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ABSTRACT

In this paper, a fully reconfigurable Software Defined Radio (SDR) for multi-constellation and multi-frequency Global

Navigation Satellite System (GNSS) receivers is presented. The reconfigurability with respect to the data structure, variability of

signal and receiver parameters, and receiver’s internal functionality is presented. The configuration file, that is modified to lead

to an entirely different operation of the SDR in response to specific target signal scenarios, directly determines the operating

characteristics of the SDR. In this manner, receiver designers can effectively reduce the effort to develop many different

combinations of multi-constellation and/or multi-frequency GNSS receivers. Finally, the implementation of the presented

fully reconfigurable SDR is included with the experimental processing results such as acquisition, tracking, navigation for the

received signals in the realistic fields.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS) 4=417]2] £&5+=
27 shEglo] $41719F ATEL ] Sal7] 2 FLEECE Ak
© 2 sl=go] 4£417]+& Application Specific Integrated Circuit
(ASIC)Z} Zro] GNSS 415 X 2jef Aetet E43F StEO1E o]
ool FAAE A M- BE A7 &) dEE oAy
Absto] 21712 LRt A5 AR JeE Zeth O, A5 A7 o
HEEH ZE 715 stedlolo] YESHA HER, 759 W
Zdolu 27HE Il stESllE oAl AlRsok ke A7}
ULt olFA $41719] 75& WAL wfjnict stEflolE AE
Al AzFshs T2 AT, S 4 SHHoflA] vl vl &&2 ot}
(Pany 2010).

Software Defined Radio (SDR)& stEgo] HE& x| Asls}
o] Radio Frequency (RF) front-end& A3t & $=417] 7
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& amEgol2 thARF AmESe] $417] Z1&olth SDR
© BE A A4k ALEGololN Hefsin, oleist 41
5 A2l 152 g g3l A4-BA WHel HsstnE A
% 31y 0|52 7350l IA ] Y shedlle] 41710 H)
A Thokt o] ZHeth SDRE iR ] AlE He] 727 &
A FE Gejo] ALEGOIR o|Fold glonE dmelZ
Mol #7h WA 559 4ATE AT 917 the]

GNSS9] thefet Fopoll A Z8-Hrt. o § S014] SDR Global
Positioning System (GPS) / Inertial Navigation System (INS) &
3} GPS translator A]AE] GNSS A5 48 & 1AlS $:417]
502 A FEE o] i A3 5L A ofist
SDR9] A4 E-0| Digital Signal Processor (DSP) 3-& Personal
Computer (PC)<] 14t A5 AT W& A =HA] SDR
AIAL] GNSS ARUE oA 2 A EX o2 A= gt
(Won et al. 2006).

SHE, AIAARQ] &3 =52 B9 52 94 3
A 2SN 52 ddigkshy] 8l =Y Folrt o]=gh A]A
HE 2= n]3o] GPS, #{A|o}¢] GLObal NAvigation Satellite
System (GLONASS), &3 9I3t9] Galileo, &=2] BeiDou
navigation satellite System (BDS), & ¥-2] Quasi-Zenith Satellite
System (QZSS), ?1=.2] Navigation Indian Constellation (NavIC)
ol glth. T3k, PRE SAHQ 914 P A A2 Korea
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Positioning System (KPS)E 7Ht5}7] €5l oI =] )t} (GPS
World Staff 2018). SDRE A 2-& Al S} A ABlo] 5t XJ2]7}
HASHES T 7159 Mol oISt oleld FA] M3
3 FehS shgcka BErE 4 ek &, A8 GNSS 4159 &
o 1 SDR 7142 B8 415 A4 L Hel AL Folo] A7
SHe S GNSS A150] A5S ol 2 BAshd] §-85ich
(Fernandez-Prades et al. 011)

I} 2] GNSS 42417]+= &
2 AR 5K AR, ) ALAHe] A5
Sh31 AHGE 4+ 91 GNSS 4171 7hAl 91 4] wlep
Z71o} 3k B, kA, ARA S
4 Gtk 2471 A1EA 02 FhA] S5 et oAb
HAE olgsto] $41719] 91X15 ZAsk=d], 7H] S 4ol
The 2 240 o) 3712 oJnlstae 2t £ X So] Alsh
A ogrthe 270 el HEH2
R 4 Sl 0 5 S 41
9] AoFolut Z+gk multipath7} 22 4~ Qe EA1A
o} 2+ AOFH) Bl B 2 A S 2=t (Soderholm
et al. 2016). PRk o7 oFa] G Zak 2 A oFA 7] 25l

A A7l A AR 91439 |4 elevation angleo]] SiE5h=
cut-off angle &-& 3o 2 Aty ARgst=t, ths 943+
FA7E olH T SN E AiiH o We T 1 5 2
A Hog o £2 458 zH=t} (Liet al. 2015).

GNSS 4:417]9] AT EQ0]] T2 Akos (1997)7} H 22
AN o o] 2 A MAZ R R A £ E9FSDRE =
Apx o2 A U AHEE] $13E AT Eol FukshA WA=
t}. Borre et al. (2007)& GPS L1 C/AE X g]sh= &2]8] 7]4ke]
SDR& 7H5ict. Borrew ©] SDRE] 12 9 415 A 2] 1bgo]
it ZpAeE AT} S Matlab FEE @ Z AAZ H|EZFP T,
A toket APAEo] o] SDRE 7]iko 2 B0 A28 e
2oL} A5 A7) 7HE H85}o] Exbslar Qi) Stober et al,
(2010)& C++& 7|Hto 2 3+ A1X]7F SDRE 7utslic}. o] SDRE
PCe] mto]| 22 L ZA|AolA] FAFsH, AAIZFOE GPS L1 C/A,
GPS L2C, GPS L5, Satellite Based Augmentation System (SBAS)
5o A58 A

%3k N SDRE M2 dare|E A 2
25t 492 % Qlt} Bhuiyan et al. (2014)} Meng et al. (2016)-&
BDS BIIE A& 4 9l+= SDRE 7jision] BDSQ] Als
%91 D17} D29 E74of thsiA A3ch o]&-2 BDS BlI¢] 41
3 g5 4 EE AP, olHe daeE2 7fdE SDR
< E5l0] 13E T zg%ﬂ °4u} Séderholm et al. (2016)2 GPS,
Galileo, BDS9] L1 thod A1 Eof st o} A7+ SDRE 7iit
S8, 3 SDR| 729} A2l 713 of el Ashc. 1
S0 SDRE o] 5te] TRt S 2ol T 9] A
Lo u)w 2 Bt

obA A ATk 2ol 22 ONSS M5 S4L s Al
59 24 % A% H7} Zuolx SDRS| B4 B 7
Zitt. oluff SDRo| AHfH 0 &2 =2 reconfigurabilityS zHA)
chi SDRO| §-841€ B % F4HE 4= 9Irh. SDRE AJ2-& GNSS
Azl ek A7} M ShE S wheA W 4 Glefok sk

ofN m[o o

BH80R A

F
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d], =& reconfigurabilitye] 23t AZEQo] FE O] AL,
Application Programming Interface (AP]) 7|52 2| S0 2 t}
P oS AL 4 Yk oF Solq AMZE GNSS Al5o] &
%3 % 97} SDRo] 2] 753t 712:] GNSS A15.0] 547} 5
Qdajehe olo] gt Hal AnEgo] ZES] AAIE-S Faf u)
23 8¢902 1§ sFsslch uhH A2 GNSS 4157} SDR
o] 7)ol Hele 4 9T B4S AU gleke APL 7152 ol
alo sl BAde] The M el et Belsl S7ksks wale] 28
o] 7}s5}c} (Fernandez-Prades et al. 2011).
H =Ro|A+= SDRo] 0|23t =& reconfigurabilityS Zr7]
E70] tisl AL, AT T2 W 54 7]
T SDRE Afehtt. 2FH o8 78 SDRE 7|
1719} ulmslo] 561, A5 SDRE o] 8ale] ST %
ol ek 24 ke AAg
B eRe thgu) o] FAwle] glck 2ol AL SDRe]
reconfigurabilityo]] thsjA] A sict. 3%kof|Al= SDRO] thAl A]
Uzl o9} o] 55 AT uff AT Gare|Foll thall ANgict 4
o A= SDRE o] &5 A2] Autg Bojfal, 5AollA AE&x

T =5 uEE A=

il

2. RECONFIGURABILITY

2.1 Data Structure

Fig. 12 & =&ollA A|Alsk= SDRE] HAH 415 A

523} 7} 7)% Apole] ElolE] L2AE LrERT) WA,
Initialization E%of|A] SDR& configuration fileg 7|Hto
2 Setting Z& $3Yslo] LRAE YA U Z7)3}5H}
Configuration fileo]] tgt 2} A& 2 44 of|A] T}&EC} Fig. 1
o] 7F 15 Az B2e] 2z A= o} A5 A2] B2o)A A}
g, o]2j3k XJe] AHe Table 13} 2o AAHEIC,

2] thAt 215 o] thet reconfigurability S A|-25}7] $JsiA]
e 4159 it F75 WAsieiets SDRY| F2+= 2A W
Sl5hA] Qdotof Sttt o g SoiA] tiAF Al 2 GPS LI C/ATHS
AAA5E 7329} GPS L1 C/A, Galileo EIBS] &+ 222 AA35} 7
S 5 gk SDRoJA] zo] #iZgle] M 4 qlofok gt

o]& 954 Fig. 1o]] T3 TLZA|S & Constellation Setting,
AcqResult, TrackResult 2| &= 2] Al A5 o] 03 A
N 22AE F1AA ek ol2jek Al TRAL 7ttt A5
telia] FUE FEE 7ML BAE Al o2 gt &
Constellation Setting —",L xﬂL Ak Al B §_ QB SHEo] o} &
o Sle, 01 2
ol 2
917] IIH%':OIDP A
o FAAS ol ESHRE it A5} A7HA 973 o SDR
o] 1z ¢l WelE 18s}x] ¢kl configuration fileHe: B 75}
o ZH-EA M2 A5 9 A|AH| 2 9 A E5IEF ok

\Sye) L
]OE&L
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<General Setting>
* File name
« sampling rate

<Constellation Setting>

- ce
-+ PR cod

<GPS L1 C/A>
<BDS B1I>
<Galileo E1B>

<Galileo E5a>

Initialization
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<Galileo ESa>
<Galileo E1B>
<BDS B1I>

<GPS L1 C/A> T Code Phase

Doppler
frequency

Ch1
ch2

Peak Metric

ChN

e.g. AcqResult.GpsL1CA(1).codePhase

AcaResult.BdsB1I(1).codePhase

AcqResult.GalE1B(1).codePhase

AcqResult

<Cht TrackResult> | <Chinfo.>
Code phase ch1 Userpos pseudorange
Carrier £ bop g Elevation
frequency ) : angle
Coor\:::;‘auttor N Shinto, Azimuth
<GPS L1 C/A>
<BDS B1I>
e.g. TrackResult.GpsL1CA(1).codePhase <G:Z|:;SE;>
TrackResuI(.Bdst;ll(l). codePhase
TrackResuI(.GaIEEIB(l). codePhase
Fig. 1. Overall data structure between signal processing functions for reconfigurable SDR.
Table 1. Example of data structures of reconfigurable SDR.
Parent structure Variable name Description
carrFreq Estimated Doppler frequency [Hz]
AcqResult.GpsL1CA codePhase Estimated code delay [sample]
peakMetric Estimated signal power in acquisition process
codePhase Estimated code delay [sample]
carrFreq Estimated Doppler frequency [Hz]
P Inphase prompt correlator output
TrackResult.GpsL1CA QP Quadrature prompt correlator output
dlIDiscr DLL discriminator output [chip]
plIDiscr PLL discriminator output [cycle]
Cn0 Estimated C/N, [dB-Hz]
. userPos Estimated position of user in ECEF, LLH, ENU
NavSolution .
dop Estimated DOP values
rawP Raw pseudorange measurements [m)]
NavSolution.channel el Estimated elevation angle of each satellite [deg]
az Estimated azimuth of each satellite [deg]

2.2 Variability of Parameters

SDR9] A5 &
Al ] ]_4 EZ]— g].7ﬂoﬂ Z—l% H%_rltq% ZF
o}, vlok afziuleiSo] Mgk Wel el ke 24 ereci
SDRo| A2 F25HA] A 2 4 Ut} 1222 AR
79 allah 52t AL nejste] detnle g AR sor
ot A DAlolA o]zt FetulE Eo] Y E = SEHle]
41719} tt2 7] SDRE AHEAl|A] 52 TAlol A Hetr]E &9
reconfigurabilityS | &35t} o & So]A] SDRO] A TAjof A
SDRe| 52t #1748 AH2 WA sl 415

rlr o

g ol

_|9, Lo
m
oX
J}OI'
rlo
4> -{N'

e

=z =
FH 722

Gejel 718 ool % AL gos Y 4 Aok AT 25
of| A#)| SDRe] F2F 2H o] FAQl E7dolatd o2 gk 2ol A
5 SDRo| & F2BIESE g YHE S U2 MY & &
Ut} o124k SDRE| 415 Ao AbGEE Be oEr|eE2
configuration file-& ]&6]-01 AASE 4= Qlom, AFgxte] 1Y
of 9 A3/ HetrlEl &2 Setting FRA|o]] 2t Table
2 ol FEtnlEl 59 oAlo|th
2.3 Modular Functionality
A QAR 02 7] GNSS Arha} T A 2-& GNSS A5 9 2]
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Table 2. Example of input parameters of reconfigurable SDR.

Parent structure Variable name Description
msToProcess Number of ms to process [ms]
fileName Binary file name to process

. fileCenterFreq Center frequency of recorded file [Hz]

Setting samplingFreq Sampling frequency of recorded file [Hz]
multiGnssList GNSS list to use for multi-constellation processing
systemCenterFreq  Center frequency of signal [Hz]
modulation Modulation type of signal
prnFile File name which contains PRN sequence
codeFreqBasis Code frequency of PRN code [Hz]
codeLength Code length of PRN code [chip]
acqSearchBand Doppler frequency search range for acquisition process [kHz|
acqPit PIT for acquisition process [ms]

Setting.GpsL1CA  freqSearchBin

Frequency search bin size [Hz]

fineFreqBin Frequency search bin size for fine search [Hz]
trkPit PIT for tracking process [ms]
dllIDampingRatio Damping ratio for code tracking loop

dlINoiseBandwidth ~ Noise bandwidth for code tracking loop [Hz]
dliCorrelatorSpacing Correlator spacing for code tracking loop [chip]

pllDampingRatio

Damping ratio for carrier tracking loop

pllNoiseBandwidth ~ Noise bandwidth for carrier tracking loop [Hz]

Table 3. Example of applications using API of reconfigurable SDR.

Function

. . . Obtainable data Possible application
insertion point
Initialization ~ IF/Baseband Interference simulation
sample stream Digital filter application
Acquisition Code delay Joint acquisition
Doppler frequency Weak signal acquisition
Tracking Correlator output Signal tracking Kalman filter
Discriminator output ~ Vector tracking loop
Loop filter output .
C/N,
Navigation User position Position estimating Kalman filter
Satellite position .
Pseudorange
Navigation data

)\Eﬂ 7H1:I]—0ﬂ EH——]_ O:]
ri[joﬂ/\“’t__‘ 7] _1_;1_1:]- % 1_5_% 774__15_ A5 _1
A]Q—V— O]q SDRE AT EQojulo

ialiol e 1%@
ol 7hssie.

EF 2 =Rl 47H5Hs SDR API 715 2|48kt AL
&A= SDRO| 4155 A2 wf AR L2 5E 7|4 e
W ek AR A4 Aol o Sle AP &

oA ARG 4 QT Rk AL APL g5 ATES
A A o] HEa EH 0 o FEE
o] WHS AHEA W7dsto] ARgAte] 54

< Sl ol2Rk APL Al ARE-SHH ARSAF 17l A= SDRO

AAZ T2 5ES PAsHA olshstAl otelete 54 @
0] et FYT olShTTHA B RS BN FE TP
A 7RG 4 9k 5, SDR AT E] AT Glo] AbgAFEo] £
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<Configuration File 1>

+ Signal name : ‘GPS L1 C/A’

* Code length : 1023 chip

+ Chipping rate : 1.023 MHz

+ Modulation : ‘BPSK’

+ Navigation Structure : ‘LNAV"

Single constellation SDR @ GPSLLC/A
SDR

Multi-constellation SDR

GPSL1C/A
Co i &
SDR File Selection, Galileo E1B
A%

Galileo E1B

&
Galileo ESa

Multi-frequency SDR @ it

.02
+ Modulation : ‘BPSK
* Navigation Structure : ‘LNAV’

<Configuration File 3>
+ Signal name : ‘Galileo E18"
+ Code length : 4092 chip « Signal name : ‘Galileo E18
« Chipping rate : 1.023 MHz « Code len 4092 chip

+ Chipping rate : 1.023 MHz
+ Modulation : ‘CBOC’
* Navigation Structure : ‘INAV’

+ Modulation : ‘CBOC’
+ Navigation Structure : ‘INAV'

+ Signal name : ‘Galileo ESa’

+ Code length : 10230 chip

* Chipping rate : 10.23 MHz

* Modulation : ‘BPSK’

+ Navigation Structure : ‘FNAV'

Fig. 2. Example of configuration file for reconfigurable SDR.

-0,
lo,

o
=
o
)

U & S SDRO| AT EQ o] AT} AAEs}e] Aarat
22 9l 7159 A 23t} Table 3¢ & =59] SDROJA A 25}
= APL715-E o] g5to] A8 5 gl 71550l digh oot

2.4 Configuration File

2.1 ~ 2380 A glolg] L2, A% 2] getulE, A5 X
g] 7]% Zue| th3t SDRE] reconfigurability S AH3}ict, o]
2|3} SDRO] reconfigurability~= T sh}2] configuration fileo]|
olsjA] AA =t Configuration file& AA I T 32 Graphical
User Interface (GUI) Hej& Zx|5}0], SDRe] B E A5 X
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Table4. Signal properties of target scenarios.

Target scenario

Signal property Lfg? A L?ZCS/?A BDSBII Galileo E1B Galileo E5a-1
Center frequency [MHz] 1575.42 1575.42 1561.098 1575.42 1176.45
Chipping rate [Mcps] 1.023 1.023 2.046 1.023 10.23
Primary code length [chip] 1023 1023 2046 4096 10230
Secondary code length [bit] - - 20/- - 20
Modulation BPSK(1)  BPSK(1) BPSK(2) CBOC(6,1,1/11) BPSK(10)
Navigation message structure L/NAV L/NAV D1/D2 I/NAV F/NAV
FEC coding - - BCH(15,11,1) Convolutional coding Convolutional coding
Data rate [bps] 50 50 50 /500 250 50

o) THel YE F 4 Qi webulE SR A ARt
configuration file] T}e}ulel S W75k} vle] A Che
17 9] configuration file& A}85}0] SDRE E-¢19] B o] ut7|

d

At Configuration file SDRO] 2 EAJS 2 AH o2
AAs, 12|22 configuration file?] % & wAyto =

Slte] SDRo| H5] th2A| F2kgict.

Fig. 2= configuration file2] 3Je}j@} 0]= reconfigurable SDR
o] 835l AAISE eRdTE WA =9 reconfigurable SDR
o B rRold AT PRY BAE Juom T ke
reconfigurabilityS zt+= SDRo]t}. o] SDR-E configuration file
do] HEozt EAsIA shone AbgAte] Baje] 3 A4
%l configuration fileg Q2 3t I3 o] FTHS SDRo| A4
S} configuration fileg AEN5}1, YHH A5 E AT 4+ U=
= 4475k Riolch WA Fig. 2¢] Atk Tl $14E SDRo
ot eflAlolck. sl elAle] 29 AFgAH GPS LI C/A 1152
W=o0 2 ZE]sk= SDRES &2 o 2 52 2 configuration file W
27} GPS LI C/ac] thet stetulel 52 paele] gl A &
018} 2~ 9Jc}. 1281 Fig. 2¢] £&2 GPS L1 C/A%} Galileo EIB
o] t}= JAIFE tJake & 5= SDRQ] configuration fileQ] o]
Alo]t}, s configuration file-& T3] GPS L1 C/A¢]| thgt sk
aulejo] SaiA Galileo E1BS] Tabulelz} Lodslo] 9l e
2 T4} g 2L T 4 glck. nA ko 2 Fig 29] sk
& Galileo EIB2} Galileo E5aE thAlo 2 sl th= Fu}b4= SDR
of et cixlolch. $-Z0] T Shdwel Aol fatelA 7k Al
ol it wetulel o] sl iadle] gl AL S1E 4
Itt. o]e} Zho] AFE-A}H= configuration fileS o] 850 437 T
FAEE 2748 4 9l F3H R Belo] B sl

o]

A
A9 Fobgs 23] gt SDRE 2H-EAl 74T 4= Qlth

10 ox ¥O fol

3. SIGNAL PROCESSING OF TARGET
SCENARIOS

3o M B =EollA a5k SDRE] A7 At 4Als &3k
ol A of AF&SE Gt Folut R Aol thsiA] AT
3t} Table 4= SDR] thA}F 215 9] 31717 |2 A4] GPS L1 C/A,
QZSS L1 C/A, BDS BlI, Galileo EIB, Galileo E5a-12] EA1-& L}e}
W Aot o] thAt A5 = 2ol 4] 475§t reconfigurability
E/4J& o] 83}of /st SDRO| A 712 4= ik

QZSS L1 C/A29] 739, Pseudo Random Noise (PRN) T =&
ALl5 BE X159 LX7} GPS L1 C/AS} sl g 7|&9]
GPS L1 C/A 7. & SDRE £0]5}4] QZSS L1 C/A .= SDRZ &}
% 7hssith 2282 ol thet A5 X2 ape] thek A2
H =ollAle Adith

U

3.1BDS Bl

BDS Blli= D1} D2 & F-7F-2] g HlA|A] 25 71| 3L 9]
o} o] &2 T HA|R] FRET ofYEl A5 HE] SHAAME
o1& 717] wj£o] SDRE M=) FgollA $4de] PRN ¥ 5.2
ol @510} £ 510} Helsok shch. W D] 7%, Table 4
of A &Ik 4= gl 5o] 7|2l data ratel= 50 bpso] ATt 20
ms Z©]2] Neuman Hoffman (NH) code”} secondary ZEZ 3
A A= Fefolm 2 4171 Yol A9 data rate= 1 kbps7}
Zo}h T3k D2 712 0 2 500 bpse] data rateS 7} 2 & DI
It D2+ 247t 1 ms€} 2 msuieh HE vhdo] s 4~ 9lA| |
t}. o] 20 msulth H]E vEA o] FlAlo] ZA5H= GPS L1 C/A
9} Abo|5}mE BDS BlIo] 415 3= ¢tua|Ze 7]29] GPS Ll
C/A9] &i1g)&& YA AHEsHiof gt 2 =&2] SDRE
Bhuiyan et al. (2014)3} Meng et al. (2016)0] A|A|3F G| &S
o]-&5k0] DIz} D2of| gt A5 158 Saygich.

3hH, BDS BlI¢] PRN I == Dix}t D2oj] Al o] 1 msujct vt
EXBE FYUSHA 1 mse] $7|& 2= 71£9] GPS L1 C/AS]
5 54 guelE W P4 T2 2R AT 4 ek
o] 79 BDS Interface Control Document (ICD)S 2F115}o]
#=]9ic} (Beidou ICD 2019). SDRE BDS ICDo| Al &
T F & AXHA $417]12] YA E FG7)

od >

3.2 Galileo E1B

Galileo E1IB+ Binary Offset Carrier (BOC) A92] 41521
Composite Binary Offset Carrier (CBOC)(6, 1, 1/11)& A}2-51c},
CBOC(6, 1, V1)& BOC(L, )T} BOC(6, DL 10:19] Mg nlg=
Hsi4] THEo] AT}, Fig, 30] o213k CBOC(6, 1, V1) BOC(, 1)
o) sk} g Baso] QIck Yol Bele 4 Itk
5] CBOC(6, 1, VIS BOC(, Do] tii-5-0] A2 747l Abelz
FAEER BOCA, D3k $A BEjE Zheth weba 4417
L CBOC(6, 1, /11) 4152 BOC(, DX a3t 2 9Jt} (Lohan
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Subcarrier shape of E1B signal

|‘

BOC(1, 1)
CBOC(E, 1, 1/11)

Amplitude [unitless]
(=]

Rt

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
PRN code duration [chip]

Fig. 3. The subcarrier shape of E1B signal.

2010). ¥ =12] SDRE AR&Aof| 7] Galileo EIBS 2]k uff A
L5 HX 7|HE CBOC(6, 1, /1)3} BOC(, 1) = A=Ask 4~ Q)
E& A9z & Algslich BOC(, 1) 7|9te] X2 & Ag3lS uf
= RF front-end9] tjoJ =& BOC(, 1)¢] mainlobeqt Eg+5}
S FA 43S 4 9o F sampling ratex 19+ ZHe 7k
2 AFEE 4 Qo= A o] ok E5E Autocorrelation Side-

Peak Cancellation Technique (ASPeCT) €312]= (Julien et al.
2007)& 2g3k] BOC 4159 B34S A7 4 9lk. whetol]
CBOC(6, 1, 1/11) 7Hte] A 8]& A5t 243t Galileo EIB Al
5% #4900 Helg 4 otk

SDR-S AF2}7} ﬁEﬂoL]- FAlo]) 1;&74] CBOC(6, 1, 11) &
18] 31 Galileo ICD (2021)01] g =]
g7pe] 91218 Akt

3.3 Galileo E5a

op 9

Galileo E5+ T2 A5 & FAl $&5h= WA
Alternative Binary Offset Carrier (AItBOC)2. 2 ¥R E|o] H}4
=& i st E5 4Al&of= E5a9) Esb 4157} glon,
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Table 5. Specifications of RF front-end.

Frequency range 10 MHz ~ 6 GHz
Frequency step <1kHz

Gain range 0dB ~37.5dB
Gain step 0.5dB
Maximum input power -15dBm
Noise figure 5dB~7dB
Frequency accuracy 2.5ppm
Maximum real-time bandwidth 160 MHz
Maximum sampling rate 200 MS/s
ADC resolution 14 bit

ADC SFDR* 88 dB

*SFDR : Spurious-Free Dynamic Range

Selected Frequency Plan (Port 2)
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Fig. 4. Picture of signal receiving environment.

Selected Frequency Plan (Port 1)
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Fig. 5. Frequency plan for signal recording using dual frequency RF front-end.
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4. IMPLEMENTATION USING SDR
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Fig. 6. Frequency & time domain plot and histogram of received signal: (a)
L1 band, (b) L5 band.

Aol thsllA] FLeF sampling rated A -E51HA] AFALHA A
Zt 57187 o] FoiZItt. & =FoflAl= LIzt L5 the o] ciAt 41
ZES FAol 4:415}17] 2JallA] Park et al. (2017)0] A|AI5F St
o Aol gk A E ZaLste] Fig. 5ef Zo] Tk Alg& A
SRt 2] 2% BE-2 Ll o] tigt Fat4 AlFo]
I, A% BE2 L5 thof thgt Fabg Ao, 7+ b4 A
22 USRPY] 7} 1Y L Eo| TPt & St AL BF
25 MHz2] sampling rateE- 7} x|, A1 Fulp= 7F7) 1570.8165
MHz2} 1176.45 MHzE X 3ict. o213t a4 A& o] -85}
SDRE] B th4k 415.9] mainlobeE sl 412 4= Qi

]
>
A,
A
€

4.2 Signal Processing Results

o] Aol SDR& o]&sto] Al 455 ATt 2k 4l
25, 34, el diste] A5 27| AU E AT A1S
2182021 39 199 21A] 578 (KST)of ol5lchstal slole =
B Aol 91213 FEIUHE: o] -88l4] 90252t o] #ZIt Figs.

4 fo

2

F

|

https://doi.org/10.11003/JPNT.2021.10.2.91

Acquisition results for GPS L1 C/A Acquisition results for QZSS L1 C/A
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Fig. 7. Acquisition results with respect to each target scenario: (a) GPS L1 C/A,
(b) QZSS L1 C/A, (c) BDS B1l, (d) Galileo E1B, () Galileo E5a.
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108 1Q Diagram of GPS L1 C/A #19 108 1Q Diagram of GZSS L1 C/A #3
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Fig. 8. Tracking results with respect to each target scenario: (a) GPS L1 C/A,
(b) QZSS L1 C/A, (c) BDS B1l, (d) Galileo E1B, (e) Galileo E5a.
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Fig. 9. Navigation results with respect to each band: (a) L1 band, (b) L5
band.
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Fig. 10. Sky plots obtained from the introduced SDR: (a) L1 band, (b) L5
band. Each scenario is represented as different colors: Black is for GPS, Red
is for QZSS, Blue is for BDS, Green is for Galileo.

(@) (b)

Fig. 11. Sky plots obtained from the reference receiver, SX3: (a) GPS, (b)
BDS & Galileo. G is for GPS, Ciis for BDS, E is for Galileo.

Table 6. Navigation results for various combinations of L1 band signals
containing GPS L1 C/A.

Constellation scenario SVnum  GDOP PDOP 2D RMS error [m]
G 10 1.5436 1.4015 5.0015
G+Q 14 1.9330 1.1516 4.8054
G+B 23 1.4999 1.1247 3.6472
G+E 18 1.3515 1.0696 3.2310
G+Q+B 27 1.7290 0.9443 3.4536
G+Q+E 22 1.6400 0.8965 3.1440
G+B+E 31 1.3778 0.9223 2.4504
G+Q+B+E 35 1.5853 0.7914 2.3798

*G: GPSL1 C/A, Q: QZSS L1 C/A, B: BDS B1], E: Galileo E1B
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4.3 Navigation Performance Analysis on Multiple
Constellation
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5. CONCLUSIONS

B = Foj| 4]+ fully reconfigurable multi-constellation &
multi-frequency SDRof taljA] A7)} ct M2 SDRo] Zt=
reconfigurabilityo]] thaljA] 415 *j2] A3} djo]g] U SDRe] +



Young-Jin Song et al, Design of Reconfigurable Multi-Const, & Multi-Freg, SDR 101

Z7F A E AL, 418 Aol AMgshe FEtu]E o] HEAd
A3 A7 7159 4 9 St gt Adgo] o]ojxict. o2k
SDRe] =2} EAJS o} 5}t9] configuration fileo]] ©]3iA] A&
= 4 9lou g AL8x}E= configuration fileQ] 44 2 wAwko.
& SDRE FxA Q1 WHslglo] Aol F4of gbA| 35 o2 A
=21 27 4 9lch

o]ojx] SDRe| Hz] thAt 415 5 Yol g5l BDS Bl
Galileo EIB, Galileo E5aS 2] 2]5}+= 213 of thgt Adrgo] o]Fof
FaL, zh 4150] A3t Tof whE 2] oA f-2laliof & At
fﬂol‘% SDRo| ARERF &atE]E Fo] A=A B3 ok 9
Aa-S 4T AR 24 alo] 4]e] Buly] abgat oA A
HE Qo 9@ TS AR LS wiel Rt TS o] 6]
L wjo] 7} 2 xJo]A e zF 9149 clock biasE WHE & Ql

gl FYghct= Holrt
npxjEto 2 H =Tofa] As)S SDRe] x| A= A 3
E, 22 3hHof thallA] AA15kIT}. SDRE] AZL IFEN GmbH

=)

A<} SX3 441715 ol-galo] olziHick. SDRT} SX304 2%
sky plot B 7} 4417]0]4] A4k ALgAe] 91318 H]msto]
= og B =70] SDRo| ZJAFH o 8 =2FsHe slols|oict 1
2] 11 SDRE] reconfigurability S 285} thofst Al X3t
dhetk $17] 24 AL HlLsieinh. 2ol olgk $AksiA @
A A= AL QL= KPS 415.9] A5 4] Aol 4] SDRE ©]85
of oheFgh S 23l gk 941 4 & R8sl & &+ 3

= A0 2 7|thgich
£ 50| SDRE 0] Fu4 AEE AL 4
58 YT o Hejdiet 259 ofe
Astel Helsiel o123 2 24 5l 2741e)

30
A,
d
T

L

r_SI
9,
ofN
ox j,:)ll
ofr 4
e
It

O 40

o o -
R
v
&
0.
=

=

T X

= 5
2] LR&} glo]g] LRI} o] FoiA
A F7K5ted SDRo| 2k 4 9l&
22 _TA SDR& im 7]8k
H

ol
ol
0
o
1l
0
‘Lr‘
1
O
H
O
o,
w2
O
%
i)
N
10
ox
30
= o N2>

o il of XL

i folr
N

fal

bt

=

-0,

Lo

A

_vilo

(LR

™ lo
ﬂJ]ﬂl i
¢

)
|o
folr - Hu

M
24 4
p

i)

ox, ol

rlo

N

N

i 0%

Mooy X
é
5
0
f
O
ok
Iy
N
l
N
N
R
£
Tl
n
2
X

o
fol

/Li M%HH&I Oﬂlﬂ
53R 2 Sl i
1=50] SDRo| AA|7F
SDR‘—’J ii S =
/\].,&8141:-] /‘K_]_
| d AElth smu
Zjolut by BelE
=2 qsfoior gk &

A
2 2310] Jock AFEES 3

0

=)
=
4
%
i
=
u

o
<
X,

o kI oof 3 2 do ul > 1Ok 52 2 ot

o 4

A5 2

o ok
NI .Ill'l

g

i r_
r fo
)
>,
b1
ol
o
R

=2
ol
o
2]
ol
—
N
12

o o
o)

é
r\i

jus

T
!
>
> o
>,
R
=2
i)
o
alr
el

oz e £

ol
I ol
=

i)
é
ﬂ ol
4 o
A

g

5

o

ot

>,

N

)
>,
4
o

i
AN e

o
=2

i

i
o

1

[*]
-

)
0,

P

oll

£ C Mooy r
RO S
EO
ol
5

:‘“‘Eolﬂ

> o

=
drort T
¢
Rom
i

)
o
i

ok
ro
ol
o
Q
2

(o]

Mo X ox ¢ AL M X rff rf Jn [=

o
b
ol

P
P

> ofl
~
1
N oox
o 2
o o
[o ok
il >
5%
[
on :.N:
- K i
N
= 1n %
1 o
/N
5
i) _'_.CZ
o o
- =
T ol
E ol
od (1
IS O mE oX

ich
mly
i
>,
>\‘ o
ich
[
1
rok
=
=
rn
¢
el
1
ol
offl
e
£
e
r2
-
rr

o
re
—LJ
r-tu
rlo

>4
-1E
o)
8
N
i
o,
bz
ofm
R
4
IS
2
e
|o
bt
o
A1

1A (No. 2020R1A2C2013091) L SR A-E 2101 7] o
LU AR (1] A FEeE 2904 °‘;<ﬂi*1 74

217) (UZHIO00) 3H4 8 (SIEATAN] 2|0 wop 53
° @euic.

—{J

AUTHOR CONTRIBUTIONS

Conceptualization, Song, Y. -J. and Won, J. -H.; methodology,
Song, Y. -J. and Won, J. -H,; software, Song, Y. -J. and Lee,
H.; validation, Song, Y. -J. and Won, J. -H.; formal analysis,
Song, Y. -J. and Lee, H.; investigation, Song, Y. -J. and Lee, H.;
resources, Song, Y. -J. and Won, J. -H.; data curation, Song, Y.
-J.; writing—original draft preparation, Song, Y. -J.; writing—
review and editing, Song, Y. -J. and Won, J. -H.; visualization,
Song, Y. -J.; supervision, Won, J. -H.; project administration,
Won, J. -H.; funding acquisition, Won, J. -H.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Akos, D. M. 1997, A software radio approach to global
navigation satellite system receiver design, PhD
Dissertation, Ohio University.

BeiDou ICD 2019, BeiDou Navigation Satellite System Signal
In Space Interface Control Document, Open Service
Signal B1I (Version 3.0), China Satellite Navigation
Office

Bhuiyan, M. Z. H., S6derholm, S., Thombre, S., Ruotsalainen,
L., & Kuusniemi, H. 2014, Overcoming the challenges
of BeiDou receiver implementation, Sensors, 14, 22082-
22098. https://doi.org/10.3390/s141122082

Borre, K., Akos, D. M., Bertelsen, N., Rinder, P,, & Jensen, S.
H. 2007, A software-defined GPS and Galileo receiver:
a single-frequency approach, Springer Science &
Business Media.

Fernandez-Prades, C., Arribas, J., Closas, P., Aviles, C., &
Esteve, L. 2011, GNSS-SDR: An Open Source Tool for
Researchers and Developers, Proceedings of the 24th
International Technical Meeting of the Satellite Division
of The Institute of Navigation (ION GNSS 2011),
September 20-23, 2011, Portland, OR, pp.780-794.

Galileo ICD 2021, European GNSS (Galileo) Open Service
Signal-In-Space Interface Control Document, OS SIS
ICD (Issue 2.0), European Union

http://www.ipnt.or.kr



102 JPNT 10(2), 91-102 (2021)

GPS World Staff 2018, Korea will launch its own satellite
positioning system, GPS World, 5 February 2018

IFEN GmbH, SX3 GNSS Software Receiver [Internet], cited
2021 Apr 15, available from: https://www.ifen.com/
products/sx3-gnss-software-receiver/

Julien, O., Macabiau, C., Cannon, M. E., & Lachapelle,
G. 2007, ASPeCT: unambiguous sine-BOC (n, n)
acquisition/tracking technique for navigation
applications, IEEE Transactions on Aerospace
and Electronic Systems, 43, 150-162. https://doi.
org/10.1109/TAES.2007.357123

Kaplan, E. D. & Hegarty, C. J. 2017, Understanding GPS/
GNSS: Principles and Applications. 3rd ed. (Boston:
Artech House Inc.)

Li, X., Zhang, X., Ren, X,, Fritsche, M., Wickert, ], et al. 2015,
Precise positioning with current multi-constellation
global navigation satellite systems: GPS, GLONASS,
Galileo and BeiDou, Scientific reports, 5, 1-14. https://
doi.org/10.1038/srep08328

Lohan, E. S. 2010, Analytical performance of CBOC-
modulated Galileo E1 signal using sine BOC(1, 1)
receiver for mass market applications, Proceedings of
IEEE/ION PLANS 2010, pp.245-253

Meng, Q., Liu, J. Y., Zeng, Q. H., Feng, S. J., & Chen, R. Z.
2016, Neumann-Hoffman code evasion and stripping
method for BeiDou software-defined receiver, The
Journal of Navigation, 70, 101-119. https://doi.
0rg/10.1017/S0373463316000515

National Instruments 2017, USRP-2944 Specifications -
USRP Software Defined Radio Reconfigurable Device
Manual [Internet], cited 2021 May 21, available from:
https://www.ni.com/documentation/en/usrp-
software-defined-radio-reconfigurable-device/latest/
specs-usrp-2944/specs/

Pany, T. 2010, Navigation signal processing for GNSS
software receivers (Norwood: Artech House)

Park, K. W,, Chae, J. G., Song, S. P, Son, S. B,, Park, C,, et al.
2017, A Performance Analysis of Multi-GNSS Receiver
with Various Intermediate Frequency Plans Using Single
RF Front-end, Journal of Positioning, Navigation, and
Timing, 6, 1-8. https://doi.org/10.11003/JPNT.2017.6.1.1

Séderholm, S., Bhuiyan, M. Z. H., Thombre, S., Ruotsalainen,
L., & Kuusniemi, H. 2016, A multi-GNSS software-
defined receiver: design, implementation, and
performance benefits, Annals of Telecommunications,
71, 399-410. https://doi.org/10.1007/s12243-016-0518-7

Stober, C., Anghileri, M., Ayaz, A. S., Dotterbock, D. & Pany,
T., et al. 2010, ipexSR: A real-time multi-frequency
software GNSS receiver, Proceedings ELMAR-2010
IEEE, pp.407-416

https://doi.org/10.11003/JPNT.2021.10.2.91

Won, J. H., Pany, T., & HeiN, G. W. 2006, GNSS software
defined radio, Inside GNSS, 1, 48-56.

Young-Jin Song is a M.S. student of the
Autonomous Navigation Laboratory at Inha
University, Korea. He received B.S. degree
from the same university in 2020. His
research interests are GNSS software
receiver, USRP, real-time processing.

Hak-beom Lee is a M.S student in the
Department of Electrical and Computer
Engineering at Inha University, Korea. He
received B.S. degree from Inha University in
2021. His research interests include GNSS
SDR, signal processing.

Jong-Hoon Won received the Ph.D. degree in
the Department of Control Engineering from
Ajou University, Korea, in 2005. After then,
he had worked with the Institute of Space
Application at University Federal Armed
Forces (UFAF) Munich, Germany. He was
; nominated as Head of GNSS Laboratory in
2011 at the same institute, and involved in lectures on
advanced receiver technology at Technical University of
Munich (TUM) since 2009. He is currently an associate
professor of the Department of Electrical Engineering at Inha
University. His research interests include GNSS signal design,
receiver, navigation, target tracking systems and self-driving

cars.



