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ABSTRACT

Due to the Global Navigation Satellite System (GNSS) modernization, the recently launched GNSS satellites transmit
signals at various frequency bands of L1, L2 and L5. Considering the Korea 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.
In this paper, we introduce a multi-constellation (GPS/Galileo/BeiDou) multi-band (L1/L2/L5) SDR by utilizing Ettus USRP
N210. The signal reception module of the developed SDR includes down-conversion, analog-to-digital conversion, signal

acquisition, and tracking. The down-conversion module is designed based on the super-heterodyne method fitted for MHz

sampling. The signal acquisition module performs PRN code generation and FFT operation and the signal tracking module

implements delay/phase/frequency locked loops only by software. In general, it is difficult to sample entire main lobe

components of L5 band signals due to their higher chipping rate compared with L1 and L2 band signals. Experiment result

shows that it is possible to acquire and track the under-sampled signals by the developed SDR.
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2. SDR—BASED GNSS SIGNAL RECEPTION
MODULE

2.1 GNSS Signal

GNSS+= 37 &3 B&, AHgAL &, Alo] RREe2 s &
At o] F & B2 A4 R HE 5 km Algel Yx]T
GNSS $IEL A4kl i AFEAIS 0] AT 4 =S of
1~2 GHz tj&d¢l L HiEE £35]] GNSS Al 52 $4] Watte] A7)
2 $E30} $E5E GNSS Ao g5 wef 17k, &AL
£, 498 502 PRS0 LWE F A LML ME)0l 15
GHz B.23} 519] L HHE(L2, L5 HHE)0] 1.2 GHz Elof] oyl A}
St FEE AR 758 W7 GNSS 4157 $-&5 2 Qo
gubr o 7 AFS] [ HHE 9] Ll tedo] 38 HIZHE GNSS A58
AREEIT} (Ko 2010, Kaplan & Hegarty 2017). 2V A5 &2 Al

¢

of
c

S 7FA Z.0] od8EL. X ASlS o135l sle =0 =i
T ] 59 ¥ Haslel] el sk L= L2 Ls of
GPS i BeiDou
#L1L2/LS Galileo #E1/E5a/ESD
(CDMA) (CDMA) (CDMA) #81/82
| ) R
I :ePs : Galileo : BeiDou
N -
1 f H I\ i S i
GPS L5IIQ BeiDou B2/Q ~ GPSL2C(cwcL) — BeiDou B1/Q ~ GPSLIC/A
fo=1176.45 fe=1207.14 fo=1227.6  f.=1561.098 f.=1575.42
BW = 20.46 BW = 4.092 BW =1.023 BW=4.092  BW=2.046
(1166.22~1186.68) (1205.094~1209.186)  (1227.0885~ (1550.052~  (1574.397~1576.443)
Galileo E5al/laQ  Galileo E5bl/bQ 1228.1115) 1563.144)  Galileo E10S(E18/E1C)
fe=1176.45 fo=1207.14 fo=1575.42
BW =20.46 BW =20.46 BW = 4.092

(1166.22~1186.68) (1196.91~1217.37) (1573.334~1577.466)

Lower L-band (L2, L5) Upper L-band (L1)

Fig. 1. Frequency distribution of GPS/Galileo/BeiDou signals in L-band.
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Table 1. Characteristics of GPS/Galileo/BeiDou signal using data channel on L1/L2/L5 frequency band (Yoo et al. 2020).

GNSS GPS Galileo BeiDou

Signal LIC/A L2CM L5I E1B E5bI E5al B1I B2I
Center frequency (MHz) 1575.42 1227.6 1176.45 1575.42 1207.14 1176.45 1561.098  1207.14
Code rate (MHz) 1.023 0.5115 10.23 1.023 10.23 2.046
Main lobe bandwidth (MHz) 2.046 1.023 20.46 2.046 20.46 4.092
Code period (ms) 1 20 1 4 1 1
Modulation type BPSK(1) BPSK(1) BPSK(10) CBOC (6,1,1/11) AlBOC (15,10) BPSK(2)
Secondary code (ms) 10 (NH code) - 4 20 20 (NH code) -
Navigation data type LNAV CNAV INAV ENAV DINAV / D2NAV
JollA B} 4159 ATE sk, thF Fab4 AMEo R < ol Thal Akl Al Aakgh Alst A4k S TFAAI7]7] 5] AlTE
S A o HAF 5O Ha B3 A 4 ek B R Aol Aol Fukh AHo4 Fo] SHE AL FITE 5
oA thE ol L WHE W ®17Hg- GNSS 415 5 CDMA 715 QA o] 'de] 2HE-E 3 gt} (Pany 2010)
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of Ltehict. AASITHE BE F070) A3k Aut e} vlmslel HE o

Fig. 1614 £ GNSS Al559] F4 Fupaolnl, BW & & 717 Sick. FFT At 15 2 ol9] Akiel Sia) 45 ke
GNSS 4152 H|}l 28 Y ZS oudict T4 St 7 & FAl T A a3t 7 H &S Aldste] nlE] Fall 94 e
o] ¥k 571, secondary code AR -7 501 ZF GNSSof| whz} 2psl Ale 25, 2A6HA] X5t 4T BESo R s ¢
E}Eml nlg] sl A5 g 71 F FHHAA] HE 7Y 5 ATk Al Q)2 UA & 23} of Fof thgt 45 FEAE UER

2 GNSS ICDE -3l 70 =olqloh whaka], Z]/4de] AL A2 B, 18] 5 AT AT T T[S | £ AT AT HE
Ol% 7¥to 2 A5 25 9 24 5 A diE o] HEk r elo] FiAl HE 2k v vlE] Feikl A e gA we
S 45 4 g)on o] 8 B AFR A} 9] FlE AL W 4 Ljehdict (Borre et al. 2007).
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Auto-correlation result of GPS L1CA signal
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Auto-correlation result of Galileo E1 signals
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Fig. 2. Comparison of auto-correlation result between GPS L1C/A signal
and Galileo E1 signals.
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2.4 Design of SDR-based GNSS Signal Acquisition
and Tracking Module
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Sampled
GNSS IF signal
(From RF Front-end) g
m /)—(\ FET bas_ed Inphase
\f \f correlation
: i Correlator
parameter
camer—repllca code-replica :
A Code
/to deg J\ i Re-sampling
- FFTbased | ' Quadra-
NS correlation ture
SDR user H
input
- PRN generator(ICD)

- Doppler searching
- Integration time range

- Code length/period | | poppler bin width
- Code chipping rate o Asal

- Intermediate freq
- GNSS signal freq
- Samping freq

Fig. 3. Operational flow of designed GNSS signal acquisition module.
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0.0 So
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between replica code || LoOP filter bandwidth il

Phase(Frequency)
component tracking

Fig. 4. Operational flow of designed GNSS signal tracking module.
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Fig. 6. The schematic diagram of the experiment and a photograph of the
appearance of the experimental equipment.

Table 2. A total 5 scenarios for multi-constellation multi-frequency GNSS
data collection.

Content Scenariol  Scenario2 Scenario3 Scenario4  Scenario5
Target GNSS GPSLIC/A+ BeiDou GPS  GalileoE5bI+ GPSL5I+
signal Galileo E1B BII L2CM  BeiDouB2I Galileo E5al
Centerfrequency )o7c 1) 1561098 1227.6 120714 117645
(MHz)

Intermediate
frequency (MHz) 1575 1561 12275 1207 1176.3
Sampling
frequency (MHz) 5 5 2 10 10
Data collection
. 60
time (sec)
Correlation peak 25
ratio threshold "
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Fig. 7. Correlation peak ratio of GPS L1C/A signal on scenario 1 (left: 1 ms
integration time; center: 10 ms integration time; right: 20 ms integration
time).
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Table 3. Carrier-to-noise-density-ratio (C/N),; dB-Hz) comparison of acquired GNSS signal by designed module and reference station on total 5 scenarios.

SCN1 SCN2 SCN3 SCN4 SCN5
GNSS: GNSS: GNSS: GNSS: GNSS:

PRN Des Ref PRN Des Ref PRN Des Ref PRN Des Ref PRN Des Ref
GPS 4 39.2 45.1 BDS1 40.3 46.6 GPS4 33.2 43.7 GAL5 42,7 520 GPS4 41.3 49.8
GPS 16 43.7 49.3 BDS3 38.8 40.1 GPS26 39.7 509 GAL24 44.2 526 GPS18 374 44.3
GPS 26 47.0 509 BDS4 37.9 43,5 GPS31 34.8 50.1 GAL25 40.5 50.3 GPS26 40.3 52.7
GPS 29 39.4 46.1 BDS6 40.0 48.6 - - - BDS1 41.9 45.7 GAL3 37.7 50.2
GPS 31 45.2 50.0 BDS7 40.4 48.0 - - - BDS2 39.1 428 GAL5 42.5 51.1
GPS 32 37.2 415 BDS9 41.8 48.6 - - - BDS3 41.1 450 GAL24 43.9 53.0
GAL3 41.6 49.0 BDS10 373 44.7 - - - BDS4 39.6 440 GAL25 39.2 50.8
GALS5 51.1 52.1 BDS11 40.7 46.2 - - - BDS 6 44.3 49.1 - - -
GAL9 41.4 479 BDS12 38.7 46.7 - - - BDS7 43.0 48.8 - - -
GAL24 50.5 52.6 BDS16 44.2 49.8 - - - BDS9 44.4 494 - - -
GAL 25 47.1 50.6 BDS23 393 47.8 - - - BDS 10 38.8 45.3 - - -
GAL31 40.6 486 BDS24 37.8 46.8 - - - BDS 11 42.1 47.2 - - -
GAL33 39.8 474  BDS25 46.6 51.1 - - - BDS 12 42.6 48.3 - - -

- - - - - - - - - BDS 16 455 49.0 - -
Table4. Parameters for multi-constellation multi-frequency GNSS signal tracking on total 5 scenarios.
Content Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Target GNSS GPS Galileo BeiDou GPSI2CM Galileo BeiDou GPS  Galileo
signal L1C/A E1B B1I E5bl B2I L5I E5al
DLL discriminator EPL EPL+ VE/VL EPL
PLL discriminator two-quadrant four-quadrant two-quadrant arctangent
arctangent arctangent
. ) 6 (DINAV) 6 (DINAV)
DLL noise bandwidth (Hz) 4 5 1.2 (D2NAV) 1.5 6 1.2 (D2NAV) 6 5
) ) 50 (DINAV) 50 (D1NAV)
PLL noise bandwidth (Hz) 30 10 15 (D2NAV) 3 50 15 (D2NAV) 50 40
. . 0.6 (VE/ VL)
Chip spacing 0.5 0.2 (EPL) 0.5
Correlation data (ms) 1
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Fig. 14. |-Q scatter plot of tracked GPS L2CM PRN 4 signal on scenario 3.
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Fig. 21. Comparison of Galileo E5al doppler frequency tracked by the
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