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ABSTRACT

Global Navigation Satellite System (GNSS)/Inertial Navigation System (INS) integrated navigation systems provide highly
accurate and reliable navigation solutions and are widely used as civil and military navigation systems. In order to facilitate
the GNSS/INS integrated navigation system development task, a simulator can be used to provide inputs for the GNSS/
INS integrated navigation system. In this paper, a simulator design using general-purpose Personal Computer (PC) and Off-
The-Shelf (OTS) interface boards for a GNSS/INS integrated navigation system is proposed and implementation results are
presented. Requirements of the GNSS/INS integrated navigation system simulator are presented and a design method that
satisfies the requirements is described. In order to show the usefulness of the proposed design method, a simulator using a
general-purpose PC and OTS interface boards for the GPS/INS integrated navigation system are implemented and verified.
The implementation results show that the simulator designed by the proposed method generates the GPS L1 C/A signal and
IMU data without any problems.
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1. M2 n]ato] B 9.2 719191 Honeywellibo| A= Embedded GPS/
INS (EGDE &AJs}a 9k (Loegering 1999, Honeywell 2022,
Global Navigation Satellite System (GNSS)<¢} Inertial Valdes & Bowie 2023). GNSS/INS £515HH A|AELS s}
Navigation System (INS)& FoHd, P elx A21d e H A APE sy slok shetll, 4P o 2R HAJFGNSS 4l
] AAE AlFT 4 At (Titterton & Weston 2004, Farrell 5.2} Inertial Measurement Unit IMU) Ho|E] & A+ thAlof A
2008, Groves 2013, Noureldin et al. 2013). u]=2] Fel7|el %EﬂO]Eié o] gslo] A5 o} dloleE AYAIsHH, et 2Hde
Predator, Global Hawk+ Global Positioning System (GPS)/INS &35kl 284S A 4 QUTh (Peteovello & Curran
SRy A28 Ty AAEeR AEisl] Lol Yen, 2017) GNSS/INS Eqa] Al2Ele] A1 allo]E| = GNSS 415
o} IMU Elo]el #lgshod, byl Shaiah Al e wo]
Received Jan 15, 2024 Revised Jan 29, 2024 Accepted Feb 05, 2024 g} GNSS £=417], IMU, INS¢} &HA] x|&2 o 2wk o]-_TL 9}\1:]—
fCorresponding Author (Peteovello & Curran 2017).
E-mail: dhhwang@cnu.ac.kr 2 zo] I oA AJAEHL 1964 =+ jjolA] &85t
Tel: +82-42-821-5670 Fax: +82-42-823-5436 T = tj 1 (B NG 2]012) SES 196(;)11]5113}1 ]j_:ﬂoll,—] t O:]_
T
Jae Hoon Son https://orcid.org/0000-0003-1952-2127 ranst onnor imation?
Sang Heon Oh https://orcid.org/0000-0003-1357-0742 System 621B Programe]l4] Navstar GPS7} 47} it} (Bonnor
Dong-Hwan Hwang https://orcid.org/0000-0002-0933-5881 2012). 1995 u]=- GPS¢| Full Operational Capability (FOC) o]

Copyright © The Institute of Positioning, Navigation, and Timing http://www.ipnt.or.kr Print ISSN: 2288-8187 Online ISSN: 2289-0866



94 JPNT 13(1), 93-102 (2024)

T2 BAZO0F GNSSo I3k A7t =L glom, 4]
o}o] GLObal NAvigation Satellite System (GLONASS), =+
9] BeiDou Navigation Satellite System (BDS)%E z+z}t 20112}
2020119] FOC o] & 3415 & AlF-skaL {let (Bonnor
2012). FHH, |4 Tiafe] A7 Hefe] obd B Aejel R
9] Quasi-Zenith Satellite System (QZSS), Q1% 2] Navigation
Indian Constellation (NavIC)& 28511 It} (Bonnor 2012).
ol gt FAlof wet -Euets 2035 FOCE H3EE Korean
Positioning System (KPS)& -5} @1t} (Lee et al. 2021).

AT AARY 2§ 27lole A7 3, of g2 Y
Hzd 3|28 FAE SIEHR $41718 sl o, vhE
A 2 AFE 7eo] W wet 441719 277} ZopA| AL, A
o] 2A FAFE] Gl o] (Akos et al. 2022), 1996\ 3] = Software
Defined Radio (SDR) 7H@-& 2% 2 GNSS =A17] Ao &9
S19ith (Akos & Braasch 1996, Akos 1997). Z7]2] GNSS SDR
L& CPU 7|4¥to 2 1§59l o}, GNSS7F ths Ful4 (multi-
frequency)S 7} = QAL (multi-constellation) 2. 2 &8
Fol uet o] TR P UL BEF o851 OF 94 T
HE il I Bl GNSSe 7S =ol7] AlRst
Tt (Jo et al. 2004). 2016 Q= o]Fol= o] & £5}o] Graphic
Processing Unit (GPU)2] Hi& 28] 7]%-& o]&3} SDRo|| tfsH
A7} 3=k (Park & Um 2016, Park et al. 2018).

GNSS 4171& 39 s AAE, A5 A&, Radio
Frequency (RF) front-end2 L& 4 =t AR 520 ul=t
7}7} T} ONSS Al |0]E| & Ao} A-E 4-417] 2 E] GNSS
SDR, 3y sl A4k Gare]E7kA] Z42tol| tigt Ade-& 2RI 4
eIt} (Peteovello & Curran 2017). o]2]3 B2 0 2 A|EgolE =
ol Alrke] d=E A/4dshs Measurement &9 A& 0]
B, 415 g5 9] &8 AJA)5H= Intermediate Frequency (IF)
@] AlEE|o|E], RF-front end9] 915 AJAd5h= RF ©] Al&
dole] 2 U=E 4= 9t} (Peteovello & Curran 2017).

tREEe 542 &9 A& o]El= Matlab 7|9t 2 ¥
w]oj o1, GPSoft LLCAR|A]= SATNAV Toolbox 3.0, L3NAV
Systems A}2] GPS Toolbox 5, European Space Agency (ESA)
9] Galileo Service Volume Simulator S-o] of 7]of 435t}
(Peteovello & Curran 2017).

IF £¢] A Bo]E]= SDRT} H]2a}] AZEYolto R 7
435} L} Field-Programmable Gate Array (FPGA)Q} AZEQ]
o]& o] gslo] LA & St (Peteovello & Curran 2017). 7l
urto] Calgary theh 2003 of] AL EQojgto & S5} IF
A3 PG71E ANskaL, SDRE o] &ale] ASe s Wis
3t} (Dong 2003, Dong et al. 2004). ZF A= AT ELo]
718F] o 2'd GNSS IF 415 A4 715 7idslaL, o] & o]-&5t
o] A AJ5E GPS L1 C/A TF A1 55 NordNAVA}S] GPS SDRE A=
St AIE WISt (Lim et al. 2008). A=thatulof A= GPU

ot (Im & Jee 2014). o128 SJAlo A= IF &9 Al EFOHE &
Algkal QlEd|, NavsysAls AL EQojuto 2 JLAISE Matlab 7]
HEo] GNSS Signal Architect Simulator SoftwareS A7l5}9Ith
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(Peteovello & Curran 2017). M3 SystemA}2] GNSS Test Platform
3} RACELOGICA}2] LabSat 3 Simulator= FPGA¢} CPUE o]
43to] LA IF &9 A EH e & 475131} (Peteovello &
Curran 2017).

RF ©9] A|EH|o]e] & Spirent A= GSS9000, Spectracom
A= GSG-6 Series, Rohde and Schwarz Al= SMZVI00A
Vector Signal Generator, IFEN AH= NAV-NCSE &A]5}3ith
(Peteovello & Curran 2017). 2021'd Zoj|= Orolia Aloj|A] GPU
£ ol&slo] 71 9] GNSS RF 4135 HAIZEO 2 sk
GSG-8 Advanced GNSS SimulatorS- 2F3%5}93t} (Orolia 2021).

INS A|E&o]E|2 CAST NAVIGATION A}ol| A= H-764G,
HGI1900, LN-200%} Zro] ojz] 552 IMUS| £3-& A5},
Synchronous Data Link Control (SDLC), RS-422, STARNAG
45729) 748 Z3 QlE||o|AE 7111 INS Simulation Systems
2 25193t} (CAST NAVIGATION 2023). Spirento] A& HG-
9900, SIIMU02, LN-2009] 212 #3510, A& IMUS] 1]
o] AE 7} SimlnertialS 2017\d & 5] A 7FA] A5k Q)
T} (Spirent 2022). 0|23+ A F-2 IMU &89k ofja} INS Y
S &= A5

1990t xof u|=+ =ZH}E 9] GPS Inertial Navigation
Assembly (GINA) T2 1304} GPS 415 2 IMU o] & A
Fohe 71%& 873514 GNSS/INS e A|AHS A&
glo]g] ko] AR AT (May 1993). 1998\ & of = Honeywell
A}e} Litton AF7} Naval Air Development CenterQ} ¥25}o]
Simulated Inertial GPS NAvigation Laboratory (SIGNAL) o]
g}y Bg]= GPS/INS A|EdolEE wruslodct (May 2022).
Spirent Al A& 2013@ = HE] 227X GSS 6300/7000/9000
52| GNSS AlEH O|El S WHESIAL 9l om, of7]of INS AJE|
©]&¢l SimInertiala} H& B4 Al o]E]Q] SimGeng A
2F GNSS/INS 3 A A" A5H7HE 913 S3ES A1
S}93T) (Spirent 2023). CAST Navigation AFA]& 2019 E 9|
GPS/INS S5 AlARl] A5 B7HE flste] AXE A48t
+ scenario generator, GPS RF A1 & AJAI5H= GPS Satellite
simulator, IMU ©l|o]E]E AJAJ5}H= inertial & sensor simulation
& Z3F5F CAST-30002 A5}t (CAST NAVIGATION
2019).

7R 9] AlEElolE A A D AEFE AHEY, ¢
w2 Y A ASE AFshe PR EHE AS A
E

Elolo]A HEES AZT P2 A Fo] SAI=IL 3lom], INS A]
ZAslo] GNSS 4152} IMU d|
o[E1E o] AlFshs FEHE FAIEAL St} 5, §& PCo| IF
o9l AlEYolE, IMU Hlole] 4/d 22 I3
Aloll OTS IEjH|o|A HEE F7151H, H&Th Pefet fAlS
GNSS/INS F&3H A28 AlgdoeE dE &
ot} 7ol A7} F7]et TR OTS QlEjHo]A REE
A 57]H GNSSA 5.9} IMU Ho]E1 & Al 4= 31-& Aot
2 =ZolAe PCeL OTS QIEjH o] A HE
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INS &8t g5 Al2g9] AJEHolE A g AtslaL, AlE
olEl g FHT FIHE AAISILA} ghct WA, GNSS/INS 58
P A AR A B oElY] @ 2AS AAElA, 2 21
UhE5H= GNSS/INS S A|AE Y] A|Ea|o|e] A vt S
A ABIATE AAIGE A W o] {85 Hol7| $i5le] GPS/
INS B8] Ala8 o] AlEdole 7 AAE AAISIA T 2%
ollA]= GNSS/INS B3 AlEH o] HAE 95t 84 =4
S Aasha, 3ollAle 2%e] @4 2716 w2 GNSS/INS 5%t
T ALl AEHolE A WHE Al AlEEoE 9
T4 245 MEsigich 4ol GPS/INS S AlAg]e]
AlEHole] 7 Al 5ol M AR 9 3 A S Aedict

2 GNSS/INS SeE A|AH<C] AIE|0]E &
=

=
£ 95t 27 =

[

TE: uJﬂ HOF OPEP
7t Yk FRE ’274]“ 9 2“4, o @ A|ARlo] B E]
ol AZESo] Yo|EE Fl s AT & Slck &
5|, AL ELfo] 7|5he] A EE|o|E & HE PCAA AT ¢
Application Program Interface (AP)Z ]%@' £9le
2t §A 8471 4190, Q] A PCo| O ES
7Vl 7158 S8 4 Qloh mhatAd, GNSS/INS AT Al
go] AlBalolElL ol2iah AFkS whedalod olafe] o 271
whEs e S A
AR, AlEdlole e $8 75& RESHE AT ESo|2 AA
t} stEgo] Z|gte] HISte] AT ELe] 7|gke] AlEHolE &=
3 9 2ol 47] miZol, M2 Fat4 th & 2= T 4
A

r&"

ox >

g2

& WA 35 OF AA SR A28 Aoz
$2 o, StshA AT 4 91 Aolck Telm, AmEYol
BESSIE A5 A ATEO] BES B Al AN
& wakoliet AE 7152 A3 4+ 9

$7), 8§ PC| A1 B olE|S] ALESo]
A OTS Qlefslo] 2 BRES F710ch W& PCE WS APIZ
wol Algsh 9lek. 127, 44 PCo} 53

A o

& HEE A 2AYA sl OTS BEE Alofohr] o3 AL ES]
o] Zho] A|FSIER, o] 5 o] &5t AlE@olE ol 285

= HE L AR Y 4 S Aolth
AA, A FAQ] 5ol 77k AIA& AAdslok gt AlE
glolefoll Al gAlle] AlH & 7|uto 2 GNSS A15¢} IMU Hlo]E
o Eoﬂ 77 AL BAITHS
%10 7—]0]]:]— o]—
|ARS B X1, 571, Wl 5 04 317}11 TFo A=
A%, %, sldellAl 53Tt ofufl, FA S 52 T
A& 7ol wt ofei7ba] AokE 7B R, &5 AdkS 7H
o] A A4 4 glofo} ek
Ulgl, 24 & (fidelity)7} =& GNSS 4159} IMU H|o]&] & A
‘JafioF gheh. 41%F GNSS 4l5oll= 9149 oxf W 3 &

Ul
Parameters Sl.gnal
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signal
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generator interface
board IMu
data

Fig. 1. Structure of the proposed simulator for the GNSS/INS integrated
navigation system.
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Fig. 2. Structure of the trajectory generator.
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3. GNSS/INS Sahetl A|AHC] AlZ2|0[E] A

P AET 2.7 272 S GNSS/INS 2 A4
B1o] Al BHolEl S Fig 1o Lehigich GNSS/INS B3 A
2810] Al ga|o]El = UL, A 41417, GNSS IF 415 41417, IF-
RF ARFHE7], IMU glole] 471, IMU £ lejsflo]ls Be
EREREE

A 4471 Fig. 200 LR Bhet o] 5 Akl e bl
SHE WA db B2 91X, S5, A A4 280 o
SoizIth. UIE ol &3] 44T €5 Autele salel 415
4 A7 27] 917, 271 S5, 271 24, Ae) A4, A A
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Fig. 3. Structure of the GNSS IF signal generator.
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Fig.4. Structure of the IMU data generator.
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E| 2 RE] A4 914 A=k GNSS 4+417] QFelLbe] 919k &
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ARghct. ojaf, UlellA] A3t aietnlel 2 2E] 43 Helg 2
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£} 414071, GNSS IF 415 443719] £ZESoI REsfeic 5
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7V Hfolle HEUe] 91X, £ Akl E53 A9t
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Fig. 5. Structure of the proposed simulator for GPS/INS integrated
navigation system.

Fig. 6. Performance evaluation system for simulator software.

Fig. 7. Performance evaluation system for simulator.

Fig. 8. Simulator hardware.
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LabVIEWY: Zej= 7|dlo 2 & Jefwsaf 4 ¢l ond NIA}F
9] stE4lo1Ql USRP HEZ AHloid 4 & o874 4
£ A|3StEE, LabVIEWZ UIE AASI= & 3t} (National
Instruments 2005). A A3}t Ul= glebu]e] & A sla, HA YA
A}, GNSS 415 A4 Aol IMU dlole] A4 A3}, 415 2 o
olE] A4 F BolXl Hi4-E BHoE 5 LS gt AFERHE o]
£ 3ol /8T A5 dlolele] el 1ze} A2 AE
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Fig. 9. Trajectory generation results display.

Fig. 10. GPS IF signal generation results.
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Fig. 12. IMU data generation results.

Table 2. RMSE of INS navigation result.

Axis Value
Fig. 11. GPS L1 C/A SDR navigation results. North  0.0324
Position (m)  East 0.0356
Down 0
North  0.0317

Table 1. RMSE of GPS L1 C/A SDR navigation results. Velocity (m/s) East 04372

Axis Value (m) Down  0.9709

North, East (Horizontal) 1.1179 Roll 0.4804

Down (Vertical) 1.2713 Attitude (m/s) Pitch  0.0021

North, East, Down (Three dimension) 1.6928 Yaw 0.6670
() (b)

Fig. 13. (a) Frequency spectrum for GPS L1 C/A IF signal, (b) Frequency spectrum for GPS L1 C/A RF signal.

clolE S EAIRlo] AT o 4 Ak £ GPS 415 o] AmERT} YA TE I 4 lrt. Fig 1ol= GPS

Fig. 13a0]|:= GPS L1 C/A IF AW EH Fig. 13bof|i= Zujs B L1 C/A RF A5 = ublox EVK-MST AH2 2:417]0] ¢ledslo] o
A2 Eo I RF A58 AHELS JehACh Fig B & 58 2748 Lehisiend, Table of Fig. 149] RMSES Lt}
2 59 GPS L1 C/A [Fo] 4] 2o} IF 215 A Aol AR Uitk Fig. 142 ¥ Fig. 119] AJA]3F SDR 31 ZHuke} A}t
3} 7kol 542 MHZOl 1S oF 4 9171, Fig, 13b2 R Amjex AL oF 2 9] o1 Table 32 M Table 16]] AJA|3H IF A5 7=
EA7]o] LERG RF A15.0] 54] Z3p4E GPS L1 C/AS] 541 7ol u]a) @34 2 2jol7} 9188 o 4 itk %, IF-RF 4%
Zul4el 157542 MHZQ) AL o 4 9lch 28] %, 5 2ge) A7 WE17} GPS LI C/A TF A58 EAI310] RF A5 2 445} g

http://www.ipnt.or.kr
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Fig. 14. ublox EVK-M8T navigation results.

Table 3. RMSE of commercial receiver navigation result.

Axis Value (m)
North, East (Horizontal) 1.5192
Down (Vertical) 4.3405
North, East, Down 4.5987

Fig. 15. IMU data transmission results.

Fig. 150ﬂh ;% PC 2EH% o]&slo] IMU £ QlEjgo]|AE

A7 IMU dlo]el2 B23F 27He Liehfgich. IMU Hlojel2

SDLC Z2EZ2 Wslsla, 0|2 ojA] T Zdsle] IMU do]g]
M

B, 24 Qo] MU SOl E Reloks 218 o 4 2o
B, ol Bajo] IMU 1 3 FXI7h 2 SRS & 4 glek

5. #E
H =Hojx PCS} OTS ¢lE|Ho]A HEZ A}83} GNSS/
INS &% 3 Al&8]19] AlggolE A HHE& ekt ool

w}2 GPS/INS S AlAE 9] AlEgole] - AIE A|A]
5}oict. GNSS/INS B8] AlAE ] AlEHolgle] @7 27
AABIo o, o] § THEsh= AlEE olE| ] A B & Al
SRt A5 A2 HE AQke iy o 2 % GPS/INS 53t
3 A AEO] A B o]E]7} GPS L1 C/A IF 2 RF 4159} IMU
glo]El & 2 AT ERIsIITH

0

o
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FFoll= 7% A BelolElo] KPS A5 44715 F7lstod,
KPS £=417] 7dbo]| o]2&F Zolt}. GNSS 41359} IMU gjo|E] 2]
Azt 5715 $l5te] ElolH 7tEE F7181a1, F7]15 GNSS 41&
o} IMU Hlo|8 & A5 ZAeoltth Z=|x, A3 AlgdolEE
£ AL S ALAE1] A Belolel 2 Has1] Slste] e,
A2 dlole /715 F7Fe Aolnt. nixwto & 3zl HE
PColl A 33E A2 o]ElollA] GPUS| W& A] 7|55 o]85
o] AA]7F GNSS 215 & A= 7|58 2715 Aot
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