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ABSTRACT
In this paper, we implement an open source Global Positioning System (GPS) L1 Coarse/Acquisition(C/A)

Software-Defined-Radio (SDR) for fast processing of acquisition and tracking using Parallel Computing Toolbox
(PCT) and C/C++ for MATLAB EXcutable (CMEX), and evaluate its performance. The SDR implemented in
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this paper is an SDR for education and research that focuses on readability and flexibility and is mainly
written in MATLAB. In this paper, a representative MATLAB-based open source GPS L1 C/A SDR was

implemented in [9], and when the used computer processes IF (Intermediate Frequency) samples of about 37

seconds, the total processing time takes about 431.301 seconds, of which acquisition takes about 16.296

seconds (about 3.78%), and tracking takes about 395.276 seconds (91.47%). To improve this, we implemented
an GPS L1 C/A SDR for fast acquisition and tracking using Parallel Computing Toolbox (PCT) and CMEX
provided by MATLAB. The total processing time of the proposed SDR on the same computer is about 73.086

seconds, which is only about 17.19% of the processing time of the conventional SDR, and the acquisition is
about 9.916 seconds, which is about 60.85% of the 16.296 seconds of the conventional SDR, and the tracking
is about 9.916 seconds of 35.79 seconds of the conventional SDR, which is about 9.05% of the 395.276

seconds of the conventional SDR. The proposed SDR for quick acquisition and tracking is released as open

source as in [10] so that it can be easily used for related education and research.
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T2l 1. LubE9l GNSS SDRY A=
Fig. 1. Block diagram of typical GNSS SDR
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Integration
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32 2. 0S GNSS SDR Collectionel] 4-8% FFT 7|d}
S AR Q] ALY PR

Fig. 2. Detailed diagram of FFT-based cross-correlation
operation applied to OS GNSS SDR Collection'
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[Acquisition] Reference [9]. Coarse Search

01: For freqBinldx = 1. number of frequency bins (+7kHz, 500Hz step)
02: coarsefreqBin(freqBinldx) = f - 7kHz + 500Hz*(freqBinldx-1);
03: sigCarrier = exp(~/*coarsefreqBin*phasePoints) ;

04:

05: For ncldx = 1:acgNcTime (20ms, 2ms step)

06: mxSig = longSignal ; (2ms)

07: 1QfreqDomain = fft(rxSig*sigCarrier) ;

08: convCodelQ = |QfreqDomain .* caCodefreqgDomain ;
09: coint = ifft(convCodelQ) ;

10: ncint = abs(colnt). "2 ;

11: results(freqBinindex) += ncint ;

12: end

13: end

2! 3. OS GNSS SDR Collection®®] thzka ebdo] of
g oa} Ze e F=

Fig. 3. Pseudo-program code for coarse search of the OS
GNSS SDR Collection'”
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57) ARk sl o) 7kl o 2 g 2

57| Aat AvEe] Y g As mE) o
3} 7Fo] 40ms Zole] 441 Alsel| thel 20ms w42
57] Aabs s 749 A B 71 AES] 10ms
oM B]E Hol7} dofufi= 795 Ale|gh viEe] 7
Sl 2 oF 13dBo] 7] A4k o158 & = 9ok
[2,3,9]'

B =4 7] SDRE 2H4-81= 0S GNSS SDR
Collectiond]] 4] wiA|o| A= A ehL- z18)35}0]
#HEH o] GPS ¢Ad¢l gk PRN 4l% A9l 3%
S, fp #S HFEROE GPS C/A PRN 413 5719}
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o]E(early) I H2(late) S 2= AR AL
$43l= EML-DLL (Delay Locked Loop with Early
Minus Late discriminator)< ARS8k} Z &2 78 4
FE=R 788 EML-DLLY| 35 tj93-S 1.5Hz0 |,
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type real-time real-time research/study
C/C++,
++
language CUDA CJ/C MATLAB, C
acquisition | optimized FFT based GPU based
optimization FFT acquisition acquisition
tr.ac.klng SIMD Multlcor.relator MEX
optimization tracking correlator?
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Table 3. Detailed configuration of optimized acquisition
part

class language optimization
reference | MATLAB -
FFT Yes
configure 1 I:_/IAC’I;\{;EA)]? BLAS -
parallel )
processing
FFT Yes
configure 2 I:_/IAC’I;\{;EA)]? BLAS Yes
parallel )
processing
FFT Yes
configure 3 I:/IAC’I;\EIEA)]? BLAS -
mocesng |
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Input Analysis w/ MATLAB Input Analysis w/ CMEX

System Setting, Signal Data, Satellite List

v v

Generate Local Generate Local
GACode w/ loop GA Code w/ loop

p
Correlation w/
FFT Algorithm

Generate CATable
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Create Output w/ MATLAB
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Generate CATable

Create Output w/ CMEX

Fine Corr.
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Acquisition CH-1
cquisition CH-N

Acquisition CH-1
cquisition CH-N

ﬂ
ﬂ

[Acquisition] Configure 1: cmex+Frr

Peak Metric, Code Phase, Carrier Frequency Peak Metric, Code Phase, Carrier Frequency

[Acquisition] Reference: mariag « Frr

Input Analysis w/ CMEX | Input Analysis w/ CMEX ‘

System Setting, Signal Data, Satellite List
Generate Thread

I L
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wi er

FFT Algorithm

Generate CATable

| Combine Acquisition Result

Generate Local
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w/BLAS

Coarse Corr. (Critical Section)

Coarse Corr.

Fine Cor.

Acquisition CH-1
cquisition CH-N

Acquisition CH-1
cquisition CH-N

J

[Acquisition] Configure 3: cMex+ FFT+ Paraliel Processing

|

[Acquisition] Configure 2:cmex+Frr+sLas
Fine Corr.

Create Output w/ CMEX

Peak Metric, Code Phase, Carrier Frequency

| Create Output w/ CMEX

28 4 7lE 9 AR A5 e A A
Fig. 4. Detailed block diagram of referenced and
configured acquisition part
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™

o3

J>

e P o

1
id ﬂﬂgﬂt

r
ro

3

[Acquisition] Configure 1. Remove Carrier in CMEX

01: For

02:

03: double sigCarrReal = cos(coarsefreqBin * sigSample) ;
04: double sigCarrimag = sin(coaseFreqBin * sigSample) ;
05:

06: end

=

[Acquisition] Configure 2. Remove Carrier w/ BLAS

01: zaxpy(&sampleCount, coarseFreqBin+Freqldy, sigSample, &one, ...
02: , sigCarr, &one)

03: dsbmv("L" &sampleCount, &zero, &one_d, sigCarr, &one, sigldy, ...
04: , &one, &zero_d, tes, &one)

17 5. 733 ‘configure 1'Z} ‘configure 2°¢] 3ol o
LR Er T

Fig. 5. Pseudo-program code for demodulation of
implemented ‘configure 1’ and ‘configure 2’
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0] Qo] Fz ajole] E4o] Rk g w2
3lod, 7+ PRN A S5 dAE WH = 138
=S TASISIEE ¢S 501, fo= 18MHz, f e
20kHz<! GPS L1 C/A A5 i Z Zo] 20msel| s
3= 360,000709] S A4S $l8l 1709] 2H==
360,000719] Fi-5 w7 Aibhe SEwT) o] 20
o] A= U, 7F A sl 18,0007 FE-S
WEE dilshs vt o whar) oiRk FFTS 3
383} FFTWS] 228 = b4 Ad(thread safety)e] B4
S opomz qheA] A aslob she G- o]
& 1% 4 32 skl A ARRe R AR Y
F F2 =g =] °dY(critical serial processing ses-
sion) &2 i 2 A|AJste] paisisict WE st Il
Al T2 2 2h] g el of7k A2l Ak Awle] Hat
e 3t Hpragma 5 F3N FHE A F9)
izt AFgow AR ddel w22 <] A=t
7Vs3 Z=kd 2 (compiler) Q! OpenMPS- AR8-31ich
o|& A83t oAt el I 17 63 ik 1F
6x1% 017 &2 “#progma omp parallel for & A3}
o] thg F 395 OpenMPE 53l HH=E X=|&
A& AABIR e, 114 £2] “#progma omp critical
& 53l v S T8 A A < o® s
AR AE A& #Asislck sl 72 2 2k
5

H
3ol el wx F 134 29 WA ARE $1%

r

[Acquisition] Configure 3. CMEX+FFT+OpenMP

01: #pragma omp parallel for
02: for(PRNIdx=0; PRNIdx<Maxidx; PRNIdx++){

03: for(freqldx=0; fregldx<noOffreqBins; freqidx++){
04: double results/36000] = {0, } ;

05: coarseFreqBinffreqldx]=f IF + acqgSearchBand ...
06: - acqStep*freqldx ;

07: for(int ncldx=0; ncldx<acqNcTime: ncldx++){
08: const signed char *sigldx = ...

09: dataldx + ncldx *2 * samplePerCode;
10:

11: #pragma omp critical // carrier wipe-off
12: /

13:

14: fftw_execute(p2);

15:

16: J

17: J

18: )

19

20: }

32| 6. 733 ‘configure 3'9] WE A2Z $F oA} =
208 FC

Fig. 6. Pseudo-program code for parallel processing of
implemented ‘configure 3’

“fhiw_execute( ) 57t £ ] 9lr). ol& B3l 7+
PRN el tidl 25 odile] Wddz Sefic) gk
2ke g A el e] e 2 2] o
A2l AR AP o2 A3k o] % Adwgh 4l
2 A BAE 9lel AR e A, 327019
PRN Adel] thal] 2] 207112 22| =e] odike- S3)
ek olF Fal o $& Aol AFEE M-Sl &
o 3270 olike] 2= w= A o) R 1ot
o] 2H=E I3t 5 Qe g, o =S T =
T US A S 9lnk

B ol HEsleE 52 whA] Al A AR
= A7 3 49 1] 73 3k 3 49 27 749 54
H= 0S GNSS SDR Collection®2] F4H=
‘reference’ & 71, 18 7oA 7}x3 8458 )
ahodrk

‘configure 1°-& MATLAB WellA 7+ $]A4del| tigh
52 Qi wE Ae]E 9lel 13 843 MATLABeIA]
AlFsks WY e 8491 PCTY ‘parfor E 015 2
034 E37} 3ro] Ag3ldrt. o]& F3l 2L PRN Ad2]
2] X5 MATLABOIA #HEH=E A2]d 4= glch
‘parfor 2 WE For F2Z PAslE EA0 24
ZF e F32of AFEY] Fo] e YA (worken) S T
Fate] 7)E WS Ak | 7)E for FZo}
Zho] AR XshA] wdar, Ak AR s of o]
ufe} vl=Ab o2 Aegicl

‘configure 2’ ‘reference’ ¢} -2 7] dvE|Fo
2 Ao, e F=2 MATLAB FEeollA
CMEX FZ =2 WH733ir]. ‘configure 2°9] 34 F=
T a7 99F Frh 13 9elld oA =9
‘CHNNEL_MAX = 2| 4] A2 soln], W& 2]
A% Az A ARE 9%
‘ThreadParameter’ T-ZAS AFA el A2Jsla, 074
2 087 &9 ‘param’ A7 A83IT) ‘param < 5

o) A 2= Q. gk 71 chnl-S PRN H3E, 235

4

2

E 4 Rl AASE 34 S A 4
Table 4. Detailed configuration of optimized tracking part
class language optimization
reference | MATLAB -
llel
configure 1| MATLAB para ? Yes
processing
configure 2 MATLAB parallel
£ + CMEX processing
. MATLAB parallel
f] 3 Y
contigure + CMEX processing e
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Input Analysis w/ MATLAB | Input Analysis w/ MATLAB ‘

System Setting, Signal Data, Channel etc. ‘

Generate Local
CACode
Calculate PLL/DLL
w/ Block Size Samples

Generate Thread w/ PCT ‘
— Yy
Generate Local
CACode

Calculate PLL/DLL
wi Block Size Samples

for Target Time

Tracking Channel-01
for Target Time

Tracking Channel-01

Caloulate Next
Block Size
Caleulate C/No

Create Output w/ MATLAB

Caloulate Next
Block Size
Caleulate C/No

| Combine Tracking Result

racking Channel-N
racking Channel-N

l

[Tracking] Configure 1:MatLag + Parattel Processing

|

[Tracking] Reference: matas

PLL, DLL Result for Channels

| Create Output w/ MATLAB

Input Analysis w/ CMEX | Input Analysis w/ CMEX ‘

System Setting, Signal Data, Channel etc. ‘

Generate Local
CACode
Calculate PLUDLL
W/ Block Size Samples
Calculate Next
Block Size
Caloulate C/No

Create Output w/ CMEX

Generate Thread w/o PCT ‘
— Yy
Generate Local
CAGode

Calculate PLUDLL
W/ Block Size Samples
Calculate Next
Block Size
Calculate C/No

| Combine Tracking Result

H B
£
4 2

Tracking Channel-01
Tracking Channel-01

racking Channel-N
racking Channel-N

ﬂ

[Tracking] Configure 3: cmex + Paraltet Processing

ﬂ

[Tracking] Configure 2: cmex

PLL, DLL Result for Channels

| Create Output w/ CMEX

a8 7. 71 2 R 4 A A s
Fig. 7. Detailed block diagram of referenced and
configured tracking part

[Tracking] Configure 1: MATLAB+PCT
01: Parfor chNum = 1 : numberOfChannles
02: trackResults(chNum) = chNumCalc(...);
03: end

17 8. 733 ‘configure 1’¢] PCT 7[HbF 2] F3xof o
& o)) ey 2=

Fig. 8. Pseudo-program code for the PCT-based tracking
loop implemented in ‘configure 1’

S 5 Eg A Els
W, ‘datalnfo = A3 = Al FEo| A= E3lE]
olck. oF ‘parani-& Sl AR &

8L-8-5}] ‘calcChannelData( ) 31 ESQIE]S A3

[Tracking] Configure 2: MATLAB+CMEX

01: For(int /=0 i<CHANNEL MAX: i++){
02: int jidx =/,

03: resultfidx] = initResult(setting);

04: ThreadParameter param = {&result, idx, *(chnl+idx), ...
05: setting, datalnfol;

06: calcChannelData(&param);

07: ;

a2l 9. 73 ‘configure 2°9] CMEX 7JH} &4 FZol
e ei} Ze o mo

Fig. 9. Pseudo-program code for the CMEX-based
tracking loop implemented in ‘configure 2’

o] FEo} FAlsHA, A MATLAB dlo]e] S &
22 el R wgkshs o] sk

‘configure 3’ ‘configure 1°¢] PCT thXl ®& A
2] CMEX 7|8l 34 222 78] 1049 F3dsigich
o] A 7k 2 54 11 109] 014 A 54
slazb k= EE PRN Addl digh 2= AE
(handle)< A4k, o5 1% 102 09-104] 4
7t dgel Wigh 2el=s sk, 2 29, 5 PRN
Az W 28 gk 5 Skl ZE PRN A
ol gk o] e w712
‘ WaitForMultipleObject( ) &52 A3 22] 4 of
718 &, 4 AE akEkghrs Holok

[Tracking] Configure 3. M.+CMEX+Parallel Processing

01: HANDLE thread [CHANNEL_MAX]:

02: Unsigned int thread/D/[CHANNEL MAX];
03:

04: For(int i=0: i<CHANNEL_MAX; i++){
05: int jidx =/,

06: resultfidx] = initResult(setting);

07: ThreadParameter param = {&result. idx, *(chnl+idx), ...
08: setting, datalnfoj;

09: thread[idx] = (HANDLE)_beginthreadex(NULL, O, ..
10: calcChannelData, (void*)&param, 0, threadID+idx);
11: sleep(10);

12: }

13:  WaitForMultipleObjects(CHANNEL_MAX, thread, TRUE, INFINITE):

a3 10. 73 ‘configure 3°¢] W& A CMEX 74t
34 forol ojgh sla} e g we

Fig. 10. Pseudo-program code for the parallel processed
CMEX-based tracking loop implemented in ‘configure 3’
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3k IF FRS 8H|E E9)AKin-phase) ¥ Z:9JAk
(quadrature) ¥-H2o|m IF+= 20kHz, ¥E3} Tyl
18MHze[th. A5 v|aE s A3t A 2~ele] Abh
AAed 23 113} a9 129 2k 29 154 32| A
HE 918l ARRE AFEIE A S=r) 7wk
Windows 11 2%3x4] 7|ubel] 24GHzZ F3}8h=
Intel Core i9-129002} R]3] <F 55% = <F 45%p ]
SHo] Utk 18 129} Zo] 17 110419 A &=
7} 71wk Z357E] o] ]3] A e digh Akl
U<} sl L Bl qdatel] tiaiMe <F 156% <]
7o) Zaxm, FFTel talltle 2F 174% 2] A7ke]
Zaxich

AMERE AzHleflx] Asiglk OS GNSS SDR
Collection®] =8 £-2% 32| A7k & 59} 3o} &
538 & 2] A7k ok 431.301%0]0, o] 7}edl @
2713} HAE A=lelr| 8l & A7) ARF 5 °F 1.91%
o sieshe o 8.225%7} 48w, @ 5 AL
2F 3.78% <1 °F 16296%, B F4 wHil= 2F 91.46% <]
ok 395.276%, 173 @ HAIZAE] vl <
2.85%<1 °F 11.504%7} 77+ = glvk £ =ellA]
= ol& Ik, A - A sl 24E 2

AT-E Alsislend, oA pF o2l HH3) ol F,

S 17, A Rl sle) A el A 4 v
Fig. 11. Relative speed benchmark of computer used for
performance comparison

2RE A w FFT
Windows 11, Iniel Core 1912000 @ 24 GHz 02412 01537
Windows 11, Intel Core i7-1185G7 CPU @ 300 GHz 05330 03032
ol gRE 03782 02681
Windows 11, Inel Xeon(R) W-2133 @ 3 60 GHz 03083 02755
Windows 11, AMD Ryzen Threadripper(Thi) 3970x @ 3.50 GHz 02049 01730

iMac, macOS 121, Intel Core 19 @ 3 6 GHz 03410 026840

Debian 11(R), AMD Ryzen Threadripper 2350x @ 350 GHz 03386 02451
Windows 11, AMD Ryzen(TM) 5 Pro 6650 @ 2.9 GHz 06737 03595

MacBook Pro, macOS 116, InfeiR) Core(TW)i7 @ 29 Gz 07366 05500

J'l 12, AHER AFE] Fo Al Ae S
Fig. 12. Benchmarks of processing speeds by repre-
sentative processing algorithms

555 FAAsRIsIc) o] ARt & 59 O-@n=
15] 1] d¥b4<el SDRe| F& AL 40} it
3 3% 17 4-6004 AHElgk A5 5 9l
TA9] A wlaE $lal 37% olAke] IF B 72|
20ms Zo]2] 360,000 EE-S- v]E7| Aol s -
3 57] 85 3 40ms Zo]e] 720,000 FE-S F7)
kst 1 Ads % 63 2ok % 6AH
‘reference’ 9] =3 A7k 9F 16.29620]9, ‘configure
1’#} “configure 2°2] 43§ A7k Zbz} <F 31,5319}
30.566%%, 23] ‘reference’®] =3 A]7kHc} *2]
57} oF 2ul] ]2 =R} o] Fal a5
2] $lelir= w2 FFT9} BLAS 72
A= WE A7l 39 9le oA 5 lslom,
‘configure 3’ ¥ 9.9163% =, ‘reference’ <l 3| &5
AlZbo] <F 60.849% 2 ¥ 39.151%p ZFAaslich
3 49} 17] 7-100014] Afgh 525 913 vl 749
5 RS 98 37% olAke] IF ER-S ALgs) 4
g A= % 73} 2t} ‘reference’?] FA A2 A7k
o} 395.2763¢]9, PCTE #-8-3F ‘configure 1’9] 3]
2] AZRE oF 227.132% % ‘reference’ <} H]as] oF
42.539%p #g| &£=7} 7/NAd=del. CMEXRF 2-8-h
‘configure 2°¢] 4 Az A7 <F 285203%=
‘reference’ 2} H)as] ok 27.842%p A7 £Ert /WA
ATk &Fx]Rt ‘configure 1°2] PCT 7|t B 2]}

J

d

E 5. A3 Alzslell M Alagk 0S GNSS SDR Collection”
o Fa d A2 A7

Table 5. Processing time for each major block of the OS
GNSS SDR Collection” run on the system used

rocessin; roportion
block tIi’n(l)ec e(sec.g) ° OI();)) °
@ initialization 8.225 1.91
@ acquisition 16.296 3.78
@ tracking 395.276 91.46
@ navigation processing 11.504 2.85
total 431.301 100.00

E 6. & =relld #HH31 SDRe #5 A2 AR
Table 6. Acquisition processing time of SDR optimized
in this paper

rocessin; roportion
e tIi’n(l)g e(sec,g) ° OI();)) ’
reference 16.296 100.000
configure 1 31.531 193.489
configure 2 30.566 187.567
configure 3 9.916 60.849
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FE 7. & =RelA HA3RE sDRe| 34 2] A7k
Table 7. Tracking processing time of SDR optimized in
this paper

rocessin, roportion
e tIi’me (seci ° I()%)
reference 395.276 100.000
configure 1 227.132 57.461
configure 2 285.203 72.153
configure 3 35.788 9.042

vl ‘configure 2= °F 125.57% = t] 71 A2] A7t
o] 5\_3_9“ < z].o]%l— 2 oh:} o]E_ Eg}] CMEXQ} Hﬂeﬂ
Aele] &35 A 83k Zlo] 7 wkE A2 £
= 3l 4 9l8-S #elslan configure 3’7434
CMEX 42| 32 714& WE Xed 4 Q== +
Wﬁv} o]=] T4} ‘configure 3’9 4 2] A|
7Fe- oF 35,788 %%, ‘reference’ol] H|3l] 2] A|7lo]
o} 0958%p WA= 78 #Hlsgit). &, “configure
39} zro] FAIBPH 3729 IF F8S sl of
35.7887} & 8%l MATLAB+CMEX " A2] 7-%
= ARg3l C/C++ 718} GNSS SDRA|E A7kl 717
& Azt 7Psgs Falsielrt

rr‘r‘r‘o

=

—

Iv.

/M

B el whE 53 4 A=lE 913 oS
GPS L1 C/A SDR-S F&3la, 22 #H5FE oA A
L2 nlal Byl B =ollx] 783 GNSS
SDR- 7= 7P ol 45 F 2% 2 A%
SDR#4] MATLABS 7]4ke. & MATLABellA] #]$)
k= CMEX #E xg] 245 Svlsigdnl 2 =2
o] 7129 ti%A ¢l MATLAB 74} ©3& 4~ GPS
L1 C/A SDR< %Wﬁbl, AHEEE AT oA 3722
IF 325 A3 o, F A2 A7k oF 431.30127}

AQFn, o] 7}2d| ﬁ—‘:— Al 2F 3.78% <] °F 162963
7} A=W, 4 A 9147%<) 2F 39527637} A~ QF
= AL elsigith o]= iAls] 140]] MATLAB®]|
A AEshs PCT9 CMEX 7158 244 w2 =4
%45 913+ OS GPS L1 C/A SDR'eT ﬁl‘tﬂs}ﬁt}. e
ZA5tElollA] &igk SDRe| & #|7] A7k <F 73.086%
24] 71 SDR thH] °F 17.19%2] #2] A7kt 485
n, 8152 7]= SDR] °F 162963 tiH] ¥ 60.85% <]
ok 99163, 4 7|& SDRE <F 3952763 thy]
2F0.05%¢! 2F 35.79%% wiZ 353} A A7 F
Zo] 753k gl i wike F53) =45
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9]3F SDR =& 28k 2024 2] A, &
Al ik B ) AASE ShEe] H g
9 o3l A 43 5 Q== 1017} 7o FHgk)
MATLAB¢I*] CMEX®] FFTE 13l &-8-3i= FFTW
glolBeiel= WE A2lE AdshA] dect wbA 2
Z2Al ZF AR AdeE wRsk] Sle 2wl =] As)
Akl A= AR A A== Adste] 2 Al
Aele] 5715 A3 ol5 7iAds] $18 FFTW
glo]Bz{g] Al Intel MKL (Mathematical Kernal
Library) 55 AH8-8l B5239] 27| &g Als &
& Aoz eliddrt. 5 ole} 3, [101% 53 &
NEF =2 aev] Zeof gl XAl o AS Ses)
3, uledalo] A% ke SDR ER1e) FEE A%
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