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ABSTRACT

This paper presents a multi-frequency and multi-constellation Global Navigation Satellite System (GNSS) signal generator that
simulates intermediate frequency level digital signal samples for testing GNSS receivers. GNSS signal generators are ideally

suited for testing the performance of GNSS receivers and algorithms under development in the laboratory for specific user
locations and environments. The proposed GNSS signal generator features a fully-reconfigurable structure with the ability to
adjust signal parameters, which is beneficial to generate desired signal characteristics for multiple scenarios including multi-

constellation and frequencies. Successful signal acquisition, tracking, and navigation are demonstrated on a verified Software

Defined Radio (SDR) in this study. This work has implications for future studies and advances the research and development

of new GNSS signals.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS)-& 71 7}x|¢} =
Qo] A&H o7 Frlstal 9lom, A= v=<] Global
Positioning System (GPS), -5 2] Galileo, 2JA]o}2] GLONASS,
==1-9] BeiDou navigation Satellite System (BDS) S-o] ZAAIE
tjAre 2 Au) A% 11 9ith Regional Navigation Satellite System
(RNSS) 0 2= olH o] Quasi-Zenith Satellite System (QZSS),
°1% 9] Indian Regional Navigational Satellite System (IRNSS)
SOl AMulA Fof glon] thetyls T3 5214 0 2 Korean
Positioning System (KPS)o]gl= 221 A s A|AEHS
2o} ¢lt} (Ministry of Science and ICT 2021).

GNSS 415 Fcishe £5F 15 4L oy ABtE 4 5
of Ao] Qo AeHe 415 tiole] Bl SR A5k 7k
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A 7Fsdo] sk, olof| Wk MELR 415 E
A ML F A o] ofelgol glom e AbHel AAlse s
o} 712 155 7he] HETE B4 0] W ow
(Dong et al. 2004, Julien et al. 2004, Lim et al. 2008).
wEbA] GNSS 415 234 AlEdo]E] Y] ALg-o] QEW, o]+
SEESle] 718ke] AJEE|o|El 2} AL EL o] 7|Hte] A& o]E
2 Utk stEQo] 719k AlEEolEl = AlRAlA AlFsh=
Application Specific Integrated Circuity} Z+-& =] E o]-&
sHH AdeHollAE Aol YA, MR 4159 F7ht 7159
WS SleliMd= AEA stERlo1E Alzlsloiof 517] wiZe] H]
|41 SHolA = T olth £5] KPSe} o] Al 415 AA7}

Il
to
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rif,
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AR 9 S ShEgle] Zuk Al ele urks 2719
Mg 287} Basx) erord, theret Autelesh 415 2 2

e dell tigh o] Wels] Ealiske AL ES|o] 7Rk A&
glole] Zthe] 4] @FHch

=9]9] Q3 AlEHo]E]E B H NavSim, Galileo Receiver
ANAnalysis and Design Application (GRANADA), Galileo
System Simulation Facility (GSSF) S©¢] It} (German
Aerospace Centre Institut of Communications and Navigation
2023, The Navigation Applications and User Services Office of
the European Space Agency 2023, Demios Space 2023). NavSim
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Fig. 1. An example of overall data structure of reconfigurable GNSS signal generator (e.g., multi-constellation L1 case).

GRANADA-& AuH|?12] Deimos Spaceo] 25l 7HitsE Zdd]
Aledlold Eolth. EgF A ol oheket AlEE 0]
o] 7153+ GSSF+ European Space Agency (ESA)Q] A&
o} ZHU= ATt (Kim et al. 2009). ThEk o]2| gk AL ESo] 7|8k
AlEdo]El = §% GNSS A5 Eo] thafiAqt A4 7HsstAL,
Custom Fefe] 415 A S 918 chere 415 etulel 4%
Zdo] oo el 2 A= o] Qlrh= THAIZE Qi

oloh MEE FUIAS KPS T8 4158 HA3] 3 4
SAA w4 W7ol ula} theksk Figure of Merits (FoM)&
B7Velhe el XA/ A AlEE o Bl 7} A= SiT) (Shin
et al. 2019, Han & Won 2019). o= A2 4159 A A o A
the] 914 A15.0] AL W EXS Hylshs Ao @] Bio] 9
9] (158 A4, R, WAslel A5 H 02 Py A
gajolel o] Aol W sl

H L-"0o Multl constellation/FrequencyS A4t =+t
A3 (reconfigurability) 7155t EA1-S Z3lsl= SEle] GNSS 41
3 A4 A EHolEl & AATIE. sl GNSS 415 A7) = A
Eglo] 7]dto & A7 =] o] Graphic User Interface (GUI) F-ol|A]
A8} Qe THelE S-S 22 ot GNSS 4158 F7ETH
(Intermediate Frequency, IF) $~&o|A] BEA}5lo] AAJSHc) o] =
Multi-constellation/Frequency <t 415 EAJof| st LA 71
3 5412 vidslo] chret B2 A U 415 TiehulE S WAs)
o] 15}z GNSS 4152 24957 444 7V siths Aol ik

£ =5 AL ohat Zrt WA 2% A& GNSS 415 AY
2719 GUL & 29} oo AaE LA 7l EAl] tls] A
getct 3ol M E 215 A4 7S B3 A4 YA ALk A st
ghule Aoy D A2 e GaEE AN} 4]
A ] wAlA] 2 TF A Ak el cisl Ak, skl A
L o] Z F¥ko 2 AT Al5o] tieh AlLke] .o} A5 Radio
Frequency (RF) =& 4l15of o3t Software Defined Radio
(SDR)Z #]2]glF 22 4 Single Point Positioning (SPP) AM-E

e o

II
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Table 1. Reconfigurable characteristics of GNSS signals.
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Parameter Variable name Details
Center frequency L1/L2/L5/S or any frequency
Signal component Data/Pilot
Modulation BPSK/QPSK/BOC (sin, cos) / MBOC (TM, QM, C)
. Chipping rate [Mcps] Anyrate
GNSS 81tgnal Primary code length[chips] Any length (only existing signal)
parameter Secondary code length [bits] ~ Anylength (only existing signal)
Navigation message type Any message (only existing signal)
Datarate Any
Signal power split Any
Table 2. GUlinput parameters of GNSS signal generator.
Parameter Variable name Details
UTC time Signal generation start/end/sampling interval time [s]
User location Receiver location (static)
Rx antenna height Antenna of receiver height [m]
SV elevation mask SV cut-off angle [deg]
Sampling frequency / IF  Sampling frequency / IF of generating signal [Hz]
Scenario definition Open sky/1 wall/2 wall scenario
GUTinput Reflection surface Dry / Medium wet / Wet ground
P Ionosphere model No delay / Klobuchar model
Troposphere model No delay / Saastamoinen model / Collins model
Multipath model No delay / Geometry-based model
Interference model No interference / Continuous wave / Band limited interference
C/N, model C/N, GNSS budget link / 3D elevation
Scintillation mode On/Off
Gaussian noise adds On/Off
Fig. 2. Graphic user interface of GNSS signal generator.
2.3 GUI Input latule] A Ao A5 ¥ EAS 1
GUI 1=olA ¥HA 7Hs3t alatn| B o
Fig. 2= & =2°lA Zﬂ*]ﬂ% ABA3714) AT 5e

0]-435}o] 7|& GNSS 415 =
A% AY43719] GUI eﬂ'fawu} ol A5 B
A 7+

E|9} AFE 2} 91%], B3 5101, oles 9 &Y A nd =3} 3.1 Satellite Position Calculation
A2 AHA meEtrlE g e A-E M s AT T

43¢ 2RI olE A5 A4 B mlelule e 1 B Aol A e A5 P4

91 o) 3 Agstololtt PR BT PHEE AR £ R0l A5 Almanac A% YHE

g5lo] sk GNSS
2 majule 9o
17] 437 Bl wejo]

3. GENERATION PROCESS
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Fig. 3. Pseudorange calculation and truth parameter generation process.

Almanac 1}9-& 67]¢] Keplerian @4 (AHEA, o]A]
ARZY, SR - A4

g, =7
"_'\_—IZ'] Z’] 7:] E:I_T‘LE_X\:-[] O]Z_}-) E;_'l week number’
satellite health £-¢] AW Z T3ks|11 )t} o]# 3l Keplerian &
B olg5}o] o] A Akl $IAE AL 4 ek,

AR *ULOHAH Almanac H|& F B 4 tA|x]of L=
o-] _I_]A-l o= 1 Hlu_ uq oHEl- /l]i Agxoi ]oﬂk]‘— ZF *1§ g

4@01]*1 HA 04_% FEsto 1 22 J‘:‘S

A4kt
3.2 Time-varying Parameter Generation

ol HojlH= IF 415 MAo|| West T xo, T 28] Zu}

2, WFET} AT} ON, 3h A1 stetule el el 1
of chall At Eq. (02 Y7} AHgAE 914 2he] A& o
Ebdict (Kaplan & Hegarty 2006).

p:\/(xs_xu)+(y3_Yu)+(ZS_Zu)+dion+dtro +dmp +B (1)

3714 (x, ¥, 2)} (x,, y., zu)+= Z+Z} Earth-Centered Earth-
Fixed (ECEF) Aol A 2] 9143 94] [m]e} AFHEAF] 914] [m

%’ dips iy, dmp ﬁ%ﬁl 71—71— o]_Q__ 1:H _] lq— 7:12 Z] oo 0 B
= A8 FLEAA 24} [m]E, pe YAHAE [m]E YeRdtt o]
ol EfloflA] o] &5k PHbAQl oAl g E‘—%}J_’—FE t27 54
e oxkgo] Aledet. ol 54 g AL UFel e
£ A5 2dofA] nejs}r] o]t

=
f1ok 2ol dofRl SJatAZE F3ll, Eq. (2)2F o] Al uia}
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1
Te = pe XX Re

b = (0t X 1/Acarrier) X 21
fd,t = (pr — pe-1) X 1/Acqrrier (2

A7 1, 9, fis 7 AI7E oA ] E A [m], W} 9]
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RollA SAIEE A B A7) o et UH’“Oﬂ ol 4
o] AYEITE. o] % 4417] RF front ende} A4} 87 24 5
3l £4]0] 2712 ¥whAisHA Elt} (Joseph 2010).

C/NOZC_N()‘l‘G_Nf_L,
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Fig. 4. Time delay model.

Fig. 5. Delay model application in the signal generator (e.g., GPS L1 C/A).
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Table 3. Navigation message types and encoding/parity check algorithms of GNSS signals.

Navigation message Signal name Encoding / Parity check algorithm
LNAV GPSL1C/A,QZSSL1 C/A X / XOR parity check
CNAV GPSL2C, L5, QZSS L.2C, L5 Convolutional encoding / CRC
CNAV-2 GPSLIC, QZSSL1C BCH(51,8), LDPC(1200,548) / CRC
FNAV Galileo E5a Convolutional encoding / CRC
INAV Galileo E1B, E5b Convolutional encoding / CRC
D1 BDS B1I, B2I, B3I X / BCH serial convert encode parity
D2 BDS B11, B2I, B3I X / BCH serial convert encode parity
B-CNAV1 BDSBIC BCH(21,6+51,8), 64-ary LDPC(200,100+88,44) / CRC
B-CNAV2 BDS B2a 64-ary LDPC(96,48) / CRC
B-CNAV3 BDSB2b 64-ary LDPC(162,81) / CRC
IRNSS NavICL5, S Convolutional encoding / CRC

3.3.2 Code Doppler

A Bdl F o2 SR, E52] A|ZEo| o8] T E =
T Fuly H:]EO] sy I E

Aol ofg E B2 Fut ghe E
(Foucras et al. 2014).

fea = Re fo+ o T =T x fo‘;'Lfd ®)
o7|A] fe EZ8 a4 [Hz), & L tedollA]e] 4] Fups
[Hz], RE %] ¥HE}& [cpslolth. f.= 55%31 Zroln, T2 3
7+ [secl o & 1/f, 9F ro] Feubdro] &4 Zroch s 42410]| 4]
T 24 B4 FIEE o] 8sfo] &1 2}% Zrolul, whakA T,9]
Aito] @ H) 4 FE EZ Fulspk M IE 272
2N (L<T), BHIE 4 FE £58 Fu4E gk 3
= 3717k 8= A B} (1,5T)

2 AfelME g ZE =5 vl BRbbn) sl
FE 3 WskgS Akl B WS el A esich
webd, §4 EZelE TE 3 HekeS Foln Bukgul fu)
$7} olrink vh 4 EEEE FE f Wsle g UEe B
uhEu} Fulpr) Golx| A ok, o] & Sall MR apgell <] 4]
Zholl whet Eq. (6)2h ko] Hals Hefe 1 g5t

(fcarrier - fd)

Rc = Rc,origin
f carrier
(fcarrier B fd)
fsub = f:sub_o'rigin - (6)
f carrier

17|14 R 3 W3HE [cps], R i 271 €3 3 ¥3HE [cps],
fcamerlL:_' 7Ha01 éﬁ]—zl\" [HZ fsubL ‘r‘bﬂ— ‘L]' ‘L}‘r’ [Hzlﬁub_arigin%
27] Q18 Bkt Fahs (Hzloloh,

4. SIGNAL GENERATION
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4.2 IF Signal Generation
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Fig. 6. IF signal combination process (e.g., center frequency 1575.42 MHz).

Table 4. List of GNSS signal parameters.

System  Signal Modulation type Center frequency [MHz] Chippingrate [Mcps] ~ Datarate  Navigation data
L1C/A BPSK(1) 1575.42 1.023 50 bps LNAV
GPS LIC  BOC(1,1)/TMBOC(6,1,1/11) 1575.42 1.023 100 sps CNAV-2
L2C  BPSK(1) 1227.60 0.5115 50 sps CNAV
L5  QPSK(10) 1176.45 10.23 100 sps CNAV
E1B CBOC(6,1,1/11) 1575.42 1.023 250 sps INAV
Galileo  E5a  QPSK(10) 1176.45 10.23 50 sps FNAV
E5b  QPSK(10) 1207.14 10.23 250 sps INAV
Bll  BPSK(2) 1561.098 2.046 50/500 sps D1/D2
BDS BIC  BOC(1,1)/QMBOC(6,1,4/11) 1575.42 1.023 100sps  B-CNAVI
B2a  QPSK(10) 1176.75 2.046 200 sps B-CNAV2
B2b-I BPSK(10) 1207.14 10.23 1000 sps B-CNAV3
L1C/A BPSK(1) 1575.42 1.023 50 bps LNAV
Qzss L1IC BOC(1,1)/TMBOC(6,1,1/11) 1575.42 1.023 100 sps CNAV-2
L2C  BPSK(1) 1227.60 0.5115 50 sps CNAV
L5 QPSK(10) 1176.45 10.23 100 sps CNAV
NaviC L5SPS BPSK(1) 1176.45 1.023 50 sps IRNSS
SSPS  BPSK(1) 2492.028 1.023 50 sps IRNSS
Sosin, o] % 415 8 Y Bulol Wx wAle] wet AU 9 AT FHs Wele) AmEge] 7]uk 4417] (Song et al
AEE AT UA| RF tflo] $733 SU PHL A1 7E 20208k 44§ ATEQe] ZuF £417] (FEN A} SX3)& ©]-§5}
QAR g AlE oo whet IF Al Fhgo] b, 2% of I A FEok, A et vl 9wk FFoke &
HORIF A5t 2t S50 thel M2 ol complex 3k 3 HO o] FojHek & @TolAi: BE GNSS TIZF 4150 o)
B2 A AL &2 ARgAte] AdEof whet real BRI o] HEf = ATE skl ot AHTAS GPS L1 C/A, GPS L2C, Galileo
= AJA] 7Vsslet o] o, Okll—ﬂ——“ MATLAB | 5oj A Int E}FI-S El OS, NavIC L5 A1 5 Eo] ot X Zdaqhe dstct 747k
B AR AR, 8 bit B 16 bit WA AT 4 ek o 415 8 webulel Table 49} Zom|, B Fupio} 71

Zulss zhe 7hzk o2 A JYAIslc) o] uj, Aluele sgo 2
Reflection, Multipath, Interference 52| 2 A7} x5t & A
5. IMPLEMENTATION PollM= 59 Y aslstazt 25 EAeA] g 271
°2 AHslct.
5.1 Target Scenario
5.2 Processing Result

o[l Agle thawt o] KAk WAl F1Ee] GNSS 4]
SEE YA o1 Asitheta 2HEIPEATANA Al WA, Qlstfeta A& TAA e g AT 7
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Fig. 7. Power spectral density of GNSS signals: (@) GPS L1 C/A, (b) GPS L2C, (c) Galileo E1 OS, and (d) NavIC L5.

Fig. 8. Acquisition result of Galileo PRN 2.
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Fig. 9. C/N, vs time in tracking process (left: truth, right: tracked).

Fig. 10. 1/Q diagram of GNSS signals: (a) GPS L1 C/A, (b) GPS L2C, (c) Galileo E1 OS, and (d) NavIC L5.
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Fig. 11. Skyplot of GNSS signals: (a) GPS L1 C/A, (b) GPS L2C, (c) Galileo E1 OS, and (d) NavIC L5.

Fig. 12. SPP results of GNSS signals: (a) GPS L1 C/A, (b) GPS L2C, (c) Galileo E1 OS, and (d) NavIC L5.
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Table 5. List of processable signals by the proposed signal generator.
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