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Abstract

processing.

With the evolution of Global Navigation Satellite System (GNSS), new generation GNSS signals have adopted

the dual-frequency multiplexing modulation techniques, which jointly modulate multiple signals located on multi-
ple sub-frequencies into a Wideband Multiplexed Signal (WMS). Although WMSs were proposed initially to reduce
the complexity of satellite transmitters and improve the transmission efficiency of signals, their multi-component
structures and wide root mean square bandwidths introduced by high-frequency subcarriers also provide the pos-
sibility to improve the GNSS ranging precision. Therefore, this paper proposes a Dual-assisted Multi-component
Tracking (DMT) technique, which can not only fully use high-frequency subcarriers in WMSs, but also effectively

track carrier, subcarrier, and code by jointly utilizing all components in WMS. In this paper, the tracking and ranging
performances of DMT are comprehensively analyzed theoretically and by simulation and real experiments. The results
show that compared with existing WMS tracking methods, DMT can achieve tracking results with lower tracking jitters
and ranging results with higher precision, providing a highly advantageous solution for new generation GNSS signal

Keywords Wideband multiplexed signal, Dual-assisted, Multi-component, High precision tracking

Introduction

With the increasing demands of Global Navigation Satel-
lite System (GNSS) to provide reliable and high precision
positioning, navigation, and timing services and the lim-
ited GNSS spectrum resources, new generation GNSSs
plan to broadcast multiple signals located on multiple
sub-frequencies with complex spreading modulations
and data-plus-pilot component structures in each trans-
mission band (Dunn & Disl, 2019; Hein, 2020; Lu et al,,
2019; Rebeyrol et al., 2007; Wu et al., 2020). To ensure
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the consistency of multiple signals in the same transmis-
sion band and relieve the complexity of satellite trans-
mitters, the signals on multiple sub-frequencies in the
same transmission band will be jointly modulated and
broadcast. Currently, the signals, broadcast in Galileo
Navigation Satellite System (Galileo) E5 band, the third
generation BeiDou Navigation Satellite System (BDS-3)
B1 band and BDS-3 B2 band, adopt the dual-frequency
multiplexing modulation techniques (Lestarquit et al.,
2008; Yao et al., 2017a; Yao et al.,, 2016). Such signals can
be referred to the Wideband Multiplexed Signal (WMS).
Figure 1 exhibits the spectrums of E5 WMS composed of
Galileo E5a and E5b, B2 WMS composed of BDS-3 B2a
and B2b, and B1 WMS composed of BDS-3 B1I and B1C.
As the figure shows, these WMSs with dual-frequency
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Fig. 1 The spectrums of a E5 WMS and B2 WMS, and b B1 WMS

multiplexing modulations are composed of the compo-
nents located on two adjacent sub-frequencies, which are
referred to the lower sub-band components and upper
sub-band components. On one hand, dual-frequency
multiplexing modulation techniques adopted by WMSs
ensure that the satellite transmitters can broadcast the
signals with low implementation complexity and high
transmission efficiency. On the other hand, multi-com-
ponents on multi-sub-frequencies in WMSs also provide
various options for receiving and processing these signals
for GNSS receivers (Yao et al., 2017b).

For GNSS receivers, in consistence with traditional
single-frequency GNSS signal processing, lower sub-
band components and upper sub-band components in
WMSs can be treated as two single-frequency GNSS sig-
nals and thus be separately received and processed (Gao
et al,, 2019; Shivaramaiah et al., 2009). Since the carrier,
subcarrier, and code phases of lower and upper sub-band
components are coherent according to dual-frequency
multiplexing modulation techniques ((Lestarquit et al.,
2008; Yao et al., 2017a; Yao et al. 2016), both lower and
upper sub-band components have the potential to be
jointly processed (Linty et al.,, 2020). More specifically,
for broadcasting multiple components on two adjacent
sub-frequencies, WMSs adopt the high-frequency sub-
carriers between lower and upper sub-bands. Therefore,
the power main lobes of lower and upper sub-band com-
ponents are located on two sub-frequencies with a large
frequency difference, which implies the splitter spectrum
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characteristics, thus wider Root Mean Square Band-
widths (RMSB) and higher precision ranging potential of
WMSs (Gao et al., 2020b). Besides, because of more com-
ponents with the coherences in carrier, subcarrier, and
code phases in WMSs, the joint utilization of these com-
ponents can further improve the tracking and ranging
precisions. Therefore, to take full advantages of WMSs in
high precision tracking and ranging, tracking techniques
should utilize not only the high-frequency subcarriers
between lower and upper sub-bands fully, but also all the
components in WMSs effectively for joint tracking.

The existing WMS tracking techniques can be divided
into two categories according to the local carriers used
in tracking, which are the symmetric subcarrier method
whose local carrier is the center sub-frequency of lower
and upper sub-bands (Chen et al., 2013; Ren et al., 2012;
Shivaramaiah & Dempster, 2009; Tawk et al., 2012; Wang
et al., 2017; Yan et al.,, 2018; Zhou & Pan, 2014; Zhu et al.,
2015), and the asymmetric subcarrier method whose
local carrier is the sub-frequency of upper sub-band (Gao
et al,, 2020a, c). Although both symmetric and asym-
metric subcarrier methods track the same WMSs, the
equivalent baseband WMSs tracked by these two kinds of
methods are different due to their different local carriers
used in tracking, thus having different tracking structure
characteristics.

For the symmetric subcarrier methods, since the used
local carriers are the center sub-frequencies between
lower and upper sub-bands, the lower and upper sub-
band components in equivalent baseband WMS are
modulated by the subcarrier whose frequency is half
the frequency differences between upper and lower sub-
bands. Taking the B2 WMS as an example, the local car-
rier frequency used in the symmetric subcarrier methods
is 1191.795 MHz, and thus the subcarrier frequency for
lower and upper sub-band components is +15.345 MHz.
More specifically, the symmetric subcarrier methods
(Shivaramaiah & Dempster, 2009; Tawk et al., 2012; Zhou
& Pan 2014) proposed for E5 WMS treat the lower sub-
band components E5a and upper sub-band components
E5b, which are modulated by the subcarrier with the fre-
quency of 15.345 MHz, as a whole for joint processing.
The side-peak cancellation methods based on cross-cor-
relation functions (Chen et al., 2013; Yan et al., 2018) are
also proposed to relieve the ambiguity problems intro-
duced by the subcarriers in E5 WMS tracking. Unlike
(Chen et al., 2013; Shivaramaiah & Dempster, 2009; Tawk
et al, 2012; Yan et al,, 2018; Zhou & Pan, 2014), the sym-
metric subcarrier methods proposed in (Ren et al., 2012;
Wang et al., 2017; Zhu et al., 2015) adopt the two-dimen-
sional tracking techniques, such as Dual Estimator Track-
ing (DET) (Hodgart & Simons, 2012) and Dual Phase
Estimator (DPE) (Borio, 2014), to track the subcarrier
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and code of WMSs separately (Ren et al., 2012) combines
the code of lower and upper sub-band components and
utilizes the DET to extract subcarrier phases. A Dual
Binary-phase-shifting-keying Tracking (DBT) method
proposed in (Zhu et al., 2015) utilizes a lower sub-band
component and an upper sub-band component for joint
discriminations and adopts the DPE to derive subcarrier
phases. Like (Zhu et al.,, 2015), (Wang et al., 2017) con-
verts the components with unequal power in B1 WMS to
the components with equal powers by power normaliza-
tions, so that the DBT proposed by (Zhu et al., 2015) can
be implemented to extract subcarrier phases.

For the asymmetric subcarrier methods, since the
used local carrier is the upper sub-band sub-frequency,
the lower sub-band components in equivalent baseband
WMSs are modulated by the subcarrier whose frequency
is the frequency difference between lower and upper sub-
bands, while the upper sub-band components in equiva-
lent baseband WMS signals are not modulated by such
subcarriers. Taking the B2 WMS as an example, the local
carrier frequency is 1207.14 MHz, subcarrier frequency
of lower sub-band components is —30.69 MHz and the
subcarrier frequency of upper sub-band components is
0 MHz. To accurately extract the subcarrier phases in
equivalent baseband WMSs with asymmetric subcarri-
ers, (Gao et al., 2020c) and (Gao et al., 2020a) propose a
Cross Assisted Tracking (CAT) method based on DPE,
which utilizes an upper sub-band component to track
carrier and a lower sub-band component to track subcar-
rier and code.

The two kinds of WMS tracking methods differ in two
aspects. In the aspect of utilizing spectrum separation
characteristics of WMSs, the existing WMS tracking
methods process the same WMS, but different local car-
riers adopted by WMS tracking structures imply differ-
ent equivalent baseband WMSs, thus indicating different
RMSBs and different ranging performances of equiva-
lent baseband WMSs. However, the existing RMSBs of
equivalent baseband WMS are all designed for the sym-
metric tracking method whose local carrier frequency
is center sub-frequency between lower and upper sub-
bands (Betz & Kolodziejski, 2009a, b). When the local
carrier takes other values, the RMSBs of corresponding
equivalent baseband WMS cannot be directly derived.
Therefore, the theoretical tracking performance of two
kinds of methods cannot be fully analyzed and compared,
implying that the optimal utilization of the spectrum
separation characteristics of WMSs remains to be further
explored.

In the aspect of utilizing multiple components in
WMSs for tracking, for the asymmetric subcarrier meth-
ods, since only the lower sub-band components, but
not the upper ones, in equivalent baseband WMS are
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modulated by subcarrier, they intrinsically cannot utilize
both upper and lower sub-band components for subcar-
rier tracking. For symmetric subcarrier methods, both
the lower and upper sub-band components of equivalent
baseband WMS are modulated by two subcarriers with
the symmetric frequency, thus they can track jointly.
However, most of the existing multi-component tracking
methods (Julien, 2005; Tran, 2004; Tran & Hegarty, 2002;
Yao et al,, 2009) utilize only two components. The joint
tracking with more than two components has not been
clearly articulated.

Therefore, to take advantages of the high precision
tracking and ranging potential of WMSs, this paper pro-
poses a Dual-assisted Multi-component Tracking (DMT)
technique. The main contributions of this paper are sum-
marized as follows:

+ This paper proposes a theoretical analysis method for
WMS tracking with an arbitrary local carrier. More
specifically, it designs an extended RMSB for equiva-
lent baseband WMS to quantitatively analyze the
ability of WMS tracking structures by taking advan-
tage of spectrum separation characteristics. Based
on this, from the perspective of tracking Cramer-Rao
Lower Bound (CRLB), this paper also optimizes the
WMS tracking structure in the aspect of both spec-
trum separation and multi-component characteris-
tics, providing significant guidance to the design of
WMS tracking structure.

+ This paper proposes a DMT technique. On one hand,
the specifically designed dual-assisted tracking struc-
ture in DMT can use not only WMS’s spectrum sep-
aration characteristics, but also both the lower and
upper sub-band components for joint tracking. On
the other hand, DMT specifically designs a multi-
component joint tracking based on an optimal ther-
mal noise criterion. Theoretical analysis and experi-
ment results show that compared with the existing
WMS tracking methods, DMT can achieve lower
tracking jitters and derive higher precision observa-
tions.

In this paper, we first introduce the WMS model and
its properties. Next, we introduce the theoretical analy-
sis method for WMS tracking with arbitrary local carri-
ers and optimize the WMS tracking structure based on
CRLB. Then, we introduce the design principles of DMT
and the implementations of carrier, subcarrier, and code
tracking loops in DMT, and comprehensively assess the
tracking and ranging performances of DMT by theoreti-
cal, simulation, and real data analysis. Finally, conclusions
will be discussed.
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Wideband multiplexed signal

This section will introduce the model and properties of
WMS. Ignoring the inter-modulations used to maintain
signal’s constant envelopes (Lestarquit et al., 2008; Yao
et al,, 2017a, Yao et al,, 2016), the WMS broadcast by the
satellite can be modeled as

Ny
SRF(t):Re{ > Zs}?(z)}

xe{lu} i=1

Ny
{ Y 3 /P g0 e G >} (1)

xs{lu] i=1
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where x € {l u} represents the lower and upper sub-
band, respectively, sx (t) is the ith component in x
sub-band, f; and N, are the sub-frequency and the com-
ponent numbers of x sub-band, respectively, Ps(f,z, dy @ (1),

(l)(t) and q)x are the component power, navigation bit
or secondary code, baseband spreading code, and initial
phase of sx (t), respectively. According to dual-frequency
multiplexing modulation techniques (Lestarquit et al.,
2008; Yao et al., 2017a, Yao et al., 2016), since compo-
nents in WMS are synchronous, all these components
have coherent phase relationships. Table 1 lists the model
parameters of E5 WMS, B1 WMS and B2 WMS.

When receiving WMSs, on one hand, since all the com-
ponents in WMSs share the same transmission channel
in free space, the each component of the received WMSs
has the same signal propagation delay, and the coher-
ent relationships on component phases and powers are
also maintained. On the other hand, although the Dop-
plers of lower sub-band components and upper sub-band
components are different due to the different sub-band

Table 1 Model parameters of E5 WMS, B1 WMS and B2 WMS
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sub-frequencies, lower sub-band Doppler and upper
sub-band Doppler are related because both of them
reflect the relative motion between the same satellite and
the same receiver. Therefore, the received WMS can be
expressed as

N,
ro=3 Y {0} +ne

vellu) i=1
Z NZ {\/Ed;”(t —1)g¥(t — 1) cos (27{ (fx +fxd)(t -1+ ¢,(f)) }
xe{lu) i=1
+n(t)

2)
where 7, )(t) is the received ith component in x sub-band,
P,(f) and fx are the received component power and Dop-
pler of ry 0 respectively, 7 is the signal propagation
delay, and n(t) is the zero-mean Gaussian noise with
Power Spectral Density (PSD) of Nj.

According to (1), (2) and the spectrums exhibited in
Fig. 1, WMSs have three main characteristics:

» Spectrum separation characteristics: the power
spectrum main lobes of lower and upper sub-band
components are located at two sub-frequencies
which have a large frequency difference. Therefore,
compared with the traditional single-frequency
GNSS signals, WMSs have much splitter spectrums,
indicating the wider RMSBs and higher precision
ranging potentials.

+ Multi-component characteristics: compared with
the traditional single-frequency GNSS signals, there
are more components in WMSs. For example, the
B2 WMS has four components while both B2a and
B2b only have 2 components. Therefore, the track-

Signal type Sub-band Ny fx (MHz) g,(,') Modulation 4,)((") ©
E5 WMS Lower 2 117645 g;]) BPSK(10) 0
9(2) BPSK(10) 90
Upper 2 1207.14 gf,]) BPSK(10) 0
qf,z) BPSK(10) 90
B1WMS Lower 1 1561.098 g“) BPSK(2) 0
Upper 2 157542 gf,]) BOC(1,1) 0
gsz) QMBOC(6,1,4/33) 90
B2 WMS Lower 2 117645 g;]) BPSK(10) 0
g(2) BPSK(10) 90
Upper 2 1207.14 géU BPSK(10) 0
gL(IZ) BPSK(10) 90

BPSK Binary phase shifting keying, BOC Binary offset carrier, QWBOC Quadratic multiplexed binary offset carrier
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ing of WMSs can utilize more components, further
improving the tracking and ranging precisions.

« Signal coherence characteristics: at the receivers
and the satellites, the phase relationships, propaga-
tion delays and Dopplers of both lower and upper
sub-band components in WMSs are coherent, pro-
viding the basis for joint reception and processing.

Theoretical analysis method for WMS tracking

To theoretically analyze the performances of WMS track-
ing with different local carriers, this section first designs
an extended RMSB for equivalent baseband WMS with
an arbitrary local carrier. Based on this, this section will
optimize the WMS tracking structure from the perspec-
tive of tracking CRLB which considers both RMSB and
multi-components of WMS.

Extended RMSB for equivalent baseband WMS

with an arbitrary local carrier

To quantitively analyze the ability of WMS tracking struc-
ture to utilize WMS’s spilt spectrum, RMSB of equiva-
lent baseband WMS should be calculated. However, as
mentioned before, since the existing theoretical analysis
methods (Betz & Kolodziejski, 2009a; b) assume the local
carrier frequency is the center sub-frequency between
lower and upper sub-bands, that is f, = (fl + fu) /2, these
methods cannot be directly implemented when the local
carrier takes other values.

Without the loss of generality, suppose the frequency
of the local carrier is f, and the numbers of lower com-
ponents and upper components involved in tracking are
Nl € [1,N;] and N, € [1,Ny], respectively, the tracked
WMS can be equivalently transformed by (2) and
expressed as
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Define the normalized PSD of g ’)(t) is G(l) (f) The nor-
malized PSD of equivalent baseband component b (t)
can be approximated as Gy’ (f +f*). Therefore, the
power of components involved in tracking and normal-
ized PSD of the tracked equivalent baseband WMS can
be approximated as

R,
> > pY (5)

we{lu} i=1

and
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respectively. Assuming that the receiver’s radio-fre-
quency front-end receives the WMS with the down-con-
version frequency f, = (f; +/,)/2 and the lower-pass
filter one-side bandwidth f;, the spectrum of the equiva-
lent baseband WMS b(¢) with local carrier f; is exhibited
in Fig. 2. Based on this, an extended RMSB of such an
equivalent baseband WMS can be accordingly calculated
as

X,
r =y > {\/P,(f)d,(f)(t —1)g (¢ — 1) cos (271:f0t Yo — 2nfTt — g+ ¢<z>)} o

xe{lu} i=1
+ n(t)

where ¢, = —27f,7 is the carrier phase, f* = f, — f, — f¢
is the subcarrier frequency for x sub-band compo-
nents, and ¢} = —2nf*t is the x sub-band subcarrier
phase. Therefore, the equivalent baseband WMS can be
expressed as

SG(F)df

\//r ﬂ>+/3r
Jr—fo—PBr

/frﬁl‘ng
Sr—=fo=bBr

P
> Z oG ()

xe{lu} i=1 G

(7)
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3 where By is the loop filter bandwidth and T is the pre-
% 15k correlation time.
X In the aspect of extended RMSBs of equivalent base-
band WMS, ignoring the effect of Doppler and taking
E5 WMS as an example, Fig. 3 exhibits the extended
10 . . RMSBs of equivalent baseband WMSs when local
f Sf, 2ﬁ;fu f’;f“ f’+§f“ f/+65f“ fu carrier f, takes the value from f; to f, and B, = 36

Fig. 3 Extended RMSBs of equivalent baseband WMS
with the example of E5 WMS when local carrier f, takes the value
from f;to f,and B, = 36 MHz

where

8)

S

fr—fortbr 0
[, 2 52 G0ir 4
Frfo=br yeliu) i=1

is the remaining signal power ratio in limited bandwidth.

Optimization of WMS tracking structure

Since the tracking CRLB considers both split spectrum
and multi-component characteristics, it can be imple-
mented to analyze the theoretical performance of WMS
tracking with an arbitrary local carrier. According to clas-
sic tracking theory (Betz & Kolodziejski, 2009a; b) and
extended RMSB in (7), the CRLB of WMS tracking with
an arbitrary local carrier f, can be further expressed as

MHz. As the figure shows, when f, = (fl +fu)/2, the
equivalent baseband WMS has the minimal extended
RMSB, which corresponds to the symmetric subcarrier
method. When f, =f,, the extended RMSB of equiva-
lent baseband WMS takes the maximum value, which
corresponds to the asymmetric subcarrier method.
Since the asymmetric subcarrier method has a wider
extended RMSB than symmetric subcarrier method,
the asymmetric subcarrier method can more fully
exploit the spectrum separation characteristics com-
pared with symmetric subcarrier method, thus pro-
viding higher precision tracking results. It should also
be noticed that, when f, =f;, the extended RMSB of
such a case is similar to that of the case with f, =f,.
It means that the tracking results of WMS tracking
methods with local carrier f, = f; can be expected to
have the similar high precision as the case with f, = f,.
However, the case of f; =f; has not been explored by
the existing WMS tracking methods.

In the aspect of the component powers involved in
tracking, all N; + N,, components in WMS should be
utilized to avoid the tracking precision losses. When
local carrier f, =f,, the lower sub-band components
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are modulated by the subcarrier with the frequency
of f, — f;, while the upper sub-band components have
no such subcarrier modulation. Therefore, the track-
ing methods for this case, referred to the asymmetric
subcarrier methods, can only utilize single sub-band
components to track subcarrier, which intrinsically
cannot utilize all the components in both lower and
upper sub-band for joint tracking. When local carrier
Jo= (fi +/u)/2, since the components in both lower
and upper sub-bands are modulated by the subcarrier
with the frequency of (f, — f;) /2, tracking methods for
this case, referred to the symmetric subcarrier meth-
ods, can utilize all the components for joint tracking.
However, most of the existing methods utilize one
component in lower sub-band and one component in
upper sub-band. The joint tracking with all the com-
ponents from both lower and upper sub-bands has not
been fully exploited.

According to above analysis, the optimal way to uti-
lize WMS should i) have the largest extended RMSB of
equivalent baseband WMS, ii) utilize both lower and
upper sub-band components for joint tracking. How-
ever, although WMS tracking methods with local carrier
fo =fior fo =f, can make the best use of WMS’s spec-
trum separation characteristics, they can only utilize sin-
gle sub-band components in tracking, not dual sub-band
components, resulting a loss of signal power. Moreo-
ver, even though WMS tracking methods can utilize all
components of the upper and lower sub-bands for joint
tracking, the specific joint tracking of multiple compo-
nents has not been fully investigated. Therefore, in the
next section, we will propose a tracking technique which
can solve the above problems, achieving higher precision
tracking and ranging.

Dual-assisted multi-component tracking

This section first introduces the design principle of DMT.
Then, the carrier, subcarrier and code tracking loops will
be introduced in detail. Finally, the implementation of
DMT will be discussed.

Design principles

According to previous analysis, WMS tracking methods
with local carrier f, = f; or f, =f, can make full use of
spectrum separation characteristics of WMSs. Therefore,
this subsection will design the proposed DMT by further
analyzing the characteristics of correlations calculated by
lower and upper sub-band components when f, = f; and

Jo=fu-
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Correlation characteristics

When the local carrier frequency is f, +f% and all
N;+ N, lower and upper sub-band components in
WMS are utilized, the tracked WMSs can be obtained by
reforming (3) as

N;

r(t) =Z { /Pl(odl(i) (t — .L,)gl(i)(t — )

i=1
cos (21‘5}’0”15 + ol —2nfit — 5 + ¢>,(i)) }

N
+) { PLdD ¢ — 1)t — 1)
i=1

cos (21'tf0”t + @y + ¢>L(f)) } + n()

(10)
where f* = f, + f? and g = —2nf“t are the carrier fre-
quency and phase respectively, and f; = f, + ff —fi— fld
and ¢; = —27f;T are the subcarrier frequency and phase,
respectively.

According to (10), because of no subcarriers in upper
sub-band components, tracking methods should utilize
the upper sub-band components to estimate the carrier
frequency f” and carrier phase ¢%. The correlations
used in carrier tracking can be obtained by multiplying
and integrating upper sub-band components with local
exp { —j(2mfe + 04 + 64 ) }
prompt local code replica g,y) (t — f) for upper sub-
band components, which can be expressed as

carrier replica and

v = % /OT rt)gl (¢ — ) exp {—j (an;”t + o8 + ¢L(,i)) }dt

(11)
where 1, fo”, and ¢¥ are estimated 7, f¥, and ¢¥ respec-
tively. Since lower sub-band components are modulated
by subcarriers with frequency f;, the tracking methods
should utilize the lower sub-band components to track
subcarrier and code. The corresponding correlations can
be obtained by multiplying and integrating lower sub-
band components with local carrier replica

(@)

exp {—j (21Tj?0”t + @5 + ¢, ) }, local subcarrier replica

exp {+j (2nf1t + @s) }, early, prompt, and late local code

replica gl(i) (t -7+ SZ) for lower sub-band components,
which can also be expressed as

. 1 [T . R
Vie =7 /0 rtg” (t — ¢ +6)
exp {—l—) (ZRﬁt + (ﬁs) }

exp {—j (anout + oY + ¢l(i)) }dt



Qi et al. Satellite Navigation (2024) 5:5

where fs and ¢; are estimated subcarrier frequency and
phase, z € {E, P, L} represents the early, prompt, and late
brunch, ég = +u, dp =0 and & = —u are additional
code phase delays. By calculating (11) and (12), upper
and lower sub-band correlations are

/P9
v = Td,g’)zey(m)sinc(

TAfIT) exp {j(nAf)'T + Agl) }
(13)
and
VY
Vig = S5 d"RY (At — pysine (v (Af;' — AK)T)
exp {j(m(Afy — AR)T + Ay — Ags) }
veY
Vi = 2’ dPRY (Az)ysine(n (AfX — AS)T)

exp {j(n(Afo” — Afs)T + Agl — A<,0s)}

(@)
v _ VI
2

= dPRY (At + pysine(n (AfY — AS)T)

exp {j(m(Af) — AK)T + Aglf — Ags) }

(14)
respectively, where R( )( -) is the Auto-Correlation Func-
tion (ACF) of gx (t) AT =1 — Tisthe propagatlon delay
errors, Af} =f —fo and Af; =f; —fs are frequency
errors of carrier f) and subcarrier f;, respectively,
Agl = @l — ¢¥ and Ags = s — @5 are phase errors of
carrier and subcarrier, respectively.

According to lower and upper sub-band correlations in
(13) and (14), lower sub-band correlations VI(IE), Vl(;)), Vl(lL)
in (14) have subcarrier frequency error Af; and subcarrier
phase error Ag;, while upper sub-band correlations V. in
(13) have no any corresponding errors related with sub-
carriers, indicating that the lower sub-band correlations
in (13) and upper sub-band correlations in (14) cannot be
jointly used to track the subcarriers with frequency f;.

Dual-assisted tracking design of DMT

To utilize all the components in both lower and upper
sub-bands for subcarrier tracking, the upper sub-band
correlations are expected to have the same subcarrier fre-
quency errors Af; and subcarrier phase errors as the lower
sub-band correlations, which means that the upper sub-
band components should also be modulated by the sub-
carrier with the same frequency f; = f, + ¢ — fi — f*.
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According to previous theoretical analysis, when local
carrier is f; + fld, the spectrum separation characteris-
tics of WMS can also be fully utilized which is similar to
the case of local carrier f;, + f%. More specifically, when
local carrier frequency equals f; + fld, in this equivalent
baseband WMS, the lower sub-band components have
no subcarriers while the upper sub-band components
are modulated by the subcarriers with the frequency
fu+f2& —fi — £, which is consistent with the lower sub-
band subcarrier frequency when local carrier frequency
is f. Therefore, when local carrier’s frequency is f; + £,
the corresponding WMS has a dual form with (10), which
can be expressed as

N,
=3 {@d}" 6 -0t — )
i=1
cos <2rcfot + ¢l + qb(l)) }

+ Z {\/ DdD (¢ —1)g (¢ — 1)
i=1

cos (2nfolt + ¢l +2nfit + @5 + ¢,(j)) } + n(t)

(15)
where f!=f; —i—fld and ¢! = —2nf't are carrier fre-
quency and phase respectively. To distinguish two local
carriers with frequencies f* and f/, the carrier with fre-
quency f! will be termed as the lower carrier, and the
carrier with frequency f* will be termed as the upper
carrier.

Like the calculation methods of lower and upper
sub-band correlations in (11) and (12) when upper car-
rier f¥ is implemented, the upper and lower sub-band
correlations, when lower carrier f! is used can be cal-
culated by

Vi) = 1 / rig? (¢ — 1t +6;)
T Jo
exp {—j (211];51,‘ + (ﬁs) }
exp {—] (anot + ¢l + ¢(L)) }

V= / rie)-g” (¢ = ) exp { = (2t + 6 + ") o
(17)
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respectively, where j?ol and ¢! are estimated f! and ¢/,
respectively. The correlations obtained by (16) and (17)
can be written as

o/ p(’
v = Y2 dPRO (AT -

u,E —

)sinc(n (Afj + Afs) T)
exp{ ( (Afo + Afs) T+ A(po + Agos)}

[ p(D)
, P N
VM(LI)) = 7’4 d,(j)R,(j)(Ar)sinc(n (Afol + Afs) | )

exp{ ( (Afo —|—Afs)T+A<po+Agos)}

[0
. P, N
Vil = PR (AT + ,u,)sinc(n (Afol + Ajg) T)

exp{ ( (Afo + Afs) T+ A(po + Agos)}
(18)
and

A

Vl(l) d(l)R(l)(A‘E)SlnC<TtAfo ) exp {j <T[Afng + A(pf,) }
(19)

respectively, where Af! = f! — fol and Agl = ¢! — ¢! are

the errors of lower carrier frequency and hase

Since upper sub-band correlations V, ME, (’) V(lL in
(18) for lower carrier fo have the same subcarrler fre-
quency error Afs; and phase error Ags as the lower sub-
band correlations VZUE), Vl(g , VI(L) in (14) for upper carrier
[, the upper sub-band correlations in (18) and lower
sub-band correlations in (14) can be jointly utilized to
track the subcarriers with frequency f;.

To calculate correlations in (14) and (18), WMS should
multiply the upper carrier f* and lower sub-band com-
ponents, the lower carrier fol and upper sub-band com-
ponents. Therefore, a dual-assisted tracking structure can
be summarized. The specifically designed dual-assisted
tracking structure can best use not only WMS’s spectrum
separation characteristics, but also all the components in
both lower and upper sub-bands for subcarrier tracking.

Multi-component joint tracking design of DMT

To fully use each component’s power, DMT will utilize
the lower and upper sub-band correlations calculated by
(13), (14), (18) and (19) to jointly track code, subcarrier,
and carrier.

For the multi-component joint tracking in code and
subcarrier, since the lower sub-band correlations Vl
Vl(;,), V(L) in (14) have the same code phase error and sub-
carrier }))hase error as the upper sub-band correlations
Vu(f])g, M(’P, in (18), these correlations can be directly
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used in code and subcarrier tracking. However, for the
carrier tracking, since the Dopplers of lower and upper
carriers are different, two carrier tracking loops are
needed to separately track these two carriers. Although
these two carriers are separately tracked, the Dopplers in
both lower and upper carriers reflect the relative motion
between the same receiver and the same satellite. There-
fore, the lower carrier phase estlmated by the multiple
lower sub-band correlations V in (19) and the upper
carrier phase estimated by multlple upper sub-band cor-
relations V )in (13) can be combined in the observation
domain. The combined carrier phase is equivalent to the
carrier phase estimated by utilizing all components in
lower and upper sub-bands.

For multi-component joint tracking, we specifically
design a multi-component joint tracking method based
on an optimal thermal noise criterion. The designed
multi-component tracking first utilizes each compo-
nent’s correlation to calculate its discriminator out-
put, thus avoiding the influences of different navigation
messages and the secondary codes modulated in com-
ponents. Then, the discriminator outputs of all compo-
nents are weighted combined according to levels of each
component’s tracking thermal noise to derive the track-
ing results with minimal thermal noise. Considering the
bandwidths of front end, discriminator types and com-
ponent powers, which determine tracking thermal noise
levels, the combination weights can be optimized under
the optimal thermal noise criterion, which will be intro-
duced in detail in next subsection.

DMT

According to the above analysis and design principles,
DMT, which can both effectively utilize the high-fre-
quency subcarriers and all the components in WMSs
for carrier, subcarrier, and code tracking, can be sum-
marized. In DMT, carrier tracking adopts two Phase
Lock Loops (PLL) to track lower and upper carriers,
respectively, subcarrier tracking adopts a Subcar-
rier Phase Lock Loop (SPLL) to track the subcarrier,
and code tracking adopts a Delay Lock Loop (DLL) to
track the code. More specifically, DMT calculates the
lower and upper sub-band correlations for lower car-
rier f! and upper carrier f¥, respectively. Then, DMT
combines the discriminator outputs of lower and
upper sub-band components under the optimal ther-
mal noise criterion to extract carrier, subcarrier and
code phases of WMSs. Figure 4 exhibits the schematic
of DMT, where two PLLs are labeled in green, DLL is
labeled in blue, and SPLL is labeled in red. The detailed
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implementation of carrier, subcarrier, and code track- /P(i)
i ill be introduced in this subsection. i) Ay U 6) pl ; 20
ing will be introduced in this subsection VLEL) ~ dz(f)Rz(f)(AT) exp {JA(DZ} (20)
, , and
Carrier tracking
According to the designed DMT, it has one PLL for /p®
lower carrier tracking and one PLL for upper carrier Vl(‘) ~ 7ldl(l>R;L)(A‘[) exp {jArpé} (21)
2

tracking. For stably tracking lower and upper carriers,
lower sub-band correlation Vl(’) in (19) will be used to
track lower carrier fol, and upper sub-band correlation
Vi in (13) will be used to track upper carrier f}. Since
these correlations are influenced by d, both PLLs for
lower and upper carrier tracking should adopt Costas
Phase Lock Loops (CPLL). The carrier phase of WMSs
will be obtained by combining the two carrier phases
estimated by lower and upper carrier tracking loops,
respectively.

More specifically, when lower and upper carrier fre-
quency errors Af! &~ 0 and Af* ~ 0, the corresponding
correlations can be reformed by (13) and (19) as

respectively. Therefore, for each PLL, the carrier phase
error is the optimal convex combination of component’s
carrier discriminator outputs in the corresponding sub-
band under the optimal thermal noise criterion, which
can be calculated as

Ny
R ) ~
Agy = Z Wx,PLLA%C,i
i=1

(22)

where AQ); = atan{lm(\/x(i))/Re<V;i)>} is the single-
component PLL discriminator output by utilizing com-
ponent r,(f) (), and wy(f},LL is the optimal convex
combination weight, which can be optimized by
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() @ \?
N l
min Z( xPLL) ( xPLL)
i=1
(@) (23)
s.t. Z WyopLL =

(2)

1>w,pp =0 Vie{l-- Ny}

where a(%LL is the tracking jitter of single-component

PLL, whose values will be exhibited in detail in next sec-
tion. The optimized wfﬁ)LL is

; -2
0
0 (o4ru1)

WxPLL = N,

> (o)

m=1

(24)

The estimated lower carrier phase error Ag?)f, and upper
carrier phase error Ag¥ will be separately used to track
lower and upper carriers.

For carrier phases, the estimated lower carrier phase qgé
and upper carrier phase ng will also be combined in the
observation domain, which is

i u
bo = P+ ¢ (25)
2
Similarly, the combination of lower and upper carrier
phases in meter can be correspondingly expressed as

o ;u é‘a
w-i(345)

where gclf and Z‘é’ are lower and upper carrier phases in
meter, 2, = c/f!, 2% =c/f* and i, = 2¢/(f! +f) are
wavelengths of lower carrier, upper carrier, and the com-
bined carrier, and c is the speed of light.

(26)

Code tracking

To stably track codes in WMSs, DLL should be imple-
mented. According to the design of DMT, DLL will utilize
the early and late lower sub-band correlations V“lg), V(’
in (14) for upper carrier f* and the early and late upper
sub-band correlations Vu( ])3, V(Li in (18) for lower carrier
f When carrier and subcarrier are tracked stably, which
means that Af! &~ 0, Af* ~ 0 and Af; ~ 0, early and late
correlations in (14) and (18) can be written as
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ooy
v~ 2’ dPRY (AT

(@)
. A/ P N
v ~ 721 dPRP (At 4 1) exp {j(

—wyexp {j(Agl — Ag;)}
Agy — Ags) }
(27)

and

VSO
Vi~ SR (AT -
VO ~ V d(’)R(‘)(At T W) exp { (A% + A%) }

(28)
respectively. Under the optimal thermal noise criterion,
the discriminator output of DLL is the optimal convex

combination of component’s code discriminator outputs,
which can be calculated as

Ny
T= Z ZWJE{})LLAfJEi)

xe{ul} i=1

I4) €Xp { (A% + A%)}

(29)

where A‘f is the single-component DLL’s discriminator
output by utilizing component rxl)(t) Code discrimina-
tors have two modes, which are coherent and non-coher-
ent discriminators. For coherent code discriminators,
A% can be calculated by

AR =Re{VQ} —Re{ V2 }

For non-coherent code discriminators, Afogi) can be cal-
culated by

where || yH is the norm of y. The optimal convex combina-
tion weights Wa(cl;)LL used in (29) can be optimized by

2
. (@) (0)
min E E ,( xlDLL> ( xlDLL>

(30)

112 o112
~(i (@) O]
Aragl) = Hvx,lE - Vx,lL

(31)

xe{ul} i=1
Ny
(2) _
s.t. Z Z W, pLL = 1
xe{ul} i=1

U]

1>w.p =0 Vie{l---Ny},Vx e {ul}

(32)
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where O‘; ]))LL is the tracking jitter of single-component

DLL. wx,DLL optimized by (32) is

s )7
(l) x DLL

- Ny ) -2
> (Um,DLL)

xDLL -
me{u,l} n=1

(33)

The estimated AT will be used to update the local codes
to stably track codes in WMSs. Since the codes tracked
by code tracking loop are not modulated by the subcarri-
ers with frequency f;, the estimated code phase 7, should
be unambiguous but low precision.

Subcarrier tracking

Unlike carrier tracking, DMT only needs one SPLL so that
all the components in lower and upper sub-bands can be
involved. Smce the correlations of components are influ-
enced by d{, SPLL should also adopt CPLL. SPLL in DMT
utilizes the prompt lower sub-band correlation V( ) for
upper carrier f*in (14) and prompt upper sub- band cor-
relation V,, J p for lower carrier fg in (18). When carriers are
stably tracked and the subcarrier frequency is properly esti-
mated, which means that Af!, Af%, Agl, Ap¥ and Af; take

the value of zero, correlations VL% and Vl(;,) can be further
reformed as

®
NERRVS
Vip ~ Y= dPRD(AT) exp {j(+A¢0) ) (34)
and
NN
Vip & 25 d R (A7) exp {j(— Mgy} (35)

respectively. Therefore, under the optimal thermal noise
criterion, the subcarrier phase error Ag; is the optimal
convex combination of component’s subcarrier discrimi-
nator outputs, which can be expressed as

S

xe{ul} i=1

SPLL y*Ag; (36)

where A7 = atan{lm (V;l})) /Re(VXI))) } is the single-
component SPLL discriminator output, y* takes the value

of 1 when x = u and the value of —1 when x =/, and
Wa(cl,)SPLL can be optimized by
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. 2
. ) (@)
min Z Z( xSPLL) ( x,SPLL)

xe{ul} i=1

s.t. Z Z wx sprL = 1

xe{ul} i=1

12w =0 Yie(l-

Nih,Vx € {u, 1}

(37)
where O'(gPLL is the trackmg jitter of single-component
SPLL. The optimized wx spLL is

. -2
()
0 (Gx,SPLL)
Wy, SPLL = N, ) (38)
OIS (‘7 (n)SPLL)
me{ul} n=1 "

The subcarrier phase error Ag, estimated by (36) will be
used for subcarrier tracking. Since CPLL is implemented
in SPLL, the estimated subcarrier phase s may deviate
by an integer multiplying half a subcarrier period, which
can be denoted as N;Ts, where Ny € Z and T = 1/2f;.
Therefore, the subcarrier phases estimated by subcar-
rier tracking loops are high precision but ambiguous. To
obtain the unambiguous subcarrier phases, DMT adopts
the methods proposed in (Hameed et al., 2021; Qi et al,,
2022; 2023; Wendel et al., 2014) which solve subcarrier
ambiguity N in position domain, and thus repairing sub-
carrier ambiguities.

Implementation of DMT

Figure 5 exhibits the detailed tracking structures of DMT.
In Fig. 5, two PLLs are labeled in green, SPLL is labeled in
red, and DLL is labeled in blue. According to the detailed
DMT in Fig. 5, DMT utilizes both lower and upper sub-
band components of WMSs in carrier, subcarrier, and
code tracking, which means that the estimated carrier,
subcarrier, and code phases have higher precision. It
should be noted that DMT utilizes the high precision and
unambiguous subcarrier phases ;. Therefore, the ranging
precision of DMT is determined by estimated subcarrier
phases.

Since DMT utilizes all the components in WMSs in
tracking, more correlations should be calculated in DMT
compared with other tracking methods. Therefore, DMT
requires more computation resources. More specifically,
the required computation resources are directly related
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Fig. 5 Detailed tracking structure of DMT

Table 2 Required numbers of complex correlators in carrier,
subcarrier and code tracking of different tracking methods

Methods Complex correlator number

PLL SPLL DLL
Symmetric tracking method 2 2 2
Asymmetric tracking method 1 1 1
DMT Nj+ Ny N+ Ny 2(N; 4+ Ny)

Table 3 Approximated theoretical tracking jitters of CAT, DBT
and DMT methods in carrier, subcarrier, coherent code and non-

coherent code tracking loops

Methods PLL SPLL Coherent DLL Non-coherent DLL
CAT Roo 2Ras Roccon Roc noncoh

DBT %Uo \/ERUS %G(,coh %Gc,noncoh

DMT Oo Os Oc,coh O¢,noncoh
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to the numbers of complex correlators. For carrier track-
ing, there are two PLLs in DMT, thus the required number
of complex correlators is N; 4+ N,,. For subcarrier track-
ing, DMT utilizes the prompt correlations from lower and
upper sub-bands, thus the required number of complex
correlators in subcarrier tracking is also N; + N,,. For code
tracking, DMT utilizes the early and late correlations of
both lower and upper sub-bands, thus 2(N; 4+ N,,) complex
correlators are required in code tracking. Table 2 lists the
complex correlator numbers required in carrier, subcar-
rier, and code tracking for the symmetric tracking method,
asymmetric tracking method and DMT. Compared with
other techniques, although DMT requires more compu-
tation resources, its higher computational demands can
be fulfilled as the rapid development of high-performance
computing equipment.

Performance analysis

To comprehensively assess the tracking and ranging per-
formances of DMT, this section first derives the theoreti-
cal tracking jitters of carrier, subcarrier and code tracking
in DMT. Then, simulation and real experiments are con-
ducted to further verify the effectiveness of DMT.

For fairly evaluating DMT’s performance, a symmetric
subcarrier method, that is the DBT method and an asym-
metric subcarrier method, that is the CAT method, are
implemented as baselines to further compare with DMT in
theoretical analysis, simulation, and real experiments.

Theoretical analysis

According to classic tracking loop theory in (Betz &
Kolodziejski, 2009a; b; Borio, 2014; Julien, 2005; Tran, 2004;
Tran & Hegarty, 2002), denoting the filter bandwidths used
in the carrier, subcarrier, and code tracking as the BF'Y,
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BSPLL and BPUL, the theoretical tracking jitters of carrier,
subcarrier, coherent code, and non-coherent code tracking
loops can be expressed as (48), (54), (60) and (61) respec-
tively, and their detailed derivations are in Appendix A.

When the carrier wavelengths, modulations, and com-
ponent powers of lower and upper sub-bands are similar,
theoretical carrier tracking jitter o,, subcarrier tracking jit-
ter oy, coherent code tracking jitter o, ¢ and non-coherent
code tracking jitter o, noncoh can be approximated as

e | BR(1-05B)MT)

1
T o0
27P9 /N,

%~ om ®
(N + NPy [No
(39)
x10™
9
f case 1 theory

8 case 2 theory
@ case 3 theory
Q7 DBT v case 1 simulation
GEJ CAT V case 2 simulation
- 6 case 3 simulation
CER
=5
2
5] "
£3
.0
—
52
O

CNR (dB-Hz)

Fig. 6 Carrier tracking jitters of CAT, DBT and DMT for three different
cases

Table 4 Specific settings of three different WMS cases and theoretical tracking jitter improvements

Cases  Sub-bands Ny f(MHz) g 4O  Modulation @)  p0)iqtjq  §SAT/5DBT SCAT 5DBT SCAT 5DBT
Case 1 Lower 2 117645 g/(” -1 BPSK(10) 0 1 50.0%/29.3% 50.0%/64.6% 50.0%/29.3%
117645 9/(2) 1 BPSK(10) 90 1
Upper 2 1207.14 gl(j) 1 BPSK(10) 0 1
1207.14 ggz) =1 BPSK(10) 90 1
Case2 Lower 2 1176.45 g/(U -1 BPSK(10) 0 1 53.0%/28.9% 47.0%/64.5% 47.3%/29.2%
117645 g/Q) 1 BPSK(10) 90 1
Upper 2 120704 g 1 BPSK(10) 0 08
1207.14 952) -1 BPSK(10) 90 0.8
Case 3 Lower 1 1561.098 g/(” 1 BPSK(2) 0 1 43.4%/17 4% 40.0%/58.7% 48.0%/20.3%
Upper 2 157542 95” 1 BOC(1,1) 0 0.9
157542 2 -1 BOC(1,1) 90 0.9
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Js | BFFML(1 - 0.5B5FLLT)
20\ (N + NP /N

Oy =

1
R
2TP," /Ny

(40)
k(i) BDLL (1 —0. 5BDLL T)
O¢,coh ¥ € (i) @) (41)
4T[2k Z(Nl + NM)P /N
k(i) BDLL( — 0.5BDLL T) k;f;
O¢,noncoh ~ € 4 zk(l) (i) @ p)
b1 2(]\lvl + NP’ /Ny Tkx,z}Px /No
(42)

respectively, where 4 = c/f; is the subcarrier wavelength,
and k(l) k(’) k(L) k(l4 are referred to (59).

Table 3 exh1b1ts the approximated theoretical tracking
jitters of CAT, DBT, and DMT methods in carrier, sub-
carrier, coherent code, and non-coherent code tracking
loops, where R = \/N; + N,,. Since CAT and DBT uti-
lizes one component and two components in carrier
tracking, respectively, the carrier tracking jitter improve-
ment of DMT is SOCAT =1 — 1/R with respect to CAT,
and §PBT =1 — /2/R with respect to DBT. Since the
subcarrier tracking in CAT only utilizes one component
in lower sub-band, and the used subcarrier wavelength is
As, its subcarrier tracking jitter improvement of DMT is
SSCAT =1 — 1/(2R) with respect to CAT. While the sub-
carrier tracking in DBT utilizes two components and the
used subcarrier wavelength is 2/, therefore its subcarrier
tracking  jitter = improvement of DMT s
sPBT —1-1/ (ﬁR) with respect to DBT. Because the

CAT utilizes one component and DBT utilizes two com-
ponents in code tracking, the coherent and non-coherent

code tracking jitter improvements of DMT are
0.05¢
case 1 theory
y case 2 theory
A case 3 theory

vV case 1 simulation
V  case 2 simulation
case 3 simulation

Subcarrier tracking jitter (meters)

oM~

35 20 45 50
CNR (dB-Hz)

Fig. 7 Subcarrier tracking jitters of CAT, DBT and DMT for three
different cases
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Fig. 8 Coherent and non-coherent code tracking jitters of CAT, DBT
and DMT for a Case 1, b Case 2 and ¢ Case 3

SCAT —
%BT
8,7 =

1—-1/R with respect to and

1 — +/2/R with respect to DBT.

CAT,

Simulation experiments

To analyze the carrier, subcarrier, and code tracking per-
formances of DMT, Monte Carlo (MC) based simulation
experiments for three different WMS cases are imple-
mented under different carrier to noise ratios (CNR).
The detailed settings of three WMS cases and theoreti-
cal tracking jitter improvements are exhibited in Table 4.
The optimal convex combination weights used in the
carrier, subcarrier, and code tracking of DMT are calcu-
lated accordingly by (24), (38) and (33), which will not be
detailed in this paper. The theoretical tracking jitters are
also exhibited in this subsection to cross verify with the
simulated results. The filter bandwidths used in carrier,
subcarrier, and code tracking are 2 Hz, 1 Hz and 1 Hz,
respectively, and pre-correlation time is 1 ms.

Figure 6 exhibits the theoretical and simulated carrier
tracking jitters of CAT, DBT, and DMT for three cases.
The coincidence between the theoretical and simulated
results indicate the correctness of theory derivations and
simulation experiments. Since Case 3 has higher carrier
frequencies than Case 1 and Case 2, the carrier tracking
jitters of Case 3 should be lower than those of Case 1 and
Case 2 for each method. As Fig. 6 shows, for each case the
carrier tracking jitter of DMT is smaller than that of CAT
and DBT, which means that the multiple components in
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Fig. 10 Multi-system multi-band GNSS raw data collector

WMSs are effectively utilized by DMT. For Case 1, com-
pared with CAT and DBT, the carrier tracking jitters of
DMT are improved by 50.2% and 29.2%. Since Case 1
is an equal component power case while Case 2 is the
unequal component power case, CAT, DBT, and DMT’s
carrier tracking jitters of Case 2 should be slightly higher
than that of Case 1. For Case 2, the carrier tracking jitters
of DMT are improved by 53.2% and 29% compared with
CAT and DBT. Since Case 3 has only three components
in Case 3, the carrier tracking jitter of DMT is obviously
higher than those for Case 1 and Case 2. Compared with
CAT and DBT, DMT’s carrier tracking jitter in Case 3 is
improved by 43.3% and 17.6%, respectively.

Figure 7 exhibits the subcarrier tracking jitters of
CAT, DBT, and DMT for three different cases. As Fig. 7
shows, DMT’s subcarrier tracking jitters in all cases
are lower than CAT and DBT. Since CAT utilizes one
component gl(l)(t) in lower sub-band to tracking sub-
carrier, and the lower sub-band components gl(l) @)
for three cases have the same powers, their subcar-
rier tracking jitters of CAT should be nearly the same.
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Table 5 Tracking settings for CAT, DBT and DMT
Parameters Values
PLL order 2
PLL bandwidth (87') 2Hz
SPLL order 2
SPLL bandwidth (857") 5Hz
DLL order 2
DLL bandwidth (B5) 5Hz
DLL early/late code phase delay () +0.5 code chip
Pre-correlation time (T) 1ms
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Fig. 11 Carrier tracking discriminator outputs STDs of CAT, DBT
and DMT for three WMSs

Compared with CAT, although the subcarriers tracked
by CAT and DMT have the same frequencies, DMT
utilizes more components in subcarrier tracking, thus
have lower subcarrier tracking jitters. For three cases,
the subcarrier tracking jitters of DMT are improved by
49.9%, 46.8% and 39.8%, respectively compared with
CAT. Compared with DBT, the subcarrier tracked by
DMT has the higher frequency and more components
are effectively used by DMT, it therefore has lower sub-
carrier tracking jitters, which are improved by 64.4%,
64.5% and 58.6% for three cases.

Figure 8a-c exhibits the CAT, DBT and DMT’s
coherent and non-coherent code tracking jitters for
three cases. As Fig. 8 shows, when CNR is high, non-
coherent code tracking jitters are similar to coher-
ent code tracking jitters. When CNR is low, since the
square losses of non-coherent discriminators cannot
be ignored, non-coherent code tracking jitters are
obviously higher than that of coherent code track-
ing jitters, which is consistent with the conclusions in
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Fig. 12 Subcarrier tracking discriminator outputs STDs of CAT, DBT
and DMT for three WMSs
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Fig. 13 Code tracking discriminator output STDs of CAT, DBT
and DMT for three WMSs
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(Betz & Kolodziejski, 2009a; b). According to Table 4,
the components in Case 1 and Case 2 adopt the
BPSK(10) modulations while the components in Case
3 adopt the BPSK(2) or BOC(1,1) modulations, whose
code chip lengths are longer than BPSK(10), thus the
code tracking jitters of Case 3 are obviously higher
than those of Case 1 and Case 2. In all three cases,
DMT still has lowest code tracking jitters among three
methods. Compared with CAT, the code tracking jit-
ters of DMT are improved by 50.1%, 47.4% and 48.2%.
When compared with DBT, the code tracking jitters
of DMT are improved by 29.3%, 29.5% and 20.2%. It
should be noted that CAT in Case 2 uses a lower sub-
band component which has an identical ACF with
upper sub-band component, while CAT in Case 3
uses a lower sub-band component which has a flatter
ACF peak than upper sub-band components, so even
though DMT in Case 3 uses one less components than
in Case 2, the DMT’s code tracking jitter improvement
of Case 3 is still similar to that of Case 2.

The consistence between theoretical and simulated
results reveal that the theoretical derivations and simula-
tion experiments are correct. Through the analysis of the
results from different cases and methods, DMT has lower
carrier, subcarrier, and code tracking jitters than CAT
and DBT, implying the effectiveness and superiority of
DMT in utilizing the high precision tracking and ranging
potential of WMSs.

Real experiments

To verify the effectiveness of DMT in real environments,
three real experiments for E5 WMS, B1 WMS, and B2
WMS were conducted. The raw data were recorded on
the roof of Weiqing Building of Tsinghua University in
Beijing, which is exhibited in Fig. 9. The raw data collec-
tor is a multi-system multi-band GNSS data collectors
exhibited in Fig. 10. The data for E5 WMS and B2 WMS
were recorded around 11:44 am (UTC+8) on June 5, 2022

Table 6 Code, subcarrier, and code tracking jitter improvements of DMT with respect to CAT and DMT in theoretical and real data

experiments

Signal Theoretical (%) Real data (%)

oCAT oDBT o CAT o DB o CAT DBT oCAT o DBT o CAT oDBT o CAT o DBT
B1TWMS 434 174 40.0 58.7 48.0 20.3 46.5 19.0 52.8 579 52.5 194
B2 WMS 53.0 289 47.0 64.6 473 29.2 459 29.6 519 65.1 480 289
E5 WMS 50.0 293 50.0 64.6 50.0 293 458 29.2 52.2 64.9 49.7 29.2
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and the data for Bl WMS were recorded around 6:20 pm
(UTC+8) on June 27, 2022.

In the experiments, the results include not only the dis-
criminator outputs in carrier, subcarrier, and code track-
ing loops to evaluate the tracking performances, but also
the Pseudorange Minus Carrier (PMC) results to assess
the ranging performances. Bl WMS broadcast by BDS-3
C19 satellite, B2 WMS broadcast by BDS-3 C30 satel-
lite, and E5 WMS broadcast by Galileo G2 satellite, were
separately processed, whose CNRs are around 45 dB-Hz,
49 dB-Hz and 48 dB-Hz respectively. Like the simulation
experiments, DBT and CAT were also implemented to
compare them with DMT. Table 5 exhibits the tracking
settings used in CAT, DBT and DMT.

Figures 11, 12 and 13 exhibits the Standard Devia-
tions (STD) of the carrier, subcarrier, and code tracking
discriminator outputs of CAT, DBT and DMT for three
WMSs. As figures show, when stably tracking DMT has
the smallest discriminator output STDs in carrier, sub-
carrier, and code tracking, indicating that the DMT can
more effectively take advantage of WMSs for higher pre-
cision tracking.

More specifically, for carrier tracking since CAT only
uses one component while DBT uses two components,
the STDs of carrier discriminator outputs of DBT should
be smaller than those of CAT. Because DMT utilizes all

-
o

o
o

Lg
o O,

o
N

o
o

48 7

|
o
L o

Pesudorange minus carrier (meters)

-0.2L | |
0 10 15
Time (seconds)
02}¢

o
o

-0.1
-0.2
0 5 10 15
Time (seconds)
|—=—DBT—+ CAT ——DMT|

Fig. 14 PMCs derived by CAT, DBT and DMT for a B1 WMS, b B2 WMS
and ¢ E5 WMS
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the components in both lower and upper sub-bands, it
has the smallest STDs of carrier discriminator outputs
for B1 WMS, B2 WMS, and E5 WMS, indicating the
higher precision carrier tracking in DMT. Compared
with CAT and DBT, the STDs of DMT'’s carrier discrimi-
nator outputs of B2 WMS and E5 WMS are degraded by
45.9% and 29.6%, respectively, and those of DMT’s carrier
discriminator outputs of B1 WMS are degraded by 46.5%
and 19.0%, respectively.

For subcarrier tracking, since the frequency difference
between the lower and upper sub-bands of B1 WMS is
14.322 MHz while that of B2 WMS and E5 WMS is 30.69
MHz, the STDs of the subcarrier discriminator outputs
of B1 WMSs are obviously larger than that of B2 WMS
and E5 WMS. Although CAT only utilizes one compo-
nent for subcarrier tracking which is less than the num-
ber of components used in DBT, the subcarrier frequency
tracked by CAT is twice that tracked by DBT. Therefore,
considering the subcarrier wavelengths and multiple
components, the STDs of subcarrier discriminator out-
puts of CAT are slightly smaller than that of DBT. For
these three different signals, DMT always has the small-
est subcarrier discriminator output STDs, indicating that
DMT can track subcarrier with a higher precision. Spe-
cifically, for B2 WMS and E5 WMS, the STDs of DMT’s
subcarrier discriminator outputs are degraded by 51.9%
and 65.8%, respectively, compared with CAT and DBT.
For B1 WMS, compared with CAT and DBT, the STDs of
DMT’s subcarrier discriminator outputs are degraded by
52.8% and 57.9%, respectively.

For code tracking, since the lower and upper sub-band
components in B1 WMS adopt BPSK(2) or BOC(1,1)
modulation, whose code chip lengths is much longer than
that of BPSK(10) modulation adopted in components of
B2 WMS and E5 WMS, the STDs of the code discrimina-
tor outputs of BL WMS are obviously larger than those of
B2 WMS or E5 WMS. For three WMSs, DMT always has
the smallest STDs of the code discriminator outputs, thus
the code phases extracted by DMT have higher precision.
Specifically, compared with CAT, the STDs of DMT’s
code discriminator outputs of B2 WMS, E5 WMS and B1
WMS are decreased by 48.3%, 49.7%, and 52.5%, respec-
tively. Compared with DBT, the STDs of DMT'’s code dis-
criminator outputs of B2 WMS, E5 WMS, and B1 WMS
are decreased by 28.9%, 29.2%, and 19.4%, respectively.

To intuitively evaluate the performance of DMT in
the real experiments, Table 6 exhibits the code, subcar-
rier, and code tracking jitter improvements of DMT with
respect to CAT and DMT in theoretical analysis and real
experiments. As Table 6 shows, the theoretical improve-
ments are consistent with the improvements in the real
experiments, showing the correctness of theoretical
analysis and real experiment results. In addition, DMT
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has much better tracking performance than both CAT
and DBT in carrier, subcarrier, and code tracking, indi-
cating the effectiveness of DMT in WMS’s high-precision
tracking.

According to the designed DMT, the ranging preci-
sion of DMT is determined by unambiguous subcarrier
phases. Therefore, Fig. 14 exhibits the PMC calculated by
the subcarrier phases estimated by DMT, which reflects
the pesudorange’s precision without the influence of rela-
tive motions between satellite and receiver. Figure 14 also
exhibits the PMC results of CAT and DBT compared
with DMT. As Fig. 14 shows, the precision of CAT’s PMC
is slightly better than that of DBT’s PMC, which are con-
sistent with the STDs of similar subcarrier discriminator
outputs of these two methods. For DMT, it can be easily
observed that the PMC of DMT has the highest precision
for each WMS, further verifying the ability of DMT to
derive higher precision ranging results by utilizing differ-
ent WMSs.

According to the STDs of discriminator outputs and
PMC results exhibited above for different WMSs and dif-
ferent tracking methods, DMT always has better track-
ing and ranging performances than other methods. DMT
can be effectively implemented in each WMS broadcast
in next generation GNSS. Moreover, DMT can take full
advantages of high-frequency subcarrier and multiple
components in WMSs for higher precision tracking and
ranging.

Conclusion
The work and contributions of this paper are concluded
in three aspects as below:

First, this paper developed a theoretical analysis
method for WMS tracking with arbitrary local carrier by
specifically designing an extended RMSB for equivalent
baseband WMS. Based on this, from the perspective of
CRLB, this paper also optimizes the WMS tracking struc-
ture by considering both multi-component and spectrum
separation characteristics.

Second, to take full advantage of WMS for high preci-
sion tracking and ranging, this paper proposed a DMT
technique. On one hand, DMT specifically designs a
dual-assisted tracking structure, which not only fully use
spectrum separation characteristics of WMSs but also
all the components from both lower and upper sub-band
for joint tracking. On the other hand, DMT specifically
designs a multi-component joint tracking under the opti-
mal thermal noise criterion to fully use the powers of all
components.

Third, this paper comprehensively analyzed DMT. The
theoretical carrier, subcarrier, and code tracking jitters of
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DMT were derived in detail. And abundant simulation
and real experiments were also implemented. According
to theoretical analysis, simulation, and real experiments,
DMT can derive the tracking outputs with lower jit-
ters and ranging results with higher precision compared
with existing WMS tracking methods, comprehensively
revealing the effectiveness and superiority of DMT for
utilizing WMSs.

DMT proposed in this paper provides not only the
significant insights for exploring high precision tracking
and ranging potential of next generation GNSS signals,
but also the references for new generation GNSS signal
designs. In the future, the effects of ionospheric delays on
WMS’s tracking and ranging will be further analyzed.

Appendix: Derivation of DMT'’s theoretical tracking
jitters

Carrier tracking jitter

According to (23), the theoretical tracking jitter of the
PLL for lower carrier or upper carrier is

(0 Voo )
OxPLL = Z (Wx,PLL) (%,PLL)

i=1

(43)

Substituting w;fi)LL in (24) into (43), (43) can be reformed
as

Ox,PLL =

According to (Julien, 2005; Tran, 2004; Tran & Hegarty,
2002), the theoretical tracking jitter of single-component
PLL is

o0 _ %o
x,PLL 271t

BPLL(1—0.5B0MLT) - 1
Py /Ny 27PY” /Ny
(45)

Therefore, substituting (45) into (44), theoretical tracking
jitter of the PLL is

&0y
S 7% | BRLL(1—0.5BPLLT) =1 27PP INo+1
pLL = 2
’ 27 Ne . Ne (P9 2
> PP /Ny 27 3 (Ui")
i=1 &5 2179 /No+1

(46)
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Since the tracking outputs from two PLLs are combined,
the theoretical tracking jitter of DMT’s carrier tracking
according to (26) is

o \? o\
_ g 2 - 2
0o = (2%> opL T <2;3) OuPLL

Therefore, substituting o;pr;, and o, pr1 from (46) into
(47), the tracking jitter of carrier tracking loop in (47) can
be finally expressed as

(47)

where x is the complement of x, which means that x takes
the different value with x in the set {u, ) },
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According to (Borio, 2014), tracking jitter of the single-
component SPLL is

@ s | BSPYE(1 — 0.5B3PLLT)
OxSPLL = 5~

™ Py /Ny

1
27P /NO]
(53)

Therefore, substituting (53) into (52), DMT’s subcarrier
tracking jitter can be finally reformed as

; 2
e (% V[
Go | BPL(1—0SBRLT) | acfuny  \ |5 2TPNotL [ (5 27E Mo
Op = — +
N N (70 ) (48)
> Y v /Ny o7 ] 3 u;")
xe{u,l} i=1 xe{u,l} i—1 2TP," /No+1
Ny LN .
4y PPy pY S
y = 121—1212 (49) Js | BSPLL(1 = 0.5BSPLLT) Y= 2P /N1
Ny j %= o Ne . N, (i) 2
0]  (PO)N
>y p > 3PN 2T % z%
xe{lu}i=1 xe{ul}i=1 weful) i=1 2TPe /Not+
and (54)
Ny o 2 Ny 0 N @ Code tracking jitter
Z Pyl + E Py Z Py According to (32), the theoretical tracking jitter of code
_ = = tracking in DMT is
O (50) g

> Sl

xe{lu} i=1

Subcarrier tracking jitter
According to (37), theoretical tracking jitter of subcarrier
tracking in DMT is

_ (b N )2
Os = Z Z WyespLL ) | Ox,SPLL

xe{ul} i=1

(51)

Substituting w\ §p; ; in (38) to (51), (51) can be simplified
as

ERISETE &

xe{ul} i=1

UC_J 300 (W) (o)’ (55)

xeful}) i=1

Substituting wfg)LL in (33) to (55), (56) can be reformed
as

1

Ne o @ \72
> (%DLL)

xe{ul}i=1

(56)

According to (Betz & Kolodziejski, 2009a; b), the coher-
ent and non-coherent code tracking jitters of single-com-
ponent DLL are

0 B],?LL (1 — O.SBELLZ )k;ii
o =c — .
»DLL 4n2k§%P,(f) /No

(57)

and
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o BPML (1 — 0.5BPLLT )¢ (t) k(z)
x,DLL — 41_EZk(I)P(t)/]\[O (l)P(l)/N
(58)

respectively, where

foxffr+:3r ., .
kO = /f ., G ()sin? (o u1l) s

‘ S~ br 2
k,% = [ fx s fG0 (f) sin (thuT(‘))df
r—Pr (59)
, S fitb ,
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. SftBr N
= [ L @) eos (=fnT®)af
W ;

and T, is a code chip length of gxl) (t). Therefore, sub-
stltutlng (57) and (58) into (56), the coherent and non-
coherent code tracking jitters of DMT can be finally
reformed as

BPLL(1—0.5BRMLT)
o, =c
ol 4 2 Ny (l) P(l) N (60)
LD Z <z> /
xe{ul} i=1 ke
and
O¢,noncoh
I ST
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= Ny () . O @) (p) )
KL Ne o kDx® (p0 /N,
Y Y RRRON | p oy 3N
xeful) i=1 Ke1 sty 1 K (RGP INo+k(3)
(61)

respectively.
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