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TCollege of Information Continuous phase modulation (CPM) has the characteristics of high power efficiency,
and Communication spectral efficiency, and less out-of-band radiation, which is very suitable for the Com-
Engineering, Harbin Engineering pass S-band (2483.5-2500 MHz) with limited power and bandwidth. However,
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y as more and more navigation systems share the S-band, the mutual interference

between different systems is gradually increasing, and the compatibility of CPM signals
with rectangular or raised cosine pulses needs to be further improved. To enhance

the navigation performance and compatibility of current CPM candidate signals, we
propose to apply continuous phase modulation with prolate spheroidal wave func-
tion (CPM-PSWF) to S-band navigation. The proposed modulation scheme selects
PSWF with excellent time-frequency energy aggregation and flexible time-bandwidth
product as the frequency pulse function of CPM. Then, the influence of key modulation
parameters such as M, L, h, and C on CPM-PSWF power spectral density is analyzed,
and a specific partial-response CPM-PSWF signal is proposed as the S-band candidate
navigation signal. Finally, the navigation performance evaluation criteria are derived,
and the proposed signal scheme and existing candidate schemes are comprehensively
evaluated. Theoretical analysis and simulation results indicate that compared with CPM
with BM2RC(8), cos-phase binary offset carrier (BOCc(4,4)), sin-phase binary offset car-
rier (BOCs(4,4)), minimum shift keying-BOCs (MSK-BOCs(4,4)) and binary offset carrier
(BPSK(8)), the proposed signal scheme not only delivers exceptional spectral perfor-
mance but also exhibits superior performance in code tracking accuracy and multipath
suppression. In addition, in the acquisition and tracking phase, compared with other
candidate signals except for BOCc(4,4), the mutual interference between the proposed
signal scheme and most S-band signals is the lowest, which is easier to realize the com-
patibility of the Compass system with IRNSS, Galileo, and Globalstar systems.
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1 Introduction

With the continuous evolution of global navigation satellite systems (GNSSs) and
regional navigation satellite systems, L-band (1164—1300 MHz, 1559-1610 MHz) navi-
gation signals are expected to exceed 400 in 2030 and there will be as many as 160 space-
based navigation satellites [1]. The spectra of GPS, Galileo, GLONASS, and Compass
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systems in the L-band partially overlap or completely overlap, resulting in inevitable
radio frequency interference between systems, and the problem of L-band wireless spec-
trum compatibility is becoming increasingly serious [2, 3]. Based on the nonrenewable
nature of spectrum resources, exploring new frequency bands may be an effective solu-
tion to the above problems [4, 5].

To alleviate the congestion of L-band GNSS signals, the International Telecommunica-
tion Union (ITU) allocates the S-band (2483.5-2500 MHz) to radio determination satel-
lite service (RDSS). The ratio navigation satellite service (RNSS) is a subset of the RDSS,
so the S-band can also be used for satellite navigation services [6—8]. Compared with
other GNSS service bands, the frequency range of the S-band can realize antenna shar-
ing with ground communication services with a frequency range above 2.5 G. Realizing
hardware reuse with mobile communication is easier, which is conducive to combining
navigation and positioning services and mobile communication [9, 10]. Compared with
the L-band, the S-band is less affected by the ionosphere and exhibits relatively small
multipath error and phase noise [11, 12]. In particular, the combination of S-band and
L-band measurements can effectively reduce ionospheric error, facilitate the resolution
of integer ambiguity, improve positioning accuracy, and increase the diversity of satellite
navigation services [13].

Based on the above excellent characteristics, the research and development of S-band
resources have attracted wide attention from scholars and system suppliers. The Indian
regional navigation satellite system (IRNSS) has used the S-band to transmit naviga-
tion signals [14]. The Globalstar communications satellite system also uses the S-band
to broadcast voice services for users with a signal known as SRC(0.2,1) [15]. Europe
and South Korea also considering using the S-band for the future Galileo system and
Korean Positioning System (KPS) [16, 17]. For the Compass system, the research and
development of the S-band can effectively improve its navigation spectrum occupancy
rate, enhance international competitiveness, and avoid being in a passive position in
frequency in the future. At present, the Compass system uses the S-band to broadcast
RDSS signals [18].

The signal modulation method is the core part of the GNSS signal system design,
which has an important influence on the code tracking accuracy, anti-multipath abil-
ity, and compatibility of the system. However, the effective bandwidth of the S-band is
only 16.5 MHz, with very strict requirements for transmitting signals in such a narrow
bandwidth. How to make full use of the S-band 16.5 MHz bandwidth resources while
taking into account the signal compatibility constraints and navigation performance has
become the focus of S-band modulation method research [19].

Galileo proposed several S-band candidate signals including composite binary offset
carrier (CBOC(6,1,1/11)), binary offset carrier (BPSK(1), BPSK(4) and BPSK(8)) signals
[20, 21]. IRNSS also utilizes the S-band to provide navigation and positioning services
for users. The signals of the IRNSS include BPSK(1) and sin-phase binary offset carrier
(BOCs(5,2)), which are used for standard positioning services and restricted services,
respectively [14, 22]. BOCs(5,2), cos-phase binary offset carrier (BOCc(4,4)), BOCs(3,1),
and BPSK(n) (n=1,4,5,8) are also recommended as candidate signals for the KPS in
the S-band [17]. For the Compass system, some scholars have proposed BOCc(4,4),
BOCs(4,4), and BPSK(8) as candidate signals in the S-band [23, 24].
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BPSK and BOC are discontinuous phase modulations, resulting in excessively high
spectral sidelobes. These modulation methods not only consume a significant amount of
spectrum resources but also cause great interference for adjacent signals [25, 26]. PSWF
and orthogonal frequency division multiplexing (OFDM) are considered to be applied
in the S-band to achieve superior anti-multipath and compatibility [19, 20, 27], but their
time-domain waveforms are not-constant envelopes. Non-constant envelope signals are
prone to nonlinear distortion after passing through high-power amplifiers. Therefore,
constant envelope and continuous phase characteristics are of great significance in the
design of S-band signals.

CPM exhibits characteristics such as constant envelope, continuous phase, excellent
spectral performance, and less out-of-band radiation, which is very suitable for S-band
with limited power and bandwidth [28]. Minimum frequency shift keying-binary offset
carrier (MSK-BOCs(4,4)) modulation has been considered for the S-band of the Com-
pass system, which has higher compatibility and tracking accuracy than BPSK modu-
lation and BOC modulation [23]. Lei Wang et al. discussed the application of spread
spectrum MSK (SSMSK) in S-band RDSS, and the research results showed that SSMSK
had better performance than BPSK in terms of acquisition, tracking, and user capac-
ity [29]. In fact, MSK is a special CPM subclass, but the performance is not optimal. By
selecting the frequency pulse function, correlation length, base number, and modulation
index of the CPM signal, an infinite variety of CPM signals can be formed.

To better meet the requirements of the S-band, a specific CPM signal named
BM?2RC(8) is proposed. BM2RC(8) can meet the requirements of S-band compatibility
constraints and has more advantages than BPSK(8), BOCs(4,4), and MSK-BOCs(4,4)
in code tracking accuracy, anti-multipath ability, and anti-interference ability [30, 31].
Due to the excellent spectral performance of CPM modulation, Fujian Ma et al. regard
CPM modulation as a general modulation scheme for L, S, and C multi-band naviga-
tion. BM2RC modulation is recommended as a candidate scheme for S-band, and the
side lobe of the modulation is significantly smaller than that of BOC modulation [32].
Yanbo Sun has optimized the modulation parameters of CPM signals for future GNSS.
For bands with strictly limited out-of-band transmission power, two CPM subclasses of
BM2RC with half-integer or integer /1 greater than 1 and QAM2RC with #=0.5 or h=1
are recommended as solutions for single main lobe and multi-main lobe GNSS signals,
because their fast attenuation side lobe can effectively reduce the degree of signal distor-
tion caused by non-ideal filtering [33]. Table 1 summarizes the main signal modulation
parameters of the S-band systems.

The S-band bandwidth is narrow, and many navigation signals share this band. Interfer-
ence between the systems is inevitable, and an excellent modulation method is needed to
achieve good compatibility. Different frequency pulse signals determine the different spec-
tral and navigation performance of CPM signals. The traditional recommended CPM wave-
form, such as MSK or BM2RC, their frequency pulse signals are rectangular pulses or raised
cosine pulses, and their navigation performance and compatibility have great room for
improvement. The zero-order PSWF waveform has excellent characteristics such as opti-
mal time-frequency energy concentration and flexible change of time-bandwidth product.
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Table 1 Signal modulation parameters of S-band systems

Types System Center Modulation Chip rate Subcarrier
frequency (MHz) type (Mcps) frequency (MHz)
Space Globalstar 2491.75 SRC(0.2,1) 1.2288 -
based IRNSS 2492028 SPS: BPSK(1) 1023 -
RS: BOCs(5,2) 2.046 5115
Planned Galileo 2492.028 CBOC(6,1,1/11) 1.023 6.138
signal candidate BPSK(n) (n=14,8) nx1023 -
KPS 2492.028 BOCs(5,2) 2.046 5115
candidate BOCc(44) 4092 4092
BOGCs(3,1) 1.023 3.069
BPSK(n) (n=1,4,5,8) nx 1.023 -
Compass 2492.028 BM2RC(8) 8.184 -
candidate BOCc(4,4) 4092 4092
BOCs(4,4) 4092 4.092
MSK-BOC(4,4) 4.092 4.092
BPSK(8) 8.184 -

Moreover, it has been proven that the performance of PSWF as the baseband signal wave-
form of a multi-carrier communication system is superior to that of a rectangular pulse sig-
nal [34]. It is worth exploring and studying whether the zero-order PSWF waveform as the
frequency pulse function of CPM can improve the signal performance of existing S-band
CPM signals. No public report on the use of this modulation method in the S-band and the
evaluation of navigation performance has been found. The main contributions of this paper
can be summarized as follows

(1) Modulation waveform is related to navigation performance. Based on the S-band
characteristics and the excellent spectral characteristics of CPM-PSWE, this paper explores
the application of CPM-PSWF modulation in the Compass system S-band.

(2) Compatibility and navigation performance are the key considerations in S-band signal
design. Based on the PSD and implementation complexity of CPM-PSWE, this paper pro-
poses a specific partial-response CPM-PSWF signal as a candidate navigation scheme for
S-band.

(3) The proposed signal scheme is compared with the existing S-band candidate signals of
the Compass system. The simulation results show that the proposed signal has fast out-of-
band attenuation, excellent inter-system compatibility, optimal code tracking accuracy, and
anti-multipath performance.

(4) The proposed CPM-PSWF modulation scheme can provide new ideas and references
for future S-band satellite navigation signal design.

The rest of this paper is organized as follows: Sect. 2 describes the mathematical model
and PSD function of the CPM-PSWF signal and studies the influence of different CPM-
PSWF parameters on the PSD characteristics. Navigation performance evaluation criteria
are introduced in Sect. 3. In Sect. 4, the proposed CPM-PSWF signal and other Compass
S-band candidate signals are comprehensively evaluated and analysed. Finally, we conclude
the paper in Sect. 5.

Page 4 of 19
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2 CPM-PSWF signal model

2.1 Mathematical model of the CPM-PSWF signal

Prolate spheroidal wave functions are a set of nonsinusoidal functions introduced by
Selpian D. These functions possess remarkable features, including perfect time-frequency
energy concentration, flexible and controllable time-bandwidth product, completeness,
and orthogonality [35, 36]. Under the parameters, the zero-order PSWF signal is a set of
PSWE signals with the best time-frequency energy concentration [37]. The frequency pulse
function of the CPM signal has an important influence on its spectral performance. The
smoother the time-domain waveform of the frequency pulse function is, the faster the
sidelobe attenuation in the signal power spectrum and the more compact the signal spec-
trum. Therefore, utilizing the zero-order PSWF signal as the frequency pulse function of
CPM is anticipated to enhance the navigation performance and compatibility of the exist-
ing CPM signals.

The principle diagram of CPM-PSWF signal generation is shown in Fig. 1. First, the zero-
order PSWF Bo(C, ) is selected as the frequency pulse function of CPM-PSWE. Then,
Bo(C, t) is integrated and normalized to obtain the phase pulse function g(¢). Next, by cal-
culating the product of modulation parameter 27 /1, information symbol sequence «;, and
phase pulse function g(¢), the time-varying phase ¢(¢,«) is obtained. Finally, the CPM-
PSWE signal s(¢, ) is obtained by carrier phase modulation.

The time-domain expression of the CPM-PSWF signal is as follows [38]:

s(t,a) =4/ % cos(2mfot + @(t, &) + @o) (1)

where E is the symbol energy, T is the symbol period, fjis the carrier frequency, ¢ is the
initial phase, and ¢ (¢, o) is the time-varying phase of the information carrier expressed

as:
+00

p(t,a) =21h Y gt —iT) nT <t<@+1DT @)

i=—o00

where /1 denotes the modulation index, «; is the sequence of information symbols,
a; € {£1,43,...,£(M — 1)}, M is the base number, and g(%) is the phase pulse function,
which can be obtained by integrating By (C, ¢). However, g(t) needs to be normalized to

0 order
PSWF signal
* 27h
- s(t,a)

R Carrier ’

By (C,1) > J.( )t modulation
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i a.0(t—iT)

Fig. 1 CPM-PSWF signal generator scheme



Xue and Xie EURASIP Journal on Advances in Signal Processing ~ (2023) 2023:88 Page 6 of 19

make it monotonically increasing, and the maximum value is 0.5. The expression of g(%)

is:

0 t<0
q@®) =19 [y Bo(C,ydr 0<t<LT 3)
1/2 t>LT

where Bo(C, t) represents the zero-order PSWF, and the time-domain waveform of the
zero-order PSWF and the phase pulse function are shown in Fig. 2. L is the correlation
length, where L = 1 corresponds to a full response CPM-PSWF signal and L > 1 to a
partial response CPM-PSWF signal. The integral equation expression of the zero-order

PSWF is as follows:
T/2 sin Q2(t — 1) R
/ Bo(C, 1) ————d1t = UC)Bo(C, T) (4)
-T2 n(t—1)

where Bo(C, t) is the PSWF, which is band-limited to [—£2, 2] and concentratedly distrib-
uted in the time domain [-7/2,T /2], C = T is the time-bandwidth product, which
represents the degree of freedom of the system design, and 4 is the eigenvalue corre-
sponding to Bo(C, 7), The closed solution of the equation is difficult to solve directly.
In this paper, the approximate solution is obtained by using the numerical method pro-
posed by B. Parr [39].

2.2 CPM-PSWF PSD function

The PSD of the GNSS navigation signal has a profound impact on the code tracking perfor-
mance, anti-multipath ability, anti-interference ability, and compatibility of the signal. Com-
bined with the existing spectrum analysis method of the CPM signal and the characteristics
of the PSWF signal, the PSD of the CPM-PSWF signal is analysed by the autocorrelation
function. When the occurrence probabilities of all input information symbols are equal, the
CPM-PSWTF autocorrelation function can be calculated as [28]:

T Lt/T]

_ l i sinQehM(q(t + v — kT) — q(t — kT)))
RO =7 /0 k:];[—L M sin@h(q( 1 —kT) —q —kT)) ®)

1 0.5
£
=
< 0.8 4 -
S 08 0.4
@
E
1 L ] L
._E.. 0.6 g 0.3
: £
B04) Eo2
:
Eoz} 0.1
V4

0 : : : : 0 ; : : :

0 0.2T 0.4T 0.6T 0.8T T 0 0.2T 04T 0.6T 0.8T T
Time/s Time/s
(a) Frequency pulse function (b) Phase pulse function

Fig. 2 Normalized zero-order PSWF frequency and phase pulse functions
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where |.] denotes the downward integer function and 7 is the correlation time. Accord-
ing to the Wiener-Khinchin theorem, the PSD of the CPM-PSWF signal is expressed as
follows:

LT
P(f) = 2(/ R(t) cos2nrft)dr)
0

1 — £(jh) cos(2mfT) L+HT
e £2(jh) — 2&(jh) cos2nfT) Jir R(t) cos2nft)dt (6)
h) si @L+HT
&(jh) sin(2nfT) R sin2nf e

1+ £2(jh) — 26(jh) cosnfT) Jit

with £(jh) = sin(Mmh)/(M sin(zwh)). Obviously, when M, & and L are fixed, the PSD
of the CPM-PSWF signal is mainly affected by the phase pulse function g(t), which is
closely related to the frequency pulse function So(C, £). Therefore, the nature of the fre-
quency pulse function largely determines the spectral characteristics of the CPM-PSWF
signal.

The PSD of the CPM-PSWF signal under different parameter conditions is shown in
Fig. 3. Figure 3a depicts the influence of different modulation indices / on the PSD of the
CPM-PSWF signal. The CPM-PSWF signal can exhibit spectral splitting characteristics
similar to those of the BOC signal in the case of # > 1, and an increase in / tends to keep
the main lobe of the CPM-PSWEF PSD away from the carrier frequency. Figure 3b illustrates
the effect of different correlation lengths L on the CPM-PSWF performance. It is clearly
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Fig. 3 PSD of the CPM-PSWF signal with different modulation parameters
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shown that CPM-PSWF signals with longer L can help concentrate more power on the sig-
nal main lobe, thus achieving better performance within a certain bandwidth. At the same
time, the power spectrum sidelobe amplitude is effectively reduced, and interference to
other signals in the same frequency band is smaller. Considering that the S-band bandwidth
resources are limited and the compatibility requirements are high, the CPM-PSWF signal
with L > 1is selected.

Figure 3c shows the influence of different M values on the PSD of the CPM-PSWTF signal.
It can be seen that the larger M is, the faster the side lobe roll-off rate of the PSD of the
signal. Figure 3d shows the PSD of the CPM-PSWTF signal under different time-bandwidth
products C. The results indicate that the main lobe bandwidth will gradually widen with
the increase of the time-bandwidth product C, so the signal bandwidth can be affected by
changing the C. The smaller the C, the lower the power spectrum sidelobe of the modula-
tion signal, and the faster the out-of-band attenuation, this is also the unique advantage of
CPM-PSWF compared with traditional CPM signals. However, too small a C value may
lead to a decrease in code tracking performance and anti-multipath capability.

The design of the signal system can only be the result of comprehensively weighing all
aspects of the system performance, and it is impossible to achieve comprehensive opti-
mization. The main purpose of this paper is to optimize the compatibility and navigation
performance of the S-band signal. Considering the strict bandwidth constraint of the
S-band and the complexity of CPM-PSWF implementation, this paper proposes a CPM-
PSWF signal with f; =8 x 1.023MHz, M =2, L =2, h = 1.5, and C = 6, denoted as
BM2PSWE(8), for the Compass system S-band.

3 Performance evaluation criteria

Evaluating the performance of satellite navigation signals is an essential means of design-
ing and analysing navigation schemes. In this section, the basic introduction and mathe-
matical model of the code tracking accuracy, anti-jamming ability, anti-multipath ability,
and compatibility are given.

3.1 Code tracking performance
Observation of the pseudocode and carrier phase is the basis of GNSS receiver position-
ing and ranging. Accurate tracking of pseud-code is the premise of pseudocode ranging,
so code tracking performance is a critical factor in the design of navigation signals. The
Gabor bandwidth and code tracking error are essential technical indicators to evaluate
the code tracking performance. The Cramer-Rao Lower Bound (CRLB) gives the best
tracking accuracy theoretically, and the CRLB is closely related to the Gabor bandwidth.
When only Gaussian white noise interference is considered, the standard deviation of
the code tracking error of the coherent early-late processing (CELP) code tracking loop
can be expressed as [40]:

Br(1 — 0.5B.T;) ffgﬁz Gs(f) sin(fv)df

2
)% ( B2 fGo(f) sin(nfv)df)

SCELP = ¥

(7)

where y is 3 x 108m/s, B; denotes the loop bandwidth of a single sideband, 7; represents
the coherent integration time, B; is the prefiltering bandwidth of the receiver, v denotes
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the interval between early and late correlators, G, (f) refers to the normalized PSD of the
signal, and C,s /Ny is the carrier-to-noise ratio (CNR).

In the case of Gaussian white noise, the code tracking error variance of the CELP
code tracking loop can approach the CRLB when a very small interval is used. At the
same time, By T; can be ignored because its weight is far less than 1. When the cor-
relation interval v tends to 0, using the property of equivalent infinitesimal, the CRLB
can be approximately expressed as:

luii% 8%ELP = S%ELB
By [%5, Gs() (ufv)df
a2 G (152, Gupmsodr ) ®
B[, GG vydf

- Cs Br/2
am2 & (B 126G (Hdf

The Gabor bandwidth fgapo, is defined as:

B,/2
Feiabor = //me# ©)

According to Egs. (8) and (9), the Gabor bandwidth can be used as an important index
to measure the lower limit of code tracking errors. The GNSS signal with a larger Gabor
bandwidth has a smaller CRLB generated by the code tracking loop, indicating that the
signal has better code tracking potential.

3.2 Anti-jamming performance

In terms of anti-jamming, matched spectrum jamming has the greatest impact on
navigation signals when the receiver has anti-jamming measures, and narrowband
jamming becomes the largest jamming source when the receiver does not have anti-
jamming measures. To accurately and effectively evaluate the resistance of navigation
signals to these jamming, four indicators are selected: the demodulation anti-narrow-
band-jamming quality factor, the demodulation anti-matched-spectrum-jamming
quality factor, the code tracking anti-narrowband-jamming quality factor, and the
code tracking anti-matched-spectrum-jamming quality factor. The signal with larger
anti-jamming quality factors has a stronger ability to resist jamming [30].

The expression for the demodulation anti-narrowband-jamming quality factor is:

} (dB) (10)

1
QpemANW 10810 [Rd x max[G(f)]

where R; denotes the information rate.
The expression for the demodulation anti-matched-spectrum-jamming quality fac-
tor is as follows:
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Qpemajms = 10 x logy, [ (11)

(dB)
Ry x [ Gz(f)dfl

The expression for the code tracking anti-narrowband-jamming quality factor is as
follows:

B FAG()df

max[f2G(f)] ](dB) (12)

Qcranw = 10 x log, [

The expression for the code tracking anti-matched-spectrum-jamming quality factor is:

B,/2
B SG(df
Qcrams = 10 x log,g | 55

=~ | (dB
_B,/ZfZGZ(f)df] (dB) (13)

3.3 Anti-multipath performance

The multipath effect is one of the reasons for the measurement error of GNSS receiv-
ers, which will destroy the symmetry of the correlation function, and cause deviation of
the code phase measurement. The multipath error is related to the GNSS modulation
method, so anti-multipath ability analysis has become an important reference for GNSS
signal design. At present, the multipath error envelope and the average multipath error
are two technical indices used to measure the anti-multipath ability of a signal. The mul-
tipath error envelope reflects the sensitivity of a code tracking loop to multipath signals
with different parameters. When only one multipath signal exists, the multipath error
envelope of the coherent code tracking loop is [41]:

N +am fféﬁz Gs(f) sin(rfv) sin(2rf 1o )df
2 [, FGo(f) sin(afv)(1 & a1 cos2rf o) df

& (14)

where a1 = a1 /ag represents the ratio of the multipath signal amplitude to the direct sig-
nal amplitude, a; and g represent the multipath amplitude and direct signal amplitude,
respectively, and 7, is the delay between the multipath signal and the direct signal. When
the phase difference between the multipath signal and the direct signal is 0° and 180°, the
symbol £ is '+’ and '—’, respectively.

The average multipath error can reflect the overall level of multipath error within the
delay range, which is the cumulative average of the multipath error envelope varying
with the multipath delay. The relationship between the average multipath error and the
multipath error envelope can be expressed as:

Ea(Ty) = o 5 dr, (15)

X

L abs (& (z:)11=0° ) +abs (& (v.) | = 1807
0

where &,(t,) denotes the average multipath error of the multipath delay in the range of
[0, Ty ], &7 (Te) |<]31=0° and &; (rs)|¢~>1= 180° represent the multipath error when the phase
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difference between the multipath signal and the direct signal is 0° and 180°, and the mul-
tipath delay is .

3.4 Compatibility

The IRNSS has broadcasted BPSK(1) and BOCs(5,2) in the S-band as civil and author-
ized signals, respectively [14, 22]. Galileo proposed BPSK(1), BPSK(4), BPSK(8), and
CBOC(6,1,1/11) as S-band candidate navigation signals [20]. Globalstar uses the S-band
as the downlink between the satellite and the user terminal, with a centre frequency of
2491.75 MHz [15]. Moreover, multibeam antennas are used to realize frequency reuti-
lization in Globalstar. In each beam, the 16.5 MHz bandwidth of the S-band is divided
into 13 frequency division multiplexing (FDM) channels, and the bandwidth of each
channel is 1.23 MHz. Code division multiple access is implemented by using a spreading
code with a rate of 1.2288 Mc/s in each FDM channel. In addition, the Globalstar signal
needs to be filtered by a Nyquist square-root-raised-cosine filter before carrier modula-
tion, and the expression of the Globalstar signal PSD of each beam is:

GgLos(f) = Z GSRRC (16)
k=—6

where the PSD of the th FDM channel is expressed as:

1, If —kBy| <% (1—p)
Girre = § 0, If —kBf| <1+ p) (17)
w(), LA —p) <|f —kB| <L+ p)

with:

v 1525 )

where the roll-off coefficient p is 0.2, the chip rate f; is 1.2288 MHz, and the FDM chan-
nel bandwidth By is 1.23 MHz.

Figure 4 depicts the PSD of the S-band signals of the IRNSS, Galileo, and Globalstar
systems. It is not difficult to find that the spectrum aliasing between signals is very seri-
ous in the S-band with limited bandwidth resources. Therefore, when designing a new
S-band signal, it is necessary to analyse the compatibility between existing and candidate
signals in the same frequency band.

ITU-RM. 1831 describes a compatibility assessment methodology for the RNSS sys-
tem [42]. This methodology takes the effective carrier-to-noise ratio degradation as the
main parameter for GNSS signal interference evaluation and coordination. However, the
effective carrier-to-noise ratio degradation is influenced by multiple factors, such as the
satellite layout, user location, and signal system, and the calculation is complex and can-
not be quickly solved. Therefore, this paper uses the spectral separation coefficient (SSC)
and code tracking spectral separation coefficient (CTSSC) to evaluate the compatibility
of satellite navigation signals.

As an important part of the effective carrier-to-noise ratio degradation in the acqui-
sition phase, the spectral separation coefficient reflects the interference and overlap
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degree of the interference signal and the desired signal [43]. The SSC can be expressed
as follows:

B, /2
Kis = / GG (19)

r

where G;(f) denotes the normalized PSD of the interference signal, and G,(f) represents
the normalized PSD of the desired signal.

The code tracking spectral sensitivity coefficient effectively reflects the impact of
the interference signal on the code tracking performance of the desired signal [44].

The CTSSC is defined as:
o GGy (f)sin® (f v)df
Als = B, /2 . 2 (20)
B, /2 Gy (f)sin“(zfv)df

4 Performance evaluation results for the compass S-band

This section comprehensively evaluates the navigation performance of the proposed
BM2PSWE(8) signal and other Compass S-band candidate signals based on the
analysis of the PSD, code tracking performance, anti-multipath ability, anti-jamming
ability, and compatibility, providing a valuable reference for future Compass S-band
signal design.
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4.1 PSD of compass S-band

MSK-BOCs(4,4), BOCc(4,4), BOCs(4,4), BPSK(8), and BM2RC(8) have been pro-
posed as candidate schemes for the S-band of the Compass system [24, 31]. Figure 5
illustrates the PSD of the above signals and BM2PSWE(8) signal. Compared with
other candidate signals, the proposed BM2PSWEF(8) signal has similar main lobe
width, which can make full use of the limited bandwidth resources of the S-band.
Moreover, the BM2PSWF(8) signal can concentrate more high-frequency compo-
nents at the edge of the available bandwidth, indicating that BM2PSWF(8) has better
code tracking potential. In addition, BM2PSWF(8) has similar out-of-band sidelobe
characteristics to BM2RC(8). Compared with MSK-BOCs(4,4), BPSK(8), BOCs(4,4),
and BOCc(4,4), BM2PSWE(8) has faster sidelobe attenuation, which can effectively
reduce the impact on the adjacent frequency band signal.

4.2 Code tracking performance

Figure 6 compares the code tracking performance of S-band candidate signals, where
the coherent integration time 7; is 1 ms, the correlation interval v is 0.1 chip, the loop
bandwidth By is 1 Hz, and the carrier-to-noise ratio Cs/Np is 20-50 dB Hz. Figure 6a
shows that when the receiving bandwidth B, exceeds 12.5 MHz, the Gabor bandwidth
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of the BM2PSWE(8) signal begins to be larger than that of the other candidate signals,
and the BM2PSWE(8) signal has the maximum Gabor bandwidth when the receiv-
ing bandwidth is 16.5 MHz. At the same time, under the available bandwidth of 16.5
MHz in the S-band, its Gabor bandwidth is close to the maximum, which can maxi-
mize the code tracking potential.

Figure 6b compares the code tracking errors of each candidate signal at the receiving
bandwidth of 16.368 MHz. Similar to the above analysis results, the BM2PSWE(8) signal
has higher code tracking accuracy. The BM2PSWE(8) signal can save 0.35 dB, 2.3 dB, 2.9
dB, 4.5 dB, and 6.25 dB of carrier power compared with BM2RC(8), BOCc(4,4), MSK-
BOCs(4,4), BOCs(4,4), and BPSK(8) under a 0.2 m code tracking error. Gabor band-
width and code tracking error curves show that compared with other Compass S-band
candidate signals, the BM2PSWF(8) has the best code tracking performance and high

precision code tracking potential.

4.3 Anti-jamming performance analysis

The anti-jamming performance of each S-band candidate signal is calculated in Table 2,
where B, and R, are 16.368 MHz and 50 bps, respectively. From the demodulation anti-
narrowband-jamming aspect, the anti-jamming quality factor of each candidate signal is
very close. BM2PSWEF(8) and BM2RC(8) perform best in demodulation anti-matched-
spectrum-jamming, while MSK-BOCs(4,4) performs slightly poorly. BPSK(8) has the
best anti-jamming performance while BM2PSWEF(8) and BM2RC(8) have poor perfor-
mance in code tracking anti-narrowband-jamming. BPSK(8) has the best anti-jamming
performance in code tracking anti-matched-spectrum-jamming. In general, the differ-
ence in anti-jamming performance among candidate signals is very small, indicating that

they have similar anti-jamming performance.

4.4 Anti-multipath performance analysis

Figure 7 compares the anti-multipath ability of the S-band candidate signals in the pres-
ence of a single multipath signal, where a; is —6 dB, the receiving bandwidth B, is 16.368
MHz, and the correlation interval v is 0.1 chip. Figure 7a illustrates the variation in the
multipath error envelope of each candidate signals with the multipath delay. The mul-
tipath error envelope of almost all candidate signals reaches a peak when the multipath
delay is approximately 22 m. After that, as the multipath delay increases, the multipath
error gradually decreases and converges to a small value at approximately 80 m. The
multipath error envelope amplitude of the BM2PSWE(8) signal is the smallest and the

convergence speed is the fastest.

Table 2 The anti-jamming performance of each candidate signal in the S-band

Merit factors BM2PSWF(8) BM2RC(8) BOCs(4,4) BOCc(4,4) BPSK(8) MSK-BOCs(4,4)

Qpemamw 51.9045 51.8672 51.9276 52.6869 52.1400 51.7845
Qpemams 56.5060 56.5612 53.9370 55.3525 539137 53.1460
Qcramw 65.1779 65.0385 67.8803 67.8263 69.1297 68.3022

Qcrams 70.1958 70.2716 70.7160 71.0772 728167 70.5077
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Figure 7b depicts the variation in the average multipath error with the multipath delay.
The anti-multipath ability of the BM2PSWEF(8) signal is slightly better than that of the
other candidate signals as a whole. The maximum average multipath error of BM2P-
SWE(8) is lower than those of BM2RC(8), BOCc(4,4), MSK-BOCs(4,4), BOCs(4,4), and
BPSK(8), which are approximately 0.06 m, 0.44 m, 0.96 m, 1.42 m, and 1.37 m. There-
fore, the anti-multipath ability of the BM2PSWEF(8) signal is more advantageous for the
S-band candidate signal.

4.5 Compatibility performance analysis

Table 3 reports the SSCs of the Galileo, IRNSS, and Globalstar system signals as the
desired signal and each S-band candidate signal as the interference signal, where
Globalstari,iy;g,fe is the single FDM signal corresponding to the maximum SSC, the receiv-
ing bandwidth of the Galileo and IRNSS signals are 16.368 MHz, and the receiving
bandwidth of the Globalstar signal is 1.23 MHz. Table 3 indicates that when BPSK(1)
is the desired signal, the interference of BM2PSWF(8) is significantly smaller than that
of BM2RC(8). The interference caused by BM2PSWEF(8) for BPSK(4), BPSK(8), and
CBOC(6,1,1/11) is significantly smaller than that caused by the other candidate signals
except for BOCc(4,4). This is because BOCc(4,4) has fewer low-frequency components
in the bandwidth range, which will result in relatively low spectral efficiency or high
spectral leakage.

The compatibility between the BM2PSWE(8) signal and BOCs(5,2) is slightly worse
than that of the other candidate signals, but it is still acceptable. The interference intro-
duced by BM2PSWE(8) in the Globalstar acquisition phase is less than that introduced
by BM2RC(8), BPSK(8), and MSK-BOCs(4,4), but greater than that introduced by
BOCc(4,4) and BOCs(4,4). It can be seen that in the capture phase, BM2PSWEF(8) has
a comprehensive improvement in the performance of inter-system compatibility com-
pared with BM2RC(8), especially the compatibility with BPSK modulation is more obvi-
ously, and the maximum can be increased by nearly 3.5 dB.

The CTSSCs of the Galileo system and the IRNSS system signals as the desired sig-
nals and the Compass S-band candidate signals as the interference signals are shown
in Fig. 8. As shown in Fig. 8a, BM2PSWF(8) has the least influence on the code track-
ing performance of BPSK(1) when the interval v is small. As the interval increases, the
CTSSC is stable at approximately -77 dB, and the compatibility of BM2PSWF(8) is better



Xue and Xie EURASIP Journal on Advances in Signal Processing

-60

-65

CTSSC(dB)

-80 -

-85

=70 ¢

S15F

CTSSC:MSK-BOCs(4,4)->BPSK(1)
e CTSSC:BPSK(8)->BPSK(1)
= CTSSC:BOCs(4,4)->BPSK(1)

SC:BOCc(4,4)->BPSK(1)
CTSSC:BM2RC(8)->BPSK(1)
= CTSSC:BM2PSWF(8)->BPSK(1)

01 02 03 04 05 06 07 08 09

-66 -
-67
-68
-69
=70 -

CTSSC(dB)

=71
=72

-73F

-74

-60

-65 -

CTSSC(dB)

-80 -

Delay between early and late(chip)

(a) Desired signal is BPSK(1)

s CTSSC:MSK-BOCs(4,4)->BPSK(8)
PS|

—

:BOCe(4,4)->BPSK(8)
= CTSSC:BM2RC(8)->BPSK(8)
= CTSSC:BM2PSWF(8)->BPSK(8)

—

E

01 02 03 04 05 06 07 08 09

Delay between early and late(chip)

(c) Desired signal is BPSK(8)

= CTSSC:MSK-BOCs(4,4)->CBOC(6,1,1/11)
—_— PSK(8)->CBOC(6,1,1/11)
0Cs(4,4)->CBOC(6,1,1/11)

—C
CTSSC:BOCe(4,4)->CBOC(6,1,1/11)

= CTSSC:BM2RC(8)->CBOC(6,1,1/11)

= CTSSC:BM2PSWF(8)->CBOC(6,1,1/11)

01 02 03 04 05 06 07 08 09

Fig. 8

Delay between early and late(chip)

(e) Desired signal is CBOC(6,1,1/11)
CTSSC of GNSS signals in the S-band

CTSSC(dB)

CTSSC(dB)

CTSSC(dB)

(2023) 2023:88

-60

-65 -

0.1

-66 [

-68

-76

0.1

-68

-68.5 -

&
<

-69.5

-70

0.1

s CTSSC:MSK-BOCs(4,4)->BPSK(4)
= CTSSC:BPSK(8)->BPSK(4)

CTSSC:BOCc(4,4)->BPSK(4)
= CTSSC:BM2RC(8)->BPSK(4)
= CTSSC:BM2PSWF(8)->BPSK(4)

0.2 03

04 05 06 07 08 09

Delay between early and late(chip)

(b) Desi

red signal is BPSK(4)

CTSSC:MSK-BOCs(4,4)->BOCs(5,2)
CTSSC:BPSK(8)->BOCs(5.2)
C:BOCs(4,4)->BOCs(5,2)
CTSSC:BOCc(4,:4)->BOCs(5,2)
= CTSSC:BM2RC(8)->BOCs(5,2)
= CTSSC:BM2PSWF(8)->BOCs(5,2)

— T

02 03 04 05 06 07 08 09
Delay between early and late(chip)

(d) Desired signal is BOCs(5,2)

— CTSSC:MSK-BOCs(l,‘i)-)Glohalsu\f"";’i'“
——— CTSSC:BPSK(8)->Globalstar’”
= CTSSC:BOCs(4,4)->Globalst:

CTSSC:BOCc(4,4)->Globalst
= CTSSC:BM2RC(8)->Globalst

= CTSSC:BM2PSWF(8)->Globalstar} "

02 03

04 05 06 07 08 09

Delay between early and late(chip)

(f) Desired

Table 3 SSC between the desired signal and the candidate signal

signal is Globalstarg.ng'e

SSC(dB) BM2PSWF(8) BM2RC(8) BOCs(4,4) BOCc(4,4) BPSK(8)  MSK-BOCs(4,4)
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than that of BM2RC(8) and BPSK(8). Figure 8b shows that compared with the other
BDS candidate signals, the BM2PSWF(8) signal introduces the least interference in the
BPSK(4) tracking phase.

The influences of BM2PSWE(8) and BM2RC(8) on the code tracking accuracy of
the BPSK(8) signal are very close, which are significantly better than those of MSK-
BOCs(4,4), BOCs(4,4), and BOCc(4,4), as shown in Fig. 8c. Figure 8d indicates that if
the desired signal is BOCs(5,2), then the compatibility of BM2PSWEF(8) is similar to
that of the BM2RC(8) signal and slightly worse than that of the other candidate sig-
nals. Figure 8e shows that the compatibility between the BM2PSWE(8) signal and
CBOC(6,1,1/11) is significantly better than that of the other candidate signals except
for BOCc(4,4). Figure 8f shows that the interference introduced by BM2PSWEF(8) in
the Globalstar tracking phase is less than that introduced by BM2RC(8), BPSK(8), and
MSK-BOCs(4,4), but greater than that introduced by BOCc(4,4) and BOCs(4,4). It
is easy to see that in the tracking phase, when the desired signal is BPSK(1), BPSK(4),
CBOC(6,1,1/11), BM2PSWE(8) compared with BM2RC(8), the introduced interference
is significantly reduced and the compatibility is better. From the above analysis of the
SSC and CTSSC, the BM2PSWE(8) signal has better in-band compatibility than the
BM2RC(8) signal in both the acquisition and tracking stages.

5 Conclusion

The importance of S-band navigation due to increased L-band congestion is gradually
being highlighted. Compatibility and navigation performance are important issues to be
considered in the design of new S-band signals. In this paper, CPM-PSWF is proposed
as the S-band signal modulation method of the Compass system. PSWF with excellent
time-frequency energy concentration and flexible time-band product is used as the fre-
quency pulse function of CPM to improve the compatibility and navigation performance
of existing candidate signals. Through simulation analysis of key modulation parameters,
the BM2PSWE(8), h = 1.5, C = 6 signal is selected as the candidate navigation signal
of the S-band. Simulation results show that compared with S-band candidate signals
such as BM2RC(8), BOCc(4,4), MSK-BOCs(4,4), BOCs(4,4) and BPSK(8), the proposed
signal has excellent spectral characteristics, larger Gabor bandwidth, higher code track-
ing accuracy, lower average multipath error, and similar anti-multipath performance.
In terms of compatibility, compared with other candidate signals except for BOCc(4,4),
the proposed signal has the lowest mutual interference with most signals of IRNSS,
Globalstar, and Galileo systems in both the acquisition and tracking stages. In addition,
the modulation scheme can provide a new idea and feasibility demonstration for the sig-
nal design of the Compass system.
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