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ABSTRACT

A signal generation simulator is an economical and useful solution in Global Navigation Satellite System (GNSS) receiver

design and testing. A software-defined radio approach is widely used both in receivers and simulators, and its flexible structure

to adopt to new signals is ideally suited to the testing of a receiver and signal processing algorithm in the signal design phase
of a new satellite-based navigation system before the deployment of satellites in space. The generation of highly accurate
delayed sampled codes is essential for generating signals in the simulator, where its sampling rate should be chosen to satisfy

constraints such as Nyquist criteria and integer and non-commensurate properties in order not to cause any distortion of
original signals. A high sampling rate increases the accuracy of code delay, but decreases the computational efficiency as
well, and vice versa. Therefore, the selected sampling rate should be as low as possible while maintaining a certain level of

code delay accuracy. This paper presents the lower limits of the sampling rate for GNSS signal generation simulators. In the
simulation, two distinct code generation methods depending on the sampling position are evaluated in terms of accuracy
versus computational efficiency to show the lower limit of the sampling rate for several GNSS signals.
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1. INTRODUCTION

)

Global Navigation Satellite System (GNSS)= A 2|3t 2]
H A|AE] 0 2 Position, Navigation, Timing (PNT) JHE 441
24194 AHGE AL Qo GNSSEHE 42 PN
3y, S 59 EofollA] o] &5 glom
I} E]o] I 4871 A golukar itk
Qlo] Sh=% Korean Positioning System (KPS)2]
13§ =o]c} (Korea Aerospace Research Institute 2021).
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o ng Al ol E EE5to] A|AH 15 oA
A A AR D AuA] Ade-S ERIT QUL ik o] uff SRES
o 718ke] 415/ AlEEolEl ] 7% 4171 A Al {-851A
AREE 4 AT ate]] fel/do] "ot T2yt Software
Defined Radio (SDR) 7]|4te] Al AA] A Ed0|E| 9] AL sl=
oy 719ke] AlgEolEle Hls| AAALE Hojuh A5 o] ot
ehulel g wAale] olgd Atz ool tisl AlgEleld e 4
4= o] ¢ e G4 zh=t} (Julien et al. 2004, Won et al.
2004, Lim et al. 2008, Yin et al. 2009).

21w
% ZHollA Nyquist rate o} @Fe Fakpg MEHS 4
S 7% aliasingo] A7]7] whizol] et A 5x e E T 4 it
nAZe 2 41590 MEY FabpE I E W5k (code rate) £
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FolE wjo] Zho]l A 749 commensurate 51Tl ST
commensurability= 4=417] 2o} 4] Thomas (1988)] <]a]A]
A& AFEHR A, o] F Akos & Pini (2006)e]] &]5liA AlF-2 o2
A=At o] 52 commensurate 2% Fot4-E AR 7
2 Auto-Correlation Function (ACF)o] ¢§=+=]|11 1 A3} Delay
Lock Loop (DLL)o] &H}E mEWl-S oF 4= ¢l7] wjZef non-
commensurate A28 Zu}5E AR5 A1) 937} Atk=
A& vigich T3k Tran et al. (2018)-2 commensurabilityo]] ©]5F
A T B Tl Tisl] Qo o £H9] B4
Z715190ct, o)} o] A)Z Fol ol ol4ri e 441
7)ol A ASEA|RE 42417 2} upEZER] 2 GNSS 415484 AlEd|
OlHofME AFH EAIEC] TY Z2 SABH WAt wat

H

A5 A Al MEY Fobes Ao YA & o]
Uth =2 HEY TP EASE YIS E obdE T 4159
FARBH =1 wallso] EolR]= Aol gl v 415 o] A4
A|7Fo] Hojib= wh™ o] 9lt}. Global Positioning System (GPS)

Open Service (OS) A& 53} 7Fo] 24 MHz Wj¢]9] Y& o=
= e A5 e vaA g2 Fapaes WEYS
gholl iz 2 A 415 A/ Albe] 7M. o]
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Fig. 1. Distortion of sample whether number of samples are integer in one
period.

F, = 2F,,, = Nyquist rate (1)
F; - T = Integer (2)
% # Integer (Non — commensurate) (3)

714 Fiz BEH F94 [Hz], F,.= A1 29 2o F944 [Hz],
& IE WHeLE [eps], Te ZE ?F 3719 o] [seclE LERd
th. Eq. (D2 Nyquist rateo]] thofjx] Lrebli=H| 2Hef Nyquist rate
e} Ahe FukeE AEYE s Sickd Al5e] aliasingo] 4
71t} (Borre et al. 2007). Eq. (2)= A& A] Z& sh57]of thish
AT A47h B4 HES B Fukeg Aok gt
2 ojnlgitt 5, 4159 Fubpo] e TE 3 5710 42
N7} 4eolof GHE Lhehick, diok 4 =
19 2 5] 47k B4t oh ek nhe A2 L 2
WY Mg s Elof Wik 4l

fjo

Loy
N

rlo -21 un rr

Folx| X ¢ F4al7le] Fuka 34 £ (Frequency Lock
Loop, FLL)& &2 7Fssit, 94 4 =2

PLL)E= 252t 517 Hct Fig. 12 Z & 3F 7] &2 742
B4 ol Bo) e ZE o3 f5of thsfiA] Yebditt, apxete
2 HEY Futpe Z& W&o tisllA] non-commensurate
ojok Bit}. Eq. (3)& E3l commensurability o] 52 wels]A
%=d) vkl commensurate kS AMZY Zups AlLsh
74§ ACF7L ofit=lo] 3E A Zh 34 Al ex17F 43714 &
t}. Fig. 2& commensurability o] &of w}2 ACFS vtehdct
Fig. 2a,b+= 0.001 MHz9] 43 MEF Fata 2jo]7t Y29k
commensurate F3F5 08510 4155 /7L Fig. 2a9] 759
ACF7} ofj=r5l A& 2915t 4= Ut} Fig. 3& commensurability
o fof W S-curveE YEF =T, commensurate F}HpE 0]
43k Fig. 3a9] 7% o3 ACFe &5 28T 4 ¢l+= S—curve
valueZ} AIgHE A& AT 4= lok EgE, offseto] 091 z]He
] S—curve valueZ} 0] o} 7] wj&o]] commensurate Fa-4pE
o] g3slo] 455 AT HS ZE A e HsHA 253

= o= [SIR=1
20 v o 5 S A
R -ID]-___ 7)\-]___§L0]ol—_'_%l\pl-.

Zks AobRAS PRt TEHQ A
the 941 F,, 4= 1023 MHzo]7] tho] 4157 Fmps
o0& 2046 MHz o]Ako 2 MAsjof st &

279 HBE0| Aol 4

s
-
201557 MHz& A5 F3H42 AT 249 o] X}
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@)

(b)

Fig. 2. ACF with respect to commensurability. (a) ACF using commensurate F, = 5.115 [MHz], (b) ACF using non-commensurate F, = 5.116 [MHz].

@)

(b)

Fig. 3. S-curve with respect to commensurability. (a) S-curve using commensurate F, = 5.115 [MHz], (b) S-curve using non-commensurate F, = 5.116 [MHz].

2 2719 Zo](=1 m9)E Bajo] ZE
7} 201557 Q)& BT 4= ], 7

3 5o 7%
= =
3 — =
£7} A477F oy 7] o] 20.1557 MHz

o] 74

A=
&g iAiate] olst ghe 7HiohH I 9 7]9] WES2
N7 A7) oty A FHok upA@he & commensurability S
whAoF Rhek. ghoF 20,46 MHzE A1 &Y Fuh4-2 A4 73 Al
£9 FatpE Z & ¥Hs8(=1.023 Mcps) 2 Uhe 4he] 2002
57} et &, commensuratesty] wjEel]l g Fube-E AIET

Fohs A ool e,

3. AIEd0|M AlLI2| ! ZHat

ke 0 2 SDR3} o] tlX8 +EolA TES AYAshs 4
- stEdlol] ZE A 71 FYSHA A|ZE HAAEE o]
LAY HRe] ZE FEHRE T 7| FEEPL L Y £
£ 25 WAo] &&FH) o] off FoiX FE AL THE olF
A7 3 AEsle] Als A o] o] &3ttt Fig. 4= ST AIH
o] W& 2] AMEFE (delayed sampled code) YA HFAl O] 2}
o|E UeRdich Fig. 4a2] Sampling After Shift (SAS) HFA]& oF
A 88 FEE HAY wid)E AAAK & AEPste] A

YA Q1 HEALS LERATE (Tsui 2005).

A9 7 A oA BeksA @
2] ¥ £3s]lof 517] wjEo] TE AYA] A]
o] ¢ & A} Fig 4b2] Sampling Before Shift (SBS) BlAl-&

He X

Sampling by Fs

Align delay and shift

Align delay by sample and

Sampling by Fs shift

Treration < Signal lengtl

- Treration < Signal length
Period

Period

6) (b)

Fig. 4. Difference of code generation methods depending on sampling
process location. (a) Sampling after shift (SAS), (b) Sampling before shift (SBS).

A ARE TES HEYsIe] wine] A4 F 1 Ak T
F ol55te] gfol ot WpAL0 2 SAS WpAHTH B Sk
S5 434 X|7bo] mhEch. 2, SBS WHALE SAS WHAlTHEH A
o) Zpol7} glek ABY AHE HHIS o] AL = A
Al BES] Bolo} ATglo] MEYS T Tk 2sto] e
ol A% 5 Globe 4 9l7] whizell 2= A4 A7) Bobdlths
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Table 1. Features of two code generation methods.

SBS

Fast generation time

SAS
Features Sampling after code shift ~Sampling before code shift
Pros Accurate code delay
Cons Slow generation time

Inaccurate code delay when low sampling rate

Table 2. Parameters of the signal generator in simulation.

Modulation (Data channel) GNSS Code length [chip] F4[MHz] Step of Fs[MHz]
GPSL1C/A . :
BPSK(1) NavIC L5 SPS 1023 Non-commensurate: 2.5-40  Non-commensurate: 0.5
Commensurate: 2.046-40.92 Commensurate: 1.023
NavIC S SPS
Non-commensurate: 4.5-40  Non-commensurate: 0.5
BPSK(2) BDSBIIOS 2046 Commensurate: 4.092-40.92 Commensurate: 2.046
GPS L5 SPS
wSKGD GLIEOS  wma Nenenmewmessn jeenmes)s
BDS B2a OS o ’ o
GPSL1COS
10230 Non-commensurate: 4.5-50  Non-commensurate: 0.5
BOC(1,1) BDSB1C OS
Commensurate: 4.092-51.15 Commensurate: 1.023
GALE10S 4092

Fig. 5. Simulation scenario with respect to code generation methods.

Holck. AT = A Uehls Baliso] AZH Futsol
s AR DR We HBY TS AET AS BE A
HEE7} olAlrhs tho] EAIRT webd A 4e 2 A
HHEE A5 AL ol AE o HEY Tkt
fsich o 94 Balls Alsg wEshe AEY Fu4E 3
2 4 SIThu SAS WAl R ukEA A EE AASIEA okl 5
S REE A G AEE TE 4 9 Aok oloh e &
2

Table 2= Al Ed|o]dof|A] AMRSF 415 9] /\Hﬁoﬂ = o3} la}
0 e] &L veRdT} (BeiDou ICD 2017a, 2017b, 2019, IRNSS ICD
2017, Galileo ICD 2021, IS-GPS-200 2022, IS-GPS-705 2022,
IS-GPS-800 2022). A1 &% Fatgo] E FEAA HS e+
Wz 7|H3} FE8Elgo] QI3RS B0 B2 Binary Phase Shift
Keying (BPSK), Binary Offset Carrier (BOC)9} Z+& ¥iX 7§
3} FE Wsle S FE 02 A5 E BRI,

Fig. 5= A1 a0l AlUe] 0.8 1haslA] o Lehic,
Aol Al SE YA HhA] 7o) 2ol Bl 9 ulzs}r] 4
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Fig.6. Code delay error versus sampling rate (GPS L1 C/A).

3l SAS, SBS WAl B o519 4
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t}. o|2]A o 2 commensurabilitye]] 2|3l JSES El01517] 5
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data message, Doppler frequency, Intermediate Frequency (IF)
= AlEY o] oA BiAIgE & noise-free #7dS 7150 41&
ABdstoich ek o] ok Aid ol o3t ks 4A
7] flsfl 415 5‘}“}% TS g & 2 EE gAdste] & Ad
2ol & A5t QAHE A4k & oo “41°P Ht
=S Zﬂ.‘ﬂ 212 AA518In o] off 2 shuhe] FE A4 #
HE AlRbsto] gF 717} A wijuict 0.001 Chlp =2
*a Jshich L%“i A AL 4171 AlA] SFof]

ot flall ZE A 2 002 A 5HA /A4
Xé%‘}‘liﬁ}. Q}9 *‘44—’%‘ © FE 24 kel 0 chip
chipe] =& 7ol thsfA Zﬂﬁﬂ AT mRA e B2 AlE
o] noise-free gH7golm gt HH AlEH o] & uff gt
o] Al 5of thafAlqt th-27] ufjiZol] thE GNSS 415 €}ko] 7}
e 1 _I_E% Sk " @7} 9lo] secondary code} pilot channel& ¢}
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(]

Fig.7. Code delay error versus sampling rate. (a) BPSK(1), (b) BPSK(2), (c) BPSK(10), (d) BOC(1, 1).

£ 5 24712 Helslel £ A4 WAS AEY Futpe] mhe
= A HEES vz,
Aze] BE A 2L 18 AT 7] AL Matlab

232
Al7]15 o]835}9th (Song et al. 2021). 4=417]
9] loop filteri= 2%} DLL, 22} FLL, 3%} PLL-S 0]€5}9Ic} DLL
discriminator+ noncoherent early minus lateS AR5} 1L
correlator spacing& 0.5 chipo 2 & sto] A|Ego]Ade Y
S}9t} (Kaplan & Hegarty 2017).

3.1SAS 3E ¥4 Y4 AlEo]1 Za}

SAS T A4 WAL ol 83l A5E AAstel AlBH ol4
2% 79 s 2E A ghe & 4 9lek Fig 62 GPS LI

=2

C/A A1ZE SAS WAOE Y 3 41712 Hestel ge 2
alo]] Thsh 94} Zrolt}, Commensuratedt 54 A &8 Fuls
+ commensurabilityo]] ©JgF GF wfjZo] ZE AA ghE Aoh
2 235 Fohe AS 1T 4 9ot &, commensurate 5
TpE AR S 7 ACE7E = o], UEhd 4~ Q1& correlation
valueZ} A|gkE] 7] ol = 2 FSE7} AstEct. 514
9k ACF2] correlation valueZ} correlator spacinge]] sidsh= 4k
< R 9l A$ ZE A eapt WE 4 ik Non-
commensurate a2 MEHT H L FE MEY by
£ ALENS thot B MEY FUSE SRS 1) T2 X
A ST Zol 2 Hol7h gk AL

A

=2 =2
commensurate A1 Z% Fak4> AMGA| S Fatgr) R

0O

(b)

(d)
AEF Fube AR A TSI 0 A7E AR A1 Aol
7Festeh. ol#fet k52 GPS L1 C/A 4 ohuj2t Table 29
thE 41zl thsha = vhepdth weba SDR Z3Zol A noise-
free E74& 7MY & SAS WA o2 FE5 AYAste] AlEH oA
& A AEE Fops AgRA S WEshs FueE M
S MEY FH4E ARSSIE FE AA FEE S 2
Aot & & 4 9

SBS "}l 9] 9 415 A7) 52 & MELS v 9
sto] w o] Ast, o]Solle MR E gol oW =] ulE
of A15.9] A4 A7to] WpEAT HE A Zpo] MEY T4
of o] & FFE W] wigo] F2 MEF FueE AT A
- FE A FEE7E 3A Yol o] o FE A HEE =
305 & UEIH= Eq. (e BAIZE QU

. Code rate )
Resolution of 1 sample = ——————— [chip] (4)

Sampling rate

wolsol A4e4E TS A FeEst P B 2
H
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Table 3. Rule of thumb lower limit of sampling rate.

Modulation

Lower limit of Fg[MHz]

GNSS
(Data channel) Difference=1m Difference =0.5m
GPSL1C/A 7.5 9
BPSK(1) NavIC L5 SPS 6.5 105
NavIC S SPS 8 11.5
BPSK(2) BDS B110S 10.5 14
GPS L5 SPS 47 62.5
BPSK(10) GALE5 OS 46.5 62
BDS B2a OS 49 67
GPSL1COS 36.5 48.5
BOC(1,1) GALE1 0S 30 395
BDSB1COS 39 49.5
Fig. 8. Code delay difference versus sampling rate.
Table4. Code generation time using lower limit sampling rate.
Modulation GNSS tss [s€C] togs [SEC] Time efficiency (=i%2) [unitless]
(Data channel) Difference=1m Difference=0.5m Difference=1m Difference=0.5m Difference=1m Difference =0.5m
GPSL1C/A 5.2644 6.0399 0.1188 0.1288 44.3066 46.8936
BPSK(1) NavIC L5 SPS 4.7887 6.7132 0.1032 0.1381 46.4037 48.6112
NavIC S SPS 5.5062 7.4213 0.1260 0.1508 43.7063 49.2129
BPSK(2) BDS B110S 6.8755 8.4457 0.1631 0.1620 42.1585 52.1340
GPS L5 SPS 22.1968 27.8557 0.5229 0.7345 42.4448 37.9247
BPSK(10) GALE5 0S 21.8983 27.5687 0.5139 0.7196 42.6076 38.3111
BDS B2a OS 22.9155 29.3163 0.5356 0.8310 42.7899 35.2783
GPSL1COS 21.6080 25.9726 2.7912 3.2182 7.7399 8.0705
BOC(1,1) GALE1OS 10.4358 22.6949 0.5689 34171 18.3453 6.6416
BDSB1C0OS 23.2042 26.5594 2.8169 3.3096 8.2372 8.0250
commensurate Fo= A EH Fappo A AlQJelgich FUT
ME T E HER S TP 1S5S T AEY Futh
of Al wallsol 7] wiwoll 2+ Mz 71T 2 71 4159t
2 Fig. 7of) Uehich. Fig. Ta-cl ST HE 7HE A§51
FE sk AR thacy 25 Wslgol 2 4 2alsol
A 2= A FEwel Asph o] mhRe] We AT Hales
ZHe St ) wA e MEY Fahpol S SAS, SBS W) 7h
o Aol 74 AL BT YT B FE WSS ZH
NS o 22 MEY FU4E A15E Aok SAS, SBS HHA
7k9] 2ol 7} ZFAsH= 2 Bl 4+ ek,
SBS HIAS. §alA 0 2 ALL5)7] sl AHEZE] Z=uldo
) d4S 8t Fest7] sshi= WS ot Fig. 9. Code generation time versus sampling rate.
skehe ke Zlo] Wasich B =RelMe £ Ao} = 44
wpAe] FE X9 gre] ol S WEY Fakso seke Ashs
71& 02 A%sISIct Fig. 82 slshe A5k 7I&3 ZE A 2 o] g0E o F A wHAo] ZE A/ Al7te] tisiA Lehd
3 HAIZE FE A ke ztolE MER Faboll thsliA UEt o} SAS HAle] HIsiA] SBS WA S I o] AHE ST
W o Alelh 7185 0.5 m, L mE A9 o] = & £ (thermal wfofl A3 Al7to] wie- ZHARE RS &S 4 Gl o] wf time
noise)]l oJ3F ZE 24 @2} HL7}F thek 4> cm H9lo]7] whiE efficiency® &l o1 AEO| AR o] 5& Bt=A] 43
olck. o] uf | ES WESH: B TS FoA 7P AL HOE 1Y 4 ek Fig. 92 MY Fusol ©hE TS Y
WEY FuE SHHO 2 AYSITh Table 38 A BHOIHS  AI7h Lehch o] wf GPS LI CA 4158 AME31913 A% 5%
AW A TE] N A EY Fupeo] shehe eic, © Table 49} AT WAL 2 WHSITE SAS WA Y] A4S =
nAge g FRe] ZE A/ HhAlo] mE ZE A4 AR XA AT FEE o] FAI7I L AE3 & ke S i
zpolof| thslia] Hlw Tt Table 49] 27 Az Matlab $H4 F3sfof 517 wiimoll MEH Fabart SIS = G4 Al
ofl A Ztzte] ZE A/ BRAle tielia] ZEE 60 Zol& A4 Zro] w27 Ak sA|TE SBS Bl 9] 749 oju] MEH = of
31S wje] A AIZRS Zsldch o] TS 1008 49 F 9l FES o] 45| ool MBYL BhA) g AES o FA
e ZMSO] e BES AFH TE A A GOB A1k AR s 971 vhRel BY Fuert Flslels
Z4519ITh. Table 4= Table 39] 513k Fu}4-8 ABW Fubp TS Y AIZE Z745L 34 gk b HAG B F

https://doi.org/10.11003/JPNT.2023.12.3.237
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5} o] 8510l SBS WAL ALY AlElold A7HE B

h
o) HEY Aol meb A4 WA
A wAlel Aol e BE A9l Heke

£ rlo
1o

D
>
bt
>~
o
i)
o]
2
o
ol
ok
32

commensurate Fap4>
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