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Presentation Summary

Objective:

Provide an overview of GNU Radio, and how it enables access to the RF spectrum.

Content:

O Brief history of Software Radio
o GNU Radio Overview

o SDR Applications

o Takeaways



What is Software Radio!?




4 | What is NOT Software Radio!?
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5 | The ‘Ildeal SDR’
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6 | The ‘Ildeal SDR’
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7 | What is a Software Radio!

\ /t\ntenna SDR: RF system where mostly raw data is
primarily processed with general purpose

programmable processing hardware.

Ceneral P ] FPGA [ E
eneral Purpose ADC 1 DSPor F : GPP
RF Front End 1 ASIC .




8 | What is Software Radio!?

\

///Zntenna

]

Abstracted (mostly)

General Purpose

RF Front End

FPGA

GNURadio

THE FREE & OPEN SOFTWARE RADIO ECOSYSTEM

DSP or

CPU with
Operating
System




9 I How Did We Get Here? (the quick version)

1970%s:
1980’s:
1990’s:

2001:
2004
2000:
2010:
2013:
2016:
2019:

Gold Room TRW - Midas Baseband DSP
E-Systems: “Software Radio”
SPEAKEasy, J. Mitola NTC-92, JTRS/CORBA

John Gilmore $320k grant for GR to Eric Blossom
Ettus Universal Software Radio Peripheral (USRP)
GR 3.0 Released

Tom Rondeau takes over as project lead

GR 3.7 released

Ben Hilburn takes over as project lead

GR 3.8 released (?!)



10

Democratized Spectrum Access — Commodity SDR Hardware

Proliferation of Software Radio 1s strongly influenced by available SDR hardware

2004 2010 2013

Ettus Research USRP1

RTL-SDR

Analog Devices AD9361



What is GNU Radio!?




12 I What is GNU Radio?

» Powerful, open source framework for streaming DSP execution

Spectrum Analyzer

(S o I B o AT SR
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What is GNU Radio?

@)

» Substantial collection of common DSP functionality ready-to-use

DSP

L ag

| x| 2

=,
X

I e

Arithmetic Operations

Digital Filtering
Resampling
Transforms
Synchronization

Boolean Operations
Modulators / Demodulators
Forward Error Correction
Data Simulation Tools

Data Conversion / Mapping

A 4

DSP




14 | What is GNU Radio?

o Powerful, open source framework for streaming DSP execution
o Substantial collection of common DSP functionality ready to use

» Provisions for moving data into and out of GR

i i
> File > File
> RF Hardware > RF Hardware
> Network > Network
> Sig Gen > GUI
_ E— - J




15 I What is GNU Radio?

o Powerful, open source framework for streaming DSP execution

O Substantial collection of common DSP functionality ready to use

o Provisions for moving data into and out of GR

» Flexible analysis and debugging features




16 I What is GNU Radio!?

o Powerful, open source framework for streaming DSP execution
O Substantial collection of common DSP functionality ready to use

o Provisions for moving data into and out of GR

GNU Radio Companion _ ntrolPort
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o Flexible analysis and debugging features

» Collection of tools and APIs to facilitate stteaming DSP applications




17 I What is GNU Radio?

o Powerful, open source framework for streaming DSP execution
O Substantial collection of common DSP functionality ready to use

o Provisions for moving data into and out of GR

>GNURadio

THE FREE & OPEN SOFTWARE RADIO ECOSYSTEM

o Flexible analysis and debugging features
o Collection of tools and APIs to facilitate streaming DSP applications

» Substantial and capable community

#irc




18 I GNU Radio Basic Theory of Operation

Options Variable
ID: top_block ID: rate
Generate Options: QT GUI Value: 32k
File Source QT GUI Time Sink
File: /IQ_DATA.fc32 l o ‘ - _ » . Number of Points: 1.024k
Repeat: No e b Sample Rate: 32k
Add begin tag: () Autoscale: No

GNU Radio Flowgraph



19 I GNU Radio Basic Theory of Operation

OK

[—.

—
O —

e

Options
ID: top_block
Generate Options: OT GUI

File Source

Add begin tag: ()

Variable
1D: rate
Value: 32k

QT GUI Time Sink

File: .10_DATA.fc32 . I ‘ -~ n » “ Number of Points: 1.024k
Repeat: No e b Sample Rate: 32k

Autoscale: No

GNU Radio Flowgraph

Block to single block

1:N output connections

Multiple inputs to block

N:1 input connections

Loops / Feedback



20 I GNU Radio Basic Theory of Operation

Options Variable
1D: top_block ID: rate
Generate Options: OT GUI Value: 32k
File Source QT GUI Time Sink
File: /IQ_DATA.fc32 . o ‘ ~ '@ﬂ - E Number of Points: 1.024k
Repeat: No Castpiis tn ey 2 Sample Rate: 32k
Add begin tag: () Autoscale: No

Flowgraph

GR Flowgraphs: Blocks {

o Top level GR object (gr:top_block) Connections {

o Defined in Python or C++

* Language not performance-critical )
Execution |

o Basic GR Executable Boilerplate
AN

top_block.py



21 I GNU Radio Basic Theory of Operation

Options Variable
1D: top_block ID: rate
Generate Options: OT GUI Value: 32k

File Source QT GUI Time Sink

File: .10_DATA.fc32 . I ‘ -~ !I . ! Number of Points: 1.024k
Repeat: No e b Sample Rate: 32k
Add begin tag: () / \ Autoscale: No

Block Connection

GR Blocks: GR Connections:

o Fundamental GR signal processing unit o Buffers which allow for passing items between blocks

o Written in C++ (preferred, fast) or python o Very efficient shared memory gr::buffer implementation I
o 1:1, 1:N, N:1, arbitrary I/O relationships o One write pointer, one or more read pointers |

o Reads items, does processing, writes items
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GNU Radio Basic Theory of Operation

Options
ID: top_block
Generate Options: QT GUI

File Source

Add begin tag: ()

Variable
1D: rate
Value: 32k

File: ./IQ_DATA.fc32 l o ‘ - _ » I Number of Points: 1.024k
Repeat: No e b Sample Rate: 32k

QT GUI Time Sink

Autoscale: No

Runtime Scheduler

Input buffer read pointer

U

Upstream write pointer

A

Complex to Mag”2

“.item”

Downstream read pointer

)

J

Output buffer write pointer

I D e



23 I GNU Radio Project Software Organization

In Tree
Modules




24 I GNU Radio Project Software Organization

In Tree
Modules




GNU Radio Project Software Organization

In Tree
Modules

AND MANY MORE!




26 I GNU Radio Extensibility — gr_modtool and PyBOMBS

gr_modtool: Built in tools for creating and sharing additional GNU Radio capabilities
o Creates new modules including necessary build structure

o Tools for adding/removing signal processing blocks
PyBOMBS: build system for GR

o Simple management of GNU Radio related software

o Share recipes for OOT modules

Out-of-
>~ Tree
Modules

o Private or public recipe repositories




27 1 Using GNU Radio

1. Asan Application: Using GNU Radio
o No programming required (but it helps)
o Lots of tutorials and resources available

o Limited to tools that currently exist
o Windows, Linux, OSX software available /
2. As a Framework: Extending GR capability
o Requires C++ and/or Python
o Familiarity with Linux, git, and cmake will help

o Many existing examples to work from

o Allows users to build anything GR can do
3. Asan Obsession: Developing GNU Radio

4&

o Extending internal features, APIs, scheduler, etc

o Expertise required (talk to the GR community!)

Majority of users start here...

and move here as necessary

Not many people work down here...



GNU Radio Applications
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Basic Spectral Analysis

UHD: USRP Source
Samp Rate (Sps): 30M
ChO: Center Freq (Hz): 915M
ChO: Gain Value: 0

QT GUI Frequency Sink
FFT Size: 2,048k

Center Frequency (Hz): 0
Bandwidth (Hz): 30M

QT GUI Waterfall Sink
FFT Size: 2.048k

Center Frequency (Hz): 0
Bandwidth (Hz): 30M
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1.00e+00
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1
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Spectral Analysis — Putting GR to Work

Simple example of how GR can enhance Spectral Analysis:

o Gtven a FHSS Radio, log when bursts occur on a fixed channel

*  With bonus real-time viewer

UHD: USRP Source
Samp Rate (Sps): 512k
Ch0: Center Freq (Hz): 914.5M
ChO: Gain Value: 10

Threshold
Low: 5m
High: 1m
Initial State: 0

QT GUI Time Sink
Number of Points: 1k
Sample Rate: 30

Autoscale: Yes

Moving Average
Length: 10k
Scale: 100u
Max Iter: 4k

Complex to Mag~2

Float To UChar

File Sink
File: tmp/mag
Unbuffered: Off
Append file: Overwrite

Amplitude

Time (sec)




31 I Wideband Spectral Analysis

SDR only has 30 MHz instantaneous BW?

PSD tune / average / stitch flowgraph for
ultra wideband spectral monitoring

Doesn’t have to be spectrally continuous

Yy

Input

RADIO

Wideband PSD Output

MMMLWWMW\NWWLFD/ M\JWMM

PASS
n samples

v

RETUNE
f+=1a

v

DISCARD
m samples

CONSUME
n*m samples

v

AVERAGE
m vectors

v

LOG scale

v

KEEP
X:n-x

Output

PSD

[
i

500 MHz 600 MHz

700 MHz

800 MHz

900 MHz
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Analog FM Radio Reception

Example app included with GR

uhd_wbfm_rx.grc

93.3 MHz

Low Pass Filter

Samp Rate (Sps): 400k
ChO: Center Freq (Hz): 93.3M

UHD: USRP Source
ChO: Gain Value: 10

Window: Hann

Beta: 6.76

UHD WBFM Receive

¥

QT GUI Frequency Sink
FFT Size: 512
Center Frequency (Hz): 93.3M
Bandwidth (Hz): 400k

Decimation: 1

Gain: 1

Sample Rate: 400k I
Cutoff Freq: 115k
Transition Width: 30k

.

Q Rate: 400k
Audio Decimation: 10

2.00e+00 — gy 3
1EBE:
1.50e+00 |

il -
1.00e+00 |

Time (s)

5.00e-01 A

1
0.00e+00 — =

Frequency (MHz)

= _ ® Data 0
0]
-50 —
60 -

-70

Relative Gain (dB)

TR AT

100: ]Aw‘ J ]|AI h | IJ“ VIL L k

90.000 95.000 100.000 105.000
Frequency (MHz)

UHD Freq (MHz) e}

[93.300 .

Audio Sink
Sample Rate: 40k

Multiply Const
Constant: 1

Fine Freq (MHz) el | | 0.0000 |_

lllehtive Gain (dB)
-3
o

-
o
(=]

-120

-140

i

[ T
93100.00 93150.00

T
93200.00

T T
93250.00 93300.00

9335000
Frequency (kHz)

y 1
93400.00 93450.00 93500.00

UHD Gain

10.0 |.
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33 I FM Radio Reception — Radio Data Service (RDS)

eventl37:traffic lighter than normal (with average speeds Q), location:15360
event701l: (Q sets of) roadworks, location:37740

event736: (Q sets of) roadworks. Right lane closed, location:37504
event735:closed due to (Q sets of) roadworks, location:37964

Low rate digital data
passed in-band with

Sterso Audio
Left - Right

eventllb:slow traffic (with average speeds Q), location:24144
= \/ \mms event803: (Q sets of) construction work, location:19300

. (5%) ”
l)f()ﬂ(i(llst f?hd Slgﬂ]ﬂls | sy event701: (Q sets of) roadworks, location:37740
S sz 5205
RF Gain: | 20 Volume: -3
Grid Position: 0.0, 1.1 | | Grd Postion: 1.0.1.2 | | Grid Position:0.1.1.1 e oo :':-"’;:" Freq: 100.3M
B
e -
e BB | Demod | Waterfall | L+R | L-R | RDS Const
Baseband sl
.3 ®& Average
-4 T [ ] Persistence
-5 ["] Peak Hold
-6 ﬁ Set dﬂldw
-7 A "HNll O 1ds/div
g -8 m% il () 2dB/div
-9 .
I ) O 5d8/div
10 {
Sy @ 10dB/div
-12 () 20d8B/div
i i Ad] Ref Lvl
3 0.4 02 0.0 B— 04 Ad) Ref il
MHz | -

Frequency 100.30 stationName Today programType Varied r 180E

Speech Stereo
Clock Time 12.03.2019, 03:53 (-6.0h) Alt. Frequencies
Radio Text The Peak Without Me Halsey

OOT Module: https://github.com/bastibl/gr-rds




34 I Global Navigation Satellite System

Open source multi-constellation GNSS receiver
with DSP implemented using GNU Radio

Signal Frequency ID

GPS L1 C/A 1575.42 MHz 1C
GPS L2CM 1227.60 MHz 25
GPS L5 1176.45 MHz L5
Galileo E1B/C 1575.42 MHz 1B
Galileo E5a 1176.45 MHz 5X
Glonass L1 C/A 1602.00 MHz 1G
Glonass L2 C/A 1246.00 MHz 2G
Beidou B1l 1561.098 MHz B1

GNSS-SDR Supported Signals

https://github.com/gnss-sdr/gnss-sdr

GR Flowgraph(s)
e
: FLOWGRAPH v
[ GHANNELN i [ "HXET:M-?. J))
CHANNEL 2 e
CHANNEL 1 e
Imnes o
p{ ACOUESITION | R
2 I M -=-=——b-“ CASERVABLES — B BT ‘ — I-RRIEX‘-
- J| SIGNAL J SIGNAL J | e W E | OBS
o ome | [ ] | - s
'\\ Asynchronous Message passing o

GNSS-SDR Architecture

GNSS-SDR and Figures reproduced with permission from Centre Tecnologic de Telecomunicacions de Catalunya (CCTC) under Creative Commons BY 4.0 License (https://gnss-sdr.org/)



35 I Advantages SDR Provides to GNSS Receivers

FLOWGRAPH
CHANMEL N
CHANMEL 2
. . CHANNEL 1
Directly observe/log internal system states
B ACOUSITION s |
Substantial insight into internal GNSS operation sows |, sow I
SOURCE CONDITICNER
!
i\ v e | TEEET
mh-""""-\-.___ :i‘..'
" S Asynchronous message passing

Acquisition Stage Code / Doppler Plot

400 ...t et BT et DR T e T N\
1o R o B R S N T T O e O I S A e
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950 | i

Dizcrete-Time Scatter Plot Bitsl of the navligatic-n messlage
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: g :

R : 6T 1SS | O
150 ... i” B OF ?

L et o ! : v T i 1
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P e =10 0 10
50 .. I prompt

Raw PLL dizcriminator

o2 0,2
16000 s WRTHTY
14000 & 2
12000 5000 2
10000 e 3000 4%% g W
8000 b 2000 0o 1 1.5
1000 : A
8000 ) 3 Time (=) .
4000 - 200G 1000 -
2000 5 500G 000 Internal GNSS Tracking Data
Code Phase [samples] -5000

Doppler [Hz]

GNSS-SDR and Figures reproduced with permission from Centre Tecnologic de Telecomunicacions de Catalunya (CCTC) under Creative Commons BY 4.0 License (https://gnss-sdr.org/)



36 I ADS-B Aircraft Telemetry

Automatic Dependent Surveillance Broadcast

gr-adsb: Simple PPM demodulator and ADS-B deframer

0.4

0.3

Amplitude

T
20 40 60
Time (us)

T
80 100

T
120

QT GUI Time Sink
Number of Points: 256
Sample Rate: 2M
Autoscale: No

UHD: USRP Source
Samp Rate (Sps): 2M
ChO: Center Freq (Hz): 1.09G
ChO: Gain Value: 60
ChO: Antenna: RX2

Threshold

Low: 100m
Ci lex to Mag~2

Initial State: 0

Float To UChar

Correlate Access Code - Tag
Access Code: 1010000101000000

Threshold: 0
Tag Name: adsb preamble

ADSB Decoder
Check parity: Yes
Qutput Type: C5V

ADSB Framer

File Sink
File: /dev/stdout
Unbuffered: On
Append file: Append

A21839,,409,285,,,17,5,19
A21839,,,,,,11,5,23
A4455E,,368,246,,,17,5,19
ABC3C6,,,,,,17,5,29
A4455E,,,,35.79,-106.91,1,17,5,11
A4455E,,368,246,,,17,5,19
A21839,,,,35.01,-99.16,1,17,5,11
A4455E,,,,,,11,5,22
A4455E,,,,35.79,-106.92,0,17,5,11
A21839,,409,285,,,17,5,19
A4455E,,367,246,,,17,5,19
A4455E,,,,,,11,5,22
ABC3C6,,548,72,,,17,5,19
ABC3C6,,,,36.07,-106.60,0,17,5,11
ABC3C6,,,,,,17,5,29
A4455E,,,,,,11,5,22
ABC3C6,,548,72,,,17,5,19
A4455E,,,,,,17,5,29
A4455E,,,,35.79,-106.92,0,17,5,11
A4455E,,367,246,,,17,5,19
ABC3C6,,548,72,,,17,5,19
A4455E,,,,35.79,-106.92,1,17,5,11
A4455E,,367,246,,,17,5,19
A4455E,,367,246,,,17,5,19
ABC3C6,,,,,,17,5,29
A21839,,409,285,,,17,5,19
ABC3C6,,,,36.08,-106.58,0,17,5,11
A21839,,,,,,17,5,31
ABC3C6,,,,36.08,-106.58,0,17,5,11
ABC3C6,,548,72,,,17,5,19
A4455E,,,,35.78,-106.93,0,17,5,11

OOT Module: https://github.com/wnagele/gr-adsb

I D e



37 I Another look at ADS-B Aircraft Telemetry

A ditfferent way of approaching ADS-B

UHD: USRP Source
Samp Rate (Sps): 2M
ChO: Center Freq (Hz): 1.09G
ChO: Gain Value: 60
ChO: Antenna: RX2

Message Filter: Extended Squitter Only
Error Correction: None
Print Level: Verbose D

ADS-B Demodulator
Sample Rate: 2M

ADS-B Framer
Complex to Mag ™2 Sample Rate: 2M
Detection Threshold: 10m

QT GUI Time Sink
Number of Points: 300
Sample Rate: 2M
Autoscale: No

Constant Source
Constant: 10m

x ADS-B Receiver

Gain (dB): | 60

Detection Threshold: |0.01

e
-

Amplitude

0.02

n
t I 4'] '!'I‘ﬂ il

S|

(e e e e e e e |

o

ADS-B Decoder D_ R

IC:
Speed:
Heading:
Climb:

Climb Source:

ST:

IC¢:
Speed:
Heading:
Climb:

Climb Source:

28.85 dB

17 Extended Squitter

Passed

5 Level 2 or Above Transponder
adeb543

19 Airborne Velocity

1 Ground Velocity

0 No Change in Intent

404 kt

158 deg (W)

64 ft/min

0 Geometric Source (GNSS or INS)

25.70 dB

17 Extended Squitter

Passed

5 Level 2 or Above Transponder
a8913b

29 Reserved

24.20 dB

17 Extended Squitter

Passed

5 Level 2 or Above Transponder
adeb543

19 Airborne Velocity

1 Ground Velocity

0 No Change in Intent

404 kt

158 deg (W)

64 ft/min

0 Geometric Source (GNSS or INS)

Time (us)
OOT Module: https://github.com/mhostetter/gr-adsb




38 1 ADS-B Tool w/ User Interface

Mode S/ADS-B receiver

Type 17 from a7cdOc with velocity 442kt heading 306 VS 64

Visible aircraft y Type 17 from aa7b33 with velocity 342kt heading 263 VS -64
Setup | Dashboard =Azimuth map | Map | Live data Type 11 from a39d95 in reply to interrogator 0 with capability level 6

SWAT34 Type 11 from ad07a5 in reply to interrogator 0 with capability level 6
SKW5648 Type 17 from ad2lbc at (35.817012, -107.597351) (82.33 @ 311) at 41000ft
AAYS587 Type 0 from aa7b33 at 40000ft (speed 300-600kt)
AAY11 Type 11 from ad2lbc in reply to interrogator 0 with capability level 6
FFT2067 Type 17 from aa7b33 at (35.525711, -106.639824) (35.08 @ 347) at 40000ft
a399de Type 17 from ad07a5 at (36.835785, -107.250710) (131.43 @ 341) at 38000ft
FFT770 Type 17 from a7cdOc at (34.988434, -106.720911) (12.85 @ 257) at 32000ft
DAL2837
a7cdoc
ASH6058 . )
DAL775 Visible aircraft Setup ' Dashboard | Azimuth map Map Live data
ad21bc - di
add667 SKW5648 Bearing Range Heading

AAY587 N 205.24 | nm N ICAO | 208663

AAY11 \ —

a399de S oy Altitude | 34050 ft

DAL2837

FDX1678 Climb | 128 ft/min

SWA2036

ASH6058 Ident |AAL245

ad21bc Latitude|37.262238 Type LARGE

Longitude|-108.928041
Signal strengtl‘ﬁ
a7cdlc
Reports/second |82 Stop
22019 Google, INEGI | Terms of Use
equipped aircraft only Reports/second (131 || Stop |
OOT Module: https://github.com/bistromath/gr-air-modes




39 I Observing the Iridium Constellation

Two open source tools for recetving iridium data published by the Chaos Computer Club
o Constellation of ~66 active LEO Satellites in 6 polar orbits .

Challenges:
o Provides voice and data support with true global coverage o Protocol not public knowledge

o Burst frequency arbitrary
*  (1616-1626.5 MHz)

\ <—— Channel 46

<+—— Channel 45

SV Direction

PANEL 2

Frequency

f T

41.667kHz \ = <— Channel 44
v "
\ TS «— Channel 43

3 Antenna panels project ~. Q. +— Channel 42
48 Spot beams onto Earth . R

I ] I | I I ] i i
0 2 4 6 8

Time (min)

ANEL
PANEL 1 P 3




40 0 lridium Data Receiver

Decimated and
Centered Bursts

new_burst: ((id,

burst: ((id . 1325))

e — Bursts Tagged in Input Data Stream

Center Frequency: 1.6248G
FFT Size: 4.096k

Sample Rate: 4M tagged_burst_to_pdu burst_downmix
Max Bursts: 0 Max Burst Size: 100k Sample Rate: 4M
—» ]| Pre Burst samples: 4.005« |} Relative Center F v:0 Search Depth: 1.75k
Post Burst Samples: 32.768k Relative Span: 1 F-------- — [ | Hard Max Queue Length: 1k
Burst Width:40 [ ___ __ | | Relative Sample Rate: 1 Input Taps: input_filter
Threshold: 7 . Maximum Outstanding Bursts: 500 Start Finder Taps: start_f...
History Size: 512 ! Drop Overflowing Bursts: False Handle Multiple Frames Per Burst: False
Debug Output: False '

FFT based burst detection/frequency localization
Internal structure of bursts reverse engineered to provide
o Satellite tracks and paging messages (simplex channels)
O Message types and some metadata (data protected?)

o Much more — look at the toolkit for more information!

Iridium Satellite Ground Tracks

OOT Module: https://github.com/muccc/gr-iridium

OOT Module: https://github.com/muccc/iridium-toolkit
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Iridium SV RF Performance Characterization

No bursts received — |
from SV / Beam

XWX

K ""t!o't'o

)
-,
£
-
o

$8 801

08800

u )

\ Nominal Downlink Received Power Level Deviation (Per panel)

g P L

Panel 3 I
Panel 2 !
Panel 1 I

3]

iy
b=
S

« all panels
» panel 1

panel 2
panel 3
median

Iridium Satellite

2 weeks of collected data - peak received level per spot beam shown (2016)




Summary




44 | Takeaways

GNU Radio is a highly capable tool for providing access to the RF Spectrum
GNU Radio has a low barrier to entry for developing bespoke SDR tools and systems

There 1s a massive amount of of high quality software freely available for the GR ecosystem

Go try it out!

(and when you do, share what you build when possible)



