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Abstract

There's (More Than) Music in the Air: Low-Cost, Hands-On Teaching of Software Defined Radio
Professor Georg Eggers, Munich University of applied Sciences

Due to its flexibility in modulation and demodulation of RF signals, software defined radio (SDR) has become a key
issue in many fields of wireless data transmission. It should therefore be included in up-to-date lectures on signal
processing but the substantial prices of commercial programmable SDR-hardware make it difficult to provide
hands-on experiences with SDR to many students. However, recent hardware developments promise to make
real-live SDR available at very low cost (between $10-5200 USD).

This talk will introduce the SDR basics and show up the possibilities to integrate low-cost SDR hardware into the
LabVIEW environment for teaching purposes. It will then discuss the potential and the limits of such hardware by
means of different wireless communication standards. This shall include live demonstrations (as far as the
conference room’s shielding situation allows ...).

Presentation material and LabVIEW software examples will subsequently be made available from:
http://www.georg-eggers.de/labview4lectures

HOCHSCHULE
VNATIONAL WISSENSCHAFTEN
’ INSTRUMENTS' UNCHEN georg.eggers@hm.edu / fk06.hm.edu -3-

Georg Eggers, FKo6




Contents

1. Software Defined Radio (SDR): A brief and basic Introduction
a. Integrating SDR into courses in signal processing
b. Some mathematical magic
2. Available SDR Systems for Experimental Use
a. NI USRP
b. RTL-SDR
3. Examples
a. Demodulation of FM Broadcast
b. NOAA Weather Satellite Images
c. Receiving ADS-B Plane Broadcasts

4. Conclusions, Outlook

HOCHSCHULE
VNATIONAL WISSENSCHAFTEN
’ INSTRUMENTS' UNCHEN georg.eggers@hm.edu / fk06.hm.edu -4 -

Georg Eggers, FKo6



1.a: Integrating SDR into courses in signal processing

Continuous and Discrete Signals

xg (nTs) = xqln]

0 x(t) : N value-discrete and
v.alue—con’.clnuous and - "_i" 10 S time-discrete signal
time-continuous system | R BT ST TR

e LN
> = L v
t 1> <—Li —————
\/ L Tg i __1___1\_LSB
Time discretization: Value discretization:
7;5: Sampling interval LSB: least significant bit
T fs: Sampling frequency
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1a: Integrating SDR into courses in signal processing

The Deadly Sin of Time-Discrete Signal processing

0

Original Signal
r i \/ \/

Sampling- | | | :
X '”te”""'] o 1 2 3 4 5 6 7 8 9 t/Ts

: e 1
- Never ever violate the Nyquist criterion fsjg max < Efs ... or be doomed!

= My favorite FM station broadcasts at 100 MHz — will | need a 200-MHz-ADC?
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1b: Integrating SDR into courses in signal processing

Some Math Magic ... Signal Mixing . -~
1 C1'[P.AI{._[%‘-IHI‘II{f :'
= Never ever violate the Nyquist criterion fSig,maX < Efs ... or be doomed! MATEMATHKE

My favorite FM station broadcast at 100 MHz s
— will I need a 200-MHz-ADC?

No, because cosx -cosy = =[cos(x —y) + cos(x + y)] ?!

N |-

[ Cancel this with ]
Just let be x = anSigt» y = 27 fpgixt, Low-Pass Filter

1 A\
COS(Z?TfSigt) - COS(2T fagixt) = 5 (cos[Zn(fSig — fMl-x)t] + cos[Zn(fSig + fMix)t])

Signal multiplication and low-pass filtering results in frequency shift
- Move high signal frequencies into Nyquist conforming range
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1b: Integrating SDR into courses in signal processing

Math Magic: The Homodyne Receiver

= Homodyne: Make fy;, equal to your radio carrier frequency fc4r

aCar COS(ZT[fCart) ' COS(ZT[fMixt) - % (COS[ZTC(O)t] + COS[ZT[(ZfCar)t])

1 g Cancel 2f -4, W. |
r ) 0,5 Low-Pass Filter |
Carrier 0
__Signal = LP-filtered Signa?
Mixer Signal}=14__ isDC(f = 0)
T T 1 . acar
0 0,5 1 1,5 2 2,5 XoutLP = 2
t /Cycles J

Looks easy, but ...
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1b: Integrating SDR into courses in signal processing

Math Magic: The Homodyne Receiver

= What happens, if modulation and carrier are 90° out of phase?

car SN2 e 1) cOS(2fyiet) = 5 (SIn[2EOTE] + Sin[2(2fcar)E])

[ Carrier

— Cancel 2f;qr W. |
Signal | 0,5 \/\/ \/\/ Low-Pass Filter |
0 . . 1)
\/\ \/\ LP-filtered Signal
05 \ is DC (f = 0)
X =0
| Out,LP

0 0,5 1 1,5 2 25 J
t /Cycles

Mixer Signal

-1

So what?
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1b: Integrating SDR into courses in signal processing
Math Magic: The Homodyne Receiver
= Describe Carrier Signal as sum of cosine and sine signal

— Xcar(t) = Qcar COS2Tfeart + @) = Acqr[cos @ cos(2mfeqrt) — sin@ sin(2nfeq,t)]

~ In-Phase
><§>—> /3/\/&/ —> aczar cos(¢p) o[> Samples
I[n] A
cos(2w yixt) T Acar = 24/17 + Q7
fcLp fs > 2fcLp Q
— Sin(2mw 5 t) \]/ ¢ = arctan (7)
4 Quadrature
%% %Sln((p) D —> Samples

Q[n]

... et voila: Radio Signals without HF!
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2a: SDR Hardware
NI-USRP: Professional SDR Equipment

.=
* fcar: 10 MHz .. 6 GHz - USB3, Ethernet, MXle
* fsig,max: up to 120 MHz = NI-USRP Driver integrates into

Receive (RX) and Transmit (TX) LabVIEW
= Price: 1k€.. f5;4

... difficult to afford for teaching

FPGA for signal processing
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2b

: SDR Hardware

RTL-SDR: Next to No-Cost

™

Based on Realtec RTL2832U

Intended Use: DVB/DAB receivers

8-bit ADCs for I/Q-Sampling @ 3.2 MS/s
USB2-Interface

Datasheet subject to NDA

Enthusiast Eric Fry at osmocom.org discovered
possibility of raw 1/Q-data transfer

Paired with a tuner/mixer chip, most commonly
= Elonics E4000
= Rafael Micro R820T

No transmission capabilities
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2b: SDR Hardware
RTL-SDR: Next to No-Cost

= Numerous versions available
from (Chinese) online-shops

- Unmodified DVB/DAB

receivers start at ca. USS 5,-

= Units optimized for SDR
programming start at ca.

™

USS 15,-
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K- 7

Dipole-Antenna Radic Software RT-..
€27,57

Free Shipping

%43

Dangle Sdr-Receiver Usb rt-Sdr RE...

£13,44
Shipping €261

e .1~ ]
e
==z

fimit -

o

100KHz-1.7GHz Full Band UV HF R...

€15,07
Shipping: £0.74
*5

Tu-Receiver Stick-Technclogy Radi-.-

€4,19-7,57
Shipping: € 1,61

97
St a z
Qg::?{:f 5 e

v

»Y

SMA Dongle-Only Software Define..
€20,21

Free Shipping

Nsendaro

- SR
- e

TV Tuner Receiver Radio Towo RHZ...

€14,10
Fres Shipping

Dongle Sdr-Receiver Ush rtl-Sdr RE-
€12,43-19,46
Free Shipping

#50 7 Sald

Tw-Receiver-Scanner-Receiver Tun.-
€13,53

Free Shipping

50

1Set 100KHz-1.7GHz VHF UHF Full ...

€27,49
Free Shipping

-

Digital TV Receiver-Stick Rl Sdr Dv...
€7,77
Shipping: €0.73

* 5.0 9 Sold

Receiver RTL.SDR RTL2832U R82Z0T...

€22,01-27,68
Free Shipping

1Set 100KHz-1.7GHz VHF UHF Full .

€26,68
Shipping €295

RTLZ832U+RB20TZ 1 D0KHz-1.7GHz...
€23,98
ree i

Usb-Dongle Sdr-Receiver TOXO Rtl--
€2393

Free Shipping

w30

sew
{B0

Tuner Receiver Radio RTLSDR RTL...
€24,94
=

TV Tuner Stick Antenna Dongle T
€17,93

Free Shipping

e

Radio-Receiver Usb-Dongle RTL-SD--

€21,99- 25,67
shipping: € 6,25

Aliexpress.com

DIY KIT 100KHz to 1 7GHz UV HF R
€18,69

Free Shipging

Free Return

Mini USE 2.0 Software Radlio DVE-..
€5,30

Shipping: €374

TwReceiver-Stick Dvb-T rHZE32u Rt...
€6,05
shipping: €£2.55



2b: SDR Hardware
RTL-SDR.COM-Dongle
RTL2832U Controller

« fsmax = 2,5 MHz @ 8 bit 1/Q
Rafael Micro R820T2 tuner chip
* fecar = 24..1766 MHz

Ca. € 26,- including antenna set

Setup instructions on rtl-sdr.com

RF-Input bias voltage for antenna
preamplifier, which is available as an add-on

Metal housing acts as heat spreader
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2b: SDR Hardware
RTL-SDR: Integration with LabVIEW

= NI-Forum user Albert Lederer (Albert.lederer)
prepared a vipm-package “RTL SDR” based on
rtisdr.dll by S. Markgraf and D. Stolnikov

= Installable from VI Package Manager (VIPM)
= Usage is similar to sound-card programming

= Supplies 8-Bit unsigned interleaved |/Q-Data

= See NI Forum Link for Details:

RTLSDR Ed|
+ CL Search 9 Customizew TJ
nnnnnnnnnn
i, it
open close
[ETLE0H]
cccccc
Lot |
ETLSDR
COMFIGURE =T
V 2/ read sync

cccccc

set center freq

RTL SDF
SET

::::::

set sample rate

FTL=DFR
SET

AGC
DE

il

set agc mode

https://forums.ni.com/t5/Example-Program-Drafts/Using-RTL-SDR-with-Labview-Chapter-1-

Labview-on-Windows/ta-p/3538774
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2b: SDR Hardware
RTL-SDR: Integration with LabVIEW

~ — 2 [12 2
Typical usage: Aear = 2y 17+ Q
Q
SDR-Sample Acquisition High-Speed ] @ = arctan (7
ream Channel
NumberufSamples e il S
Read fixed # - - = SDR-5ample Processing
of samples L@ _____ [ I-Samples
Read.wvi FOEL]
I S - s man L i -
m - - Write 1275 Decimate 1D Array  ()-Samples
T =
Subtract Separate interleaved
ADC-Offset |/Q-Samples
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3a: Example:
RF Signal Modulation Audio Signal

AN
!

- Amplitude Modulation (AM): g N T
- (Audio) signal is envelope of m M /\m M[\m
carrier signal amplitude " VYol \/ \/ VYol v \/ \/ VY
b Nl

= Carrier signal amplitude is

Gcar = 24/12 + Q2 e w1 A o
RF Carrier Signal
= Frequency Modulation (FM): e o \/ A
(Audio) signal is difference WM /\ /\ n/ﬁ/ ﬂ n/
between actual and nominal '\ A

carrier signal frequency

L WAR
\ / \
= Carrier signal phase is N

- = T T T T T T T . T T T T T T T T T T ]
¢ = arctan (2) o ? 0 0,5 1 1,5 2 2,5
I t/s
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3a: Example:

FM Demodulation: Link between phase and frequency

= Frequency of Carrier Signal is modulated by audio signal x4,,4(t)
frr(t) = fear + € Xaya(t)

t t
Xcar(t) = Qcqr COS ZanCar + € X404 () dT| = Gcqar €OS | 2T feort + chj Xaua(T)dT
0 0
| !
I
QOCar(t)

¢ = arctan (g) = 2mc J Xaua(T)dT — d(ggt) X Xaud (t)

0

= FM audio signal is derivative of radio signal phase
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3a: Example:

FM Demodulation: LabVIEW implementation on RTL-SDR

dp d 0 = FM audio signal is derivative of radio signal phase
— = —arctan | — | X x4,,4(t)

a dxaudln]l  xaualn]—x n-1
: : : . ud — “Aud Aud
dt dt [ - Time discrete signal: =
dt T
Demodulate signal
[Extract I/Q-Samples| FM-Demodulatien |[EP-Filter: HEFHD‘-_'E Offset, HF | [Decimate to 44,1 kHz |
N Calc Phase |Correct phase jumps at +/- pi | High BP [Hz] filter type
Inverse Tangent (2 Input) Eb ToBL T {o EandEa 55 vl 1ur0|£ne
Readwi ~ AL Low BP [Hz] reset  [[osiy
ﬂ = — [* arinz ) (B
Decimate B, [F o] BP_ ‘.‘"“-] |
127.5| 1D Array o N ﬁ_‘ B el Audio Signal
Butterwolth Filter.vi Decimate (continuous).vi
order B &) averaging
- decimating
m m [ # Act Sample Rate factor

HOCHSCHULE
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3a: Example:

FM Demodulation: LabVIEW implementation on RTL-SDR

ﬂ' RTLSDR-EG_Main_06.vi Front Panel *

=N
File Edit View Project Operate Tools Window Help HTH 1
& & () Il [15ptApplicationFont ~ | v diav ¥ G +| Search o, [2 HIH®
RTL-SDR FM-Receiver

HOCHSCHULE —

88M

95M 98M 100M 103M
Center Frequency [Hz]

m

Low BP [Hz] High BP [Hz] Set RTL Sample Rate [Hz] i
A A A Sample Packet Size Audio I Act Sample Rate Underrun —
W stop 7 5 o 15k o 264600 355150 90 264600 |

-
I

= VIl available from www.georg-eggers.de/labview4lectures
= Based on Alfred Lederer’s vipm-package sample code
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3b: Example:
FM+AM Demodulation: NOAA Satelite Images

= National Oceanic and Atmospheric
Administration (NOAA) runs series of weather
satellites with automatic picture transmission

(APT) feature:
= RF signal at f-, ® 138 MHz e 0
= FM-demodulation results in audible signal < 0.5 seconds >
. _ *
with fauq = 2,4 kHz, can be recorded as *.wav H ! H o B s
audio file : 2 s | A awtis,
' ' P ;‘ P 2 black) ;‘
= Image data amplitude modulated to audible s 7 c ;
1 One b= 128l ? fine :
S|gnal AR o Chainel Wl o IS 1 ChaE 1 i
. . . . . i El iden
- Line wise transmission 0,5s/line e 0] [ Y 10
] . M 11 M i
= Sync signal at start of every line 3 L s gj' =
. K 14 K 14
= IR and VIS image and telemetry data 2 15 E T 5
¥ |1s 16

HOCHSCHULE Teletnetry Frame A T Teletetry Frarne B ———
N7 NATIONAL ORANGEWANDT!
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3b: Example:
AM Demodulation: NOAA Satellite Images

= Reception is possible, but difficult with RTL-SDR
equipment:
= Low RF power requires dedicated antenna

= Wide field of view required as satellite passes from
horizon to horizon

= Passing times have to be determined
(e.g. using Gpredict: http://gpredict.oz9aec.net/)

= Audio files of receptions available for download, e.g.

= http://www.fredvandenbosch.nl/satellites WAV.html|
(Files from this website were used for this presentation)

= https://network.satnogs.org/
= http://hans.mayer.tv/html/noaal8.html
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3b: Example:
AM Demodulation: NOAA Satellite Images

= LabVIEW sample decodes wav audio file
= Implementation of AM demodulation

WAV
data 5T e
A wt O :Wl ','I
% 5 Y%car cos(@) Sound File Read.vi
2 Sine Waveform.vi ':E;‘.- Butterwoth Filter.
2.400 Hz = =] | Q
COS(ZT[ 2’4- kHZ t) sub carrier phase
frequency
. =
sin(2m 2,4 kHz t) [2400] el @ - Q
Amplitude out

/X/ aC sampling info |20 : low cutoff freq: fl
> ar . _ i
/\/ E— Sln((p) sampling freq |[[DELk—{ F: order
2 [ =T
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3b: Example:
AM Demodulation: NOAA Satellite Images

= Search for sync signal at beginning of each line: 7 cycles rect @ 832 Hz

= Generate sync signal as waveform
= Cross correlation search

= Put 500 ms of sampling into intensity graph
) | Image l
l AM-Signal Ix Sync W ] Data

Data Line

as|ng Jufsg

1 I I I I I I I I 1 I I I I 1 I
100 110 120 130 140 150 160 170 130 190 200 210 220 230 240 250

Samples
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3b: Example:
AM Demodulation: NOAA Satellite Images

WAV-File NOAA-APT-Decoder

— Version 19.11.2019 / LabVIEW 2016
|h‘ Decode APT Images from WAV-Files

. . . Data Line . 7 Av-signal ’_ fa I~ ] HOCHSCHULE
3 | NC AN \ \

array in intensity graph row ; i
0175- -0,75 U NCH E N
0,15+ -0,5 Prof. Georg Eggers
T 0125- ‘.ﬁ/"w e [ e |

|¢L C\Users\Eggers\0A_Projekte\ SDRANOAAVWAVND90T29 1428 noaa-18.wav

Display image data as 2-d

Displayed image recorded by i V I -
0,025- -0,75 B sor
Fred van den Bosch, R b e e e e T _—

http://www.fredvandenbosch.nl/

-0,175142

—0,130897

0,03
-0,00681583

= Vlavailable from
www.georg-eggers.de/labview4lectures
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3c: Example:

Automatic dependent surveillance—broadcast (ADS—B)

= Commercial aircrafts periodically transmit
position data determined by satellite navigation
= Carrier Frequency f¢q, = 1090 MHz

= Binary Amplitude Modulation
with 0,5 us bit length

= Reception possible for RTL-SDR
with Rafael Micro R820T2 tuner chif

Image: www.faa.gov

A . . .
" Z-Slze Antenna is easy to build

= 1/Q-Sampling at f; = 2 MHz
means one sample per bit
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3c: Example:

ADS-B Data Frame

Pulse Position Modulation

[Check Message CRC|
CRCcheck.wi

== |
JJCRC
v

ADS Messz
" 50
Start 4 .
40-
threshold

35- I

Hi/Low
threshold
x[0] + x[2]
4

-

Samples

-1 | =0 | =0 | =0 | =21

[T.’TT.T.T.I

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[.

26
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3c: Example:

Automatic dependent surveillance—broadcast (ADS—B)

= 224 Samples with pulse-position modulation
transformed into 112 bits (10>1; 01->0)

= 112 Bit ADS-B Message always contains the
aircraft’s ICAO ID number (Bit 8..31)

= Message contains either
= Aircraft identification
= Surface position
= Airborne position and altitude
= Airborne velocities
= Aircraft status

= Received packages can be checked with air
monitoring website, e.g. flightradar24.com

HOCHSCHULE
I INSTRUMENTS
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Georg Eggers, FKo6

|Check Message CRC|
CRCcheck.wvi

[Decode ADS Bits|

m = ]
..JCRC
v

..................
CRC OK

StartBit he

— BBz |[ICAQ-Address

BitLenght

georg.eggers@hm.edu / fkO6.hm.edu  -28 -



3c: Example:

Automatic dependent surveillance—broadcast (ADS—B)

= Aicraft data can be
verified with flight

monitoring websites, e.g.

“flightradar24.com”

= Callsign decoding has

been fixed after
conference

‘7 NATIONAL
’ INSTRUMENTS'
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RTL-SDR ADS-B-Reciever

This VI requires the "RTL SDR" package by Albert Lederer
Version 01-DEC-2019 / LabVIEW 2016 G

to be installed using the VIPM
Tested with the "RTL-5DR Blog's USE dongle”

‘:’:OCHSCHULE
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WISSENSCHAFTEN
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ADS M.;s{;;e Data
S 150 X Short M:g A Prof. Georg Eggers
‘ I SDR Center Freq  SDR Sample Rate
oot 17T t A W;W ’dﬂ“ﬁﬂ’m'l I fﬂﬁifmm
Pl muls A A | T
0 20 40 60 80 100 120 140 160 180 200 220 230
Samples Trigger Level # Samples
CRCOK  Position AircraftlD DF ICAC-Address Altitude Latitude Longitud Callsig 312 .;200000
- sor |

ICAO List

I M Jaos706  Jlo fo lo ]

Em
v
-

E-I
v
i

]
-

EE-i |

m ]vm —EI

|
4

-I |
um | Eﬂ! [ass] itz [— wEn oz

1525 _| 2000 |m_||

L]} L3

47,2007 | EE E-I | |

Georg Eggers, FKo6
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Outlook

Open Source SDR-Hardware with Tx- Capabllltles

= HackRF One
= 1 MHz to 6 GHz operating frequency, half-duplex transceiver
= 20 MS/s 8-bit quadrature samples (8-bit | and 8-bit Q)

|:«_-.. e

i 5= 1
HackRF One
GREAT SCOTT GADGETS™

1

LimeSDR mini
= 10 MHz to 3,5 GHz operating frequency, full-duplex transceiver
= 30,72 MS/s 12-bit quadrature samples

wdwd, SDR HackRF one PCB, CC BY-SA 4.0

= Both work fine with SDR# & GNU Radio, but ... .,k il ey P o
: : P e I e e P
= param 2 output
No LabVIEW drivers available param 2 — [~ —‘\_ 1 output

= DLLs available as open source

= Programming of Call Library Function Nodes with , Import
shared library“ failed due to extensive use of pointers, streams
and structs

= OPENUSRP-Project tries to integrate LimeSDR into NI-USRP by
faking identity of an Ettus USRP B210
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Closing
Conclusions

= SDR allows hands-on training of HF demodulation techniques
= HF signals become accessible by frequency shifting through signal mixing
= Mathematical mechanisms are fairly understandable
= Analog and digital broadcast data can be explored
= Both FM and AM demodulation can be performed easily within LabVIEW

= RTL-SDR

= offers access to real radio data at incredibly low cost
= can easily be accessed in LabVIEW thanks to Alfred Lederer’s driver package

= There’s lots and lots of radio signals to explore ...

=>»SDR is a great topic to include in signal processing courses
Try it yourself: www.georg-eggers.de/labview4lectures
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Closing
Thank You

= Albert Lederer, Steve Markgraf and Dimitri Stolnikov :
= Making RTL-SDR available to LabVIEW users

= Nancy Dib, M.Eng.
= Hosting this session

= Not asking for the presentation slides in advance ...

= The Munich University of applied Sciences’ students of mechatronics
= For enduring all these experiments in their lectures

= The audience of the talk
= For not escaping into the buffet zone
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