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ABSTRACT

Due to the Global Navigation Satellite System (GNSS) modernization, recently launched GNSS satellites transmit signals at
various frequency bands such as L1, L2 and L5. Considering the Korean Positioning System (KPS) signal and other GNSS
augmentation signals in the future, there is a high probability of applying more complex communication techniques to the new
GNSS signals. For the reason, GNSS receivers based on flexible Software Defined Radio (SDR) concept needs to be developed
to evaluate various experimental communication techniques by accessing each signal processing module in detail. This paper
proposes a novel SDR-based A-GNSS receiver capable of processing multi-GNSS/RNSS signals at multi-frequency bands.
Due to the modular structure, the proposed receiver has high flexibility and expandability. For real-time implementation,
A-GNSS server software is designed to provide immediate delivery of satellite ephemeris data on demand. Due to the sampling
bandwidth limitation of RF front-ends, multiple SDRs are considered to process the multi-GNSS/RNSS multi-frequency
signals simultaneously. To avoid the overflow problem of sampled RF data, an efficient memory buffer management strategy
was considered. To collect and process the multi-GNSS/RNSS multi-frequency signals in real-time, the proposed SDR A-GNSS
receiver utilizes multiple threads implemented on a CPU and multiple NVIDIA CUDA GPGPUs for parallel processing. To
evaluate the performance of the proposed SDR A-GNSS receiver, several experiments were performed with field collected data.
By the experiments, it was shown that A-GNSS requirements can be satisfied sufficiently utilizing only milliseconds samples.
The continuous signal tracking performance was also confirmed with the hundreds of milliseconds data for multi-GNSS/RNSS
multi-frequency signals and with the ten-seconds data for multi-GNSS/RNSS single-frequency signals.
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Fig. 1. Comparison of geometric distances depending on coarse time
error (Yoo et al. 2020).
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User = Initial user
X " D position
X

Fig. 2. Geometric structure for coarse time positioning (Yoo et al. 2020).

Table 1. Constraint conditions of coarse time positioning (van Diggelen 2009).

Number Constraint
1 Initial user position error should be less than tens of kilometers
[IX,~X.|| < 100 kam
2 Coarse-time error should be less than 60 seconds |b,| < 60 sec
3 Atleast 5 visible satellites are Required N> 5
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Fig. 3. Operational configuration of multi-GNSS/multi-frequency MS-
based A-GNSS.
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Fig. 14. Real-time A-GNSS experiment setup 2 (an A-GNSS user computer
connected up to four SDR modules by Ethernet cables).
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Fig. 15. Frequency bands considered in single-USRP/single-frequency
real-time A-GNSS experiment.

Table 2. Six scenarios of single-USRP/single-frequency real-time A-GNSS experiment.

Scenario (ID) Sampling frequency (MHz) Center frequency (MHz)

Target GNSS/RNSS signal

1(L1-1) 1570 (1557.5~1582.5)

2(L1-2) 1597 (1584.5~1609.5)

3(L2-1) o 1237 (1224.5~1249.5)

4(12-2) 1204.87(1192.37~1217.37)
5(L5) 1176 (1163.5~1188.5)

6 (L3L6)

GPSL1C/A, Galileo E1B/C, BeiDou B1I, QZSS L1C/A, SBAS L1
GLONASS G1

GPS L2C, GLONASS G2, QZSS L2C

Galileo E5b1/Q, BeiDou B2, GLONASS G3
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Fig. 16. Doppler-based positioning errors by scenario 1 of single-USRP/
single-frequency real-time A-GNSS experiment.
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Fig. 17. Positioning results (horizontal error, vertical error, power spectral
density, coarse-time error) by scenario 1 of single-USRP/single-frequency
real-time A-GNSS experiment.
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Fig. 18. Comparison of number of visible satellites (left) and dilution of
precisions (right) by scenario 1 of single-USRP/single-frequency real-time
A-GNSS experiment.
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Fig. 19. Carrier-to-noise density ratio by scenario 1 of single-USRP/single-
frequency real-time A-GNSS experiment.

Table 3. User position errors (RMSEs in NED directions/CEP) by scenario
1~6 of single-USRP/single-frequency real-time A-GNSS experiment.
Scenario (ID) 1(L1-1) 2(L1-2) 3(12-1) 4(12-2) 5(L5) 6(L3L6)
RMSE N-direction 5.363 10.751 20.481 7.786 7.291 4.132
(m) E-direction 8.038 22.121 20.495 18.203 14.985 27.384
D-direction 13.607 11.077 24.913 28.162 25.574 54.036
CEP(m) 8.033 24.038 27.142 20.271 11.531 25.732
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Fig. 20. Frequency bands considered in multi-USRP/multi-frequency real-
time A-GNSS experiment.
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Table 4. Three scenarios of multi-USRP/multi-frequency real-time A-GNSS

experiment.
. Sampling
SC?H)a;m frequency Center frequency (MHz) Targets(i}NSﬁ/RNSS
(MHz) G
USRP 1: 1570 (1557.5~1582.5) GPSLIC/A, 12C
1(L1-1/ GLONASS G1, G2
USRP 2: 1597 (1584.5~1609.5) .
L1-2/ Galileo E1B, E5bl/Q
USRP 3: 1237 (1224.5~1249.5) .
L2-1/ BeiDou B1I, B2I
12-2) USRP 4: 1201.87 QZSSLIC/A, 12C
(119237-1217.37) 70
GPSL1C/A,12C, L51/Q
GLONASS G2, G3
2(L1-1/ USRP 1: 1570 (1557.5~1582.5)  Galileo E1B, E5b1/Q,
o1/ USRP 2: 1237 (1224.5~1249.5) E5al/Q
122/ USRP 3:1204.87 BeiDou B1I, B2I
I5) 25 (1192.37-1217.37)  QZSSLIC/A, 12C,
USRP4:1176(1163.5~1188.5) L51/Q
IRNSS L5
SBASLI1
GPSL1C/A, L51/Q
USRP 1: 1570 (1557.5~1582.5) GLONASS G3
3(L1-1/ USRP 2:1204.87 Galileo E1B, E5bI/Q,
122/ (1192.37-1217.37)  E5al/Q, E6B/C
L5/ USRP 3:1176 (1163.5~1188.5) BeiDou B1], B2I, B3I
L3L6) USRP 4: 1271.365 QZSSL1C/A, L51/Q
(1258.865~1283.865) IRNSS L5
SBASL1
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Fig. 21. Positioning results (scatter plot of horizontal error, trends in NED
directions, receiver clock bias, coarse-time errors) by scenario 1 of multi-
USRP/multi-frequency real-time A-GNSS experiment.
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Fig. 22. Comparison of number of visible satellites (left) and dilution of
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USRP/multi-frequency real-time A-GNSS experiment.
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Fig. 23. Estimated user positions marked in Google Earth by scenario 1 of
multi-USRP/multi-frequency real-time A-GNSS experiment.
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Fig. 24. Comparison of processing time of three different threads (Grab,
Acquisition, Positioning) by scenario 1 of multi-USRP/multi-frequency real-
time A-GNSS experiment.

Table 5. Error statistics of user position errors, total number of channel
(number), and TTFF by scenario 1~3 of multi-USRP/multi-frequency real-
time A-GNSS experiment.

1(L1-1/11-2 2(L1-1/12-1/ 3(L1-1/12-2

Error analysis 12-1/122) 12215  /15/1316)
N-direction 2.397 4.084 4.179
RMSE (m) E-direction 7.756 10.436 11.941
D-direction 10.639 9.653 9.716
CEP (50%) (m) 7.201 8.229 12.015
1.5 6 (67%) (m) 8.407 11.992 14.226
2.54 6 (95%) (m) 13.339 20.928 18.685
Total number of channel (number) 127 142 137
TTFF (sec) 11415 12.850 12.361

USRP A3} Hlmsto] @99l DOP glo] A4tsgion o]t
A2 A3 4HE A e SIS ol H T o R
o 2A | A-GNSS AFg2H $1x|sle] @3} kgl s eH A
Zglol) 2 2hg3ict.

$417] A ©ARE BE AU 0.0) 5ol ARl 9]
Q1 22 oxje} 2o 23k Afo] 7k 7140l 1ms ol F4HL
shelslglond, Fe A7k @Ak BE Alukel 2ol thREo®
QPRHQ ARRF ©X1E F4 WA L2-1 thefo] g thele] u]
sl th SDRE BEslolE 24 FIE U PYETL WS &
QIsldt. ol A 4ol AR L2-1 T Fupe o]
Aviol fAIPA, L2 Ft4 ied o) We 415 A712 Qg 24
X ASHE 9 A2l o R HE WA S0 R B
A ol e

57 74 55 F9l AE FHE L Qs A-GNSS AJH] 241
7|9} vl awste] 20 ms Zolo] ME vhE AFHS-SH A-GNSS AR}
41715 C/NO Zholl A thA| o2 2o ¢F 8 dBe] x}o]& HQ
& ZRISIQITE. o] &= A-GNSS AREAF 417104 8] 415 f-5

threshold¢] 45 dB-Hz 2] Al 50] njAst A5 3+
A3} wisle] et ® 457 &5 At A E
1ol A AlLkE S %] 74 2 DOP A4t 4Hs S8l

A ASE A A1 7F SDR A-GNSS©o] A4 A-GNSS© 2 9]
TS 2ok A-GNSS Z& % 9l TTFF @3 2 A4S U=
12 233 714 AU B alF o A5 v
A A AIZE A-GNSSEA o] 735 28 754 & &els)

[

o

ox |
Jo p

il

ol

o

o,

g
Jo .
fol

RIS

I

b1
i

r
o g
o Mz ox ¥ o w2 o o

A

0
I
ot

b g

52
=

http://www.ipnt.or.kr



328 JPNT 10(4), 315-333 (2021)

o
o

Code discriminater
outpLt
& o
Carrierdiscriminator
output

=
8]

=]

o

&

&
o
&
)

0 50 100 150 200 0 50 100 150 200
Tracking time (msec) Tracking time (msec)

1.023005 542135

54213
1.023

Tracked code
frequency (MHz)
Tracked carrier
frequency (MHz)

542125
1.022995

o 50 100 150 200 ) 50 100 150 200
Tracking time (msec) Tracking time (msec)

6198

6194

o

Codephase residual
(within 1 sample)
o
o
Tracked codephase
(sample)

@
I3
8

o 50 100 150 200 0 50 100 150 200
Tracking time (msec) Tracking time (msec)

Fig. 25. Short-period tracking results of SBAS L1 S137 signal (left upper:
code discriminator, left middle: tracked code frequency, left lower: tracked
code phase, left upper: carrier discriminator, left middle: tracked carrier
frequency, left lower: tracked carrier phase).
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upper: code discriminator, left middle: tracked code frequency, left lower:
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Table 6. Error statistics of user position errors by short-period tracking.

Error analysis Error
N-direction 1.948

RMSE (m) E-direction 2.589
D-direction 11.343

CEP (50%) (m) 2.767
156 (67%) (m) 3.145
2.54 6 (95%) (m) 5.328
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upper: code discriminator, left middle: tracked code frequency, left lower:
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carrier frequency, left lower: tracked carrier phase).
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Table 7. Error statistics of user position errors by 10-second tracking.

Error analysis Error
N-direction 6.146
RMSE (m) E-direction 5.080
D-direction 6.833
CEP (50%) (m) 7.451
1.506 (67%) (m) 7.544
2.54 5 (95%) (m) 8.645
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