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Background



QZSS L6 Signal Structure

Carrier Frequency: 1278.75 MHz, Modulation: CSK + BPSK(5)

Qzs-1 QZS-2, 3,4, 1R, ...
CLAS 1744 bps 2000 b CLAS 17441 2000 b
P RS(255,223) P 122080 ) Rs(255,223) Ps
LeD L6D LeD
4 ms, 2.5575 Mcps ¥— (LEX-S) 5.115 4 ms, 2.5575 Mcps Y L6D 5.115
L61 Code 1 » CSK —é\oﬁi L62 Code 1 »  CSK —CB\OE,
L6 L6
410 2.5575 M 4 2.5575 M
L61 Code 2 |——— o, F 1 ams L62 Code 2 | — ®s ek |—3 T 4ms
LeL L6E
(LEX-L) '
820 ms cyc - 1744 b
0,1,0,1,... CLK L6E ———°F° 5 Rs(255,223) cLk
5.115 MHz MADOCA-PPP 2000 bps 5.115 MHz
Header(49) PRN(8) 2000 bits = 250 symbols=1s 2000 bps
(I:.I;?)S | [ [ Message Body (1695) | RS(256) |
‘ ‘ | Preamble(32) 8 bits/symbol
2.5575 Mcps
1 symbol =4 ms ¢ 4 ms l 4 ms l P /
L6D CSK Ce—=>> Ce—>> [ [ — [ 5
10230 chips 10230 chips - 10230 chips e
symbol 0 symbol 1 symbol 2
(shift: 0-255 chips) (shift: 0-255 chips) (shift: 0-255 chips)

LeD L6D LeD
L6L/E L6L/E

e [ 1 [1[1[] DDDDDDDDDDDDDDDDDE”

[1] 1S-QZSS-L6-003, Quasi-Zenith Satellite System Interface Specification Centimeter Level Augmentation Service, August 20, 2020




Existing L6 Receivers

Commercial Receivers Supporting L6

Trimble : NetR9, Alloy (only track QZS-1 L6, no L6 NAV data)

NovAtel : OEM7 (only track QZS-1 L6, no L6 NAV data)

JAVAD : TR-2S/3S, TRE-3S/L (only track QZS-1 L6 ?)

Septentrio : AsteRx4, AsteRx-m3 CLAS, mosaic-CLAS (no L6 range info ?)
u-blox : NEO-D9IC (no L6 range info, only 2CH)

Allystar : HD9310 (no L6 range info, L6D or L6E)

MSJ, Mitsubishi, Core, LHTC ...

Limitations

Tracking L6L (LEX-L) and decoding CSK assisted by L6L as pilot CH [*]
-> only QZS-1, long acquisition time for L6L

Decoding CSK assisted by L1C/A or L2C as pilot CH -> needs dual freq. or wide BW
RF frontend, needs IFB calibration, long acquisition time for L2C

No L6 range info of QZS-2 ~ for PVT
Complicated H/W with many (> 256) correlators to decode CSK

[1] E 1B, QZS-LEXSZ{EH#%, GPS/GNSS> > 7Rh=7J/,\2010, 2010E11H4 ~ 6B, ERBFAFHTE



New L6 Receiver Design



Design Goal

Simple and Low-Cost Architecture

No pilot signal CH

Narrow BW (10 MHz) single RF frontend

Simplified FFT-based parallel correlator to decode CSK
Full L6 signals (2CH x 7 sats) trackable by minimum H/W

Fast Signal Acquisition

Direct search of L6 code
No need of multi-stage acquisition
High availability of L6 NAV data in severe environment

Range Info Available for PVT

For L6-only standard positioning with A-GNSS
For quad-freq. (L1/L2/L5/L6) RTK or PPP-AR



L6 Signal Acquisition (1/2)

Circular Correlation with ZP (Zero-Padding) for 2 code cycle IF Data

IF Data f——— T=4ms |
N P ——) 1 (r—_) 1 > T
t,i i ti+1 i ti,+2
le : _ : J
IF Data w/o I i 2T=8ms i !
IF Carrier | | ———> | |
2 code cycle 0 toff i - t, = 0~ 255 chips
( ycle) ; ! Correlation . I‘_ ok P
'S : P :
[ L6D/E Code (10230 chips) | 0 |
P S | - > O P |
. 5 : Circular Shift . '
L6D/E Code Replica | - | S | | : 5 | Max Correlation Loss
+2+2P+ 4 BN ! due to CSK:
Circular Shift i | EE— IS | 10log, (10230 -255)/
. S 10230) = -0.1096 dB
L | [ 0 [ |
[ Alternative
Correlation Correlation i
. Peak :
Correlation Peaks || i
Function ' ' !
unctio 0 IS LR AN 4 ms 8 ms
Correlation Peak s Ny ’l

T :Code Cycle (ms)

ZI  Zero-Interleaving
t¢ : Code Offset (ms)
t. : CSK Code Shift (ms)

Search Space

1/fs | J  |e—] 05chip=1955ns



L6 Signal Acquisition (2/2)

L6D/E Code Replica (10230 chips) IF Data (8 ms, N = 96000)
[EE - ( [ D(1] [

ti ti+1

Zero-Interleaving (ZI)

h 4

l ( H exp(-j2nft)
1]ol-1fol1o] .. % _____ | f =12 MHz IFN(IZ.afrler ®‘7d Carrier NCO
Zero-Padding (7P} f. = 0 MHz ixing T

| - | f4 = (-5000, -4875, ..., +5000)
Doppler Freq. Bins

Resampling (8 ms, N =96000)  \
C(t) | D(t) exp(-j2rtf.t) |

FFT and Conjugate FFT

l

|
[ FFT(C(t)) * }—»@4—1 FFT(D(t) exp(-j2mf.t))

IFFT
P(tos fq): Correlation Powers |
[ IFFT(FFT(C(t)) * * FFT(D(t) exp(-j2mf,t))) |
N| -
1
top- tese: Code Offset - CSK Code Shift (ms) 17
Correlation L6
. f,: Doppler Freq. (Hz)
Peak —¢— Fine Doppler — PP K Signal
2-D Search Tracking
L. RoughC/NO — ltock _
Detector

10 |0g1o((Pmax' Pave)/Pave /T)



L6 Signal Tracking (1/2)

Signal Tracking

L6D Signal Tracking

FFT-based parallel correlator to decode CSK

Virtual EPL correlators by correlator interpolation
Standard FLL/PLL and DLL by virtual EPL correlators

Detect correlator peak in CSK code shift space (% 255 chips)

tcsk,LGD
L6D Code | || ZI+ FFT + c D IFET | correlation Peak » NAV Data
Generator Resampling Conjugate < Interpolation Detector |— Decoder
EL6D I‘LGD I:’L6D L6D NAV
exp(-j(2mft+D)) Carrier Afd ’ /"\ Data
IF Data NCO ~® FLL/PLL [« o W
(4ms) A .
IF Data sample L6 Carrler-Phasi
) w
Shifter FFT fa >
1 Y | L6 Pseudorange
TR
- DLL < W
(Optional) off Eeo L] | Pee L6E NAV
i v Data
i | L6E Code Zl + FFT + Q D IFET .| Correlation Peak [— NAV Data -
Generator Resampling Conjugate "|interpolation| | Detector - » Decoder -
: csk,L6E

L6E Signal Tracking

to: Code Offset, tcg: CSK Code Shift, fy: Doppler Freq, ®: Carrier Phase, P, E, L: Prompt, Early, Late Correlator



L6 Signal Tracking (2/2)

L6D/E Code Replica (10230 chips)

IF Data (4 ms, N = 48000)

nEE. (] T 1 D(t) [ )
Zero- . bt <
. ! , i i off <
fi=12 MHz %9 exp(-j(2nft+®))
Resampling | c(m | oo [ omestemmo) ]
(N = 48000) T T
FFT and Conjugate FFT
4 4
I FET(C(E) | =®: [ FrTD{ explirtr@)) ]
Correlation Function IFfT c:l'g'cfr
(N = 48000) (I [
|
l A\ 4 fd ’ @
[ WBFLL (0.55) =
v FLL/PLL NBFLL(0.5s) > PLL
1chip=391ns Correlation Interpolation
H ; i > Cf;:;r > Carrier > Cartjiz?-a:)t:ase
Correla'tlon i e p | Discriminator | ao, | LOOP Filter | x¢ 1 /poppler
Function ;i i iV A . Af
S /)s ARENAR NN LA /)s H S (No Costas) A
-255 5 -4 -3 +2 -1 0 +1 +2 +3 +4 +5 +255 L6 Signal
(chips) Acquisition
e Peak Detector o DLL fg Lot
sk !
CSK Code Shift | Code Update
(-255 ~ 255) , E L— 4 L Code d  Code |
!} Virtual EPL _-oop | Loop Filter . oae
NAV Data Decoder i Correlators | E,L | Discriminator | At At g Offset
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L6 NAV Data Decoder

NAV Symbol Buffer

250 symbols

L6 Signal
Tracking

teqc CSK Code Shift
(-255 ~ 255)

N

CSK Code Shift = L6 NAV Symbol + offset

\_'_l |—i_l
¥ v
[ 95| 86 [131] 92| 72 | [-95 [ 86 [131]-02 | 72 |
. Compare
N s — X A
'Y ,"> , Frame Sync _
|, Detector . 'Y ()

[ 26 [207]252] 29 [ 193] [ 26 [207] 252 29 [ 193]

Preamble Preamble PRN

- offset , \‘
L/
| 2000 bits |
L6 NAV Frame with Errors %
[ 0(72) 3§ [ RS (256)
RS (255, 223) Decoder ——» NAV Frame Error
(#Error > 16)
o2 W T s (256) L6 NAV
v , Data
Header (49) | Message Body (1695) % [ RS (256) f———
L6 NAV Frame (Errors Corrected) (bits)
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Implementation by SDR
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Pocket SDR

Pocket SDR 1]

An open-source GNSS-SDR project
Current release: ver. 0.7 (2022-02-15)
RF frontend H/W, F/W and driver
GNSS-SDR APs and utilities

GNSS-SDR APs

External Libraries

Written by Python 3 and C

PocketSDR - An Open-Source GNSS SDR, ver. 0.7

Support most of GNSS signals incl. L6 e ——

Signal acquisition (pocket_acq.py)

Signal tracking and NAV data decoding
(pocket_trk.py)

FFTW3 (FFT/IFFT)
LIBFEC (FEC decoding incl. RS(255,223))
RTKLIB

[1] PocketSDR: An Open-Source GNSS SDR (https://www.github.com/tomojitakasu/PocketSDR)
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RF Frontend

Settings for L6 Receiver
: CH2 (L2/L5/L6-band)

Channel

LO Frequency

IF Frequency
IF Filter BW

Sampling Frequency :
Sampling Type

Antenna

Bias-T

:1278.75 MHz
: 0 MHz
: 8.7 MHz (3rd Order)

12 MHz

:1/Q, 2 bits

RF Frontend (CH2)

AGC [«

A —»< ADC l\

DC
Power

gl

LNA  BPF

L2/L5/L6
(1160-1290
MHz)

- LPF
%0 > PC
Q IF
> _\_—><ADC \ Data
] LPF
PLL
CLK
N >
TCXO Gen

IF Data PSD and Histgram
Fs = 12.000 MHz OFFSET = 0.045
I SSSSS = 1.881

b
Z

- et MM

———————————————

-80
5 4 3 2 2 3 a4
-6 ( MH Z) +6 Quantized Value

—7 USB 2.0
EZ-USB FX2LP MAX2771 x 2

TCXO
24.000 MHz
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Snapshots

PocketSDR - GNSS SIGNAL ACQUISITION - o X

SIG = L6D, FILE = L6.bin

' PocketSDR - GNSS SIGNAL TRACKING

SIG = L6D, PRN = 195, FILE = L6.bin, T =

10.00 s

475 4

| 45.0 4

| 425

40.0 1

C/NO (dB-Hz)

3754

3504

3254

30.0 -

196
PRN Number

2P ttaka @ubuntu10: /mnt/share/PocketSDR ftest

ttakagubuntu10:/mnt/share/PocketSDR/test$ sudo
g L6D -prn 195,196,199 -log log/sdr_%Y%m%d_%h%M.log

../bin/pocket_dump

- -q | ../python/pocket_trk.py

- o x
-f 12 -si

TIME(s)  SIG PRN STATE LOCK(s) C/N@ (dB-Hz) COFF(ms) DOP(Hz)  ADR(cyc) SYNC #NAV KERR #LOL NER ;
29.00 16D 195 LOCK  28.99 47.3 |[[[[|[|||| 3.6968746  75.7 2219.0 -BF- 28 6 0 @ i
29.00 16D 196 LOCK  28.99 47.8 [[[|[|[|||| ©.4329977 -561.9  -16278.7 -BF- 28 & B @
29.00 16D 199 LOCK  28.99 43.1 [|[|]]]] 3.6018693 -249.9  -7217.6 -BF- 28 @ @ @

I* sign(IP) E=0.032 P=0.131 L= 0045 IP - QP IP= 0131

0.25 4 J QP= 0.003

0.20 4
0.15 4

0.10 A

-

(ms)

| 0.355 0.356 0357 0358 0359 0.360 0361 -03 -02 -01 00 01 02 03

COFF= 0.3580276 ms DOP= 2219 Hz ADR= 2215.7 cyc C/NO= 45.7 dB-Hz P orP

A A~ A A
0.1 A AR A A A AT AN A AR AN N NPT A A et SV A |

0.0 4 o
0.1
0.2 1
SYNC=-BF- #NAV= 9 #ERR= 0 #LOL= 0 NER=0SEQ= 0 (s)
=03
9.0 92 94 96 98 10.0
5.66: 1ACFFC1DC3A000484001FEL1FCOLEOLIFFE3ES1213D7E70068021FEG422442443FE1AL121597E88030A3E4SF. . .
NAV 6.66: 1ACFFC1DC3AQ7F1EEQ1EE1OEELF e
DATA 7.66: 1ACFFCIDC3A17F49C331001317F63037FFCSFEF@02F903B808DFF1CFEAOFA61FF5BF61FF2AFDO7FAFTF7CA. . .
8.66: 1ACFFC1DC3A043B5FBFFF20003C004407C004004614255FDCOO 400447C08214241FE300D087F . . .
£P ttaka@ubuntu10: /mnt/share/PocketSDR/test/log - [w] X

$TIME,2022,6,8,9,14,18.228780

$CH,95.500,L6D,195,23873,47.6,3.693120416,69.246,7030.225,94,0

|$CH, 95.500,L6D,196,23873,48.3,0.462228496,-561.576,-53655.103,94,8
$CH,95.508,160,199,23873,43.4,3.614918182,-252.583,-23911.210,94,8

$L6FRM,94.524,16D,195,0, 1ACFFC1DC3A17F499B593C10781CFFDAE@BETEEB829C01CIFCFFFBBTCFOFFA5FBC40EBFFAEFC5ARTAFFBDT
(82012BFD366D64F61F7DFE@BOCT2C7FOB800ROAF3FB37FEOFDOTF7 1FF3ESOFOFFOFFBBFFE17D18FCAE@217FASBD995ECTEBBECT648119
001C201630091803E8022800D400690003B0085FFFF7CF63EQ010543836EFF7CDFBEAFD370335C225613FBA9EBFFEC3FD380BAEAGT9003
8C029FF6F6FAGDTDDDBESFDEDBBF479F9F8C3B662633120DF FAETB5SABFC70167B5BD77EFSCEFBF830C3981FICTBE183F617C28C27DFFBF
8218DEBBEE38ACCFD30162D858A4(58E9AB79AACBFF658CD4BFSEBACDC1FF8A8B153AD3E8B330192351A

$L6FRM,94.524,16D,199,0, 1ACFFC1DCTA17F499B593C18781CFFD4EABETEES829C01CIFCFFFBBTCFGFF45FBC40EBFFAEFC5ABTAFFBDT
(82012BFD366D64F61F7DFEGBACT2C7FOBB0OA0OAF3FB37FEOFDRTF7 1FF3E8RFAFFIFFBBFFET7D18FCAEA217FAS8D995ECTEBBECT648119
0010201630091803E8022800D400690003B0085F FFF7CFO3E0010543836EFF7CDFBOAFD370335C225613FBO9EBFFEC3FD380BAER679003
8C029FF6F6FABDTDDDBESFDEDBBF479F9F8C3B662633120DF FAETB5ABFC70167B5BD77EF5CEFBF830C3981FICTBE183F617C28C27DFFBF
8218DEBBEE38ACCFD3015F37AE3AG@857601B20B82504728B87RESC5E2E72C641A564738E2A5F1E1742C

$L6FRM,94.532,L6D,196,8, 1ACFFC1DC4A17F499B593C18781CFFD4EABETEEB829C01CIFCFFFBBTCFOFFA5FBL40EBFFAEFC5ABTAFFBDT
(82012BFD366D64F61F7DFEGBACT2C7FOB8OABOAF3FB37FEGFDOTF7 1FF3E8BFAFFIFFBBFFE17D18FCAEA217FAS8D995ECTEBBECT648119
001(201630091803E8022800D400690003B0085F FFF7CF63E0010543836EFF7CDFBOAFD370335(225615FBO9EBFFEC3FD38ABAER679003
8(029FF6F6FARD7DDDBESFDEDBBF479F9F8(3B662633120DF FAETB2ABFC70167B5BD77EFSCEFBFE830C3901FICTBE103F617C28C27DFFBF
8218DEBBEE38ACCFD3014B95FC4FB37C2D935569793BB28B16F 1E41008B09F407 CAATE3A3AD7AT304BC1

$TIME, 2022,6,8,9,14,18.349251

$CH,95.608,L6D,195,23898,47.6,3.693115779,68.747,7037.133,95,0
$CH,95.600,L6D,196,23898,48.3,0.462274893,-561.504,-53711.286,95,8
$CH,95.600,L6D,199,23898,43.4,3.614945793,-252.157,-23936.453,95,8




Performance Evaluation
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Test Configuration

GNSS Antenna
Harxon

v HX-CSX601A
(L1+L2+L5+L6)

Compact PC
IF Data
| Pocket SDR | pocket_trk.py i B
| RF Frontend j (ver.0.7) N o . used
Core i5-7260U
Ubuntu 18.04 LTS
UBX-RXM-
| 4P QZSSL6 Laptop PC
| Splitter u-blox —
> NEO-D9C N >
Board e ]
i RTKLIB
u-blox i eee ;
> ZED-F9P
Board
I UBX-NAV-TIMEGPS, Windows 11
Antenna UBX-NAV-PVT,
Power UBX-RXM-SFRBX
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L6 C/NO and NAV Data Rate

C/NO (dB-Hz)

pocket_trk.py (ver.0.7)

%, Pocket SDR - GNSS SIGNAL TRACKING LOG — =}

60
55
50
45
40
35
30
25

60
55
50
45

40
35
30
25

SIG = L6D, PRN = 196, TYPE = C/NO, FILE = S:/PocketSDR/test/log/sdr_20220607_1035.log

QZS-1R L6D (PRN 196) 51969 / 75600
(68.7 %)

'/,w*i
v, (W

NAV Frames

15 deg

12 14 16 18 20 22 24 26 28 30
Hour (GPST)

SIG = L6D, PRN = 199, TYPE = C/NO, FILE = S:/PocketSDR/test/log/sdr_20220607_1035.log

QZS-3 L6D (PRN 199) 75597 / 75600
(100.0 %)
15 deg

Hour (GPST)

x

80
70
60
50

40
30
20
10

80
70
60
50
40
30
20
10

Elevation (deg)

Hour (GPST)

2022-06-07 10:40:00 ~ 2022-06-08 07:39:59 UTC (21 hours)

~ u-bloxNEO-DIC
. QZS-1R L6D (PRN 196) 50968 / 75600 20
(67.4 %)
55 70
50 60
45 N 50 |
40 i 40 |
3 it ni 0
30 15 deg | 20
25 10
— T T
€0 QZS-3 L6D (PRN 199) 75599 / 75600 30
(100.0 %)
55 70
50 60
45 50
40 WM 40
35 30
30 15deg | 20
25 10
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L6 Signal Acquisition Time

L6 Signal Acquisition Time ™!

Satellite QZS-4 (J03) QZzs-3 (J07)
Signal L6eD PRN 195 LeD PRN 199
pocket_trk.py 3.0s 23s
(ver.0.7) ™2 (2s~45) (Ls~35s)
=
33.0s 52.2s
u-blox NEO-DSC (165~ 77 s) (285~ 89 s)
%rh
u-blox NEO-D9C 2.8s 2.4s
aided by ZED-F9P (2s~45) (2s~35s)

*1 Time to obtain 1st L6 NAV frame since RF signal on (average of 5 tries)
*2 Signal search cycle (CYC_SRCH) in pocket_trk.py modifiedto 1s

,5'9 Jp

2022-06-09 04:30:00 UTC

Oz
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CPU Usage for SDR Codes

r
ttaka@ubuntul10: /mnt/share/PocketSDR/test — (] X
@ _ _ pocket_trk.py
ttaka@ubuntu1@:/mnt/share/PocketSDR/test$ sudo ../bin/pocket_dump "" - -q | ../python/pocket_trk.py -f 12 -sig
IL6D -prn 194,195,199 -log log/sdr_%Y%m%d_%h%M.log -ti 1 (ver. 0.7)
TIME(s) SIG PRN STATE LOCK(s) C/N@ (dB-Hz) COFF(ms) DOP(Hz)  ADR(cyc) SYNC #NAV #ERR #LOL NER Signal: L6D
351.00 L6D 194 LOCK 350.99 46.4 [[[||I|II|  1.8773756  84.7 34177.2 -BF- 35 © @ 0
351.88  L6D 195 LOCK  356.99 48.3 [[||||||]1]]| 3.4774932 -576.5 -205117.7 -BF- 3586 @ @ @ ‘ PRN: 194,195,196
351.88  L6D 199 LOCK  356.99 44.2 [[[|]]]]] 2.4766337 -251.6  -87768.7 -BF- 35 @ @ @ | (3CH)
@ttaka@ubuntum: ~ - [m] X
‘top - 11:41:04 up 127 days, 20:39, 4 users, load average: @.71, 8.73, 0.65 |
Tasks: 291 _tatal 2 running, 242 sleeping, @ stopped, @ zombie CPU Usage:
%Cpu(s)| 15.7 us,| ©.5 sy, 0.0 ni, 83.7 id, 0.0 wa, 0.0 hi, 0.2 si, 0.0 st ~ 0,
KiB Mem T 8057644 total, 1055320 free, 2413876 used, 4568448 buff/cache 15.0~18.4 %
KiB Swap: 2097148 total, 2073@84 free, 24864 used. 4970648 avail Mem (user total)
~ o,
e TIME p=COMMAND 58.9767.1%
|
ttaka B 355888 191600 9.8 |. 5 python3 | (per 1 thread)
3742 root 20 B 315640 58812 2512 S 5.5 @.7 @:39.19 pocket_dump |
1826 gdm 20 B 1148892 68948 24112 S 8.7 8.9 1203:28 gsd-color
1531 ttaka 20 B 695980 60656 18580 S 0.7 6.8 1203:18 gsd-color
3957 ttaka 20 © 45236 4492 3708 R 0.3 0.1 0:00.10 top CPU
1 root 20 @ 225752 9948 6508 S 0.0 8.1 3:58.04 systemd Core i5-7260U
2 root 20 8 0 0 S 0.0 0.9 ©:01.46 kthreadd
3 root 8 -20 0 L] 81 0.0 6.0 0:00.00 rcu_gp (2-2 3'4GHZI 2C/4T)
4 root 8 -28 ] ] @I 0.0 0.8 0:00.80 rcu_par_gp oS:
6 root 0 -20 [ 0 I 0.0 0.9 ©:00.00 kworker/@:8H-kb
9 root 0 -20 0 0 I 0.0 0.0 ©:00.00 mm_percpu_ug I Ubuntu 18.04 LTS
10 root 0 0 [/ [/ @S 0.0 0.0 @:03.09 ksoftirqd/@ ] |




Summary
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Summary

Conclusion

New L6 receiver design presented

The L6 receiver implemented by SDR

FLL/PLL and DLL work well to track L6 signal

L6 NAV data properly decoded w/o pilot CH
Performance comparable to commercial L6 receivers

Future Work

Evaluation of L6 range info quality

Porting Python 3 codes to C
(for improvement of multi-threads performance)

Comparison of QZSS L6 to Galileo E6
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