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Abstract

The Galileo navigation satellite system (Galileo) E5 Alternative Binary Offset Carrier (AltBOC) signal brings various chal-

lenges due to its complex modulation, wide bandwidth, and multi-peaked auto-correlation function. While wideband
tracking needs to solve the ambiguity problem and design dedicated baseband channels, the single-sideband cannot
have the outstanding performance of the AitBOC signal. We propose a new tracking method called “Double Sideband
Combined Tracking” (DSCT), which can fully exploit the AItBOC signal’s code tracking accuracy without ambiguity

and ensure compatibility with Binary Phase Shift Keying (BPSK) processing channels, easily implemented in hardware.

tracking

The DSCT employs one phase locked loop and one delay locked loop to track the carrier and code, respectively.

The double-sideband correlation results used by the two loops are recovered by coherently combining the single-
sideband correlation results of the two BPSK channels. Meanwhile, the combined model, the loop discriminator,

and the ambiguity detection of the DSCT are discussed. Furthermore, the code tracking error caused by thermal noise
is modeled and analyzed. The test results based on real Galileo E5 signals show that the DSCT exhibits better or com-
parable code tracking accuracy to the AltBOC wideband tracking method. When the loop falsely locks onto a side-
peak, the DSCT can quickly detect and re-lock on the main peak.

Keywords Galileo E5, Alternative binary offset carrier, Tracking loop, Unambiguous tracking, Double-sideband

Introduction

The Galileo navigation satellite system (Galileo) E5 sig-
nal has the most complex structure among all Galileo
signals. It uses an Alternative Binary Offset Carrier (Alt-
BOC) modulation, which combines four signal compo-
nents into a constant envelope signal. The spectrum of
the Galileo E5 signal spreads over two adjacent frequency
bands, E5a and E5b. While the E5 signal has a bandwidth
of 51.15 MHz, the bandwidths of E5a and E5b are 20.46
MHz with 30.69 MHz apart. The sharp main peak of the
AltBOC signal’s Auto-Correlation Function (ACF) can
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bring great code tracking (Diessongo et al., 2014) and
anti-multipath performance (Prochniewicz & Grzymala,
2021; Silva et al., 2012; Xiao et al., 2018; Ye et al., 2017).
However, due to the multiple side-peaks in the ACEF, the
tracking loop may falsely lock onto a side-peak, which is
called the ambiguous problem (Lee et al., 2009).

The tracking methods for the advanced but complex
AltBOC signal can mainly be divided into two catego-
ries: the upper/lower Single-Sideband modulation (SSB)
independent tracking and the wideband tracking. A
Binary Phase-Shift Keying like (BPSK-like) method to
track Binary Offset Carrier (BOC) signals was proposed,
which is also applicable to AltBOC signals (Burian et al.,
2006; Kovar et al., 2011; Martin et al., 2003). In the BPSK-
like method, the upper or lower sideband of the AItBOC
signal is tracked as a BPSK signal, and a BPSK ACF is
obtained. The tracking loop structure of the BPSK-like
method is simple and compatible with the common
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baseband processing channel of the BPSK signal. How-
ever, this method sacrifices the outstanding code track-
ing and anti-multipath performance of the AItBOC signal
(Shivaramaiah et al., 2009).

An ACF-based wideband tracking method for AltBOC
signals was proposed (Shivaramaiah & Dempster, 2009a;
Sleewaegen et al., 2004), which evaluates the ACF of
the wideband AItBOC signal. It employs the local early,
prompt, and late replicas of the AltBOC signal to cor-
relate with the received AltBOC signal. The ACF-based
method can achieve the full potential of the AItBOC sig-
nal in code tracking and anti-multipath. However, this
method has an ambiguity problem and requires the base-
band processing channels need to be designed specially.
Several wideband tracking methods were proposed to
address the ambiguity problem in AItBOC signal track-
ing, including Side-peaks Cancellation (SC) techniques
such as sub-carrier phase cancellation (Heiries et al,
2004; Shivaramaiah & Dempster, 2008) and pseudo cor-
relation function (Chen et al.,, 2013; Ren et al.,, 2014; Yao
et al., 2010). The fundamental concept of SC techniques
involves using a Cross-Correlation Function (CCF) with-
out side-peaks by combining the correlation results of a
designed local signal with the AltBOC signal. The Dual
Estimate Tracking (DET), initially studied for BOC (Hod-
gart & Blunt, 2007; Hodgart & Simons, 2012; Hodgart
et al., 2007), was also proposed for AltBOC signal track-
ing (Ren et al., 2012). The DET employs a Phase Locked
Loop (PLL), Sub-carrier Locked Loop (SLL), and Delay
Locked Loop (DLL) to track the carrier, sub-carrier,
and ranging code, respectively. The DET can obtain an
unambiguous and accurate code by combining the rang-
ing code and sub-carrier estimates. Although the above
methods can solve the ambiguity problem of the AItBOC
signal tracking, they need to generate multi-value code
signals and their structures greatly differ from the com-
mon BPSK channels. Therefore, the above methods need
dedicated baseband processing channels, which increases
baseband complexity and hardware consumption.

Coherently combining the up and down sidebands of
signals for wideband signal tracking was studied. Zhu
et al. (2015) proposed the Dual BPSK Tracking (DBT) for
AItBOC signals. This method employs sideband correla-
tors, which are compatible with the BPSK’s, and coherently
combines them to track the carrier, ranging code, and sub-
carrier independently via a PLL, DLL and SLL, respectively.
Subsequently, Feng et al. (2016) proposed an unambiguous
BOC tracking method using a coherent combination of
dual sidebands. This approach requires four complex cor-
relators to track the carrier, ranging code, and sub-carrier
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independently. Borio (2017) proposed a Coherent Side-
band (CSB) approach for BOC signals. The CSB employs
sideband processing on the two main lobes of the BOC
spectrum separately and realizes the independent tracking
of the carrier, ranging code, and sub-carrier. These meth-
ods based on coherently combining sidebands can obtain
an unambiguous and accurate estimate, while their corre-
lator architecture is compatible with the BPSK’s. However,
these methods track the carrier, sub-carrier, and ranging
code independently, and need three discriminators and
loop filters.

We proposed a novel AItBOC tracking method, namely
Double Sideband Combined Tracking (DSCT). Unlike the
coherently combining sidebands tracking method men-
tioned above, the DSCT combines double sideband cor-
relation results to jointly track sub-carrier and code via a
DLL. Consequently, this method has a simpler loop struc-
ture. The contributions mainly include:

First, the double sideband combined tracking for Alt-
BOC signal tracking is discussed, which is a simple loop
structure and compatible with the BPSK’s correlators.

Second, the code tracking error model of the DSCT
caused by thermal noise is established, which is used for
loop parameter design.

Third, the code tracking performance of the DSCT is
tested and compared with BPSK-like, ACF-Based and DBT
methods using real Galileo E5 signals.

The remainder of this paper is organized as follows. First,
the structure and characteristics of the AItBOC signal are
described. Next, an accurate, unambiguous, and compat-
ible DSCT method is proposed. Then, the code tracking
error caused by the thermal noise of the DSCT is mod-
eled and analyzed. After that, using the real static Galileo
E5 signal, the performance of the proposed DSCT is tested
and discussed. Finally, conclusions and future work are
summarized.

Galileo E5 signal model

The Galileo E5 signal employs the AItBOC modulation
with a carrier frequency of 1191.795 MHz, a sub-carrier
frequency of 15.345 MHz, and a code chipping rate of
10.23 MHz. Due to the complex sub-carriers, Galileo E5
signal spectrum includes a lower side lobe E5a centered
at 1176.45 MHz and an upper side lobe E5b centered at
1207.14 MHz. The E5 signal can be approximated as two
separate QPSK/BPSK signals modulated on the E5a side-
band and E5b sideband, respectively (Padokhin et al,
2021; Rebeyrol et al., 2007). The E5 baseband signal can be
expressed as (European Union, 2021):
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epsx—y denotes the binary signal component called “sin-
gle signal; where X=a, b represents that the signal is
modulated on the E5a or E5b sideband, and Y=1, Q repre-
sents whether the signal is in-phase or quadrature-phase
modulated. The in-phase single signals carry navigation
data, called “data component”. And the quadrature-phase
single signals are data-less, called “pilot component” The
dashed terms epsx_y (X = a, b; Y = I, Q) called “product
signals’, can realize a constant envelop modulation which
is beneficial to the transmission of the signal (Changlu
et al,, 2010). ssc,s and sscp are the four-level sub-carriers
of the single and product signals, respectively, and T
denotes the sub-carrier period.

The AItBOC sub-carrier for the single signals only
has harmonics at +fsc, —7fsc, and +9f;, while the sub-
carrier for the product signals only has harmonics at
—3fsc, and +5fsc (Lestarquit et al., 2008). Considering
the radio frequency bandwidth for the Galileo E5 signal
is below 90 MHz, the intermodulation product at £3f;,
£5f;c is filtered out mostly, and only the fundamental
harmonic of the sub-carrier can be received. Therefore,
the AlItBOC signal received can be approximated as the
Alternative Linear Offset Carrier (AItLOC) signal, writ-
ten as (Shivaramaiah & Dempster, 2009b):

SAL(8) = [epsa—1(8) + jeEsa—Q(t) | exp(—j27fict)
+ [epsb—r () + jepsb—q (1) exp (j27fict)

Hence, the AItBOC signal can be tracked using an
AItLOC replica. While the AltBOC signal’s pilot com-
ponent is normally employed for tracking, the data
component is for data demodulation. For the pilot com-
ponent tracking, the local AItLOC replica can be writ-
ten as:

sAL(2) = epsa(t)exp(—j27fict) + egsp (£)exp (j2fsct)
= sg5a(2) + sgsb(2)

3)
where egs, and epsp, are the binary ranging codes of E5a
and E5b sidebands, respectively. The ACF of the Alt-
BOC(15,10) signal (Yarlykov, 2016), the CCF between
AlItBOC and AItLOC, and the correlation function gen-
erated by the BPSK-Like method (Margaria et al., 2008)
are depicted in Fig. 1.
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Fig. 1 Correlation functions

From Fig. 1, it can be seen that the AItBOC-AItLOC
CCF and the AltBOC ACF curve almost coincide. There-
fore, to reduce the implementation complexity of the
local signal generator, the AltBOC signal can be tracked
with an AItLOC local replica (De Wilde et al., 2004;
Sleewaegen et al., 2004). However, the two correlation
function curves have more than one peak, which causes
the ambiguity problem. In comparison, the BPSK-Like
method generates a correlation function that only has a
main peak without any false lock points but loses the nar-
row peak of the AItBOC ACFE.

Double sideband combined tracking method

In this section, the DSCT structure is proposed, and a
combination model is derived that can obtain the Dou-
ble-Sideband (DSB) correlation result from the upper and
lower SSB correlation results. Then, the DSCT loop dis-
criminator and the ambiguity detection are described.

Structure of the DSCT

The DSCT structure is shown in Fig. 2. It consists of two
BPSK processing channels on the left side, which are
implemented in hardware. The right side includes the
correlation combiners, discriminators, filters, and NCO
controller, which can run on software. The correlation
combiners and two BPSK channels are the key parts of
the DSCT. While the two BPSK channels are compatible
with the conventional BPSK loop, and the correlation
combiners can combine the upper and lower SSB correla-
tion results into DSB correlation results for code and car-
rier discriminations.

To obtain the SSB correlation results two BPSK chan-
nels are employed to track the lower and upper sidebands
of the AItBOC signal, respectively. In the E5a sideband
(upper sideband), the cosine and sine carrier replicas
are generated with carrier NCO controlling, and the 1,Q
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Fig. 2 Structure of the double-sideband combined tracking loop

components can be obtained by multiplying them with
the received signal. Then, the /,Q components are cor-
related with early, prompt, and late local E5a ranging
code replicas. After integration and dump, the six cor-
relation results are output, denoted by Ig_4 Ip—4 I1—4,
Q- Qp—; and QL. Similarly, E5b sideband six correla-
tion results can be obtained, denoted by It_, Ip_p, Iy,
Qe—p Qpr—pand Q.

Based on the fact that the SSB correlation results con-
tain the DSB phase information, the correlation com-
biner coherently uses twelve correlation results from
the E5a and E5b sidebands to obtain three delayed
(early, prompt, and late) complex DSB correlation
results Cg, Cp and Cr. The relationship model between
SSB and DSB correlation results will be detailed in the
next section. Subsequently, Cg and C, are sent to the
DLL discriminator to estimate the code phase error
8cp, which is fed into the code loop filter. The filter out-
put is added with the offset of the code NCO to obtain
the local code frequency f;oq4e, which controls the code
NCO of the upper and lower sidebands. Meanwhile, the
carrier discriminator calculates the carrier phase error
¢e based on the prompt DSB correlation result Cp, and

¢e is fed into the carrier loop filter. The local carrier
frequency fcarrier can be obtained by adding the carrier
loop filter output to the carrier NCO offset.

Though the correlator architecture of DSCT is similar
to the sideband coherent combination tracking methods
mentioned previously, such as DBT, the essential dif-
ference lies in the processing of the correlation results.
DSCT obtains a discrimination curve for the DLL by
shifting the phases of the early and late correlation
results and coherently combining them. However, DBT
combines the prompt correlation results for sub-carrier
tracking, and the early and late correlation results for
code tracking, to obtain a measurement by combining
the code and sub-carrier measurements. In comparison,
DSCT tracks the AItBOC signals with only a PLL and
DLL and does not require an extra SLL for sub-carrier
tracking, nor does it need to combine the measurements.
The proposed DSCT has following advantages:

1. The hardware processing channels of the DSCT
structure are compatible with the BPSK tracking
structure. Without a dedicated design, the receiver
with BPSK channels can track AltBOC signals via a
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PLL and DLL. Therefore, the DSCT can reduce the
hardware design complexity and hardware consump-
tion.

2. The DSCT can switch between SSB and DSB track-
ing modes by using SSB correlation results and DSB
correlation results, respectively. During the pull-in
stage, the SSB tracking mode can be used for unam-
biguous tracking. During the tracking stage, the DSB
tracking mode can be employed for high-accuracy
pseudo-range measurements.

Model of double sideband combination
The relationship between the SSB and AItLOC DSB
correlation results can be expressed as (Mo et al., 2021):

Cr = exp(j30fe0de /2) Ci—q + exp(—137fe0de 4/2) Ce
Cp=Cpy+Cpyp

Ci, = exp(~37fecde 4/2) Cia + exp (j37fecde /2) Gy

(4)

where A represents the correlator spacings between the

early and late correlators. Similarly, a more general com-

bination of single-sideband correlation results can be
written as:

Ct = exp(j¢e—a) Ce—a + exp(joe—_p) Ce—p
Cp = exp(jor—a) Cr—a + exp(jop—p) Cp—p (5)
CrL = exp(joL—a)CL—a + exp(joL—p) CL—p

The complex correlation results of two sidebands are
phase-shifted and combined in (5). To ensure that com-
bined correlation results can be utilized for carrier and
code tracking, it is necessary to confirm the relation-
ship between the shifted phases. Assuming the carrier
is wiped off, the received AlItBOC signal can be approx-
imated as an AItLOC signal for clarity:

() ~ egsa(t)exp[—j21tfsc(t + tsca)] + esp (£)exp[j2ntfsc (£ + Lsea)]
(6)
where f5q denotes the sub-carrier delay relative to the
code. Therefore, the CCF between the received signal s(¢)
and the local signal sgs,(¢) can be expressed as:

Teode
s(8)sps, (¢ — 7)dt

Rpsa(t) =
Teod
code o
~ Teode — 7|

T exp(—j2nfsct —jﬁ)
code

where B = 27fctscq. Similarly, the CCF between the
received signal s(¢) and the local signal sgs,(f) can be
expressed as:
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Teode — |71

Resp(7) ~ exp(j2ntficT + jB) (8)

code

Assuming the local code phase advance ¢ relative to the
received signal, the present combined correlation result is
given by

Cp(e) = exp (jop—a)Resa(—¢) + exp (jgop_p) Resh(—)
~ Teode — | <.¢Pa + QDP—b)
~ exp | j 2
Teode 2

cos <2nf5c8 _pe 9"P—a;<"l’b>

)

Since the carrier is wiped off, the imaginary part of Cp(¢)

should be zero. In addition, the modulus of Cp(¢) should

achieve its maximum when ¢ = 0 for optimal carrier phase
discrimination performance.

{ J[Cp(e)] =0

argmax [|Cp(e)|] = 0 (10)

The early combined correlation result minus the late one
can be written as:

es(¢) = exp (j¢e—a)Resa(— — A/2)
+ exp (joe—p) Resp(—& — A/2)
— exp (j¢L—a)Resa(—€ + A/2)
— exp (joL—p) Resb(—& + A/2)

where e;(¢) = Cg(e) — Cp(¢). From (7) and (8), es(¢) can
be approximated as:

Teode — |6 + A/2] <.‘PE—a + QDEb)

exp|j——— |2
Teode 2

cos (znfscg _pa ¢E2—¢E—b>

_ Teode — 1€ — A /2] exp (J Pl—a + PL—b ) 9
Tcode 2

cos (Zﬂfscg - B+ (pL_“_(pL_b)

(11)

es(e) ~

2
(12)
Similar to (10), the imaginary part of es(¢) should be zero.
In addition, es(¢) should be an odd function to reflect the
code phase error. The above analysis yields:

Jles(e)] =0
{es@) = —ey(—¢) (13)
According to (5), (10) and (13), the combination model of
correlation results finally can be expressed as:
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Ce = exp (jo +jB)Ce—a + exp (—jo — jB) Ce—p

Cp = exp j,B)Cp,a + exp (—j,B)Cp_b

CL = exp (—ja +jB) CL—a + exp (jo —jB)CL—p

(14)

where @ = ¢g_, — B. It is important to note that the
value of « in (14) is not limited. Therefore, the correla-
tion results can be combined with the different val-
ues of «. In addition, (4) is a special case of (14) when
o =1.51A/Teoge and B = 0. The combined correlation
results in (14) are equivalent to the correlation results
whose local signal is a sum of phase-shifted sg5,(¢) and
Sgsh(t). Notably, the equivalent local signals are distinct
for early and late correlators.

Loop discriminators
The coherent early minus late envelop code discriminator

can be expressed as (Kaplan & Hegarty, 2017):
Deoge(e) = R[Ce(e) — CL(e)] (15)

Substituting (12) into (15) gives

Tcode —le + A/2|

Tcode -
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tracking. Notably, the slope of the linear region almost
reaches its maximum when o = 0.457, while the linear-
ity region and stability region of the discriminator almost
approaches their maximum when o = 0.9w. The dis-
criminator output curve is similar to a sine curve, which
is mainly affected by the sub-carrier. The DBT utilizes a
pure PLL discriminator for tracking the sub-carrier, while
the DSCT employs a DLL discriminator for tracking both
the code and sub-carrier. Consequently, the accuracy of
the two methods should be comparable in theory.
Considering the carrier frequency tracking error, the com-
bined correlation result, derived from (14), is approximately:

Teode — el

Cp(e) ~ 2cos(2nfscs) Tint
code (17)
sinc (Sfcarrier Tint) e€xp [} (“Sfcarrier Tint + 89)]
where Tinx is the loop integration time,

Soarrier = foarrier — feamrier 18 the carrier frequency error, and
30 = 6 — 0 is the carrier phase error.

le = A/2

Doge(e) =2 COS(2TEfsC8 + O{) —

Tcode

T cos(2mfece — )

From (16), it can be seen that the shape of the discrimi-
nator output curve will change with the change of «. Fig-
ure 3 depicts the discriminator outputs as a function of «
when A = 0.5T o ge

Figure 3 shows that changing the value of « affects the
slope of the discriminator’s linear region, consequently
impacting the thermal noise performance of code phase

Discriminator output
o

-0.5 0 0.5 1.0
Code delay error in chips

Results of a=0.20x
Results of a=0.45n
Results of ¢=0.60x
Results of a=0.75x
Results of ¢=0.90x

Fig. 3 Discriminator outputs as a function of «

Since the pilot channel is data-less, a pure PLL dis-
criminator is implemented in the carrier tracking loop
to obtain a wider pull-in range. The carrier discriminator
can be modeled as (Kaplan & Hegarty, 2017):

Dearrier (0) = arctan[j(Cp), ER(CP)] = Tfsfcarrier Tint + 30
(18)
The design of the loop filters in the DSCT is similar to

that of the common tracking loop and will not be dis-
cussed here (Xie, 2009).

Ambiguity detection

The loop may falsely lock since the discriminator output
curve in Fig. 3 has multiple cross-zero points. When a
false lock occurs, the tracking error can be reflected in the
upper and lower SSB correlation results. The Phase Lock
Indication (PLI) can quickly and accurately detect whether
the upper and lower sideband carrier phases are tracking
correctly. The PLI is defined as (Spilker et al., 1996):

[R(Co-)]*~[3(Co-a)]’
[R(Co-a) ' +[3(Co-a)]’
I LI(S ) e (< Y)

[R(Co-p)*+[3(Co-0)]’

Dpr1y =
(19)

Dpri—p

In addition, a non-coherent discriminator can detect
false locks by obtaining an unambiguous triangular
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correlation function from single-sideband correlation
results:

B A) |Ce—al + [Ceb| — ICLal — |CLs|
2 ) |Ce—al + [Cep| + ICLal + | Ci—p|
(20)
When the false lock occurs, it can be detected by the
above two methods quickly and accurately, and the track-
ing is adjusted from DSB tracking to unambiguous SSB
tracking. When the loop re-locks the main peak, the DSB
tracking returns to work.

Deetect = <1

Thermal noise model
To analyze the code tracking performance and guide loop
parameter design, the DSCT’s code phase error induced
by thermal noise is derived and compared with that of
other methods. When using a coherent early-late dis-
criminator, the variance of the code phase error induced
by thermal noise can be expressed as (Betz & Kolodzie-
jski, 2009):
,  Bu—05B.T) [P Gy(f)sin® (nf A)df
OCELP — P ] D)
(@2m)>Cs/No 47, G5 )sin(nf )¢y |
(21)
where By, is the equivalent noise bandwidth of the code
tracking loop, T is the pre-detection integration time,
B; is the two-sided bandwidth of the receiver front-end,
and G;(f) is defined as the normalized Power Spectral
Density (PSD) of the signal. Since the equivalent local
signals of the DSCT’s early and late correlators are differ-
ent, the code phase error cannot be obtained from (21).
The variance of the DSCT’s code phase error induced by
thermal noise can be expressed as (22), as detailed in the
Appendix.

) BL(1 = 05BLT) [P7) [Grsa(f)sin (nf A + @) + Gesp (f)sin?(nf A — ¢) | df
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Fig. 4 Theoretical code tracking error caused by thermal noise

method), DSCT1 (with @ = 0.757), and DSCT2 (with
o = 0.457) when By = 0.4Hz, T = 10ms, B, = 56MHz,
A =0.5Tge- The code tracking error of AItBOC is
much smaller than that of BPSK, consistent with the the-
ory of the AItBOC signal. The local signal of the DSCT
with @ = 0.7571 = 1.5t A /Tcoge is equivalent to the Alt-
LOC signal, which is similar to the AItBOC signal when
Br = 56MHz. Consequently, the DSCT1 has almost the
same code tracking error as that of the AItBOC. Fur-
thermore, the code phase error of the DSCT2 is smaller
than those of the AItBOC and DSCT1. Therefore, the
model analysis of the code tracking error shows that the
code tracking accuracy of the DSCT with an appropriate
choice of « surpasses that of the ACF-Based method, and
is much better than that of the BPSK.

ODSCT =

4]1:2CS/N0[ f/rs/j2fGE5»E5a (f) SiH(TITfA + §0) +

fGesesn (f)sin(f & — 9)df]

According to the PSD of the BPSK and AItBOC signal
(Sousa & Nunes, 2013; Wang et al., 2020), the code phase
errors induced by thermal noise for BPSK, and AItBOC
can be obtained from (21). The cross-spectral density
GE5,E5a (f ) in (22) can be obtained from the Fourier trans-
form of CCF between sg5(¢) and sgs,(f), and similarly,
GEs,E5b (f) can be obtained. Therefore, the code phase
errors for DSCT can be obtained from (22).

Figure 4 shows code phase errors of BPSK, Alt-
BOC (the conventional AItBOC wideband tracking

Field test results

The performances of the DSCT, including code tracking
accuracy and ambiguity, were tested using the real Gali-
leo E5 signal in static environments. First, to verify the
code tracking accuracy, the DSCT, the BPSK-like, the
conventional wideband tracking, and the DBT methods
were tested and compared. Then, the ambiguity detec-
tion performance of the DSCT was tested when the loop
falsely locked on a side-peak.
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Fig. 5 Code tracking errors of BPSK-like, wideband tracking,
and DSCT

Table 1 statistical results of code tracking errors

Satelliteno. C/N,(dB-Hz) Tracking jitters of methods (m)
BPSK-like AItBOC DSCT1 DSCT2

7 31 0.399 0.077 0.077 0.064
21 33 0.293 0.074 0.077 0.059
1 35 0.266 0.058 0.057 0.049
13 39 0.160 0.030 0.030 0.025
31 31 0458 0.083 0.085 0.072
8 36 0.238 0.045 0.046 0.041
33 34 0.276 0.048 0.046 0.041
26 43 0.085 0.016 0.015 0.015

A LabSat3 Wideband recorder was employed to record
Global Navigation Satellite Systems (GNSS) IF data, and
the antenna was mounted on the roof. The LabSat3 has
a front-end bandwidth of 56 MHz and an /,Q sampling
rate of 58 MHz. In order to test the impact of the ther-
mal noise on the code tracking accuracy, the IF data were
polluted with Gaussian white noise. The loop parameters
were set as follows: the bandwidth of the carrier loop was
15 Hz, the bandwidth of the code loop was 0.4 Hz, the
integration time was 10 ms, and the spacing between the
early and late correlators was 0.5 chips.

Tests of code tracking accuracy

The conventional AItBOC wideband tracking method
was applied to the IF data prior to the addition of Gauss-
ian white noise to obtain the code delay as the reference.
All code tracking errors were then calculated relative to
this reference. Figure 5 depicts the code tracking errors
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Fig. 7 Code tracking accuracy of the DBT and DSCT

of the Pseudo Random Noise (PRN) 7 satellite obtained
from the BPSK-like, wideband tracking, and DSCT1, and
DSCT?2 methods.

It can be seen that the code tracking errors of the
DSCT1 and wideband tracking are relatively close, and
slightly worse than that of DSCT2. All three methods
have significantly lower code tracking errors than BPSK.
The above results are consistent with the theoretical anal-
ysis of thermal noise error. The code tracking jitters of
different Galileo satellites are listed in Table 1. It can be
seen that the accuracies of DSCT1 and AItBOC are simi-
lar. On average, DSCT?2 is more accurate than AItBOC by
14% and BPSK-like by 83%.
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The code tracking error for the three tracking methods
are depicted in Fig. 6. When the carrier-to-noise ratio
is in the range of 31~51 dB-Hz, the proposed method
displays a better or comparable accuracy to that of the
conventional wideband tracking method, indicating its
ability to track the code with high accuracy. In addition,
with the increase of the noise power, the performance of
the BPSK-like method deteriorates seriously. Comparing
Fig. 6 with Fig. 4, the measured code errors are consistent
with the theoretical analysis.

In addition, the performances of two combining
single sidebands tracking methods, the DBT and the
DSCT, are compared in Fig. 7. The measurements of
DBT are obtained by combining the code and sub-car-
rier measurements, while the measurements of DSCT
are obtained from the code directly. The results show
that when the carrier-to-noise ratio is in the range of
31-51 dB-Hz, the proposed method displays a com-
parable accuracy to that of the DBT method, which
is consistent with the previous analysis. However, the
DSCT only needs two track loops to track the AItBOC
signals while the DBT needs three.

Test of tracking ambiguity

To test the ambiguity detection performance, the local
code delay was manually adjusted to make the loop
lock on a side-peak at 120 s. The tracking results of the
DSCT are shown in Fig. 8.
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Figure 8 presents the ambiguity test results of the
DSCT. The top graph shows the minimum value of
the PLIs of E5a and E5b sidebands, detector outputs
defined in (20), and tracking mode (0 for SSB tracking
and 1 for DSB tracking) in the DSCT. The PLI decreases
rapidly from around 1, and the detector output deviates
rapidly from 0 when the loop is locking on a side-peak.
When the PLI is less than 0 and the absolute value of
the detector output exceeds 0.25, it indicates that the
carrier tracking is incorrect and the code error exceeds
the linear range of the discriminator. The DSCT loop
then jumps to the main peak based on the detector
outputs and switches to SSB tracking. When the PLI
exceeds 0.95 and the absolute value of the PLI detec-
tor output is below 0.05, it shows that carrier and code
tracking accuracy is sufficient for DSB tracking. Conse-
quently, the DSB tracking mode is employed. The bot-
tom graph depicts the code tracking error of the DSCT
and shows that the DSCT can re-lock on the main peak
when false locks occur.

Conclusions

A new tracking method called DSCT is proposed and
implemented for the Galileo E5 AItBOC signal, which
can unambiguously track the code with high accuracy
and is compatible with BPSK processing channels. In
DSCT, the correlation results of the lower and upper Alt-
BOC sidebands are combined to obtain the DSB correla-
tion results, and then the DSB tracking of the AItBOC is
implemented. The proposed method displays much bet-
ter accuracy than the BPSK-like method and the com-
parable accuracy to the conventional wideband tracking
method, as demonstrated by the tests with the real static
Galileo E5 signal. In addition, when the loop falsely locks
on a side-peak, the DSCT can detect it quickly and make
the loop re-lock on the main peak, which solves the
ambiguity problem of the AItBOC signal tracking.

Appendix

The correlation results of the DSCT approach are equiva-
lent to those of the early and late correlators for different
local signals. Assuming g = 0, from (14), the equivalent
local signals of early and late correlators can be expressed
as:

{ se(t) = sesa(t) exp (joo) + sesp(t) exp (—jo

sL(t) = sesa(t) exp (—j@) + sesb(2) exp (jo (23)

where ¢ = f;cA — a. The output of a coherent early-late
time-of-arrival (TOA) estimator can be written as (Betz
& Kolodziejski, 2009):
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kT
e(e) = R % / ses(t — to)st (t —tk —A/2)dt
k=1)T
kT
_ % / sps(t — to)s§<t — k4 A/Z)dt
k=1T
T
. / w(texp(—i0) [si (£ — 75 — A/2) — st (¢ — <5 + Aj2)]de (24)
k=T
where ty is TOA, 7} is smoothed TOA estimate, w(¢) is According to the cross-correlation theorem, the Cross-

the noise, 6 is carrier phase, and ¢ = fp — 7;. Denote the  Spectral Density (CSD) can be expressed as:
first two terms in (24) as e (¢) and eg(¢), respectively.
They can be approximated as (Betz & Kolodziejski, 2009):

Br/2

eL(®) R+ [ Ses(f)Sf(f)expli2nf (—e + A/2)]df

—Br/2

B2 (25)
ee(e) ¥R 7 [ Ses(f)Si(f)expli2nf (—e — A/2)]df

—Br/2

where Sgs (f ), St (f) and Sg (f ) are the Fourier trans-
form of sgs5(f), sp(¢) and sg(t), respectively. Define
es(e) = eL(e) — eg(e), and from (23) and (25) it can be
expanded as:

Br/2

es(e) =M % / Ses (F) {8t (f ) expli2nf (—e + A/2)] = SE(f ) expli2nf (—e — A/2)] }df
—B/2
1 Be/2
=7 / Sgs (f)Zsin(ans) [Sﬁsa(f)sin(an + go) + Siep, (f)sin(an - ¢)]df (26)
—Be/2

where Sgs, (f ) and Sgsp (f ) are the Fourier transform of
SEsa(f) and sgsp (), respectively. Assuming ¢ is small, the
approximation of es(¢) is

Br/2
e~ 75 [ ous(f) [Sgsa (F)sin(f 24+ ) + Sty (F)sin (724 = ) of @
—Br/2
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(28)

{ Gesesa(f) = T%SSE5 (f)Stsa ()

Gesesb (f) = T%SSES () Sisp (f)

where Ggs5r5a (f ) is the CSD between sg5(t) and sgs,(2),

GEs5,E5b (f ) is the CSD between sgs5(f) and sgsp, (£), and Cy is
the signal carrier power. Substituting (28) into (27) yields

Br/2
es(e) ~ dmweC; fGessa (f)sin(nf A + @)
—B:/2 (29)
+ fGes,esp (f )sin(nf A — ¢)df

= CiKe

kT kT
1

Var{e(to — t,f) |7:,ﬁ} =572
k=T (k=1)T

/ Rw(t—u)[s;‘j(t—rf —A/z) —SE(t—tSk—i—Aﬂﬂ
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where
Br/2
K =4n / fGEs5E52 (f)sin(an + (p)
—Br/2 (30)

+ fGs esb (f )sin(nf A — @) df

Given tf}, the conditional variance of unsmoothed TOA
estimate 7;’ can be written as:

var{e(to — 7} |7} }
C2K?

var{rk”‘r,i )= (31)

The conditional variance var{e(to - T,i) |‘L']§ } can be
expanded as (Betz & Kolodziejski, 2009):

(32)

X [sL(u—rSk —A/2) —sE(u—rSk+A/2)}dtdu

Br/2
var{e(to — r,i) “L’,i} A 372
—Br/2

where Ry, (y) = E{w()w*(t — y)} is the autocorrelation
of w(t). Similar to (25), (32) can be approximated as:

/ Gu () |7 (f ) expliznf (—e + 4/2)] = SE(f)expliznf (—e — A/2)][*df  (33)

9 Br/2
var{e(tg - r,i)’r,i} ~ T2
—Be/2

fe/2
G,

T

—Be/2

/ Gw(f) [|S135a(f) lzsinz(an + @) + |Sesb (f) |Zsin2 (nfA— w)}df

where G, (f ) denotes the PSD of w(t). Substituting (23)
into (33) gives:

/ G () [Gsa () sin® (3 A + ) + Ges (f)sin? (2 4 — ) | of
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where Ggs, (f) and Ggsp (f ) are the PSD of sps5,(¢) and
sgsb(2), respectively. From (30), (31) and (34), the condi-
tional variance of unsmoothed TOA estimate is

ol =var{tf|ti } ~

[5G (f) [Gesa ) sin? (1 A + 9) + G fsin? (.4 — )] df
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(35)

8n2TC; [ S fGes ksa (f)sin(nf A + ¢) + fGs g5 (f ) sin (nf A — (p)df} ’

The relationship between the smoothed and unsmoothed
estimates of TOA estimates is approximately (Betz &
Kolodziejski, 2009)
02~ 022BLT(1—0.5B.T)

S

(36)

Therefore, from (35) and (36), and assuming G, (f ) = Nj,
the variance of DSCT’s code phase error induced by ther-
mal noise is

BL(1—05B.T) [P/

—/352 [GE5a(f)SiI‘l2 (an + (p) ~+ Gesp (f)sin2 (chA — <p)}df

opscT ~

4712C, /Ny [fffg/jszEaEf;a (f)sin(nf A + @) + fGes esb (f ) sin(nf A — ¢)df} ’

37)
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ACF Auto-correlation function
AltLOC  Alternative linear offset carrier
BOC Binary offset carrier

BPSK Binary phase-shift keying
CCF Cross-correlation function
CSB Coherent sideband

CSD Cross-spectral density
DBT Dual BPSK tracking

DET Dual estimate tracking
DLL Delay locked loop

DSB Double-sideband

DSCT Double sideband combined tracking
PLI Phase lock indication

PLL Phase locked loop

PSD Power spectral density

SC Side-peaks cancellation

SLL Sub-carrier locked loop

SSB Single-sideband

GNSS Global Navigation Satellite Systems
PRN Pseudo Random Noise

TOA Time-of-arrival
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