
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/361504007

Non-Binary PRN-Chirp Modulation: A GNSS Fast Acquisition Signal Waveform

Article  in  IEEE Communications Letters · June 2022

DOI: 10.1109/LCOMM.2022.3185319

CITATIONS

0
READS

117

3 authors:

Some of the authors of this publication are also working on these related projects:

Performance bounds for misspecified models View project

Lorenzo Ortega Espluga

Institut Polytechnique des Sciences Avancées

43 PUBLICATIONS   127 CITATIONS   

SEE PROFILE

Jordi Vilà-Valls

Institut Supérieur de l'Aéronautique et de l'Espace (ISAE)

129 PUBLICATIONS   815 CITATIONS   

SEE PROFILE

E. Chaumette

Institut Supérieur de l'Aéronautique et de l'Espace (ISAE)

174 PUBLICATIONS   1,039 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Lorenzo Ortega Espluga on 24 June 2022.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/361504007_Non-Binary_PRN-Chirp_Modulation_A_GNSS_Fast_Acquisition_Signal_Waveform?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/361504007_Non-Binary_PRN-Chirp_Modulation_A_GNSS_Fast_Acquisition_Signal_Waveform?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Performance-bounds-for-misspecified-models?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Ortega-Espluga?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Ortega-Espluga?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institut_Polytechnique_des_Sciences_Avancees?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Ortega-Espluga?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jordi-Vila-Valls?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jordi-Vila-Valls?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institut-Superieur-de-lAeronautique-et-de-lEspace-ISAE?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jordi-Vila-Valls?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E-Chaumette?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E-Chaumette?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institut-Superieur-de-lAeronautique-et-de-lEspace-ISAE?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E-Chaumette?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Ortega-Espluga?enrichId=rgreq-c57b9ba2bea2f463e98f3b48b30a8f79-XXX&enrichSource=Y292ZXJQYWdlOzM2MTUwNDAwNztBUzoxMTcwNDEzODE2MTU2MTYwQDE2NTYwNTk4MDcxNTM%3D&el=1_x_10&_esc=publicationCoverPdf


SUBMITTED TO IEEE COMMUNICATIONS LETTERS 1

Non-Binary PRN-Chirp Modulation: A GNSS Fast
Acquisition Signal Waveform

Lorenzo Ortega, Jordi Vilà-Valls, Senior Member, IEEE, Eric Chaumette, Member, IEEE

Abstract—In this article, we propose a new non-binary mod-
ulation which allows both Global Navigation Satellite Systems
(GNSS) synchronization and the demodulation of non-binary
symbols, without the need of a pilot signal, with the aim to
provide a fast first position, velocity and time fix. The waveform is
constructed as the product of i) a pseudo-random noise sequence
with good auto-correlation and cross-correlation properties, and
ii) a chirp spread spectrum family, which allows to demodulate
non-binary symbols even if the signal phase is unknown. In order
to demodulate the data, a bank of non-coherent matched filters
is proposed. Because of the particular modulation structure, the
receiver is capable to demodulate the navigation message faster
while allowing the basic GNSS signal processing functionalities.
Illustrative results are provided to support the discussion.

Index Terms—Non-binary modulations, CSS, non-coherent
demodulation, Cramér-Rao bound, delay/Doppler MLE.

I. INTRODUCTION

DESIGNING new Global Navigation Satellite Systems
(GNSS) signals is always a trade-off between different

figures of merit, such as robustness to multipath, precision,
or signal compatibility. Recent works addressed the design of
fast acquisition signals [1], [2]. Indeed, a big challenges of the
new GNSS generation is to provide a fast position, velocity
and time (PVT) [3] solution, independently of the receiver
conditions. At the so-called cold state, no navigation data is
available at the receiver and the navigation message must be
demodulated, which may take some tens of seconds, being the
main time contribution to achieve a PVT solution.

Some recent contributions have proposed different options
to reduce the time needed to decode the navigation message
(referred to as “time to data” (TTD)). Three main ideas
have gained popularity: 1) broadcast a truncated navigation
message [4], that is, to reduce the amount of bits used to
describe the navigation data. But the PVT precision drastically
decreases as a function of the number of removed bits; 2)
increasing the symbol rate [5]. Undoubtedly, this can reduce
the TTD but only when the channel conditions are favorable.
Notice that increasing the symbol rate degrades the symbol
demodulation capabilities under harsh scenarios, leading to a
trade-off between reducing the TTD in favourable conditions
and reducing the symbol demodulation performances (and
therefore increasing the TTD) over unfavourable conditions;
and 3) navigation message design with redundant bits to pro-
tect the information (i.e., the bits used by the channel decoder)
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[6]. Modern GNSS signals include error correcting schemes in
the navigation message in order to identify and correct possible
transmission errors. If those error correcting schemes are well-
designed (with the maximum distance separable property, e.g.,
Reed-Solomon [5], LDMDS [2] or root LDPC codes), the
receiver may be able to decode the navigation data even if the
entire navigation message has not been received. This implies
to reduce the TTD without increasing the receiver complexity.

In contrast to the previous alternatives that may have several
limitations, we propose the use of non-binary modulations,
which have not yet been explored as fast GNSS acquisi-
tion signals. Within the GNSS community two non-binary
modulations are considered to increase the data rate, namely
the Code Shift Keying (CSK) [7], [8] and the Chirp Spread
Spectrum (CSS) [9] modulations, but these signals need a
synchronization pilot signal to guide the demodulation.

In this work, a new non-binary modulation is proposed,
which is constructed as the product of two different mod-
ulations: 1) the first one aims to detect the satellite and
synchronize with it. A pseudo-random noise (PRN) sequence
modulated with generic binary coded symbols (BCS) [10]
waveform is proposed due to its good auto-correlation and
cross-correlation properties; and 2) the second modulation
aims to demodulate the non-binary symbols. To obtain or-
thogonal non-binary symbol waveforms a family subset of
CSS waveforms is considered. The combination of these two
modulations leads to a set of waveforms that:

• allows a multi-user communication (thanks to the PRN
family), that is, to detect a satellite and estimate its delay
and Doppler (synchronization). In contrast to the CSK
modulation, there is no need of a pilot signal to demod-
ulate the data (i.e., joint synchronization/demodulation),

• allows non-coherent demodulation (thanks to the family
of non-binary orthogonal chirps), where the phase knowl-
edge is not required. Because of the non-binary symbols,
the navigation message reception time is reduced.

It is worth pointing out that similar modulations have been
proposed in the area of multi-user communications (e.g., refer
to [11] and references therein), however those were either
binary modulations or required a pilot to be synchronized.

II. GENERIC SIGNAL MODEL

Consider the line-of-sight (LOS) transmission of a band-
limited signal 𝑠(𝑡) (bandwidth 𝐵) over a carrier with frequency
𝑓𝑐 (wavelength 𝜆𝑐 = 𝑐/ 𝑓𝑐), from a transmitter T at position
p𝑇 (𝑡) = p𝑇 + v𝑇 𝑡 to a receiver R at position p𝑅 (𝑡) = p𝑅 + v𝑅𝑡.
The radial displacement between transmitter and receiver is
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proportional to the T-to-R signal delay, which is affected by
the relative motion between both transmitter and receiver (i.e.,
Doppler effect). The distance travelled by the signal is

∥p𝑇 (𝑡 − 𝜏0 (𝑡)) − p𝑅 (𝑡)∥ = 𝑐𝜏0 (𝑡) ≃ 𝑑 + 𝑣𝑡, (1)

with 𝜏0 (𝑡) ≃ 𝜏 + 𝑏𝑡, 𝜏 = 𝑑
𝑐

and 𝑏 = 𝑣
𝑐

, where 𝑑 is the T-to-R
relative radial distance, 𝑣 the T-to-R relative radial velocity, 𝑏
a delay drift related to the Doppler effect, 𝑐 is the speed of
light and the unknown parameters to be estimated 𝜼𝑇 = [𝜏, 𝑏].
Under the narrowband hypothesis [12], [13], i.e., 𝐵 ≪ 𝑓𝑐, the
Doppler effect on the band-limited baseband signal may be
considered negligible: 𝑠((1 − 𝑏) (𝑡 − 𝜏)) ≃ 𝑠 (𝑡 − 𝜏). For an
ideal transmitter, propagation channel and receiver, the signal
at the output of the receiver’s Hilbert filter (I/Q demodulation,
bandwidth equal to the sampling frequency 𝐹𝑠) is

𝑥 (𝑡) = 𝛽𝑒− 𝑗2𝜋 𝑓𝑐 (𝑏 (𝑡−𝜏)) 𝑠 (𝑡 − 𝜏) + 𝑛 (𝑡) , (2)

with 𝑓 ∈
[
−𝐹𝑠

2 ,
𝐹𝑠

2

]
, 𝐹𝑠

2 ≥ 𝐵
2 , 𝛽 = 𝛽𝐴𝑒

− 𝑗2𝜋 𝑓𝑐 𝜏 , 𝛽𝐴 an
amplitude factor that depends on the signal power, polarisation
vectors, and antenna gains [14], and 𝑛(𝑡) a complex white
circular Gaussian noise within this bandwidth with unknown
variance 𝜎2

𝑛. The discrete vector signal model is build from
𝑁 = 𝑁1 + 𝑁2 + 1 samples at 𝑇𝑠 = 1/𝐹𝑠 ,

x = 𝛽a(𝜼) + n = 𝜌𝑒 𝑗 𝜑a(𝜼) + n, (3)
x = (. . . , 𝑥 (𝑘𝑇𝑠) , . . .)⊤, n = (. . . , 𝑛 (𝑘𝑇𝑠), . . .)⊤ ,

s = (. . . , 𝑠 (𝑘𝑇𝑠) , . . .)⊤,
a(𝜼) = (. . . , 𝑠(𝑘𝑇𝑠 − 𝜏)𝑒− 𝑗2𝜋 𝑓𝑐 (𝑏 (𝑘𝑇𝑠−𝜏)) , . . .)⊤,

with 𝑁1 ≤ 𝑘 ≤ 𝑁2 and n ∼ CN
(
0, 𝜎2

𝑛I𝑁
)
. The unknown

deterministic parameters are 𝝐 =
(
𝜎2

𝑛, 𝜌, 𝜑, 𝜏, 𝑏
)⊤ , with

𝛽 = 𝜌𝑒 𝑗 𝜑 (𝜌 ∈ R+, 0 ≤ 𝜑 ≤ 2𝜋). Vector s defines the samples
of the baseband transmitted waveform. Notice that each GNSS
satellite sequentially broadcasts a known and unique PRN
sequence, which is modulated by a binary navigation message.

III. NON-BINARY PRN-CHIRP MODULATION DEFINITION

Let’s first consider the well-known linear frequency modu-
lation (LFM) chirp signal classically defined as,

Φ(𝑡) = Π𝑇 (𝑡) × 𝑒 𝑗 𝜋𝛼𝑡2
, Π𝑇 (𝑡) =

{
1 0 ≤ 𝑡 < 𝑇

0 otherwise (4)

with 𝛼 the chirp rate and 𝑇 = 𝑁𝑇𝑠 the waveform period. The
instantaneous frequency is 𝑓 (𝑡) = 1

2𝜋
𝑑
𝑑𝑡

(
𝜋𝛼𝑡2

)
= 𝛼𝑡, then we

can verify that the waveform bandwidth is 𝐵 = 𝛼𝑇 . Now, we
can build a set of 𝐿 orthogonal chirp waveforms as [15]

Φ𝑖 (𝑡) = Π𝑇 (𝑡) × 𝑒
𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑖 𝑇𝐿 )2

, 0 ≤ 𝑡 < 𝑇, (5)

with 𝛼 = 𝐿

𝑇2 and 𝑖 = 0, . . . , 𝐿 − 1. The maximum number of
waveforms per satellite is 𝐿 = 𝐵 · 𝑇 . Moreover, one can show
that the chirp waveforms Φ𝑖 (𝑡) are mutually orthogonal,∫ 𝑇

0
Φ𝑚 (𝑡)Φ∗

𝑛 (𝑡)𝑑𝑡 =
∫ 𝑇

0
𝑒
𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑚 𝑇
𝐿 )2

𝑒
− 𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑛 𝑇
𝐿 )2

𝑑𝑡 =

𝑇𝑒− 𝑗 𝜋
𝐿 (𝑚2−𝑛2)𝑒− 𝑗 𝜋 (𝑛−𝑚) 𝑠𝑖𝑛𝑐 (𝜋(𝑛 − 𝑚)) = 𝑇𝛿(𝑛 − 𝑚). (6)

with 𝑛 = 0, . . . , 𝐿 − 1 and 𝑚 = 0, . . . , 𝐿 − 1. The set of
chirps allows to generate a family of waveforms which can

be used to demodulate non-binary symbols using a bank
of matched filters. However, to correctly demodulate non-
binary symbols, it is required to be synchronized with the
corresponding satellite. This requires good auto-correlation
and cross-correlation properties. The absolute value of the
LFM autocorrelation function (ACF) is��𝑅Φ𝑖

(𝜏)
�� = 𝑇

���1 − 𝜏

𝑇

��� · ����𝑠𝑖𝑛𝑐 (𝜋𝐵𝜏 − 𝜋𝐵𝜏2

𝑇

)���� , (7)

where a higher bandwidth 𝐵 allows to better estimate the delay
parameter. A closed-form expression of the cross-correlation
function (CCF) between CSS waveforms is not easy to obtain.
However, we provide a numerical example in Fig. 1 to shown
that the chirp family does not provide good CCF properties
(i.e., low cross-correlation values). In this case, we consider a
subset of 4 chirp waveforms (𝑖 = 1, 11, 21, 31) with 𝐵 = 1.5
MHz and 𝑇 = 1ms. The CCF is computed with respect to
(w.r.t.) the 𝑖 = 1 waveform. The high cross-correlation values
shown in Fig. 1 generate a delay estimation ambiguity under
noisy scenarios, which may induce a significant performance
degradation. Moreover, such multiple peaks in the delay do-
main make difficult to acquire the correct satellite.

-40 -30 -20 -10 0 10 20 30 40

Distance [C/A Chips]

0

0.2

0.4

0.6

0.8

1

Fig. 1. Normalized |𝐶𝐶𝐹 |2 of a subset of chirp waveforms (𝑖 = 1, 11, 21, 31)
with 𝐵 = 1.5 MHz and 𝑇 = 1ms.

In order to improve the cross-correlation values of stan-
dalone chirp waveforms, we propose to change Π𝑇 (𝑡) in (4)
by a BCS sequence which contains a PRN sequence of period
𝑇 , Π𝑃𝑅𝑁 (𝑡). The non-binary PRN-Chirp modulation family is

Φ𝑖, 𝑝 (𝑡) = Π𝑃𝑅𝑁,𝑝 (𝑡) × 𝑒
𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑖 𝑇𝐿 )2

, 0 ≤ 𝑡 < 𝑇, (8)

where each satellite transmits a different PRN sequence 𝑝,
from a PRN family such as Gold or Kasami [16]. Note
that Φ𝑖, 𝑝 (𝑡) represent the set of symbols transmitted by
the satellite (the baseband signal vector in (3) is now s =

(. . . ,Φ𝑖, 𝑝 (𝑘𝑇𝑠) , . . .)⊤). This set of waveforms has good
cross-correlation properties since the CCF contains the cross-
correlation function of the PRN sequence (refer to Fig. 2,
where the maximum of the |𝐴𝐶𝐹 |2 (𝑚 = 1) is equal to 1).
As in the standalone chirp case (6), it is easy to see that these
PRN-Chirp waveforms remain mutually orthogonal,∫ 𝑇

0
Π𝑃𝑅𝑁,𝑝 (𝑡)𝑒 𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑚 𝑇
𝐿 )2

Π∗
𝑃𝑅𝑁,𝑝 (𝑡)𝑒

− 𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑛 𝑇
𝐿 )2

𝑑𝑡

=

∫ 𝑇

0
|Π𝑃𝑅𝑁,𝑝 (𝑡) |2𝑒 𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑚 𝑇
𝐿 )2

𝑒
− 𝑗 𝜋 𝐿

𝑇2 (𝑡−𝑛 𝑇
𝐿 )2

𝑑𝑡 (9)

= 𝑇𝑒− 𝑗 𝜋
𝐿 (𝑚2−𝑛2)𝑒− 𝑗 𝜋 (𝑛−𝑚) 𝑠𝑖𝑛𝑐 (𝜋(𝑛 − 𝑚)) = 𝑇𝛿(𝑛 − 𝑚),
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since |Π𝑃𝑅𝑁,𝑝 (𝑡) |2 is a constant unitary function, which
allows non-binary demodulation once synchronized.

-80 -60 -40 -20 0 20 40 60 80

Distance [C/A Chips]

0

0.002
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0.008
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|C
C
F
|2

|ACF |2(m = 1)
|CCF |2(m = 1, n = 11)
|CCF |2(m = 1, n = 21)
|CCF |2(m = 1, n = 31)

Fig. 2. Normalized |𝐶𝐶𝐹 |2 of a subset of PRN-Chirp waveforms (𝑖 =

1, 11, 21, 31) with chirp waveforms with 𝐵 = 0.5 MHz and 𝑇 = 1ms and
BPSK-modulated Gold PRN sequence with 1023 chips and duration 𝑇 = 1ms.

A. How to Select the Non-Binary PRN-Chirp Family Set

A question of practical interest is how to select a suitable
non-binary PRN-Chirp family set. Note that each waveform
differs from any other waveform by a simple frequency shift
equal to (𝑛−𝑚)

𝑇
. Then, in order to avoid a possible symbol

ambiguity we must require (𝑛−𝑚)
𝑇

to be larger than the Doppler
effect or any frequency shift that the baseband signal might
suffer (e.g., due to an unstable intermediate frequency local
oscillator). Intuitively, the good option is to select the symbols
as far apart as possible in the frequency domain, and the
maximum number of symbols is limited by the expected
Doppler. This can also play an important role in data mapping
and navigation message structure design in order to improve
the data demodulation conditions of the GNSS receiver.

B. Receiver Structure

A simple receiver structure that allows both to perform
satellite synchronization, as well as to demodulate the non-
binary symbols is constructed as a bank of parallel filters
matched to each possible waveform {𝑖, 𝑝}, where 𝑖 represents
the transmitted symbol and 𝑝 the PRN sequence,

y{𝑖, 𝑝,𝑏} = ifft
(
fft (x) ◦ fft

(
s{𝑖, 𝑝,𝑏}

) )
(10)

where s{𝑖, 𝑝,𝑏} = (. . . ,Φ𝑖, 𝑝 (𝑘𝑇𝑠)𝑒− 𝑗2𝜋 𝑓𝑐 (𝑏 (𝑘𝑇𝑠)) , . . .)⊤ for a
given Doppler parameter 𝑏, ◦ represents the element-wise
product, fft and ifft represent the direct and inverse fast Fourier
transforms, and y{𝑖, 𝑝,𝑏} is a vector which contains the samples
of the matched filter output for each possible delay shift and
a particular Doppler parameter 𝑏. The matrix Y{𝑖, 𝑝} (i.e.,
delay/Doppler map for a given PRN-Chirp waveform {𝑖, 𝑝})
with column vectors y{𝑖, 𝑝,𝑏} contains all the information of
interest: i) if we compute |Y{i,p} |2 for a given PRN sequence
𝑝 and the set of symbols 𝑖, it is possible to construct an
acquisition stage to be used for satellite detection; ii) if a given
satellite is detected, the maximum output value from the subset
of matched filters with equal sequence 𝑝, |Y{i} |2, provides
a decision about the received symbol; and iii) for a given
detected satellite, the arguments that maximize the delay-
Doppler map function provide the delay/Doppler maximum
likelihood estimates (MLE) �̂� = {�̂�, �̂�}.

Unlike for current GNSS modulations, the phase knowledge
is not required to demodulate the data since the metric used to
retrieve it is |Y{i} |2. However, if a phase estimate is available
(e.g., at the tracking stage) the data demodulation performance
can be improved (refer to Sec. V). It is worth pointing out that
on Earth the maximum Doppler and Doppler rate are around
5 KHz and 1 Hz/s, then the Gaussian channel applies.

IV. CRB, MLE AND SYMBOL ERROR RATE

The ultimate achievable performance on the mean square
error (MSE) sense is brought by the corresponding Cramér-
Rao lower bound (CRB), which gives an accurate MSE
estimation of the MLE in the asymptotic region. Considering
(3), the MLE of 𝜼 is (known signal replica at the receiver)

�̂� = arg max
𝜼

{ ��a(𝜼)𝐻x
��2

a(𝜼)𝐻a(𝜼)

}
, (11)

and the maximum SNR at the output of the MLE matched
filter is SNRout =

|𝛼 |2E
(𝜎2

n/𝐹𝑠) , with E =
∫ +∞
−∞ |𝑠 (𝑡) |2 𝑑𝑡 the signal

energy. It is worth pointing out that the phase MLE is given
by the argument of the cross-ambiguity function evaluated at
�̂�, �̂� (�̂�) = arg

{(
a𝐻 (�̂�) a (�̂�)

)−1 a𝐻 (�̂�) x
}
. If we define

𝛀 (𝜼) = 𝜕a(𝜼)
𝜕𝜼𝑇

𝐻

𝚷⊥
a(𝜼)

𝜕a(𝜼)
𝜕𝜼𝑇

=





𝜕a(𝜼)
𝜕𝜼𝑇





2
−

���a(𝜼)𝐻 𝜕a(𝜼)
𝜕𝜼𝑇

���2
∥a(𝜼)∥2 ,

(12)
the CRB of 𝜼 is CRB𝜼 =

𝜎2
𝑛

2 |𝛽 |2 Re {𝛀(𝜼)}−1. The compact
Re {𝛀(𝜼)} expression is given in [12]. Even if for complex
signals the delay, Doppler and phase estimation are not decou-
pled as in the real signal case, for GNSS signals it has been
shown that the impact is negligible [17].

In order to evaluate the data demodulation performances
several metrics can be used. In this contribution, since we do
not consider any particular channel coding strategy , we use
the symbol error rate (SER) as a meaningful metric.

V. RESULTS AND DISCUSSION

In order to validate the new GNSS waveform, we assess
both the delay estimation performance and the SER for differ-
ent representative scenarios. We consider a PRN-Chirp family
set constructed from a BPSK-modulated Gold PRN sequence,
with 1023 chips and duration 𝑇 = 1 ms. The chirp family is
generated with 𝐵 = 0.5 MHz and 𝑇 = 1 ms, and we select 4
possible cases with 2𝑀 = {4, 8, 16, 32} symbols. The symbols
are selected to be as separate as possible in the frequency band
in order to avoid any possible symbol ambiguity. We illustrate
the PSDs for the 2 subsets {4, 32} in Fig. 3, which are almost
equal. However, those PSDs slightly occupy more spectral
band w.r.t. the BPSK case (i.e., in case of selecting symbols
closer in frequency, the spectral efficiency would increase).

A. Joint Synchronization and Data Demodulation

In a first scenario, we consider the most general case where
the receiver has to perform both delay/Doppler synchroniza-
tion and data demodulation, as detailed in Section III-B. Notice
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Fig. 3. PSD of non-binary PRN-Chirp modulation families with 2𝑀 = {4, 32}
symbols vs PSD of the BPSK modulation and CSS.

that this is not possible with CSK and CSS modulation, which
need to be synchronized.

The delay estimation performance for the different subsets
of waveforms is shown in Fig. 4, where we considered
𝐹𝑠 = 2.046MHz. Notice that the MLE performance (root
mean square error (RMSE) w.r.t. the SNRout and obtained from
50000 Monte Carlo runs) is compared to the CRB obtained
for the standalone Gold PRN sequence, as the CRBs for
the different waveforms are almost equivalent to it. Notice
that independently of the symbol subset the MLE converges
to the corresponding CRB after a certain threshold region
around 15.5 dB. Such results confirm that the delay estimation
performance in the asymptotic region is independent of the
cardinality of the waveform set. In addition, the threshold
region is the same for the four waveform sets, being also
equivalent to the standalone Gold PRN performance [12]. This
validates that in terms of synchronization performance, the
new PRN-Chirp waveform is equivalent to the standalone PRN
counterpart, then providing the PVT estimation performance.
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Fig. 4. Delay CRB for the GPS C/A Gold PRN sequence #1, and delay MLE
for the non-binary PRN-Chirp modulation families with 2𝑀 = {4, 8, 16, 32}
symbols and 𝐹𝑠 = 2.046 MHz.

Considering the same scenario, the SER results for the
different sets are shown in Fig. 5, as a function of the
SNRout. We assume that the phase is unknown, and both

delay and Doppler are being estimated through MLE, then, a
non-coherent demodulation is required. For completeness we
consider two cases: 1) delay and Doppler estimation, termed
“Delay/Doppler Est” and shown with dashed lines, and 2)
perfect Doppler removal and only the delay is estimated,
termed “Delay Est” and shown with solid lines.

First, in both cases the SER is logically degraded as a
function of the set cardinality, but in any case, considering
the time-delay estimation threshold for an optimal receiver
operation point the SER is always below 10−3. In addition,
we can see that considering a perfect Doppler removal the
SER is slightly improved, but such marginal degradation (i.e.,
when estimating the Doppler) validates the good behaviour of
the proposed receiver architecture. Finally, we must point out
that this scheme allows to demodulate the data during the syn-
chronization time, decreasing the time needed to demodulate
the navigation message. Moreover, being able to demodulate
symbols instead of bits, also allows to reduce the TTD.
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Delay/Doppler Est 4 sym
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Delay/Doppler Est 16 sym

Delay Est 32 symbols

Delay/Doppler Est 32 sym

Fig. 5. SER for the non-binary PRN-Chirp modulation, with 2𝑀 =

{4, 8, 16, 32} symbols, without delay (and Doppler) synchronization.

B. Synchronized Data Demodulation Performance: PRN-
Chirp vs CSK Modulations

In a second scenario, we assess the SER considering that de-
lay and Doppler are perfectly estimated but the knowledge of
the phase is still not available at the receiver, i.e., non-coherent
demodulation is required. The SER for the non-binary PRN-
Chirp with 2𝑀 = {4, 8, 16, 32} symbols (solid lines) is shown
in Fig. 6. First, note the SER performance improvement w.r.t.
the previous scenario without perfect synchronization (refer to
Fig. 5). As an example, for 4 symbols we have an improvement
of 2.5 dB for a SER of 10−3. Because we consider a perfect
synchronization, we can compare the proposed modulation
with other well-known non-binary modulations such as the
CSK. Then, in Fig. 6 we also illustrate the SER (dashed lines)
of the non-binary CSK modulation with 2𝑀 = {4, 8, 16, 32}
symbols and also considering the Gold PRN #1 sequence.
Notice that the SER of both modulations is almost equivalent.
The reason why the SER is almost the same is because even
if the CSK modulation is not perfectly orthogonal, when
the PRN sequences are long enough (e.g., 1023 chips), this
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modulation is quasi-orthogonal. These results validate again
the good performance of the proposed approach.
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Fig. 6. SER of the non-binary PRN-Chirp and CSK modulations with 2𝑀 =

{4, 8, 16, 32} symbols. Perfect delay/Doppler synchronization is assumed, but
no phase information is available.

C. Coherent Demodulation: PRN-Chirp vs CSK Modulations

In the last representative scenario we consider a perfect
knowledge of the phase at the receiver (as well as perfect
delay and Doppler synchronization). This implies that the
phase estimation (either through a MLE or obtained from the
tracking) is performed properly, which can be considered for
nominal channel conditions where no multipath, shadowing or
interefernece are present. Under coherent demodulation, the
output of the matched filter (in contrast to the non-coherent
| · |2) is considered to compute the SER. SER results for both
PRN-Chirp (solid lines) and CSK (dashed lines) modulations,
with 2𝑀 = {4, 8, 16, 32} symbols, are shown in Fig. 7. We can
notice again that i) the SER performance, as expected, is fur-
ther improved w.r.t. the previous non-coherent demodulation
case in Fig. 6, and ii) the SER for both modulations is almost
equivalent, because the CSK modulation is quasi-orthogonal
when the PRN sequences are long enough.
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Fig. 7. SER of the non-binary PRN-Chirp and CSK modulations with 2𝑀 =

{4, 8, 16, 32} symbols. Perfect synchronization and phase knowledge.

VI. CONCLUSION

In this contribution, we proposed a new non-binary mod-
ulation which allows to perform both GNSS acquisition and
tracking (i.e., delay and Doppler synchronization), as well as
to demodulate non-binary symbols without the need of a pilot
signal. Thanks to this new non-binary modulation, the receiver
is potentially able to provide a faster first PVT solution fix,
by decreasing the TTD. In order to design the set of wave-
forms we propose to exploit the product of two well-known
families of modulations. The first family is constructed from
PRN sequences, which have good auto-correlation and cross-
correlation properties. The second modulation set is a CSS
family which allows to demodulate non-binary symbols even
if the phase knowledge is unknown. In order to demodulation
the data, a bank of non-coherent matched filters is proposed.
The simulation results showed the good performance of the
proposed new waveform, both in terms of synchronization
and data demodulation capabilities. The joint synchronization
and data demodulation allows to decrease the TTD, while
properly dealing with the baseband signal processing receiver
functionalities.
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