values for different signals with a 20 MHz pre-filtering bandwidth.

SSC (dB) Pulse-OTFS(10,1023) OTFS(10,1023) Pulse-BPSK(5) BPSK(5)

Pulse-OTFS(10,1023) −70.11 −70.11 −70.32 −70.32
OTFS(10,1023) −70.11 −70.11 −70.32 −70.32
Pulse-BPSK(5) −70.32 −70.32 −68.41 −68.41

BPSK(5) −70.32 −70.32 −68.41 −68.41

The performance of the pulse OTFS signal has been extensively evaluated in this
section. In summary, the proposed signal mitigates the high acquisition complexity of the
original OTFS and traditional navigation signals to enable fast acquisition of the future
massive LEO satellite signals and has good anti-multipath performance with advantages
in terms of code-tracking accuracy and compatibility, while the Locata signal also reduces
acquisition complexity but its delay measurement precision is not as good as that of the
proposed signal.
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4. Simulation and Experimental Results

In this section, we design a simulation experiment and implement an experimental plat-
form for transmitting and receiving signals based on SDR to verify the main performance
advantages of the proposed signal, mainly including acquisition probability, acquisition
complexity, and code-tracking accuracy. We compare the performance of the proposed sig-
nal with original OTFS, traditional GNSS, and Locata signals, i.e., OTFS(10,1023), BPSK(5),
and Pulse-BPSK(5).

4.1. Simulation

In the previous text, we analyzed the theoretical acquisition performance of the pro-
posed signals. We verify the acquisition probability of the PCS scheme using Monte Carlo
simulation for different C/N0 and Doppler frequency offsets in this section. The simulation
experiment process is as follows. We first use a software signal generator to generate a
signal stream with a specified Doppler frequency offset. Secondly, a local replica with the
closest search frequency to that Doppler is generated. Finally, we perform a large number
of PCSs and compare the search results with the threshold to calculate the detection proba-
bility. The experimental parameters are set as follows. The signal bandwidth is 10.23 MHz,
the sampling rate is 20.46 MHz, the total false alarm probability is 10−3, N = 10, Tcoh = 1 ms,
and the Doppler frequency offset includes 37.25 kHz, 37.5 kHz, and 40 kHz. Moreover,
there are 106 Monte Carlo simulations at each C/N0. The simulated detection probability
curves are shown in Figure 12.

The detection probability curves in Figure 12 agree well with the theoretical curves
in Figure 8, verifying that the theoretical analysis of detection probability is correct. We
can equally reach the following conclusions. The detection probability is the same for
two pulsed signals as it is for two continuous signals. All signals have the same and
highest acquisition probability at 40 kHz. Meanwhile, the Pulse-OTFS and Pulse-BPSK
signals at 37.5 kHz and the OTFS and BPSK signals at 37.25 kHz have the worst acquisition
probability. Most importantly, the detection probability of the proposed signal at the same
Doppler frequency offset is about 1 dB higher than that of OTFS and BPSK. As a result, the
proposed signal is robust to significant Doppler shift scenarios and improves the acquisition
probability compared to continuous signals.
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4.2. Experiment
4.2.1. System Setup

Figure 13 is the operation flowchart of the hardware system. The solid and dashed
boxes represent hardware and software components, respectively. As we can see, the
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system consists of two universal software radio peripherals (USRPs), a rubidium atomic
clock, transmitting and receiving terminals (Tx & Rx computers), an RF attenuator, and
a low noise amplifier (LNA). The workflow of the hardware system is as follows. First,
the software signal generator generates the discrete-time baseband transmitted signal files
and stores them in the Tx computer. The USRP hardware driver (UHD) reads the file
and transmits it to the USRP via a network cable; the motherboard and daughterboard in
the USRP perform digital-to-analog conversion and up-conversion, respectively. Another
USRP receives the RF signals which pass through the RF attenuator and the LNA. The UHD
in the Rx computer saves the down-converted and analog-to-digital converted signals as
discrete-time signal files via a network cable. Finally, the software receiver post-processes
the saved signal file. The RF attenuator can be adjusted to obtain the desired C/N0. The
rubidium atomic clock provides a high-precision frequency reference for the two USRPs to
eliminate the frequency offset between the received and transmitted signals. A photograph
of the hardware system based on SDR is shown in Figure 14.
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Figure 14. Photograph of the experimental platform.

The carrier frequency of the RF frequency is 2 GHz. The master clock rate of USRP
N210 is 100 MHz, and the sampling rate supported is limited to dividing the master
clock rate by an integer factor. Therefore, the sampling rate is set to 20 MHz, the delay
bins M = 1023, and the Doppler bins N = 10; thus, the duty cycle of the Pulse-OTFS and
Pulse-BPSK is set to 0.1.

We have developed software receivers for Pulse-OTFS(10,1023), OTFS(10,1023), Pulse-
BPSK(5), and BPSK(5). They use the same tracking loop as the traditional navigation
receivers. The difference is only in the local replica generation. Due to the short period
of the pulsed signals, the closed-loop estimator is still able to track the signals stably. The
C/N0 setting for the received signal is 25 dB·Hz to 45 dB·Hz (10 ms coherent integration
time) and 35 dB·Hz to 55 dB·Hz (1 ms coherent integration time). The interval is 5 dB·Hz.
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The equivalent noise bandwidth of DLL is 1 Hz, the early–late spacing of the correlator is
1 chip, and the phase lock loop (PLL) bandwidth is 10 Hz.

The experimental parameters are listed in Table 4. The first five items are signal
parameters, the last four items are software receiver configuration parameters.

Table 4. Experiment parameters.

Parameter Value

RF frequency 2 GHz
Sampling rate 20 MHz

Signal bandwidth (B) 10.23 MHz
Signal period (NT) 1 ms
Duty cycle (1/N) 0.1

Coherent integration time (Tcoh) 1 ms or 10 ms
Early–late spacing of the correlator 1 chip

Bandwidth of the DLL 1 Hz
Bandwidth of the PLL 10 Hz

4.2.2. Experimental Results and Discussion

The signal files stored in the Rx computer were post-processed using the software
receiver for statistics code-tracking accuracy. For all compared signals, the mean value of
the tracking accuracy for each C/N0 was calculated for five groups of signal files, each
with 2000 ms (DLL steady state output). Figure 15a,b show the experimental code-tracking
accuracy for the DLL with coherent integration times of 1 ms and 10 ms, respectively.

The lowest C/N0 in Figure 15a,b is 35 dB·Hz and 25 dB·Hz, respectively. Because the
coherent integration time determines the tracking threshold of the loop. From Figure 15b,
we can see that the proposed signal is still able to track the signal stably even at a shallow
C/N0 level. This indicates that the proposed signal is robust in high-noise scenarios.
Figure 15 illustrates that the code-tracking accuracy of pulsed and continuous signals
with the same modulation is approximately the same. The C/N0 of Pulse-OTFS(10,1023)
and OTFS(10,1023) is about 8 dB lower compared to Pulse-BPSK(5) and BPSK(5) with
the same code-tracking accuracy; in other words, the proposed signal has a higher delay
measurement accuracy with the same C/N0. Because Pulse-OTFS(10,1023) has a steeper
main peak of the autocorrelation function with the same bandwidth, as shown in Figure 4,
this benefits delay resolution and measurement accuracy. At medium and high C/N0,
the experimental results agree well with the theoretical results in Figure 9b, although the
experimental results have a minor deviation from the latter.

Figure 16 gives a plot of the magnitude of the correlator peaks corresponding to the
correct code phase in the signal acquisition process. It reflects the variation in the correlation
loss at different Doppler frequency offsets. The C/N0 is 55 dB·Hz for all received signals,
and the Doppler frequency search interval is 500 Hz. From the figure, we can see that the
correlation loss of the pulsed signals is much lower than that of the continuous signals.
Table 5 lists the magnitude values of correlator peaks corresponding to different Doppler
frequency offsets in Figure 16. Specifically, the correlation peak magnitudes for all signals
are approximately the same at 0 Hz, and the acquisition results have no loss. The correlation
peak magnitudes of Pulse-OTFS(10,1023) and Pulse-BPSK(5) at ±0.5 kHz decrease little, but
they suffer severe loss for OTFS(10,1023) and BPSK(5). It is not until the Doppler frequency
offset of ±5 kHz that the correlation peak magnitudes of Pulse-OTFS(10,1023) and Pulse-
BPSK(5) reach the level of OTFS(10,1023) and BPSK(5) at ±0.5 kHz. The tolerable frequency
offset of the pulsed signal is 10 times that of a continuous signal, and the proposed signal
can therefore be searched with a Doppler search interval 10 times that of BPSK(5). This
enables the proposed signal to search for the Doppler frequency using large steps, thus
speeding up the signal acquisition process.
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Table 5. Magnitude values of correlator peaks for different signals.

Doppler Frequency
Offset (kHz) Pulse-OTFS(10,1023) Pulse-

BPSK(5) OTFS(10,1023) BPSK(5)

0 21.30 21.94 21.30 20.98
+0.5 21.14 21.71 14.39 13.48
−0.5 21.28 21.92 12.99 13.56
+5 12.39 12.88 1.27 1.79
−5 13.46 14.41 0.83 0.57

To verify the acquisition efficiency of the proposed signal in the hardware system,
we counted the average running time of 100 times the acquisition program with the PCS
scheme in different Doppler frequencies, as shown in Table 6. We can see that the running
time of the program is close to the same at 0 Hz and 40 kHz Doppler frequency offset. This
is because we use a commonly employed detection and decision method, which searches
for all correlation results in Doppler frequency points and finds the maximum value before



Remote Sens. 2024, 16, 4432 22 of 25

making a decision. Therefore, the running time is practically independent of the Doppler
frequency offset. We calculate that the running time of the acquisition program decreased
by about 89.3% and 88.5% for Pulse-OTFS and Pulse-BPSK, respectively. This result is in
agreement with the 89.4% reduction in theoretical acquisition complexity in Section 3.2.2.

Table 6. Average running time of acquisition programs for different signals (s).

Doppler Frequency
Offset (kHz) Pulse-OTFS(10,1023) Pulse-

BPSK(5) OTFS(10,1023) BPSK(5)

0 Hz 0.015 0.017 0.142 0.144
40 kHz 0.016 0.016 0.144 0.147
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The above experiments verified that the proposed signal has both the high accuracy
measurement of the OTFS signal and the low acquisition complexity of the pulsed signal.
Furthermore, the proposed navigation signal occupies at most 10% of the signal period
in the time domain, the transmission of communication signals for the rest of the time
does not cause interference between the signals, and since the OTFS modulation itself is
designed for broadband communication, the navigation and communication signals can
share a common modulator, thus simplifying the design of the satellite payload. It can be
concluded that the proposed signal would be an advantageous choice for use as a future
broadband LEO satellite navigation signal.

5. Conclusions

This work proposes a novel signal called Pulse-OTFS. We have derived analytical ACF
and PSD expressions for OTFS modulation, which are also applicable to the proposed signal.
The results of the navigation performance evaluation show that the acquisition complexity
decreases with the increase in the Doppler number N. The acquisition complexity of Pulse-
OTFS is at least 89.4% lower than that of the continuous GNSS signals where N is not less
than 10, which effectively reduces the acquisition time of LEO signals, and at the same
time, the acquisition probability of the proposed signal is about 1 dB higher than that of the
latter with a total false alarm probability of 10−3. In terms of measurement precision, Pulse-
OTFS has a steep ACF main peak and a large Gabor bandwidth; its delay measurement
accuracy is about 8 dB higher than that of BPSK and Pulse-BPSK signals. The analysis of
the S-curve demonstrates that the proposed signal is capable of unambiguous tracking.
Moreover, Pulse-OTFS has a smaller SSC value and lower multipath error envelope than
that of BPSK and Pulse-BPSK signals, which suggests that it has good compatibility with
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other navigation signals in the same frequency band and better theoretical anti-multipath
performance. The experimental results validate the advantages of fast acquisition and
high-precision measurements of the proposed signal. Pulse-OTFS is easy to integrate
with communication signals and can be used as a navigation signal from broadband LEO
satellites as an effective complement to the GNSS.
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