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3.5 Loop “lter design

taps EMLE detector with an EML chip spacing of 1 is an adequate PD as presented in

Section3.4.4.5, whereas a four taps VEMLE detector with an EML chip spacing of 0.5

and a Very Early Minus Late (VEML) chip spacing of 1 is used for Galileo E1 signals.

As discussed in Section3.4.4.4, the linear range of the 4 taps VEMLE discriminator

using an early minus late chip spacing of 0.5 extends over +/ Š 0.5 chips albeit with

some undulations while the linear range of a simple EMLE discriminator using an early

minus late chip spacing of unity extends over +/ Š 0.5 chips.

3.5.3.5 Carrier and code tracking

Following the scheme of signal simulation described in Section2.3.4, a carrier signal

modulated by Galileo E1 and E5a OS signals is generated over 5 seconds with a CNR of

30 dB-Hz and a ramp Doppler frequency of -0.8 Hz/s rate and an initial value of 2 kHz.

Subsequently, the simulated signal is fed into the carrier and code tracking loops made

up by an ATAN2 carrier PD and an appropriate code PD, one of the aforementioned

“rst order loop “lters and a frequency NCO which is equivalent to a phase and rate

NCO. The code PD is selected as either the standard EMLE PD for Galileo E5a or the

4 taps VEMLE PD as described in Section3.4.4.4 for the Galileo E1 signal. No loop

gain compensation is implemented.

As for the individual carrier tracking case, an initial frequency error of 3 Hz is set

for the range of consideredBL values. Similarly, an initial code phase error of a few

samples and an almost zero initial code rate error is applied while testing all PDI val-

ues. Again, the carrier and code tracking loops are governed by the Nyquist sampling

bound BN < 1/ (2TI ) as explained in Section3.4.2.1. Subsequently, the noise equivalent

bandwidth design parameter in the code tracking loop has been set toBN = 5 Hz in

general, with the exception ofTI = 60 ms case whereBN = 3 .33 Hz to yield BL = 0 .2

one of the considered values in the theoretical analysis put forth in Sections3.5.3.1and

3.5.3.2. Conversely, the noise equivalent bandwidth design parameter in the carrier

tracking loop has been bounded with the increase of the integration interval, such that

BN = 10 Hz is chosen for integration intervals less than 40 ms. On the other hand,

PDI values of 60 80 and 100 ms were used with aBN = 8, 6 and 5 Hz.
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3. GNSS PILOT CHANNEL TRACKING
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Figure 3.71: EMLE PD output in chips with a constant code rate input on
Galileo E5a band - testing di�erent loop “lters to track the e�ect of a constant 2 kHz
Doppler frequency on the Galileo E5a code rate with a CNR of 45 dB-Hz and using di�erent
BN and PDI values yielding a range ofBL values a) TI = 16 ms and BL = 0.08 b) TI =
20 ms andBL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80
ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.72: Loop “lter constant code rate estimation on Galileo E5a band -
testing di�erent loop “lters to track the e�ect of a constant 2 kHz Doppler frequency on
the Galileo E5a code rate with a CNR of 45 dB-Hz and using di�erentBN and PDI values
yielding a range ofBL values a) TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL = 0.1
c) TI = 40 ms and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL = 0.4 f)
TI = 100 ms and BL = 0.5.
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Figure 3.73: CNR estimate in dB-Hz with a constant code rate input on Galileo
E5a band - testing di�erent loop “lters to track the e�ect of a constant 2 kHz Doppler
frequency on the Galileo E5a code rate with a CNR of 45 dB-Hz and using di�erentBN

and PDI values yielding a range ofBL values a) TI = 16 ms and BL = 0.08 b) TI = 20
ms and BL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80
ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.74: EMLE PD output in chips with a ramp code rate input on Galileo
E5a band - testing di�erent loop “lters to track the e�ect of a variable Doppler frequency
on the Galileo E5a code rate with a CNR of 45 dB-Hz and using di�erent BN and PDI
values yielding a range ofBL values a)TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL

= 0.1 c) TI = 40 ms and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL =
0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.75: Loop “lter ramp code rate estimation on Galileo E5a band - testing
di�erent loop “lters to track the e�ect of a variable Doppler frequency on the Galileo E5a
code rate with a CNR of 45 dB-Hz and using di�erent BN and PDI values yielding a range
of BL values a) TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms
and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms
and BL = 0.5.
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Figure 3.76: CNR estimate in dB-Hz with a ramp code rate input on Galileo
E5a band - testing di�erent loop “lters to track the e�ect of a variable Doppler frequency
on the Galileo E5a code rate with a CNR of 45 dB-Hz and using di�erent BN and PDI
values yielding a range ofBL values a)TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL

= 0.1 c) TI = 40 ms and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL =
0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.77: PLL PD estimated error with a ramp carrier frequency input
signal modulated by a Galileo E1 OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.16 b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI =
60 ms andBL = 0.48 e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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Figure 3.78: PLI with a ramp carrier frequency input signal modulated by a
Galileo E1 OS signal - a CNR of 30 dB-Hz, testing di�erent loop “lters while using
di�erent BN and PDI values yielding a range ofBL values a) TI = 16 ms and BL = 0.16
b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI = 60 ms and BL = 0.48
e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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Figure 3.79: PLL Loop “lter outputs with a ramp carrier frequency input signal
modulated by a Galileo E1 OS signal - a CNR of 30 dB-Hz, testing di�erent loop
“lters while using di�erent BN and PDI values yielding a range ofBL values a) TI = 16
ms and BL = 0.16 b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI = 60
ms and BL = 0.48 e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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3.5 Loop “lter design

Figures 3.77 to 3.82 look into the Galileo E1, E5a PLL PD outputs, phase lock in-

dicators and loop “lter carrier frequency estimates. Figures3.77 and 3.79 related to

Galileo E1 signals show that for the loop normalized noise equivalent bandwidthBL

values less than 0.2, all four loop “lters exhibit similar phase and frequency tracking

performance. On the other hand, higherBL values yield false or loss of tracking for

methods 1 and 3, while method 2 and 4 show stable tracking for aBL as high as 0.5

even though the case where method 2 is used with an integration time of 60 ms seems

initially out of lock, it is able to go in lock after 3 seconds. It is interesting to compare

the PLL tracking performance with Galileo E5a signals to that of Galileo E1 signals.

In fact, methods 2 and 4 seem to endure cycle slips with Galileo E5a signals but even-

tually approach to lock to the correct frequency. The results agree with the theoretical

analysis performed earlier where the Bode plots have shown that for methods 1 and

3, the closed loop system becomes an all pass “lter forBL > 0.2 while the low pass

“lter characteristics remain for methods 2 and 4. Root locus plots on the other hand

have shown the progress of the nature of the loop response where the initially designed

underdamped response moves towards critically damped and overdamped for methods

1 and 3 respectively, while complex conjugate poles characteristic of an underdamped

response hold for highBL values using methods 2 and 4.

Similarly, Figures 3.83 to 3.88 are the result of tracking the aforementioned simulated

Galileo E1 and E5a signals and look into the DLL PD outputs, code lock indicators

represented by the CNR and incremental loop “lter code rate estimates. The same

conclusions are drawn as before.
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Figure 3.80: PLL PD estimated error with a ramp carrier frequency input
signal modulated by a Galileo E5a OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.16 b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI =
60 ms andBL = 0.48 e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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Figure 3.81: PLI with a ramp carrier frequency input signal modulated by a
Galileo E5a OS signal - a CNR of 30 dB-Hz, testing di�erent loop “lters while using
di�erent BN and PDI values yielding a range ofBL values a) TI = 16 ms and BL = 0.16
b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI = 60 ms and BL = 0.48
e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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Figure 3.82: PLL Loop “lter outputs with a ramp carrier frequency input signal
modulated by a Galileo E5a OS signal - a CNR of 30 dB-Hz, testing di�erent loop
“lters while using di�erent BN and PDI values yielding a range ofBL values a) TI = 16
ms and BL = 0.16 b) TI = 20 ms and BL = 0.2 c) TI = 40 ms and BL = 0.4 d) TI = 60
ms and BL = 0.48 e) TI = 80 ms and BL = 0.48 f) TI = 100 ms and BL = 0.5.
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Figure 3.83: DLL Four taps EMLE PD output in chips with a ramp carrier
frequency input signal modulated by a Galileo E1 OS signal - a CNR of 30 dB-Hz,
testing di�erent loop “lters while using di�erent BN and PDI values yielding a range of
BL values a)TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms and
BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms and
BL = 0.5.
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Figure 3.84: DLL Loop “lter outputs with a ramp carrier frequency input
signal modulated by a Galileo E1 OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI =
60 ms andBL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.85: CNR estimate in dB-Hz with a ramp carrier frequency input
signal modulated by a Galileo E1 OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI =
60 ms andBL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.86: DLL Four taps VEMLE PD output in chips with a ramp carrier
frequency input signal modulated by a Galileo E5a OS signal - a CNR of 30 dB-
Hz, testing di�erent loop “lters while using di�erent BN and PDI values yielding a range
of BL values a) TI = 16 ms and BL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms
and BL = 0.2 d) TI = 60 ms and BL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms
and BL = 0.5.
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Figure 3.87: DLL Loop “lter outputs with a ramp carrier frequency input
signal modulated by a Galileo E5a OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI =
60 ms andBL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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Figure 3.88: CNR estimate in dB-Hz with a ramp carrier frequency input
signal modulated by a Galileo E5a OS signal - a CNR of 30 dB-Hz, testing di�erent
loop “lters while using di�erent BN and PDI values yielding a range ofBL values a)TI =
16 ms andBL = 0.08 b) TI = 20 ms and BL = 0.1 c) TI = 40 ms and BL = 0.2 d) TI =
60 ms andBL = 0.2 e) TI = 80 ms and BL = 0.4 f) TI = 100 ms and BL = 0.5.
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3.6 Bandlimiting e�ects

In practice, the front-end bandwidth is “nite and depending on the applications and

receiver limitations, it can be set to arbitrarily low values. For instance, the Galileo E1

OS signal is speci“ed in the Galileo ICD [21] to have a reference bandwidth of 24.552

MHz. However, a theoretical bandwidth of 14.322 MHz = 2� (6.138 + 1.023) MHz,

that accomodates the two BOC signals, BOC(6,1) and BOC(1,1), may cover a large

percentage of the signal power spectrum. In the following, we will undertake the task

of indicating the losses incurred by limited bandwidth receivers. The normalized PSD

of a baseband signal using a BOC modulation, de“ned as BOC(m,n) is expressed as

[46]:

Gs(f ) = f c

�

�
sin

�
�f

2f sc

�
sin

�
�f
f c

�

�f cos
�

�f
2f sc

�

�

�

2

(3.163)

where f sc = m · 1.023 MHz is the subcarrier frequency andf c = n · 1.023 MHz is the

chip rate. The Galileo E1 OS signal is an MBOC(6,1,1/11) modulated signal, having

a PSD Gs(f ) as de“ned in Section2.2.1. On the other hand, the normalized PSD of a

baseband signal using a BPSK modulation, de“ned as BPSK(m) is expressed as:

Gs(f ) = f c

�
sin( �f

f c
)

�f

	 2

(3.164)

Using this equation, the PSD of the Galileo E5a/b OS signals which are BPSK(10)

signals can be computed. Figure3.89 plots the PSD of the aforementioned Galileo

E1 MBOC(6,1,1/11) and E5a/b OS BPSK(10) signals together with the reference

BOC(1,1) and BPSK(1) signals.

3.6.1 Correlation loss

The overall power loss due to bandlimiting, also termed correlation loss [46], can be

computed over a limiting double-sided complex bandwidth� as:

L c =

 �/ 2

Š �/ 2
Gs(f )df (3.165)

The reason whyL c is called correlation loss, lies in the de“nition of the autocorrelation

function which is the inverse Fourier transform of the PSD. Consequently, any change
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Figure 3.89: Theoretical PSD of the Galileo E1 and E5a/b OS signals -
MBOC(6,1,1/11), BPSK(10), and two reference signals BOC(1,1) and BPSK(1)

in the PSD re”ects in the shape of the autocorrelation function which is pivotal in

the carrier and code tracking stage. It is thus imperative to assess the correlation

loss in order to choose an appropriate front-end bandwidth. Figure3.90 shows the

behavior of the correlation loss as given by Equation3.165for BOC(1,1), BPSK(10) and

MBOC(6,1,1/11) modulated signals. In case of MBOC signals as de“ned for the Galileo

E1 OS signal, a correlation loss of 1.7 dB is incurred for using a 4 MHz bandwidth

instead of 14.322 MHz while 1 dB loss corresponds to using 8 MHz bandwidth instead

of 14.322 MHz. Beyond 14.322 MHz, the correlation losses for the MBOC signal are

negligible (less than 0.5 dB). For Galileo E5a/b BPSK(10) signals, the correlation losses

are negligible beyond 20 MHz (less than 1 dB). Table3.8 summarizes the Galileo E1

and E5a/b OS signals bandlimiting results in terms of correlation loss in dB.

3.6.2 Impact on PLL tracking threshold

It is informative to now look at the impact of the correlation loss on the carrier phase

tracking ability of digital loops. The phase tracking jitter or phase error standard

deviation at the output of the carrier tracking loop or PLL depends on the phase
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FE bandwidth [MHz] E1 Correlation Loss [dB] E5a/b Correlation Loss [dB]

4 2.2 8.7

8 1.5 3.7

16 0.5 1.2

20 0.4 1

30 0.3 0.8

� 0 0

Table 3.8: Galileo E1 MBOC(6,1,1/11) and Galileo E5a/b BPSK(10) correlation loss due
to “nite front-end bandwidth
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Figure 3.90: Correlation loss due to bandlimiting - of BOC(1,1), MBOC(6,1,1/11)
and BPSK(10) modulated signals as a function of the double-sided complex front-end
bandwidth expressed in dB.
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detector or discriminator used in these loops. In case of carrier tracking loops, it is

shown in [9] that the thermal noise tracking jitter at the PLL output using either

ATAN or ATAN2 discriminator is well approximated by that resulting from the use

of a DP discriminator (a noise equivalent loop bandwidth BN of 10 Hz is assumed).

The tracking jitter expression takes into account the bandlimiting e�ects as well, and

is given by:

� 2
�,DP =

BN (1 Š 0.5BN TI )
L cC/N 0

�
1 +

1
2L cC/N 0TI

�
(3.166)

The coherent discriminator for a PLL has a more simpli“ed expression for the tracking

error variance due to the absence of the squaring loss:

� 2
�,Coh =

BN (1 Š 0.5BN TI )
L cC/N 0

(3.167)

It is straightforward to note that the tracking jitter as computed from 3.166and 3.167

increases with decreasing CNR values but depending on the chosen FE bandwidth, and

for the same CNR this jitter slightly decreases or remains the same as plotted in Figures

3.91 and 3.92. Consequently, the chosen bandwidth may or may not have an impact

on decreasing the probability of losing lock which is normally considered to occur when

the total tracking jitter exceeds 15 degrees [47]. More precisely, the tracking threshold

depends on the two-sided phase discriminator linear tracking regionL � and the loss of

lock condition entails that [9, 47]:

� � +
� e

3
�

L �

6
(3.168)

where � e is the dynamic stress error of the receiver. Considering a static receiver, and

using the aforementioned inequality, Table3.9 summarizes the di�erent tracking jitter

thresholds for di�erent discriminators.

3.6.2.1 Galileo E1 OS signal

Due to the aforementioned considerations, it is possible to plot the thermal noise carrier

phase jitter alone by ignoring the other components of the total tracking jitter � � .

Figures 3.91 and 3.92 depict the behavior of the thermal noise carrier phase jitter for

Galileo E1 OS signals. It is worth noting that considering a 16 MHz bandwidth instead

of 4 MHz brings an additional margin of 1 dB-Hz weaker signal tracking for CNR lower
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Discriminator Angular threshold [degrees]

DD 20

DP 15

Rat 10

Atan 30

Coh 30

Atan2 60

Table 3.9: PLL tracking jitter thresholds in angular degrees according to various PLL
discriminators
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Figure 3.91: Galileo E1 Tracking jitter at PLL output using an ATAN2 dis-
criminator for a range of CNR values - a loop bandwidth of 10 Hz and an integration
time of 20 ms.

177



3. GNSS PILOT CHANNEL TRACKING

15 20 25 30 35 40 45
0

5

10

15

20

25

30

35

Carrier to noise ratio [dB�3Hz]

�
�[d

eg
]

Performance of coherent discriminator

4.092 MHz bandwidth
8.184 MHz bandwidth
15.345 MHz bandwidth
24.552 MHz bandwidth

Figure 3.92: Galileo E1 Tracking jitter at PLL output using a COH discrimi-
nator for a range of CNR values - a loop bandwidth of 10 Hz and an integration time
of 20 ms.

than 25 dB-Hz. On the other hand, the choice of 24 MHz bandwidth instead of a 16

MHz bandwidth yields no signi“cant improvement even for low CNR.

Moreover, for a certain CNR value of 25 dB-Hz, the tracking jitter can di�er by as high

as a unit degree when choosing a FE bandwidth of 16 MHz instead of 4 MHz as shown

in Figure 3.93. This di�erence is almost the same for an integration time of either 20

ms or 80 ms as shown in Figure3.94, but the latter shows an overall lower tracking

jitter due to better noise averaging.

We can conclude by saying that the bandlimiting impact is degrading when the CNR

and the choice of bandwidth are both low. For an overall good performance, a good

choice of the bandwidth for Galileo E1 OS signal, CBOC(6,1,1/11) is greater than 16

MHz. However, if the situation is grasped “rmly such that the dynamic stress error

and the oscillator noise do not pose a major threat in terms of high tracking jitter, the

additional 1-5 degrees margin of weak signal tracking can be ignored. In this case only,

the bandlimiting e�ect does not introduce any loss in terms of tracking performance.
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Figure 3.93: E1 weak signal PLL tracking jitter as a function of FE bandwidth
using an integration time of 20 ms - with a C/N 0 of 25 dB-Hz, a loop bandwidth of
10 Hz considering ATAN2 and COH discriminators.
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Figure 3.94: E1 weak signal PLL tracking jitter as a function of FE bandwidth
using an integration time of 80 ms - with a C/N 0 of 25 dB-Hz, a loop bandwidth of
10 Hz considering ATAN2 and COH discriminators.
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3.6.2.2 Galileo E5a/b OS signal

Similarly to the Galileo E1 OS signal case, let us consider the thermal noise jitter alone

by ignoring the other components of the total tracking jitter � � . Figures 3.95 and 3.96

show that considering the Galileo OS E5a signal and the choice of a 30 MHz bandwidth

instead of 25 or even 20 MHz brings a very small additional margin of 0.1 dB-Hz weaker

signal tracking for CNR lower than 25 dB-Hz.
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Figure 3.95: Galileo E5a Tracking jitter at PLL output using an ATAN2 dis-
criminator for a range of CNR values - a loop bandwidth of 10 Hz and an integration
time of 20 ms.

Moreover, for a certain situation characterized by a CNR of 25 dB-Hz, the tracking

jitter as shown in Figure 3.97 di�ers by as much as 1 degree when choosing a FE

bandwidth of 10 MHz instead of 20 MHz but lower than 0.2 degree when using 20 MHz

instead of 30 MHz. This di�erence is almost the same for an integration time of either

20 ms or 80 ms as shown in Figure3.98, but the latter case shows an overall lower

tracking jitter due to better noise averaging.

We can conclude by saying that the bandlimiting impact is degrading when the CNR

and the choice of bandwidth are both low. For an overall good performance, a good

choice of the bandwidth for Galileo E5a/b OS signal is set greater than 20 MHz.
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Figure 3.96: Galileo E5a Tracking jitter at PLL output using a COH discrimi-
nator for a range of CNR values - a loop bandwidth of 10 Hz and an integration time
of 20 ms.
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Figure 3.97: E5a weak signal PLL tracking jitter as a function of FE bandwidth
using an integration time of 20 ms - with a C/N 0 of 25 dB-Hz, a loop bandwidth of
10 Hz considering ATAN2 and COH discriminators.
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Figure 3.98: E5a weak signal PLL tracking jitter as a function of FE bandwidth
using an integration time of 80 ms - with a C/N 0 of 25 dB-Hz, a loop bandwidth of
10 Hz considering ATAN2 and COH discriminators.

3.6.3 Impact on DLL tracking threshold

Switching our attention to the code or subcarrier tracking loop DLL/SLL, it is also

worth noting what is the impact of the correlation loss or in a general sense, bandlim-

iting e�ect on the code delay tracking ability of digital loops. The code delay tracking

jitter at the output of the DLL or SLL depends on the PD or discriminator used in the

DLL/SLL loops. Considering the bandlimiting e�ects, it is shown in [ 48] that the ther-

mal noise tracking jitter at the DLL/SLL output using a coherent EML discriminator

is:

� 2
�,EML =

BN (1 Š 0.5BN TI )

 �/ 2

Š �/ 2 Gs(f ) sin2(�fd s)df

C/N 0

� 
 �/ 2
Š �/ 2 fG s(f ) sin(�fd s)df

� 2 (3.169)

where ds is the early minus late correlator spacing andBN is the code tracking loop

noise equivalent bandwidth. Similarly, the expression of the thermal noise tracking

jitter at the DLL/SLL output using a noncoherent EMLP discriminator is derived in

[49]. The result is an additional weighting factor which accounts for the squaring loss
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due to the noncoherent processing:

� 2
�,EMLP = � 2

�,EML

�

� 1 +


 �/ 2
Š �/ 2 Gs(f ) cos2(�fd s)df

C/N 0TI

 �/ 2

Š �/ 2 Gs(f ) cos(�fd s)df

�

� (3.170)

On the other hand, the noncoherent DP discriminator yields a di�erent weighting factor

as shown by [9]:

� 2
�,DP = � 2

�,EML

�

� 1 +
1

C/N 0TI

 �/ 2

Š �/ 2 Gs(f )df

�

� (3.171)

As in the PLL, the rule of thumb for DLL/SLL tracking threshold beyond which the

loop is assumed to go out of lock is de“ned in terms of the 3-sigma of all errors and

the linear region of the discriminator or PD. In theory, the linear region of the PD is

half the early late correlator spacing± ds/ 2 and so considering the thermal noise jitter

contribution on its own, the tracking threshold condition is:

3� � �
ds

2
(3.172)

3.6.3.1 Galileo E1 OS signal

Due to the aforementioned equations, it is possible to plot the theoretical thermal noise

code delay tracking jitter alone by ignoring the other components of the total tracking

jitter � � . In the following, in both cases of Galileo E1 and E5a/b OS signals, an

integration time of 20 ms has been assumed unless otherwise noted, a correlator spacing

of 0.1 chip together with a code tracking loop noise equivalent bandwidthBN = 5 Hz.

Figure 3.99 depicts the behavior of the Galileo E1 OS signals thermal noise code delay

tracking jitter testing the DP discriminator as well as the coherent and noncoherent

EML and EMLP discriminators. On the other hand, Figures 3.100and 3.101show the

tracking performance with the same parameters but for di�erent front-end bandwidths.

It is worth noting that considering a 16 MHz bandwidth instead of 4 MHz brings an

additional margin of 8 dB-Hz weaker signal tracking. On the other hand, the choice of

24 MHz bandwidth instead of a 16 MHz bandwidth yields no signi“cant improvement

even for low CNR.

Looking at the thermal noise code delay tracking jitter as a function of the FE band-

width for a low CNR value equal to 25 dB-Hz as shown in Figure3.102, it can be
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Figure 3.99: Comparison of Galileo E1 DLL tracking jitter performance as a
function of CNR with di�erent PD - using a correlator spacing of 0.1 chip and a
front-end bandwidth of 24.552 MHz.
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Figure 3.100: Comparison of Galileo E1 DLL tracking jitter performance as
a function of CNR using coherent EML discriminator - for di�erent front-end
bandwidths.
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Figure 3.101: Comparison of Galileo E1 DLL tracking jitter performance as a
function of CNR using noncoherent EMLP discriminator - for di�erent front-end
bandwidths.

noticed that using an integration time of 20 ms and selecting a 16 MHz FE bandwidth

instead of 4 MHz brings the standard deviation of the code tracking error down by 0.07

chips or 20 meters. It is also important to note that the usual 4 MHz bandwidth is not

enough to respect the rule of thumb code tracking threshold. Increasing the integration

time to 80 ms as shown in Figure3.103, results in a lower overall code tracking jitter

and selecting a 16 MHz FE bandwidth vs 4 MHz brings the code tracking error down

by 0.015 chips or 4 meters. Increasing the FE bandwidth beyond 16 MHz does not

bring any signi“cant change.

In conclusion, it has been shown that for Galileo E1 OS signals, selecting a minimum

of 16 MHz bandwidth instead of a 4 MHz bandwidth, provides an additional 8 dB-Hz

weaker signal tracking. Moreover, selecting this wider bandwidth ensures that the rule

of thumb code tracking threshold condition is met for very low CNR signals with an

appropriately selected integration time. In fact, increasing the integration time lowers

the standard deviation of the code tracking error, but does not guarantee tracking

robustness if the FE bandwidth is not wide enough.
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Figure 3.102: E1 weak signal DLL tracking jitter as a function of FE band-
width using an integration time of 20 ms - with a C/N 0 of 25 dB-Hz considering a
noncoherent EMLP discriminator.
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Figure 3.103: E1 weak signal DLL tracking jitter as a function of FE band-
width using an integration time of 80 ms - with a C/N 0 of 25 dB-Hz considering a
noncoherent EMLP discriminator.
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3.6.3.2 Galileo E5a/b OS signal

Similarly to the Galileo E1 OS signal, the thermal noise code delay tracking jitter is

analyzed on its own ignoring the other components of the total tracking jitter � � . Figure

3.104 depicts the behavior of the Galileo E5a/b OS signals thermal noise code delay

tracking jitter testing the DP discriminator as well as the coherent and noncoherent

EML and EMLP discriminators. On the other hand, Figures 3.105and 3.106show the

tracking performance with the same parameters but for di�erent front-end bandwidths.

It is worth noting that considering a 20 MHz bandwidth instead of 30 MHz brings an

additional margin of 1 dB-Hz weaker signal tracking. On the other hand, the choice of

25 MHz bandwidth instead of a 20 MHz bandwidth yields no signi“cant improvement

even for low CNR.
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Figure 3.104: Comparison of Galileo E5a DLL tracking jitter performance as
a function of CNR with di�erent PD - using a front-end bandwidth of 24.552 MHz.

Looking at the thermal noise code delay jitter as a function of the FE bandwidth for a

low CNR value equal to 25 dB-Hz as shown in Figure3.107, it can be noticed that using

an integration time of 20 ms and selecting a FE bandwidth of 20 MHz instead of 25 or

even 30 MHz does not quite improve the standard deviation of the code tracking error.

Increasing the integration time to 80 ms as shown in Figure3.108, results in a lower
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Figure 3.105: Comparison of Galileo E5a DLL tracking jitter performance as
a function of CNR using coherent EML discriminator - for di�erent front-end
bandwidths.
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Figure 3.106: Comparison of Galileo E5a DLL tracking jitter performance as a
function of CNR using noncoherent EMLP discriminator - for di�erent front-end
bandwidths.
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overall code tracking jitter but still no signi“cant change between a FE bandwidth of

20 MHz instead of 25 MHz or even 30 MHz.
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Figure 3.107: E5a weak signal DLL tracking jitter as a function of FE band-
width using an integration time of 20 ms - with a C/N 0 of 25 dB-Hz considering a
noncoherent EMLP discriminator.

In conclusion, it has been shown that for Galileo E5a/b OS signals, a minimum band-

width of 20 MHz does not su�er from bandlimiting e�ects. Moreover, selecting this

minimum bandwidth wider than 10 .23 MHz ensures that the rule of thumb code track-

ing threshold condition is met for very low CNR signals with an appropriately selected

integration time. In fact, increasing the integration time lowers the standard devia-

tion of the code tracking error, but does not guarantee tracking robustness if the FE

bandwidth is not wide enough.
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