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Introduction About My Research

1. UAV (Unmanned Aerial Vehicle)

€ Monocular EKF-SLAM
€ 3D Reconstruction from

€ Generation Large
Mosaic Image

€ Path Plannifg |
€ 3D Map Congiftigtion _
€ Autonomous\N@wi@ation ’ Fible Satellites

2. UGV (Unmanned Ground Vehicle) 3. Positioning in Urban Area



Timetable

Class C-5 (8:30-9:50) Software Receiver and Multi-GNSS
1. Why GNSS software receiver?

2. Why Multi-GNSS?

3. Introduction of GLONASS, Galileo, BeiDou, and QZSS signals

Class C-6 (10:10-11:30) Front-end Practice

1. Front-end architecture

2. Handwork of recoding live GNSS signals using front-end device
3. Analysis of recorded GNSS IF data

SDR Practice (12:30-13:50) GNSS-SDRLIB Practice
1. Introduction of GNSS-SDRLIB
2. Practice of real-time positioning using GNSS-SDRLIB



Goal of This Seminar

Real-time positioning using GNSS-SDRLIB and front-end

Video URL: http://youtu.be/vVHOFs93vIU


http://youtu.be/vVHOFs93vlU
http://youtu.be/vVHOFs93vlU

Class C5 (8:30-9:50)
Software Receiver and Multi-GNSS



Why Software Receiver? (1) i

SDR (Software Defined Radio)

The software radio concept is built upon two basic principles
1. Move the analog-to-digital converter (ADC) as close to the antenna as possible
2. Process the resulting samples using a programmable processor
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Why Software Receiver? (2) i

ASIC (Hardware) SDR (Software)

@ A fixed platform

. # Dictate the potential @ Re-programmable
Upgradabilit
P9 y capabilities of the ® Re-configurable
receiver

& Parallel Search

€ Serial search Acquisition L
Acquisition

Acquisition ion i ' .
q 4 Convqlutmn in the time O [EET [T et i
domain .
the frequency domain
: € More efficient # Depends on the
Tracking processor MIPS

& Cost effective el

€ More power

Power Consumption € Less power consumption :
consumption

€ More Hardware, More @ Less Hardware less

Cost effectiveness
cost cost



Open-Source GNSS Software Recelvers i

SoftGNSS
http://ccar.colorado.edu/gnss/
€ MATLAB source codes, only for GPS L1 and post processing.

Fast GPS
http://sourceforge.net/projects/fastgps/
C++, only for GPS L1 and post processing

OpenSourceGPS
http://sourceforge.net/projects/osqps/
C++, only for GPS L1, real-time processing

GPS-SDR
https://github.com/gps-sdr
€ C++, only for GPS L1, real-time processing

GNSS-SDR

https://code.google.com/p/gnsssdr/

€ SCILAB, only for post processing, Multi-GNSS support (GPS, GLONASS,
BeiDou L1)

GNSS-SDR
http://gnss-sdr.org/
& C++, Real-time Processing and Multi-GNSS support (GPS, Galileo, SBAS L1)



http://ccar.colorado.edu/gnss/
http://ccar.colorado.edu/gnss/
http://ccar.colorado.edu/gnss/
http://sourceforge.net/projects/fastgps/
http://sourceforge.net/projects/osgps/
https://github.com/gps-sdr
https://code.google.com/p/gnsssdr/
http://gnss-sdr.org/

GNSS-SDRLIB i3

Version 1.0 Beta, 2013 March

http://www.taroz.net/gnsssdrlib e.html :
- - Version 1.0 , 2013 June
@ GNSS-SDRLIB https://github.com/taroz/GNSS-SDRLIB ysersion 2.0 Beta, 2014 June

€ GNSS signal processing functions written in C
€ Code generation of all existing satellites
€ Signal acquisition / tracking functions
€ Decoding navigation messages
€ Pseudo-range / carrier phase measurements

€ GUl application (AP) written in C++/CLI

€ Visualization of GNSS signal processing in real-time

€ Real-time positioning with RTKLIB

€ Observation data can be outputted in RINEX or RTCM format

€ Support following signals (tracking and decoding navigation message)
€ GPS, GLONASS, Galileo, BeiDou, QZSS L1 signals
€ Decoding QZSS SAIF/LEX message and SBAS message

€ Support commercial front-ends for real-time positioning

€ Support RF binary file for post processing

Real-time Processing and Multi-GNSS support



http://www.taroz.net/gnsssdrlib_e.html
http://www.taroz.net/gnsssdrlib_e.html
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB

Why Multi-GNSS? i

2020 - 0 30 A0 90 120 150 180 210 240 270 300 330 360
- Longtuds (deg) ©JAXA

GPS(27)+Glonass(24)+Galileo(30)+COMPASS(35)+IRNSS(7)+QZSS(3)+SBAS(7)
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Increase of satellites ~

Improvement of Availability, Accuracy, Continuity, Efficiency, Reliability ...




How to Check Multi-GNSS Constellation? i3

GNSS-Radar: http://www.taroz.net/GNSS-Radar.htm|
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http://www.taroz.net/GNSS-Radar.html
http://www.taroz.net/GNSS-Radar.html
http://www.taroz.net/GNSS-Radar.html
http://www.taroz.net/GNSS-Radar.html

How to Use GNSS-Radar H

Source Code: https://github.com/taroz/GNSS-Radar
Options:
Set the observer location by latitude and longitude (the unit is degree)

ULR+?lat=xxx&lon=xxx (default: lat=35.7&lon=139.8 (Tokyo))
e.g. http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145

Set the elevation mask angle when computing the sky plot (the unit is deqgree)
ULR+?elemask=xxx (default: elemask=10)
e.g. http://www.taroz.net/GNSS-Radar.html?elemask=45

Set the time offset when computing the sky plot (the unit is hour)
ULR+?offhr=xxx (default: offhr=0)
e.g. http://www.taroz.net/GNSS-Radar.html?offhr=12

Set the time interval when computing the sky plot (the unit is minutes)
ULR+?tint=xxx (default: tint=30)
e.g. http://www.taroz.net/GNSS-Radar.html|?tint=5

Set the number of times when computing the sky plot
ULR+?ntimes=xxx (default: tint=24, 24*30min=12hour)
e.g. http://www.taroz.net/GNSS-Radar.htm|?ntimes=48

Ly Android version 10OS version
' J https://play.google.com/store/apps/det https://itunes.apple.com/us/app/gnss-
ails?id=taroz.net. GNSS Radar radar/id901597709

Search “GNSS” in iTunes Store!

‘J’ ’ Search “GNSS” in google play!


https://github.com/taroz/GNSS-Radar
https://github.com/taroz/GNSS-Radar
https://github.com/taroz/GNSS-Radar
https://github.com/taroz/GNSS-Radar
https://github.com/taroz/GNSS-Radar
http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145
http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145
http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145
http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145
http://www.taroz.net/GNSS-Radar.html?lat=-37.8&lon=145
http://www.taroz.net/GNSS-Radar.html?elemask=45
http://www.taroz.net/GNSS-Radar.html?elemask=45
http://www.taroz.net/GNSS-Radar.html?elemask=45
http://www.taroz.net/GNSS-Radar.html?offhr=12
http://www.taroz.net/GNSS-Radar.html?offhr=12
http://www.taroz.net/GNSS-Radar.html?offhr=12
http://www.taroz.net/GNSS-Radar.html?tint=5
http://www.taroz.net/GNSS-Radar.html?tint=5
http://www.taroz.net/GNSS-Radar.html?tint=5
http://www.taroz.net/GNSS-Radar.html?ntimes=48
http://www.taroz.net/GNSS-Radar.html?ntimes=48
http://www.taroz.net/GNSS-Radar.html?ntimes=48
http://www.taroz.net/GNSS-Radar.html?ntimes=48
https://play.google.com/store/apps/details?id=taroz.net.GNSS_Radar
https://play.google.com/store/apps/details?id=taroz.net.GNSS_Radar
https://play.google.com/store/apps/details?id=taroz.net.GNSS_Radar
https://play.google.com/store/apps/details?id=taroz.net.GNSS_Radar
https://itunes.apple.com/us/app/gnss-radar/id901597709
https://itunes.apple.com/us/app/gnss-radar/id901597709
https://itunes.apple.com/us/app/gnss-radar/id901597709
https://itunes.apple.com/us/app/gnss-radar/id901597709
https://itunes.apple.com/us/app/gnss-radar/id901597709
https://itunes.apple.com/us/app/gnss-radar/id901597709

Multi-GNSS Signals (1)

Around L1 frequency (1575.42 MHz)

GNSS GPSIQZSS QzSSs GALILEO GLONASS

Service Name
Center Freq.

Signal
Component

1/Q
Band Width
Modulation
Code Freq.
Code Chips

Code Length

Nav. Data

Min. Received
Power

1575.42 MHz

Data

Q
2.046 MHz
BPSK(1)
1.023 MHz
1023

1ms

NAV

-158.5 dBW

1575.42 MHz

L1CP
Pilot

L1CD
Data

| Q
4.096 MHz
BOC(1,1)
1.023 MHz

10230
10 ms 10 ms

CNAV-2 -

-158.25
dBW

-163.0
dBW

1575.42 MHz

E1C
Pilot

E1B
Data

| Q
24.552 MHz
CBOC(6,1,1/11)
1.023 MHz

4092
4 ms 4 ms

I/INAV -

-158.25
dBW

-163.0
dBW

CIA (G1)

1602+
0.5625K MHz

Data

1.002 MHz
BPSK
0.511 MHz
511

1ms

NAV

-161.0 dBW

1561.098
MHz

Data

2.046 MHz
QPSK
2.046 MHz
2046

1ms

D1/D2 NAV

-163.0 dBW



Multi-GNSS Signals (2)

Around L2 frequency (1227.60 MHz)

GNSS GPS/QZSS GLONASS

Service Name

Center Freq.

Signal Component

1/Q
Band Width
Modulation
Code Freq.
Code Chips

Code Length

Nav. Data

Min. Received Power

L2C

1227.60 MHz

L2CM L2CL
Data Pilot

2.046 MHz
BPSK
0.5115 MHz
10230 767250
20 ms 15s
CNAV -

-160.0 dBW

CIA (G2)

1246+
0.4375K MHz

Data

1.022 MHz
BPSK
0.511 MHz
511
1 ms

NAV

-167.0 dBW




Multi-GNSS Signals (3) i

Around L5 frequency (1176.45 MHz)

GNSS GPS/QZSS GALILEO

Service E5a ESb B2
Name
Center Freq. 1176.45MHz 1176.45MHz 1207.14MHz 1207.14 MHz
Signal L5I L5Q E5al E5aQ E5bl E5bQ B2l
Component Data Pilot Data Pilot Data Pilot Data
11Q | Q | Q I Q |
Band Width 20.46 MHz 20.46 MHz 20.46 MHz 24.0 MHz
Modulation BPSK(10) BPSK(10) BPSK(10) BPSK(10)
Code Freq. 10.23 MHz 10.23 MHz 10.23 MHz 10.23 MHz
Code Chips 10230 10230 10230 10230
Code Length 1 ms 1 ms 1 ms 1 ms 1 ms 1ms 1ms
Nav. Data CNAV - F/INAV - I/NAV - D1/D2 NAV
il -157.9 -157.9 -155.0 -155.0 -155.0 -155.0
Received  1ay  dgBW dBW dBW dBW  dBW ~163 dBW

Power



Multi-GNSS Signals (4)

Navigation Message

GPS/
(0y4S

GALILEO

GLONASS

BeiDou
(MEO)

BeiDou
(GEO)

SBAS

GPS/QZS

L2

GLONASS

GPS/
Qzs

GALILEO

L5 GALILEO

BeiDou
(MEO)

BeiDou
(GEO)

L1CA
L1C
El

G1

B1l

B1l

L1

L2C

G2

L5

E5a

E5b

B1l

B1l

CNAV-2
I/INAV

NAV

D1 NAV

D2 NAV

SBAS

CNAV

NAV

CNAV

FINAV

I/NAV

D1 NAV

D2 NAV

50 bps, 300 bits, 6 sec.

100 bps, 1800 hits, 18 sec.

125 bps, 250 bits, 2 sec.

50 bps, 100 bits, 2 sec.

50 bps, 300 bits, 6 sec.

500 bps, 300 bits, 0.6 sec.

250 bps, 250 bits, 1 sec.

25 bps, 300 bits, 12 sec.

50 bps, 100 bits, 2 sec.

50 bps, 300 bits, 6 sec.

25 bps, 250 bits, 10 sec.

125 bps, 250 bits, 2 sec.

50 bps, 300 bits, 6 sec.

500 bps, 300 bits, 0.6 sec.

Hamming Code
BCH+LDPC+Interleving
%Convolusion+Interleaving+CRC

Hamming Code

BCH-+lInterleaving

BCH+Interleaving

15Convolusion

15Convolusion

Hamming Code

»Convolusion

%Convolusion+Interleaving+CRC

Y%Convolusion+Interleaving+CRC

BCH-+Interleaving

BCH-+Interleaving

8bit
None
10bit
30bit

11bit

11bit

(8x3) bit
Encoded

8bit
30bit

8bit
10bit
10bit

11bit

11bit

1800 bits

25 bits (E1C)

NH20

NH10 (L5I),
NH20 (L5Q)

20 bits (E5al)
100 bits (E5aQ)

4 bits (E5bl)
100 bits (E5aQ)

NH20



How to Acquire and Track GNSS Signals i3t

GPS L1CA

IF data o>

Front-end —

Replica code generation

Acquisition

Initial Code Phase | Doppler Freq.

Tracking

-Phase/Freq. Lock Loop
-2nd order PLL+

PLL/FLL

1st order FLL
*Error discriminator(PLL)

atan(Qp/1p)

- Circular correlation by FFT
-Non-coherent integration
-Doppler search step: 200 Hz
-Doppler search range: -7~+7kHz

DLL

-Delay Lock Loop
*Carrier aid 2nd order DLL
*Error discriminator

Doppler Freq. J Code Phase

Nav. Data Synchronization

Nav. Data Decode

Pseudorange Computation

¥ RINEX Output

(E-L)/(E+L)/2

Navigation Message Bits



Strategy for Using Multi-GNSS Signals (1)

L1 Frequency Signals (G1, E1, B1)

€ Do acquisition and tracking as with the GPS L1CA

€ Differences are ...
€ Chip rate and chip length
W Difference is only replica code generation

€4 Modulation type (E1:BOC)
W We need to change a part of tracking method

€ Navigation Message
W Read ICD and Implement it!

=P

Not so difficult except for decoding navigation message!




Strategy for Using Multi-GNSS Signals (2)

Other Frequency Signals (G2, E5ab, B2I, L5, LEX...)

€ If L1 code is tracked, the Doppler and code phase

computation is aided by L1 information

€ Doppler2 = Freqg2/Freql*Dopplerl
€ Cphase2 = Cphasel + (DCB)

| Acquisition is not necessary

€ No need to decode navigation data
€ But time information is useful
€ Additional information in another navigation message

b

Only tracking loop is needed to generate
pseudorange and carrier phase




GLONASS




GLONASS Signal Specification i

GNSS GLONASS

Service Name C/A (G1) C/A (G2)
Center Freq. D0 LAy
0.5625K MHz 0.4375K MHz
Signal Component Data Data
1/Q I I
Band Width 1.022 MHz 1.022 MHz
Modulation BPSK BPSK
Code Freq. 0.511 MHz 0.511 MHz
Code Chips 511 511
Code Length lms 1ms
Min. Received Power -161.0 dBW -167.0 dBW

€ FDMA (Frequency-division multiple access)
€ Transmitting the same code
€ Transmitting on a different frequency (15-channels)

€ Half code chipping rate, Half number of code chips compared
with GPS L1CA



GLONASS G1 Signal

— Galileo E1 OS & GPS L1C Data
— Galileo PRS

GPS C/A Code

— GPS L1C Pilot

— GPS P(Y) Code

GPS M Code

—— Glonass C/A Code

—— Glonass P Code
— Compass Intended B11
Compass Intended B1 Q

60—

e

In-Phase PSD [dBW/Hz]

Compass Bl Intended Band
Galil;\
E2 Band

GPS 14 .
Galileo I'1 Band

Galileo E1 Band

Glonass 1.1 Band

http://www.navipedia.net/



GLONASS G2 Signal

— GPS 1L.2C

—— GPS P(Y) Code

_60-"| — GPS M Code

—— Glonass C/A Code |~
|— Glonass P Code

_90 -
-100- |
F 15 N
"que,,, .10 »
fieg 0 ,
nhjaqp 10 < S
Cer to tb 15 5 10‘}

http://www.navipedia.net/



Strategy of Acquisition and Tracking G1 Signal

¢ FDMA
€ Add frequency offset when we search the Doppler frequency
In acquisition step

€ Acquisition and Tracking
€ Nothing to change...
€ Half computational cost!

€ Decoding nhavigation message
€ No special encoding technique
€ Message structure and length are different from GPS

€ Code Generation
€ Generating only one code

& Difference of G1 and G2 signals
€ Only transmitting frequency
& The rest is completely the same!




Generating GLONASS G1/G2 Code

Standard frequency 5,0 MI'y

Sync signals
f=50MIy

(T=200

nnnnnn ’jﬁnd‘l'ﬁ

The squaring circuit
sync signals
(f=5,0 MIu)

£.0,511 MI'y

Oscillator PSPD shift register

R R

5

)

PSPD to
To the

Sync signals T=10 a msec

Resetto “0" |  ‘emmemmmmsmesssmsssess Installation all “1”
‘ i
) The flip-flop
- 50 000 Synchronisations

Strobes Tc =1 with

The flip-flop

From frequency standard NKA

Figure 3.3 GLONASS INTERFACE CONTROL DOCUMENT

sSynchronisations

To the processor

Sync signals T=1 with

€ 511bit M-sequence codes
€ Very simple

To the processor



Example of Acquisition of G1 Signal .

26Msps, Bandwidth=4.2MHz
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Example of Tracking of G1 Signal :
26Msps, Bandwidth=4.2MHz
Discrete—Time Scatter Plot Bits of the navigation message
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Example of Acquisition of G2 Signal .

26Msps, Bandwidth:4.2MHzm
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Example of Tracki

ng of G2 Signal

26Msps, Bandwidth=4.2MHz

Discrete—Time Scatter Plot
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Galilleo




Galileo Signal Specification i
] a0

Service Name El E5a E5b
Center Freq. 1575.42MHz 1176.45MHz 1207.14MHz
SgralCompotert  pod pig  Daa Pt baa  Plor
1/Q I Q I Q I Q
Band Width 24.552 MHz 20.46 MHz 20.46 MHz
Modulation CBOC(6,1,1/11) BPSK(10) BPSK(10)
Code Freq. 1.023 MHz 10.23 MHz 10.23 MHz
Code Chips 4092 10230 10230
Code Length 4 ms 4 ms 1 ms 1 ms 1 ms 1 ms
Nav. Data I/NAV - F/INAV - I/NAV
Min. Received Power -163.0 -158.25 -155.0 -155.0 -155.0 -155.0

dBW dBW dBW dBW dBW dBW

€ Long code (4ms) compared with GPS L1CA
€4 BOC(Binary Offset Carrier) modulation
€ Generating code and BOC modulation
€ We have to modify the tracking method
€ Decoding of I/NAV and F/NAV is little complicated...



Galileo E1 Signal 3

Compass Bl Intended Band
Galil;\
E2 Band

GPS
s Galileo 'l Buand
Galileo E1 Band
Glonass 1.1 Band

— Galileo E1 OS & GPS L1C Data

— Galileo PRS

— GPS C/A Code

— GPS L1C Pilot

— GPS P(Y) Code

— GPS M Code

—— Glonass C/A Code

—Glonass P Code

— Compass Intended B11
Compass Intended B1 Q

-60—

In-Phase PSD [dBW/Hz]

http://www.navipedia.net/
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Galileo E5a and E5b Signals i
Galileo ESa Band
_______________ Galileo ESb Band
— Galileo Eg? |7 GLONASS L3 Band
—— Galileo -
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Strategy of Acquisition and Tracking E1 Signal

€ Currently only 4 satellites

€ Generating BOC modulated code |7
¢ Use BOC(1,1) instead of CBOC (6,1,1/11) 4 chips
€ Code frequency and rate will be doubled |
(4092—8184,1.023—2.046MHz)

Square Wave

€ Decoding I/NAV and F/NAV —

€ 1/2 convolutional code + interleaving Transmit Signal
€ Viterbi decoder + de-interleaving

€ Generating E1 Code

€ Memory codes (Random codes)
€ E1B(data code), E1C(dataless code)
€ Four times as long as GPS L1C code (4ms)




Binary Offset Carrier (BOC) Signal (1) 3:®

PRN Signal

Square Wave

1 Resulting BOC(m,m) Signal

Normalized PSD (dB)

GPS C/A and GALILEO BOC(1,1) Power Spectral Density

0 N ' .

5 AR — GPS C/A |
7o) IS NN S MU S GALILEO BOC(1,1)
-15

6000 -4000

-2000 0 2000 4000 | 6000
Frequency Offset (kHz)



Binary Offset Carrier (BOC) Signal (2) 3:®

Bump-Jumping (BJ)

VL gate

1. Adding VE(very early) and
VL(very late) correlation

«— 12 )
A /\ points
—)| Ts |e—
1 l l l | |
|

Prompt gate — >

| \‘/' > 2. Monitoring VE and VL
status, and jump to the

Late gate main lobe if the threshold
exceeded
<« 3/4
< Tc

Other Algorithms

Single Sideband (SSB)
Bump-Jumping (BJ)
Multiple-Gate Discriminators (MGD)

Autocorrelation
Side-Peak Cancellation Technique (ASPeCT)

Double Estimator (DE)

The Offset Carrier Modulation for GPS Modernisation, 1999

Tracking algorithm for GPS offset carrier signal, 1999
Unambiguous Tracker for GPS Binary-Offset Carrier Signals , 2003

ASPeCT: unambiguous sine-boc(n,n) acquisition/tracking technique for
navigation applications, 2007

Double estimator—a new receiver principle for tracking BOC signals, 2008



Generating E1B/C codes

€ From Galileo ICD...

The E1-B and E1-C primary codes are pseudo-random
memory code sequences according to the hexadecimal
representation provided in Annex C.

& All E1IB/E1C codes are in ICD in HEX format

E1B Code No 1

F50710130573541B90BD4FD9E9B20A0D59D144C54BC7935539D02E75810FB51E494093A0A190D7
9C70C5A98E5657AA578097777E86BCCA4651CCT72F2F974DC766E07AEA3DOBS57EF42FFS7EGASSE
805358CE9257669133B18F80FDBDFB38C5524C7FBIDEO/9842482990DF58F7232109201F8979E
AB159B2679C9E95AA6D53456C0DF75C2B431601E2309216882854253A1FA60CAZ2C94ECEOL3EZA
8C943341E7D9E5A8464B3AD407E0AE465C3E3DD1IBE6OABC3D50F831536401E776BE02A6042FC4
A27AF653F0CFC4D40013F115310788D68CAEAD3ECCCCS5330587EB3C22A1459FC8E6FCCE9CDESS
9A5205E70C6D66D125814D6980D0EEBFEAES2CC65C5C84EEDF207379000E169D318426516AC5D
1C31FZE18A65E07AEGE33FDD724B13098B3A444688389EFBBBS5EEABS88742BB083B679042FB26
FF77919EAB21DEO389D9997498F967AEO5AFOF4C7EL77416E18C4D5E6987ED3590690AD127087
2F14A8F4903A12329732A9768F82F295BEE391879293E3A97051435A7F03E07FBE275F102A832
02DC3DE94AF4C712E9D006D182693E9632933E6EB773880CF147B922E74539E4582F79E39723B
4CB0E42EDCEACO8BABD02221BAEGD17734817D5B531C0OD3C1AE723911F3FFF6AACOZE97FEABIES
J6AF4A761E6451CA61FDB2F9187642EFCD63A09AAB6B0/70C1593EEDDAFF4293BFFD6DD2C3367E
85B14A654C834B6699421A

4

Allocate memory and copy data!

No.1

No.50



Decoding I/NAV and F/NAV Message

€ 2 convolutional code + interleaving
€ Use of secondary (overlay) code for synchronization

Constrain length = 7

Y, convolutional code G1 1111001 171(OCTAL)
G2 1011011 133(OCTAL)
N an ) ) Gl

9

Input—+—>| ¢ i q' q" g' —> ¢’ I g’ _:\._o o
utpu

U U U o

Figure 13. Convolutional Coding Scheme

Decoding convolutional code

Fano decoder, Viterbi decoder

€ GPS L2C and L5 also use thel/2 convolutional code



Example of Acquisition of E1 Signal .
26Msps, Bandwidth=4.2MHz
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Example of Tracking of E1 Signal

26Msps, Bandwidth=4.2MHz
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Strategy of Acquisition and Tracking ES Signal

4 BPSK modulation
€ Same as GPS signal!

€ Decoding I/NAV or F/INAV
€ No need to decode if IINAV(E1B) has been decoded

€ E5a/b code
€ 10230chip and 1ms, same as GPS L5

€ If E5 code is generated, totally same as GPS L5
signal




E5a/b I/Q Code Generation

Using linear feedback shift register
HEX codes are also in ICD

@ It is hard to copy and paste...

Cijs Sijs @ij € {0,1}

Feedback

a1 Teps a1p1
A
Clock (Chip rate) ” > Base
__ C1,1 C1,2 C13 C14 CLR2 | CLR-1 | CLR | egistert
control A A A A h h
Preset B Preset
adt | T 511 || 512 || 513 || 514 S1,r-2 || S1,R-1 || Sk || register1
(Phase 1)
LSB MSB
Proset ] Preset
oadz | > S21 || 822 || 823 || S24 S2,82 || S2,r1 || S2.r | register2
(Phase 2)
Pmﬁﬁn Yy y y A A Y
contro p
)‘_ Base
PO | ez | €3 | €24 €22 | C2R-1 | Cor |register2
® Multiplier Feedback =1
2.8

@ EXOR

Figure 10. LFSR Based Code Generator for Truncated and Combined M-sequences

Taps

C.3. Primary Codes for the E5a-l Component

Ebal Code No 1

5F644D0E0335F95ER
DABF1BBELISAEF6

iJl FJ&IFJQID:JEUIﬂl E4
4 D0332F3DDBFBBE 15AB311C5
DB70ADEFAZTAAB3TE [l
EF7821055028CB4A
24D41DDCEAB2070B5360CBGACH
B3EEGOEA3C75FADC303F3103
8FAD6&’?“:EDJDCPA& B.
JCDer3 F
EEGCB14464A

Cf GSiSIDSA 9FFOB79
D74EDBO1BZB44A05D79

2B285D¢ 3A9 8B8:

70BS6E590A101AEE7B864DA0CE4ATR
23F29399CDA3B7401DFARAT1277
D61D309EB71ED29A3D510B2F4C
48389DCB17CBB2 8565B91503B06F49 FJEé:Jﬂb
"7231435[F=Bﬂ7t 34134JD3J7E54 9D73966C09
B3E09B78B5EBBADEAZEFT 95F62015188ED38C04CC6714F797FOBOBCT13ES
BE3B72A167BF1BFO791AEEBBET3CF527C5 F2E05B67 /F833ECCB78D1 764839608

OBA7SEESESBFF 8 \ 2 29D, 557A22702 El EﬁbF83561E1A7

CE
JlSBdFlFldDJEﬂE_JJ E)S
0A02881F95B78487780E1D1 295415109LF”7#3
3784639793F 62240FAQ04BZF141

C35129F4499C19EF9
1A84D737E1264

71EF5 BdEALSh 3116 ESEEB) EO7TAS1469A877
c 4 JJJ"JAF‘AEF?JEDJEZAJ

45D)E?Fﬂ8u
’ﬂFSFSEE BDGEFEhAJFanthL BCCh 7 B’AD4F5£742“7EEL
19932D906B9CEDFC BEﬂDi?? 3 5E407340 F7EE EABG66664DE0AF2 JAﬂ‘DE
5F79463DB513 )7 5 C F

B 9906F4486851AC Fb
2C339325B607 ﬂELﬂbsFﬂliﬁiibFib‘SjJEDG
3E485308D47722FC

enerating
E5al, E5aQ,

5bl, and
E5bQ codes



Example of Acquisition of E5a 1/Q Signals E

26Msps, Bandwidth=4.2MHz
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Example of Tracking of E5a 1/Q Signals E

26Msps, Bandwidth=4.2MHz
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Example of Acquisition of ESb I/Q Signals i

26Msps, Bandwidth:4_.2MHm
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Example of Tracking of ESb 1/Q Signals 3

26Msps, Bandwidth=4.2MHz

Discrete—Time Scatter Plot Bits of the navigation message
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BelDou




BelDou Signal Specification £

| BeDu_____________

Service Name Bil B2l B3l
Center Freq. 1561.098 MHz 1207.14 MHz 1268.52 MHz
Signal Component Data Data Data
1/Q | | |
Band Width 2.046 MHz 2.046 MHz ?
Modulation QPSK QPSK QPSK
Code Freq. 2.046 MHz 2.046 MHz 10.23 MHz
Code Chips 2046 2046 10230
Code Length 1 ms 1 ms 1 ms
Nav. Data D1/D2 NAV D1/D2 NAV ?
Min. Received Power -163.0 dBW -163.0 dBW -163.0 dBW

€ B1I ICD was published in the end of 2012
€ Center frequency of B1l signal has a little offset from GPS L1CA

€ Antenna problem...
€ MEO/IGSO and GEO broadcast different navigation message



BeiDou B1l Signal 3
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BeiDou B2| Signal i
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BeiDou Satellite Orbits

|
Orbit Numbe.r of Navigation Altitude
Satellite Message
Medium Earth Orbit (MEO) 5 D1 NAV 21,528km

Inclined Geosynchronous Satellite

Orbit (IGSO) 5 D1 NAV 35,786km
Geostationary Earth Orbit (GEO) 5 D2 NAV 35,786km
90!‘ . . ]90
| | . |
60 : 160
32 P :;l".’.—:..‘“‘!g'

30} 130
°or o1 Q‘.oaé 0
-30 : 3 -30
o : ..... A T : Rt ,':'.-.w.::'...,':-,..: >
-90 -90

-20 0 20 40 60 80 100 120 140 160 —1;30 -160 -140 -120 -100 -80 -60 -40 -20
Sensors 2013, 13(3), 2911-2928



Strategy of Acquisition and Tracking B1 Signal

€ Many satellites can be used in Asia region

€ Chip length and chip rate are twice as much as GPS
€ Code length is 1 ms!

€ Normal noncoherent integration does not work well
€ Navigation bit may be changed every 1 ms because of
NH20 (secondary code)

€ Separate process by PRN (GEO or Not)



B1 Code Generation

. /\N G1 sequence
- K & ( -
» i - - -

Reset control clock Phase selection logic ‘
L _ ] ]
Set to 1nitial phases ™ G2 sequence /!\ Ranging code

Shift control clock r,/«”'\/)’\l ’\J

| |
J 1|23 a]|s5]|6|7]s8|o]10]11

Figure 4-1 The generator of Cgyy

€ Gold code
€ Generating structure is almost same as GPS L1CA
®PRN is assigned 1 to 37



Decoding D1/D2 Navigation Messages

€ BCH encoding+interleaving

€ MEO/IGSO = D1 Nav. GEO = D2 Nav.
© D1 NAV 50bps
€ D2 NAV 500bps

Message Structure of D1/D2 Navigation Message

—» BCH(15.11.1) decoding ———»

Serial/ parallel/

Input | parallel Serial Output
—— converting transforming ——»
by turns for each 11

of 1 bit bits

—» BCH(15.11.1) decoding ———»

Fig S-3 Processing of received down-link NAV message

€ BCH decoding algorithm is written in ICD




Example of Acquisition of B1l Signal
26Msps, Bandwidth=4.2MHz
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Example of Tracking of B11 Signal

26Msps, Bandwidth=4.2MHz Svi

Discrete—Time Scatter Plot
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QLSS




QZSS Signal Specification it

[ QzSs

Service Name L1C L2C L5 LEX
Center Freq. 1575.42MHz 1227.60MHz 1176.45MHz 1278.75MHz
Signal L1CD L1CP L2CM L2CL L5I L5Q Short Long
Component Data Pilot Data Pilot Data Pilot (Data) (Pilot)
1/Q I Q I I Q I
Band Width 4.096 MHz 2.046 MHz 20.46 MHz 42.0 MHz
Modulation BOC(1,1) BPSK(1) BPSK(10) BPSK(5)
Code Freq. 1.023 MHz 0.5115 MHz 10.23 MHz 0.5115 MHz
Code Chips 10230 10230 767250 10230 10230 1045857

Code Length 10 ms 10 ms 20 ms 15s 1 ms 1 ms 4 ms 410 ms

Nav. Data CNAV-2 - CNAV - CNAV - LEX -
Min. Received  -163.0 -158.25 -157.9  -157.9
Power dBW dBW -160.0 dBW dBW dBW -155.7 dBW

€ Compatible with GPS satellite
€ Only satellite which broadcasts L1C signal
€ Special correction message for PPP via LEX signal



Decoding L2C/L5 CNAV Message

SNVACEEEEN 1/2 fixed convolutional code

i OUTPUT SYMBOLS
DA;'EA Bu::UT o, (50 SPS)
( ) E(ALTERNATING G1/G2)
G1 (171 OCTAL) SYMBOL
CLOCK

Fig. 3-14 IS-GPS-200F

Decoding Method

€ Viterbi Decoder / Fano Decoder...
€ Same as Galileo I/NAV and SBAS Message



Decoding L1C CN

AV-2 (1)

Message Structure of CNAV-2

BCH encoding+LDPC encoding—+interleaving+no preamble

Subframe 1 Subframe 2 Subframe 3
A A
— ~ a
TOI Clock & Ephemeris | CRC \.mfa‘fl; Data | CRC
(9 Bits) (576 Bits) |24 Bity) 050 Bitgy | (4Bt
N P\ J
|l |
I|l LDPC Encode LDPC Encode }
I L.
/ QEOO Symbols) (548 a_»mbo]v

BCH Encode

/L

o

\

CNAV?2:18 seconds Long code

Using overlay code for

synchronization

TOIL NAV message
(52 Symbeols) (1748 Symbols)
18 seconds
4 DIRECTION OF SYMBOL FLOW

@ Tracking L1CP and L1CD

2 Correlation of L1CO code
and L1CP bits

@ Extract L1CP code phase.
Select TOO bits in L1CD bits
using L1CP code phase,
then BCH decoding

@ Deinterleaving NAV
message and LDPC
decoding



Decoding L1C CNAV-2 (2)




Summary

€ Multi-GNSS improves positioning availability,
accuracy, continuity, reliability...

/ E : @”
€ Currently, software GNSS receiver ﬂ; w ©°&
Is essential for cutting-edge research @ ‘ "

€ How to implement multi-GNSS "0 @

signal into software GNSS receiver =« o @
€ Acquisition and tracking each L1

41 satellites !

code
€ L1 aided acquisition and tracking of secondary
frequency code —

Let’s try to use multi-GNSS software receiver!



Class C6 (10:10-11:30)
Front-End Practice




GNSS Software Recelvers i

SDR (Software Defined Radio)

Antenna Code and Carrier
Analog i Measurements
IF Plonal Sianal Sianal PVT PVT
igna N igna N T
LNA ADC “| Acquisition | 7| Tracking | °| Estimation -
N
\\4
Local Navigation Decoding
Oscillator
Front-End Baseband Processing

What is important to choose front-end?

€ Price

€4 How many bands? (How many front-ends?)

€ Sample rate

€ Signal bandwidth

€ Frequency range (Only L1 or not?)

€ Connecter interface (USB2.0 / USB3.0 / Ethernet...)
€ Sampling bits

€ Oscillator accuracy




GNSS Front-end (1)

DVB-T dongle (RTL-2832U)

-$10, Frequency: 24M-1.7GHz, Sampling:
2.56MHz

- Poor clock accuracy

Nuand BladeRF (LMS6002D)

-$420, Frequency: 300Hz~3.8GHz, Sampling:
~40Msps

- Tx function (transmitter)

SiGe GN3S sampler V2/V3 (Si1Ge4120)
-$450, Frequency: 1575.42MHz, Sampling:
AMHz

-For only GPS L1 signal

NSL STEREO (MAX2769b+MAX2112)
-$850, Frequency: 300Hz~3.8GHz, Sampling:
~40MHz

- Two front-ends



http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
https://www.sparkfun.com/products/10981
http://nuand.com/
http://www.nsl.eu.com/primo.html

GNSS Front-end (2)

HackRF (LMS6002D)

-$300, Frequency: 30M-6GHz, Sampling: 20MHz
- Kick Starter project

Ettus USRP (AD9361)

-$1100, Frequency: 300~3.8GHz, Sampling: 40Msps
- Two front-ends

- Tx function (transmitter)

SwiftNav Piksi (MAX2769)

-$525, Frequency: 1575.42MHz, Sampling: 16Msps
-For only GPS L1 signal

RTK GPS enable? (FPGA based)

GNSS Firehose (MAX2112)

-$7?, Frequency: 300Hz~3.8GHz, Sampling: ~40MHz
Three front-ends

-Open Source Project



https://greatscottgadgets.com/hackrf/
http://swift-nav.com/piksi.html
http://swift-nav.com/piksi.html
http://swift-nav.com/piksi.html
https://www.ettus.com/product
https://github.com/pmonta/GNSS_Firehose
https://github.com/pmonta/GNSS_Firehose
https://github.com/pmonta/GNSS_Firehose

Which is Best?

Performance / Flexibility

.

RTL-SDR Dongle $10




RTL-SDR

®RTL-SDR

€ Most famous SDR front-end device
€ Using Elonics E4000 turnerchip
€ Using Realtek RTL2832U ADC

€ Cheap (about $10~%$20)
€ Large community

@ http://sdr.osmocom.org/trac/wiki/rtl-sdr .
€ Active antenna cannot be used in default

Using GPS signal splitter and another GPS Using a bias-T neor' |
receiver (http://blog.goo.ne.jp/osgzss) (http://gnss-sdr.orq)

We have to modify RTL-SDR Dongle to supply
voltage into the antenna connecter

p


http://gnss-sdr.org/
http://gnss-sdr.org/
http://gnss-sdr.org/
http://gnss-sdr.org/
http://blog.goo.ne.jp/osqzss
http://blog.goo.ne.jp/osqzss
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr
http://sdr.osmocom.org/trac/wiki/rtl-sdr

Modified RTL-SDR for GNSS Receiver (1)

€ Remove diode (red circle in the picture)

OSQZSS: http://blog.goo.ne.jp/osqzss/e/cf966583c4b01596edb66f0608b1d29d



http://blog.goo.ne.jp/osqzss/e/cf966583c4b01596edb66f0608b1d29d
http://blog.goo.ne.jp/osqzss/e/cf966583c4b01596edb66f0608b1d29d
http://blog.goo.ne.jp/osqzss/e/cf966583c4b01596edb66f0608b1d29d

Modified RTL-SDR for GNSS Recelver (2)

@ | used Inductor (47nH 270mA) EPCOS B82496C3470J

It is not so difficult!

OSQZSS: http://blog.goo.ne.jp/osqzss/e/cf966583c4b01596edb66f0608b1d29d
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Install RTL-SDR Driver (1) i

@ Insert the USB tuner on a free USB port and
& Let windows install drivers as they find out all the latest drivers

L BSA— YIRS FOA YA =L (=)
FIAZ RS/ (— VI RIZTFEA A —ILLTWET
UUSB Composite Device  ERTIEESTEELE

Bulk-In, Interface L Windows Update Z##E_LTVWET...
Bulk-In, Interface CIwindows Update ZEELTWET ...

RS (— VI MO FE Windows Update MSEET 2 &, BN 3RS E0E
ED

Windows Update NSO FES-7/(— VI O POEEFE A+w 95

L FSA— Y bz PO A -l ==
FIAAEERT RS TEELE
USE Composite Device + ERTSERSATEELE
REALTEK 28320 Device  ERETSERSTEELR

HID Infrared Remote Receiver  BERTIERSTEILE




Install RTL-SDR Driver (2)

€ Run the Zadig.exe file

Zadig
Device Options Help

(=] @ =]

x| et

Driver |:'|> WinlUSE (va, 1, 7600, 16335)
USB ID

. Install WCID Driver [
WCID =

0 devices found.

More Information
WinUSE (Jibusbx
libusb-win32
libusbk

WinUSE (Microsoft

@ Click on Option and select “List All Devices”

Zadig

Device Help

List All Devices
v Ignore Hubs or Composite Parents

v Create a Catalog File

Driver | sign Catalog & Install Autogenerated Certificate
UsSE ID Advanced Mode
WD : Log Verbosity

s Edit

=] o &)

More Information
WinUSE (libusbx
ibusb-win32
libusbik

WinlJSE (Microsoft)

0 devices found.




Install RTL-SDR Driver (3) i

€ Choose the one that says “Bulk-In, Interface (Interface 0)”
or “RTL2832UUSB”

[ 7adig E=S[Hch =

Device Options Help

|usB Receiver (interface 0) = | [ Edit
USE Receiver (Interface 0)

USE Receiver (Interface 1)

LISE Receiver (Interface 2)

use AF1T 04 A (Interface 0)

Use AT 4 A (Interface 1)

USE Storage

Bulk-In, Interface (Interface 1) oft)

tion

8 devices found.

€ In the box to the right of the green arrow make sure “WinUSB”
IS chosen

[ zadig ol @ )

Device Options Help

Bulk-In, Interface (Interface 0) - ] [ Edit
Driver  RTL2832UUSB (v64.1.802.20 | WinUSB (v6.1.7600.16385) |- More Information
WinUSE {libushx
USEID OBDA 2838 00 libusb-win32
5 = Replace Driver b libusbi
wcDf X%

WinUSE (Microsoft]

8 devices found.




Install RTL-SDR Driver (4)

& Press “Replace Driver” button

Zadig
Device Options Help

(=] @ (=]

Bulk-In, Interface {(Interface 0)

"]DEdit

Driver RTL2832UUSE (v64.1.802,20 |:|‘> WinUSB (v6.1.7600.16385) =

UsSBID 0QBDA 2838 Q0

- Replace Driver had
wec 2 2%

More Information
WinlUSB {libusbx)
ibusb-win32

libusbi

WinUSB (Microsoft

8 devices found.

€ You can find the “Bulk-In, Interface (Interface 0)” or

“RTL2838UHIDR” In the “device manager”

B FIAR TR —
I7AIE) BIEA) BRN) ~LT(H)
a= | = E HE 8 E NS

4= gpsdev-PC
> &4 DVD/CD-ROM RS+
> @ IDE ATA/ATAPI O FO—5—

. ik Jynan

AE Universal Serial Bus devices
. i@ Bulk-In, Interface (Interface 0)

USE TR



Recording RF data using RTL-SDR
& Open “rtl-sdr” folder and run “1_rtlsdr_logger.bat”
[ ==

BN C:¥Windows¥system32%¥cmd.exe

m »

azed (WB-T receivers

. infinite)]

& “rtIsdr.dat” file will be generated
€ Current setting is 2048000 samples = 1 second (2.048Msps)

€ Please try to change options in “1_rtlsdr_logger.bat”




Plot Recorded RF Data

@ Click “2_plot_data.bat”

gnuplot graph

& [ B Options - $1

0 = 100 150 200

250

300

350

400

450

9.88223, 7.77884

€ RTL-SDR format of samples is 8bit (1byte)

¢ 1101120Q2....
€ Almost noise...




SDR Practice (12:30-13:50)
GNSS-SDRLIB Practice




GNSS-SDRLIB Features 3

Version 1.0 Beta, 2013 March
Version 1.0 , 2013 June
Version 2.0 Beta, 2014 June

¢ http://www.taroz.net/gnsssdrlib e.html
' GNSS-SDRLIB  ips //github.comitaroz/GNSS-SDRLIB

€ GNSS signal processing functions written in C
€ Code generation of all existing satellites
€ Signal acquisition / tracking functions
€ Decoding navigation messages
€ Pseudo-range / carrier phase measurements

€ GUl application (AP) written in C++/CLI

€ Visualization of GNSS signal processing in real-time

€ Real-time positioning with RTKLIB

€ Observation data can be outputted in RINEX or RTCM format

€ Support following signals (tracking and decoding navigation message)
€ GPS, GLONASS, Galileo, BeiDou, QZSS L1 signals
€ Decoding QZSS SAIF/LEX message and SBAS message

€ Support commercial front-ends for real-time positioning

€ Support RF binary file for post processing

Real-time Processing and Multi-GNSS support



http://www.taroz.net/gnsssdrlib_e.html
http://www.taroz.net/gnsssdrlib_e.html
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB
https://github.com/taroz/GNSS-SDRLIB

GNSS-SDRLIB Roadmap i°

Ver. 3?
[LEX-PPP using

only SDR
- Support INS

(Ultra Tight Coupling)

-Beam forming
@ - Anti-Jamming
- Simulator function ...

-Dual/Triple frequency

L1 Multi-GNSS -Release MATLAB ver.
LEX decoder
@ -L1 RTK-GNSS
- Support many front-ends
- Support all L1 signals
*QZSS LEX/L1SAIF
message decoding

-GPS/L1CA
*Real-time

RTK-GNSS
using SDR

Functionality / Performance

2013/5 2013/6 2014/8 2014/107? 2014/E7? 20157




GNSS-SDRLIB Configuration

V SDR
i
GNSS I [RCV .
Erontend : stereo.h stereo.lib
IF data | sdr.h
q | sdrplotc sdrmain.c
|
: FEC sdrcmn.c
I fec.h
l fec.lib RTKLIB
GNUPLOT f¢—— rtklib.h
— — P L FRT rtkemn.c
reztljsif aar?/daggrurlesllat':ioonn : fftW' h I‘i nex.c
output i fftw.lib .

€ FFTW: http://www.fftw.org/)

& http://www.rtklib.com/

€ Using FFT (Fast Fourier Transform) library

€ Using FEC (Forward Error Correction) library
€ http://www.ka9q.net/code/fec/

€ Using RTKLIB

| RTCM
I MSM | RTKNAVI
TCPP 1 RTKPLOT

|
I Obs. and
INav. data

FIL

* Position computation
- Display solution

RINEX

» Generation of
RINEX navigation
and observation file



http://www.fftw.org/
http://www.ka9q.net/code/fec/
http://www.rtklib.com/

Acquisition and Tracking GNSS Signals i3

GPS L1CA

IF data o>

Front-end —

Replica code generation

Acquisition

Initial Code Phase | Doppler Freq.

Tracking

-Phase/Freq. Lock Loop
-2nd order PLL+

PLL/FLL

1st order FLL
*Error discriminator(PLL)

atan(Qp/1p)

- Circular correlation by FFT
-Non-coherent integration
-Doppler search step: 200 Hz
-Doppler search range: -7~+7kHz

DLL

-Delay Lock Loop
*Carrier aid 2nd order DLL
*Error discriminator

Doppler Freq. J Code Phase

Nav. Data Synchronization

Nav. Data Decode

Pseudorange Computation

¥ RINEX Output

(E-L)/(E+L)/2

Navigation Message Bits



Acquisition Method

Circular correlation by Zero-padding FFT

Ziedan, N. ., and Garrison, J. L. "Unaided acquisition of weak GPS signals using circular correlation or double-block zero padding"

2 x Code Length

+1 SN NN NN NN NN NN NN NN NN NN ENENEEEEEEEEEEEEEEE .
Navigation Data or : Code : Code
Secondary Code : : >
: Code :
u A epeepepsepepsep s

t Correlation

Local Code | Zero-padding

-~

Preserved Discarded

& Perfect correlation can be obtained when
navigation bit is changed
4 Computational cost is doubled



Tracking Method

- 2nd order PLL with 18t order FLL
R B
Phase >
error input ‘[ @op

azwo

e (a)

Elliott D. Kaplan, Christopher Hegarty , Understanding GPS: Principles And Applications

& Carrier aided 2" order DLL
€ E-P-L correlator / Multi correlator

Z—] -+ +

Velocity accumulator

€ Integration correlation result (4ms~20ms)
& Display correlation output in real-time



Real-time Processing Performance i3

How to speed up?

€ Signal Acquisition
€ Dependent on FFT library
€ Currently, FFTW3.3.3, 64bit Single precision is used
€ Signal Tracking
€ Using SIMD (Single Instruction Multiple Data) for correlation

Real-time Processing Performance (20Msps, Core i7-3770, SSE2)

80 . ! )
70 - ~-©-- 3 correlators (E-P-L) A ‘ @O
A= 13 correlators _‘1&"
60 (O]
~ | b e @
£ 50 A LR
©
©
9 40 R @
ol AT ()-“
% 30— g
2Rt
0]
10
0
10 15 20 25 30 35 40 45 50

Number of channels

||’ In the case of E-P-L correlator, it works with 45 channels!




GNSS-SDRLIB Practice




Post Processing Setting

Select “File (RTL-SDR)”

Select “../../testdata/rtlsdr_tcxo [1.bin”

Input
Input Type | File (RTL-SDR |
FrontEnd1 E#¥gnzesdrlib¥testdata¥rtlzdr_toxo_|1¥rtlzdr_toxo_ 11 hin .
Qutput
RIMEX Dir:  Atest/output E]
[] RTCHM M3 9999 [] SBAS/SAIF 9997
7] 7SS LEX 9998 | Joutput Interval | 10Hz  ~ LOG
Setting

FrontEnd 1

Sampling Twpe  Center Fregency Sampling Freq. Intermediate Freq.

O 1@ G [1575420 MH(LT) »| 2048 MH: 00 MH:

I @ L nn nn

[] Plat F'u:quisiti-:url Plat Trau:king"@lu:u:k Error 0 ppm I
Tracking Parameter Setting u

MISC
Lat {deg): 957 Lon {deg) 1398 Current GNSS Gonstellation E]
@ FrontEnd1

GPS5
] &LL @ FrontEnd1

W] GO1 [ G02 [ Go3 [@] GO4 [7] GO5 [@] GO6 [7] G07 [ Gos [7] Gog [] G0
WG ] G120 GI3 0] G4 [T] G5 [0] G16 [7] G17 0] G138 0] G19 [7] G20
] G21 [ G22 (V) G23 [C] G24 [] G25 [T] G26 [ G27 [v] G28 [C] G29 [] Gao
] G31 [7] G32

[ 130 [ 131 [F] 132 [ 123 [F] 134 [ 135 [ 136 [F] 137 [ 128

GLONASS
] &LL @ FrontEnd1

] =07 []-06 [7] =06 []-04 []-08 []-02 []-01[]o0 []01
03 [C]04 [C]05 []06

[ 02

Galileo .
O] &LL @ FrontEnd1

|
[C] E11 [T E12 [ E18 [T] E20
BeiDou "
] ALL @ FrontEnd1

7] GOt [ G02 [ G03 [7] G4 [T G0 [7] GO6 [7] G07 [ Gos [ Gog [7] G10
[ G11 [ G12 [ G153 [F] C14

Q55

[ L1CA [] LEX [] SAIF @ FrontEnd1 [] @i
5BAS

] &LL @ FrontEndi

[ 120 [ 121 [ 122 [ 123 [ 124 [ 125 [ 126 [F] 127 [ 128 [E] 129




Real-time Processing — Environment —

€ Antenna is installed on rooftop of building
€ Not open-sky environment

& Signals are re-emitted by GPS repeater in the room
€ Multipath and directivity problem




Calibration of RTL-SDR

€ Accuracy of oscillator is very poor!!!!

€ Large bias error (10~90 ppm!)
€ Large drift error and not stable

€ How to calibrate?

€ Check signal acquisition result with changing ppm offset!

Input

Input Tvpe | RTL-SDR -

FrontEnd 1

O 1@ a [1575420 MH(LD) ~| 2048 MHz 00

1@ IQ L] 0.0

[7] Plot Acquisition Plat Trackingl Clock Error 30 ppm I
Tracking Parameter Setting E]
MISG

@ FrontEnd1

-

Output

[ RINEX StestSoutput

[[] RTGM MSM 95499 [] SBAS/SAIF 95497

[[] @255 LEX 9998 1Hz [ LoG
Setting

Sampling Type  Center Fregency Sampling Freq. Intermediate Freq.

IHz

Lat (deel: 357  lon(degk 1398  Current GNSS Gonstellation [ |

GPS
[ ALL @ FrontEnd1

[ Go1 [ G02 [ G0 [7] Go4 [7] GOs [ Gk [ G07 [ Gog [7] Gog [ G1o
1 GH G120 618 ] GI4 [T GIS ] GI6 [ G17 [ Gig ] G19 ] G20
[ G21 [ G22 [ 623 [ G24 [ G256 [ G26 [ G27 [ 628 [ G29 [ G20
[ 531 ] G32

GLONASS

[ ALL @ FrontEnd1

[ -07 [F]-06 [F] -05 [ -0¢ [ -02 [ -02 ] -01 [ 00 F o1 [ 02
o2 []o4 []05 []06

Galileo

1] ALL @ FrontEnd1
[E1 E11 [ E12 [ E19 [ E20
BeiDou

1] ALL @ FrontEnd1

E col [ co2 [ ¢o3 [ God [ Gos [ Gos [ co7 [ Gos [ Gos [ 1o
ElciiEci2E i Ecld

QI55

[[] L1GA [7] LEX [[] SAIF @ FrontEnd! o
SBAS

[ ALL @ FrontEnd1

[ 120 [] 121 [ 122 [0] 128 (] 124 (7] 126 [ 126 [0] 127 (0] 128 [ 129

[ 120 [ 131 [ 132 [ 123 [ 134 [ 135 [ 136 [ 137 [ 138

Try to change to 10,20,30,40,50,60,70,80 ...




Real-time Processing — Setting — 1

Select “File (RTL-SDR)”

Select most high-elevation satellite

Input
Input Type |RTL-SDR.  +|

E#¥gnzesdrlib¥testdata¥rtlzdr_toxo_|1¥rtlzdr_toxo 11 hin

Output
[] RIMEX Stestdoutput
[] RTCHM M3 9999 [] SBAS/SAIF 9997
[ @255 LEX 98494 10Hz LOG
Setting
FrontEnd 1
Sampling Twpe  Center Fregency Sampling Freq. Intermediate Freq.
O 1@ G [1575420 MH(LT) »| 2048 MH: 00 MH:
I @ L nn nn

GPS

] ALL @ Front§hd1

] GOt [ G02 [ Go3 [T GO4 [7] Go5 [] Go6 [7] G07 [ Gos [7] Gog [] G0
G [ G2 [ Gi3 O] G4 [T G5 [0] Gi6 [ G17 0] G18 0] G19 [] G20
] G2t ] G22 [ G23 [C] G24 [] G25 [T] G26 [ G27 [ G28 [C] G29 [] Gao
] G31 ] Gs2

GLONASS
] ALL @ FrontEnd1

] =07 [] =06 [7] =06 []-04 []-0% []-02 7] -01 []o0 []01 []o02
03 [C]04 [C]05 []06

Galileo .
] ALL @ FrontEnd1

|
[C] E11 [T E12 [ E18 [T] E20
BeiDou "
7] &LL @ FrontEnd1

7] GOt [ G02 [ G03 [7] G4 [T G0 [7] GO6 [7] G07 [ Gos [ Gog [7] G10
[ G11 [ G12 [ G153 [F] C14

[] Plat F'u:quisiti-:url Plot Trau:king"@lu:u:k Errar 0 ppm I Q755
Tracking Parameter Setting | .. | [7] L1GA ] LEX [ SAIF @ FromtEnd! [] @i
MISC SBAS
Lat (deg 357  Lon(deek 1393  Current GMS§ Constellation E] [C] ALL @ FrontEnd1
[ 120 [ 121 [ 122 [ 123 [ 124 [ 125 [F] 126 [ 127 [ 128 [ 129
@ FrontEnd] [ 130 [ 131 [ 132 [F] 133 [ 134 [F] 135 [ 136 [ 137 [ 138
I — \ = ——— _— — — -

Try to change to 10,20,30,40,50,60,70,80 ...




Demonstration 1
Positioning with Multi-GNSS



Front-end for Multi-GNSS Constellation 1

LMKO3033C clock distribution chip
Maxim/Dallas MAX2112 RF front-end

= For L Band (925 - 2175MHz)
Maxim/Dallas MAX19506 dual 8-bits ADC
MMIC amplifiers
Maxim/Dallas MAX2769B RF front-end

= For L1 GNSS(1550 - 1610MHz)
Xilinx Spartan-6 FPGA
TXC 26MHz TCXO oscillator

=

N

ok ow

~N o

€ USB 2.0 interface

€ Simultaneously recording two front-
end data

@ All front-end setting is configurable

: & Center frequency

£800 € Bandwidth

http://www.nsl.eu.com/primo.html ¢ Sample rate (8|\/| Hz~40M HZ)



http://www.nsl.eu.com/primo.html
http://www.nsl.eu.com/primo.html

Demonstration of Multi-GNSS

2014/4/17, TUMSAT, GPS/QZS/Galileo/BeiDou

2 = e = e = e e e e e = 7 === | s e = [ s = = [ IS P R
& | e opt & I e opt & | e opt S I e opt S | e opt & | O opt | 2014/04/17 13:03:58.0 GPsT| 1| O00—0—00 000 o L |
oz o3 o4 COT c10 Lat/Lon/Height * Rover L1 SNR (dBHz) - -
13 o 2 Solution:  SINGLE [] wl
% O Ei ey o
l2ko ;{53 % N:  35°39' 58.9566" 1
—=RHRUSI0E0 5 i E:  139° 47 32.6483" -
-51.6635, -1.6435! . | -51.6635, -1.6435! -51.6635, -1.6435! | | -50.2687, -1.4406: -43.8840, -16.435! . | -43.8840, -16.435! Tia: 62.051 m 30
R Rl B T ) e e O e T - 1 04310: 2634 m 20
b (= [&@][=] ) | [ e fied 0.0 ¢ of Sat22
& HE & opt & [ ='opt & E &' opt & E & opt & E & opt & E &'opt| ¢ e ¢ ()]0 DI DD IR ZREA NADD D DDDH7AML
11 G0 G032 GOy [C ] G09 H 3 =
ST 190 @ 0 ¢ ] 188 e 0 .  sop ] [uPlotun ) (Options ] (it )
o o : _ QSM SSM
) o 8 B 28 2 2 28
£ B (o} —FRFCEOE] R0 —SPREEOE] R0 — SRR R0 —SPRELOE] PE0
-43.8840, -16.435! ; -51.6635, -34.2401 -51.6635, -34.2401 ; -51.6635, -34.2401 -51.6635, -34.240 ; 20.0483, 29.033¢
Hiole = | HiollolEs | EHiole i | Hielle = | el | e e -
B2 & d &opt | B2 & [ FHopt | B2 & EH Fopt | Ba & H FHopt| B2 & E &Fopt | B2 & H & opt
G G159 G20 Gz2 G27 G2
o " ] T T 9 %
98 T el RN il T WL W
28 B a 28 E : 28 28 28 28
= 18] —SREEOET BED —SHREOET R0 e it sl 120 —SRREEOE] B0 — SRR BE0
-51.6635, -34.2401 | -51.6635, -34.240i -51.6635, -34.2401 . | -51.6635, -34.2401 -51.6635, -34.2401 | -51.6635, -34.2401
HieleE = | HiolaE | Hiolazd | Hiolhe = EHi=e ==
B S H Fopt| B2 & Fopt | B & H ot | B & d opt | B & | Fopt [ B2 & & 5 opt |
532 E11 E12 E19 E20 Jod
1%% [ ] 1 F ] 1 F 3 1 F 1 1%% [ ]
r ] Eizigpd ] Ect gt : ﬁ
28 55% o 0@’?? 4
s s w i L {] = B0 —: EHIRO = =T fa T ey T 1] — SRR (E0

-51.6633, -34.2401

-43.8840, -6.5742!

-43.8840, -6.37421

26.2041, 9.2189:

-37.0082, 25.819.

-51.6635, -34.2401

Video URL: http://voutu.be/N5tScnlQzkl



http://youtu.be/N5tScnlQzkI
http://youtu.be/N5tScnlQzkI
http://youtu.be/N5tScnlQzkI

Demonstration 2
MADOCA-LEX PPP




LEX Message

LEX data structure
€ 1 message = 2000 bits / 250 symbols, 2 kbps
€ Length of overlaid code is 4 ms and it represents 1 symbol
€ Using code shift keying (CSK) modulation
€ Reed-Solomon error correction

I 2000 bits / 1s I

Header . Reed-Solomon
(49 bits) Data Part (1695 bits) Code (256 bits)

MADOQOCA-LEX data structure

€ Multi-GNSS real-time orbit/clock data (Currently, GPS/GLONASS/QZSS)
€ Message format is based on RTCM SSR

SSR Message # e
ate
GLONASS | _QZSS i

Orbit 1057 1063 1246 1240 30s
High rate clock 1062 1068 1251 1245 2S

\|’ Decoding CSK modulated message using software GNSS receiver!



LEX Decoding Method i

€ LEX signal uses code shift keying (CSK) modulation
€ L1CA Code phase and Doppler assistance for decoding LEX
€ FFT based CSK modulation decoding

Y

GNSS Front End

Signal Acquisition

Initial Code Phase
Initial Doppler Freq. |

Estimation using FFT

N

A4

\

LEX Message
Computation

Signal Tracking

v : v
FLL PLL DLL
| |

Code Phase|Doppler Freq.
____________ i GPS Clock Error
Ephemeris Error

Reed-Solomon Error
Correction

% LEX Code Phase
|
l
|
l
|
l
|




LEX Decoding Example

The estimated

L1CA code phases »

Computing the LEX

message symbol
by taking the

difference between

the L1CA code
phase and LEX
code phase

12¢ 4ms 1 1 1 ‘
< > : | | : '
;| L1CA
o
2 oslLMpB -
[a
'q:> 06
T 04
5
Z 02
T 3.645 13.65 3.655 3.66 3.665 357 3675 3.68 3.685 3.69!
| Do pipler i IF Sample [sample] i i 1073
| Code phase | | | |
12 1 1 \ 1 ‘
| | ' LEX code phase 3 '
s '[10230-Nbyte "/ | =,
B | |
S 08 o E}
E 0.6; 1;
£ 04/ i ! 1
o J
Z 02/
0 3.64 3.645 }3.65 3.655 L’(.66 3.665 3.67 3.675 3.6§ 3.685 3.69}

!
IF Sample [sample]

x 10

O No need to track LEX ranging code (no DLL, PLL, etc.)
O Easy implementation
A Computational cost
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