Journal of Southeast University (English Edition)

Vol. 32, No. 4, pp. 484 —488

Dec.2016 ISSN 1003—7985

Analysis of GPS ionospheric scintillation signal amplitude
fading characteristics at low latitude

Zhu Xuefen"’ Chen Xiyuan"’

Huang Haogian"’

Chen Jianfeng’® Xu Bincheng"’

('School of Instrument Science and Engineering, Southeast University, Nanjing 210096, China)

(*Key Laboratory of Micro-Inertial Instrument and Advanced Navigation Technology of Ministry of Education,
Southeast University, Nanjing 210096, China)

(* Automotive Engineering Research Institute, Jiangsu University, Zhenjiang 212013, China)

Abstract: The received satellite signal amplitude is attenuated
greatly due to the strong ionospheric scintillation for low
latitude regions, which causes the GPS tracking loop’s loss of
lock, the positioning errors to increase, and navigation to be
interrupted. To solve the above problems, a novel signal
processing algorithm is proposed based on the GPS LI
software receiver during strong ionospheric scintillation using
the multi-channel intermediate frequency (IF) data sampling
system. Tens of thousands of fading events are obtained based
on the signal intensity measurement. The amplitude fading
characteristics in the low latitude region are analyzed,
including fading duration, time separation between fades and
the numbers of signal intensity fading events. The fading
thresholds are set to be 15 and 10 dB, respectively. The main
fading time is very short in —15 dB fading threshold, which
generally is less than 20 ms. The main time separation
between fades is less than 2 s in a single one-hour period from
the time 23: 00 to 24: 00. Therefore, it has the characteristic of
a short reacquisition time for the receiver designed to reduce
the probability of simultaneous loss of lock for some satellites.
Subsequently, the acquisition, tracking and PVT ( position,
velocity and time) calculations are completed by the custom-
designed software receiver. The results show that the impact
analysis of ionospheric scintillation on GPS amplitude
attenuation in the low latitude region is helpful for designing
the advanced tracking algorithm and to improve the robustness
and accuracy of the GPS receiver.
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T he ionospheric scintillation will cause the signal
amplitude’s deep fading and the phase’s sharp fluc-
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tuation'' ™!

when the GPS signal passes through the iono-
spheric irregularities. In the mid-latitude region, the ion-
ospheric amplitude and the phase scintillation are usually
not observed. However, in the low-latitude region close
to the equator, particularly in the period of solar maxi-
mum after sunset, the ionospheric scintillation is often
observed and it restricts the GPS navigation”™ . The GPS
signal received can be attenuated more than 30 dB due to
strong scintillation, and it has a great impact on receiver
availability, and

integration of GPS position, velocity and time (PVT) so-
1561

carrier tracking, estimation accuracy,

lutions
There have been many studies on the effect of scintilla-
tion on the GPS L1 signal[H] until now. However, these
studies are based on commercial receivers and focus on
how GPS navigation solutions were influenced by the ion-
ospheric scintillation. The commercial receiver is limited
to resources and the signal fade cannot be explored in
depth. The interior of the software receiver is analyzed,
including fading duration, and the time separation be-
tween fades. It is very useful to improve the robustness of
GPS receivers under the condition of scintillation. The
previous research concerns the fading features based on
cartier-to-noise ratio( C/N,)'”, and the fading features
based on measurements of signal intensity are analyzed in
this paper. Besides, the ionospheric scintillation data
used in Ref. [6] was collected on Ascension Island in
2001, and the data used in this paper was collected in
2013 in Brazil closest to the solar maximum year.
High-rate signal intensity measurements are analyzed u-
sing the data sampled by a GPS multi-channel data collec-
tion system deployed at Sdo José dos Campos, Brazil
(23.2° S, 45.9 W) in November, 2013, which is a solar
maximum year at a low-latitude site. A GTEC® free
front-end is used to record the GPS IF signals. The front-
end generates zero IF data streams with 8-bit resolution 1/
Q samples at 20 MHz complex sampling rate for GPS L1
band. Then the data is processed by a customized soft-
ware defined receiver (SDR) to obtain signal intensity
measurements. The fading features, which includes fa-
ding duration, time separation between fades and the
numbers of signal intensity fading events, are analyzed by
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setting the fading threshold to be —15 and - 10 dB in the
signal intensity measurements.

1 Definition of S,, S; and C/N, Index

The S, index represents the fluctuation of the signal in-
tensity (SI)"™".

Wy = D (I, + Q) (1)

- (31 (T o) 2)

i=1

where M represents the number of I; and Q which are
used to generate the wide band power W, or the narrow
band power N, measurement. The coherent integration is
applied to the correlator outputs by moving the window
accumulator for a long period of time to increase the ac-
cumulated signal energy. In the previous experiments
with various accumulation time intervals''! for GPS LI
it is shown that 40-block corr-
elator outputs contain sufficient energy to obtain useful

strong scintillation signals,

measurements and every 1 ms represents one block. Since
the GPS navigation data rate is 50 Hz, the product of the
M value and the coherent integration time is equal to the
multiple of 20 ms to avoid the summation. The same in-
terval of 40 ms is applied to GPS L1 band signal, and the
M value is set to be 40 and I;, Q; are integrated over 1
ms.

Straw =Npp = Wiy (3)
SI, raw
SL norm = 57 (4)

1, trend

where S| ., is the raw signal intensity; S is the nor-

I, raw I, norm

malized signal intensity ( NSI), which is generated by
using S, ., and the low frequency trend S, .. S
obtained by using the 4th-order polynomial fitting for
S Amplitude scintillation that induces S, is calculated
by using the normalized signal intensity S

is

I, trend

I, raw *

I, norm *

_ (St ) = (St )
S4_\/ <Slnorm> (5)

where () represents the average value over the interval
and the interval is 10 s in this paper.

The C/N, of the received GPS signal can be estimated
'. The com-

by using the I/Q channel correlator outputs'"
putationally efficient power ratio method is used to esti-
mate C/N, as follows:

ILL ﬂ K/Mm NBp <
K WBP,K

_op-1l
T, (M-p)

where K is the number of samples in the average time in-

(6)

C/N, =10lg (7)

terval of 1 s.

The impacts of strong scintillation on the normalized
signal intensity, S, and C/N, for GPS PRN29 satellite are
shown in Figs. 1(a) to (c). The data is sampled from
0:00:01 using universal time coordinated (UTC) for 1 h
on 18 November, 2013 in Brazil. In Fig. 1, NSI, S, and
C/N, vary slowly without scintillation before reaching
1 400 s. However, when strong scintillation occurs after
1 400 s, NSI and S, fluctuate rapidly even exceeding
40 dB at times. S, >0.5 indicates deep amplitude fading.
It shows that many deep fades occurred in the GPS meas-
urements.
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2 Fading Index Definition

From the data sampled at Sao José dos Campos, Brazil
(23. 2S5, 45.9W),
events have been extracted. The normalized signal inten-
sity is used to calculate the fading indices including fading
duration and time separation between fades'" ™. The
normalized signal intensity is obtained using the 4th-order
polynomial fitting method, so the nominal value is set to
0 dB. The fading threshold is set to be —15 dB to extract

fading events from the datasets mentioned in the follow-

a large number of signal fading

1 500
Time/s
(a) (b)
Fig.1 The signal intensity of GPS L1 PRN29. (a) NSI; (b) S,; (¢) C/N,
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ing definition.

The fading duration is an important feature for receiver
signal processing because it determines whether reacquisi-
tion is needed if the GPS signal experiences loss of lock,
and it also has an impact on the accuracy of the PVT solu-
tions if tracking is maintained. In Fig.2, the fading dura-
tion is defined as the time difference between NSI decli-
ning below the threshold of 10 to 15 dB and NSI increasing
above the threshold. Another fading index is the time sep-
aration between fades. The time separation between fades is
defined as the time difference between the middle points of
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two consecutive fades under the threshold. The time separa-
tion between fades has an influence on signal reacquisition
and the carrier smoothing process of code measurements in
receivers.
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Fig.2 Fading indices definition

3 Low-Latitude GPS Signal Intensity Fading
Analysis

A GTEC® free front-end is used to record the GPS L1
IF signals with the influence of ionospheric scintillation in
Sdo José dos Campos, Brazil (23.2 S, 45.9 W) on No-
vember 18th, 2013. The IF data is post-processed to gen-
erate the scintillation observables. Two hours of data,
collected from different PRNs with the universal time co-
ordinated (UTC) starting times of 0:00:01 and 23.00:
02 on November 18th, 2013, are analyzed. The two
hours of data are shown in Tab. 1.

Tab.1 Details of two hours of data collected

UTC starting
time
0:00:01 12,25,29,31,21,5,2,15 25,29,12,21,5,18
23.00:02 29,2,12,25,5,24,10,21,31 25,12,29,21,5,31,2,15

PRNs in the first 60 s PRNs in the final 60 s

Fig. 3 shows the distributions of GPS L1 fading dura-
tion of the signal intensity in Brazil under the thresholds
of —15 dB. Different PRNs are labeled in the legends as
the representatives. The scale of y-axis is the base — 10
logarithmic diagram to show the details for points with
small probabilities. It is noted that the distributions are
discrete and the connecting lines are depicted to show the
trend. The results indicate that the predominant fading
durations are very short, typically less than 20 ms. In
Figs.3(a) and (b), the unevenness duration is more
than 60 ms, and the unevenness duration also restricts the
numbers of fading events.

Fig. 4 shows the distributions of GPS L1 time separa-
tion between fades of the signal intensity under the thresh-
olds of —15 dB. Different PRNs are labeled in the leg-
ends as the representatives. The y-axis shows the value of
the logarithmic diagram. The results show the distribution
shape of time separations observed when the UTC starting
time is 0:00;01 and 23;00:02, but also that the predomi-
nant time separation between fades is shorter when the
UTC starting time is 23 ;0002 , usually less than 2 s. Fa-
ding duration and time separation between fades are two
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Fig.3 Distributions of GPS L1 fading duration of signal inten-
sity. (a) With the starting time of 0:00:01;(b) With the starting time
of 23.00:02

important characteristics for GPS navigation. It is impor-
tant to design a receiver having a short reacquisition time
to reduce the probability of simultaneous loss of many
satellites.
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Fig.4 Distributions of GPS L1 time separation between fades
of signal intensity. (a) With the UTC starting time of 0:00:;01;
(b) With the UTC starting time of 23:00:02
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The numbers of the signal intensity fading events under
the thresholds of —10 and - 15 dB are shown in Tab. 2,
respectively. The Matlab is used as a simulation platform
to analyze. It can be seen that the number of signal inten-
sity fading events differs in time and PRNs. The PRNI2 is
influenced by the most severe ionospheric scintillation with
29 422 fading events under the threshold of —10 dB when
the UTC starting time is 0:00.01.

Tab.2 Fading numbers of signal intensity fading events
UTC of 0:00:01 UTC of 230002

Threshold
-15 dB -10 dB -15 dB -10 dB
PRNI2 15 270 29 422 637 2 479
PRN21 2223 7 180 844 2 746
PRN25 2 760 6 364 950 4014

4 SDR Processing and PVT Navigation Results

The low-latitude GPS L1 signal intensity fading indices
including fading duration, time separation between fades
and the numbers of fading events and a custom software
defined receiver (SDR) are analyzed in the following to
obtain a PVT solution. Since the latitude is low for Bra-
zil, the maximum of 10 ms coherent integration time
combined with two non-coherent summations is used in
signal acquisition to accumulate signal power so that the
deep fades are compensated during strong scintillation.
This is also important for the short reacquisition time of
the SDR processing under frequent deep signal fading.
The reacquisition time is designed to be 1.8 s in the real
scintillation test.

A second-order PLL is implemented for carrier track-
ing. The phase error discriminator used in the PLL is a
Costas discriminator. The code tracking loop is a conven-
tional second-order delay lock loop ( DLL). A normal-
ized early minus late power envelope discriminator is used
in the DLL. The pull-in time in carrier tracking is set to
be 500 ms and the DLL pull-in noise bandwidth is set to
be 2 Hz while PLL pull-in noise bandwidth is set to be
25 Hz. When the tracking loop is stabilized, the DLL
noise bandwidth is set to be 1 Hz and the PLL noise band-
width is set to be 10 Hz.

Figs.5(a) and (b) shows that the GPS L1 signal PVT
solutions are calculated by the customized software re-
ceiver, and they also show the positioning variations un-
der the UTM (universal transverse mercartor) coordinate
and the receiver clock error. The east and north positio-
ning variations are within 5 m which is much less than
that in the upper direction, while the clock oscillator error
is about — 0.8 x 10 ™°. The results show that the iono-
spheric scintillation effects are suppressed and the pro-
posed SDR processing algorithms are proved to be effi-
cient. The 3D plot position in the UTM system is shown
in Fig.5(c) and Fig.5(d) shows the sky plot. The real
position is at the red cross (Lat: -23°12'27.577 2",

Lng: —45°51'35. 141 4", Hgt: +693.4) and the distri-
bution of the positioning is concentrated. The satellites
with PRN5, PRN12, PRNIS§, PRN21, PRN25, PRN29,
PRN31 are in the sky and are analyzed in details in the
above sections.
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Fig.5 GPS L1 signal PVT solution. (a) UTM coordinates varia-
tions; (b) Receiver clock error; (c¢) Positions in the UTM system (3D
plot) ;(d) Sky plot

5 Conclusion

The ionospheric scintillation has a serious impact on
GPS navigation measurements, so the GPS signal calcula-
tion accuracy is low. In this paper, the impact of iono-
spheric scintillation on GPS amplitude fading in Brazil is
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analyzed,
tween fades and the numbers of signal intensity fading
events by setting two different fading thresholds of - 15
and -10 dB. It is useful for signal reacquisition and GPS
receiver signal processing to analyze the ionospheric scin-

including fading duration, time separation be-

tillation. It is a promising way to build robust GPS re-
ceivers by using the selective fading phenomenon, which
can maintain the lock of the tracking loop during strong
ionospheric scintillation.
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