
Software Defined Radio

Jon Brumfitt
ESAC

21 March 2018

SDR #1 Jon Brumfitt



Imagine …

SDR #2 Jon Brumfitt

ADC CPU Digital data/audio

• Imagine we digitized the voltage from an antenna
• Then we could implement a radio receiver in software using DSP

DSP

01010010…



Imagine …
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ADC CPU Digital data/audio

• Imagine we digitized the voltage from an antenna
• Then we could implement a radio receiver in software using DSP

DSP

01010010…

• This actually works!
• In fact, it works very well – Better mixers, filters etc
• It’s very flexible – Everything is ‘soft’
• Of course, there are a few more details in practice ...



A Few More Details
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ADC CPU Data/audio

DSP

LNA

LPF

Basic direct sampling SDR receiver



A Few More Details
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ADC CPU Data/audio

DSP

LNA

LPF

DAC

LPF

RF PA

CPU

DSP

Digital data/audio

We can do the same in reverse for a transmitter:



Down Conversion
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The maximum frequency we can receive is half the sampling rate

So shift the RF frequencies down to a range the ADC/CPU can handle:

ADC CPU Data/audio

DSP

LNA

LPF

ADC CPU
Data/audio

DSP

LNA

LPF
Down

converter



Down Conversion
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140 150 MHz

Direct sampling
Sample at > 300 MHz

-5 5

Shift down to 0 ± 5 MHz
Sample at > 10 MHzzero IF

Band of interest

The minimum sampling rate then depends on bandwidth not RF frequency

PSD



SDR as a Computer Peripheral
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User
Interface

PCSDR
tuner

Example software:
• SDR#, SDR Uno, HDSDR, GNU Radio, ...

USB
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Demo: FM broadcast band with SDRplay



Examples of Low-Cost SDRs

25 MHz to 1.75 GHz

Sample rate 2.4MS/s

ADC 8-bits

R820T2 + RTL2832U chipset

USB interface
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RTL-SDR

1 kHz to 2 GHz

Sample rate 10MS/s

ADC 14-bits to 6 MS/s, 8-bit to 10 MS/s

Switchable filters

USB interface

SDRplay RSP1A 



What is Software Defined Radio?
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ADC CPU Data/audio

• Flexible radio system using DSP in software
• Generalises to programmable software/firmware/FPGA/DSPs
• Ideally flexible RF front-end: wide frequency range & bandwidth
• Radio: audio, video, data, navigation, radar etc
• Used with a PC or as part of an embedded system

DSP
RF

front-end



Advantages of SDR
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• Very flexible / reconfigurable
• One radio can support many kinds of signals
• Wide frequency range and bandwidth
• High performance: Better mixers, filters, etc
• Upgradeable / maintainable by software/firmware update
• Longer equipment lifetime
• Same hardware platform for multiple products/applications



Applications of SDR
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• Military - A major user from early on

• Space

- NASA Electra radio on ExoMars, MRO & MAVEN1

- ESA ARTES SDR project with Lime Microsystems2

- NASA SCaN Testbed on ISS3

• Mobile phones and base stations

• Broadcast TV and radio

• WiFi routers

• Amateur radio

• … 

1 https://en.wikipedia.org/wiki/Electra_(radio)

2 http://www.limemicro.com/press-releases/european-space-agency-selects-limesdr-app-

enabled-satcoms/

3 https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_scantestbed.html



Quantisation Noise
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001
000

010
011
100
101
110
111

SQNR ≈ 6 N  dB (for N bits)
• 12-bit ADC gives SQNR of 72 dB
• 14-bit ADC gives SQNR of 84 dB

Improving SQNR
• Oversampling and decimation
• Dithering

ADC
N



Dynamic Range
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Control

LNA

ADC

BPF

AGC

CPU

DSPLPF

frequency

dBm
Strong signal

Signal of interest
Noise floor

12-bit

• Strongest signals must not saturate ADC
• Weak signals may be > 100 dB smaller
• Wideband AGC to keep ADC in good range 
• Filters to remove unwanted strong signals



Complex Down Conversion

∿

Fourier shifting theorem:
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g(t)
<latexit sha1_base64="rasP1h0XIduf6h+SbOkvO1yZ85M=">AAAB/3icdVDLSgMxFL1TX7W+qi7dBItQN8P0pe2u4MZlBccW2qFk0kwbmnmQZIQydOMHuNVPcCVu/RS/wN8w045gRQ8EDufcm3vvcSPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P7mQYC0JtEvJQ9FwsKWcBtRVTnPYiQbHvctp1p1ep372nQrIwuFWziDo+HgfMYwSrVBqX1fmwWLLMVrNRqzWRZVoLpKR60WrUUCVTSpChMyx+DkYhiX0aKMKxlP2KFSknwUIxwum8MIgljTCZ4jHtaxpgn0onWew6R2daGSEvFPoFCi3Unx0J9qWc+a6u9LGayN9eKv7l9WPlNZ2EBVGsaECWg7yYIxWi9HA0YoISxWeaYCKY3hWRCRaYKB3PypT0byE9OdfJfJ+P/id21WyZ1k291K5nEeXhBE6hDBW4hDZcQwdsIDCBR3iCZ+PBeDFejbdlac7Ieo5hBcb7F0OqlyM=</latexit><latexit sha1_base64="rasP1h0XIduf6h+SbOkvO1yZ85M=">AAAB/3icdVDLSgMxFL1TX7W+qi7dBItQN8P0pe2u4MZlBccW2qFk0kwbmnmQZIQydOMHuNVPcCVu/RS/wN8w045gRQ8EDufcm3vvcSPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P7mQYC0JtEvJQ9FwsKWcBtRVTnPYiQbHvctp1p1ep372nQrIwuFWziDo+HgfMYwSrVBqX1fmwWLLMVrNRqzWRZVoLpKR60WrUUCVTSpChMyx+DkYhiX0aKMKxlP2KFSknwUIxwum8MIgljTCZ4jHtaxpgn0onWew6R2daGSEvFPoFCi3Unx0J9qWc+a6u9LGayN9eKv7l9WPlNZ2EBVGsaECWg7yYIxWi9HA0YoISxWeaYCKY3hWRCRaYKB3PypT0byE9OdfJfJ+P/id21WyZ1k291K5nEeXhBE6hDBW4hDZcQwdsIDCBR3iCZ+PBeDFejbdlac7Ieo5hBcb7F0OqlyM=</latexit><latexit sha1_base64="rasP1h0XIduf6h+SbOkvO1yZ85M=">AAAB/3icdVDLSgMxFL1TX7W+qi7dBItQN8P0pe2u4MZlBccW2qFk0kwbmnmQZIQydOMHuNVPcCVu/RS/wN8w045gRQ8EDufcm3vvcSPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P7mQYC0JtEvJQ9FwsKWcBtRVTnPYiQbHvctp1p1ep372nQrIwuFWziDo+HgfMYwSrVBqX1fmwWLLMVrNRqzWRZVoLpKR60WrUUCVTSpChMyx+DkYhiX0aKMKxlP2KFSknwUIxwum8MIgljTCZ4jHtaxpgn0onWew6R2daGSEvFPoFCi3Unx0J9qWc+a6u9LGayN9eKv7l9WPlNZ2EBVGsaECWg7yYIxWi9HA0YoISxWeaYCKY3hWRCRaYKB3PypT0byE9OdfJfJ+P/id21WyZ1k291K5nEeXhBE6hDBW4hDZcQwdsIDCBR3iCZ+PBeDFejbdlac7Ieo5hBcb7F0OqlyM=</latexit>

• Avoids image response of a traditional balanced mixer
• Filtering out image is difficult for a wide-band receiver

ei!0t
<latexit sha1_base64="AkgYk6kgaueZ7M963IRAe0V4CDs=">AAACDHicdVDLTgIxFO3gC/EB6tJNIzFxNenwENmRuHGJiQgJIOmUO9DQeaTtmJAJ3+AHuNVPcGXc+g9+gb9hBzARoydpcnLOffW4keBKE/JhZdbWNza3stu5nd29/Xzh4PBWhbFk0GKhCGXHpQoED6CluRbQiSRQ3xXQdieXqd++B6l4GNzoaQR9n44C7nFGtZEGhTzcJbwX+jCiA4L1bFAoEptUSk65joldrpbPnZohNeJUylXs2GSOIlqiOSh89oYhi30INBNUqa5DIt1PqNScCZjlerGCiLIJHUHX0ID6oPrJ/PAZPjXKEHuhNC/QeK7+7Eior9TUd02lT/VY/fZS8S+vG2vvop/wIIo1BGyxyIsF1iFOU8BDLoFpMTWEMsnNrZiNqaRMm6xWtqSzpfJUmsz39/H/pFWy67ZzXSk2KsuIsugYnaAz5KAaaqAr1EQtxFCMHtETerYerBfr1XpblGasZc8RWoH1/gWtXpxG</latexit><latexit sha1_base64="AkgYk6kgaueZ7M963IRAe0V4CDs=">AAACDHicdVDLTgIxFO3gC/EB6tJNIzFxNenwENmRuHGJiQgJIOmUO9DQeaTtmJAJ3+AHuNVPcGXc+g9+gb9hBzARoydpcnLOffW4keBKE/JhZdbWNza3stu5nd29/Xzh4PBWhbFk0GKhCGXHpQoED6CluRbQiSRQ3xXQdieXqd++B6l4GNzoaQR9n44C7nFGtZEGhTzcJbwX+jCiA4L1bFAoEptUSk65joldrpbPnZohNeJUylXs2GSOIlqiOSh89oYhi30INBNUqa5DIt1PqNScCZjlerGCiLIJHUHX0ID6oPrJ/PAZPjXKEHuhNC/QeK7+7Eior9TUd02lT/VY/fZS8S+vG2vvop/wIIo1BGyxyIsF1iFOU8BDLoFpMTWEMsnNrZiNqaRMm6xWtqSzpfJUmsz39/H/pFWy67ZzXSk2KsuIsugYnaAz5KAaaqAr1EQtxFCMHtETerYerBfr1XpblGasZc8RWoH1/gWtXpxG</latexit><latexit sha1_base64="AkgYk6kgaueZ7M963IRAe0V4CDs=">AAACDHicdVDLTgIxFO3gC/EB6tJNIzFxNenwENmRuHGJiQgJIOmUO9DQeaTtmJAJ3+AHuNVPcGXc+g9+gb9hBzARoydpcnLOffW4keBKE/JhZdbWNza3stu5nd29/Xzh4PBWhbFk0GKhCGXHpQoED6CluRbQiSRQ3xXQdieXqd++B6l4GNzoaQR9n44C7nFGtZEGhTzcJbwX+jCiA4L1bFAoEptUSk65joldrpbPnZohNeJUylXs2GSOIlqiOSh89oYhi30INBNUqa5DIt1PqNScCZjlerGCiLIJHUHX0ID6oPrJ/PAZPjXKEHuhNC/QeK7+7Eior9TUd02lT/VY/fZS8S+vG2vvop/wIIo1BGyxyIsF1iFOU8BDLoFpMTWEMsnNrZiNqaRMm6xWtqSzpfJUmsz39/H/pFWy67ZzXSk2KsuIsugYnaAz5KAaaqAr1EQtxFCMHtETerYerBfr1XpblGasZc8RWoH1/gWtXpxG</latexit><latexit sha1_base64="AkgYk6kgaueZ7M963IRAe0V4CDs=">AAACDHicdVDLTgIxFO3gC/EB6tJNIzFxNenwENmRuHGJiQgJIOmUO9DQeaTtmJAJ3+AHuNVPcGXc+g9+gb9hBzARoydpcnLOffW4keBKE/JhZdbWNza3stu5nd29/Xzh4PBWhbFk0GKhCGXHpQoED6CluRbQiSRQ3xXQdieXqd++B6l4GNzoaQR9n44C7nFGtZEGhTzcJbwX+jCiA4L1bFAoEptUSk65joldrpbPnZohNeJUylXs2GSOIlqiOSh89oYhi30INBNUqa5DIt1PqNScCZjlerGCiLIJHUHX0ID6oPrJ/PAZPjXKEHuhNC/QeK7+7Eior9TUd02lT/VY/fZS8S+vG2vvop/wIIo1BGyxyIsF1iFOU8BDLoFpMTWEMsnNrZiNqaRMm6xWtqSzpfJUmsz39/H/pFWy67ZzXSk2KsuIsugYnaAz5KAaaqAr1EQtxFCMHtETerYerBfr1XpblGasZc8RWoH1/gWtXpxG</latexit>
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∿

90˚

I (real)

Q (imaginary)

Quadrature Mixer

• This mixer must be analogue because it is before the ADC

SDR #17 Jon Brumfitt

g(t)ei!0t
= g(t) cos(!0t) + i g(t) sin(!0t)

<latexit sha1_base64="uMk5nu5r1ggYsXyYHa3gT7FZLM8="></latexit><latexit sha1_base64="uMk5nu5r1ggYsXyYHa3gT7FZLM8="></latexit><latexit sha1_base64="uMk5nu5r1ggYsXyYHa3gT7FZLM8="></latexit>

g(t)
<latexit sha1_base64="CSO+e3m/lUkezPhswK/H/hUnLZA=">AAAB/3icdVDLSgMxFM3UV62vqks3wSLUzZDRvmZXcOOygmMLbSmZNNOGZjJDkhHK0I0f4FY/wZW49VP8An/DTFvBih4IHM65N/fe48ecKY3Qh5VbW9/Y3MpvF3Z29/YPiodHdypKJKEeiXgkOz5WlDNBPc00p51YUhz6nLb9yVXmt++pVCwSt3oa036IR4IFjGCdSaOyPh8US8hGlZrjIojsy6pTbzQMqbluvVqFjo3mKIElWoPiZ28YkSSkQhOOleo6KNb9FEvNCKezQi9RNMZkgke0a6jAIVX9dL7rDJ4ZZQiDSJonNJyrPztSHCo1DX1TGWI9Vr+9TPzL6yY6aPRTJuJEU0EWg4KEQx3B7HA4ZJISzaeGYCKZ2RWSMZaYaBPPypTsb6kCNTPJfJ8P/yfehe3a6KZSalaWEeXBCTgFZeCAOmiCa9ACHiBgDB7BE3i2HqwX69V6W5TmrGXPMViB9f4Fc02XQw==</latexit><latexit sha1_base64="CSO+e3m/lUkezPhswK/H/hUnLZA=">AAAB/3icdVDLSgMxFM3UV62vqks3wSLUzZDRvmZXcOOygmMLbSmZNNOGZjJDkhHK0I0f4FY/wZW49VP8An/DTFvBih4IHM65N/fe48ecKY3Qh5VbW9/Y3MpvF3Z29/YPiodHdypKJKEeiXgkOz5WlDNBPc00p51YUhz6nLb9yVXmt++pVCwSt3oa036IR4IFjGCdSaOyPh8US8hGlZrjIojsy6pTbzQMqbluvVqFjo3mKIElWoPiZ28YkSSkQhOOleo6KNb9FEvNCKezQi9RNMZkgke0a6jAIVX9dL7rDJ4ZZQiDSJonNJyrPztSHCo1DX1TGWI9Vr+9TPzL6yY6aPRTJuJEU0EWg4KEQx3B7HA4ZJISzaeGYCKZ2RWSMZaYaBPPypTsb6kCNTPJfJ8P/yfehe3a6KZSalaWEeXBCTgFZeCAOmiCa9ACHiBgDB7BE3i2HqwX69V6W5TmrGXPMViB9f4Fc02XQw==</latexit><latexit sha1_base64="CSO+e3m/lUkezPhswK/H/hUnLZA=">AAAB/3icdVDLSgMxFM3UV62vqks3wSLUzZDRvmZXcOOygmMLbSmZNNOGZjJDkhHK0I0f4FY/wZW49VP8An/DTFvBih4IHM65N/fe48ecKY3Qh5VbW9/Y3MpvF3Z29/YPiodHdypKJKEeiXgkOz5WlDNBPc00p51YUhz6nLb9yVXmt++pVCwSt3oa036IR4IFjGCdSaOyPh8US8hGlZrjIojsy6pTbzQMqbluvVqFjo3mKIElWoPiZ28YkSSkQhOOleo6KNb9FEvNCKezQi9RNMZkgke0a6jAIVX9dL7rDJ4ZZQiDSJonNJyrPztSHCo1DX1TGWI9Vr+9TPzL6yY6aPRTJuJEU0EWg4KEQx3B7HA4ZJISzaeGYCKZ2RWSMZaYaBPPypTsb6kCNTPJfJ8P/yfehe3a6KZSalaWEeXBCTgFZeCAOmiCa9ACHiBgDB7BE3i2HqwX69V6W5TmrGXPMViB9f4Fc02XQw==</latexit>

!0
<latexit sha1_base64="SBNg9glJYW2CQU1QgrsCl7lKqMg=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ0b7ml3BjcsKjq20Q8mkaRuaZIYkI5ShX+HGhYpbf8edf2OmraCiBy4czrmXe++JEs60QejDWVldW9/YLGwVt3d29/ZLB4e3Ok4VoQGJeaw6EdaUM0kDwwynnURRLCJO29HkMvfb91RpFssbM01oKPBIsiEj2FjprhcLOsJ9VOyXyshFlZrnI4jci6pXbzQsqfl+vVqFnovmKIMlWv3Se28Qk1RQaQjHWnc9lJgww8owwums2Es1TTCZ4BHtWiqxoDrM5gfP4KlVBnAYK1vSwLn6fSLDQuupiGynwGasf3u5+JfXTc2wEWZMJqmhkiwWDVMOTQzz7+GAKUoMn1qCiWL2VkjGWGFibEZ5CF+fwv9JcO76LrqulJuVZRoFcAxOwBnwQB00wRVogQAQIMADeALPjnIenRfnddG64ixnjsAPOG+f29CP9A==</latexit><latexit sha1_base64="SBNg9glJYW2CQU1QgrsCl7lKqMg=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ0b7ml3BjcsKjq20Q8mkaRuaZIYkI5ShX+HGhYpbf8edf2OmraCiBy4czrmXe++JEs60QejDWVldW9/YLGwVt3d29/ZLB4e3Ok4VoQGJeaw6EdaUM0kDwwynnURRLCJO29HkMvfb91RpFssbM01oKPBIsiEj2FjprhcLOsJ9VOyXyshFlZrnI4jci6pXbzQsqfl+vVqFnovmKIMlWv3Se28Qk1RQaQjHWnc9lJgww8owwums2Es1TTCZ4BHtWiqxoDrM5gfP4KlVBnAYK1vSwLn6fSLDQuupiGynwGasf3u5+JfXTc2wEWZMJqmhkiwWDVMOTQzz7+GAKUoMn1qCiWL2VkjGWGFibEZ5CF+fwv9JcO76LrqulJuVZRoFcAxOwBnwQB00wRVogQAQIMADeALPjnIenRfnddG64ixnjsAPOG+f29CP9A==</latexit><latexit sha1_base64="SBNg9glJYW2CQU1QgrsCl7lKqMg=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ0b7ml3BjcsKjq20Q8mkaRuaZIYkI5ShX+HGhYpbf8edf2OmraCiBy4czrmXe++JEs60QejDWVldW9/YLGwVt3d29/ZLB4e3Ok4VoQGJeaw6EdaUM0kDwwynnURRLCJO29HkMvfb91RpFssbM01oKPBIsiEj2FjprhcLOsJ9VOyXyshFlZrnI4jci6pXbzQsqfl+vVqFnovmKIMlWv3Se28Qk1RQaQjHWnc9lJgww8owwums2Es1TTCZ4BHtWiqxoDrM5gfP4KlVBnAYK1vSwLn6fSLDQuupiGynwGasf3u5+JfXTc2wEWZMJqmhkiwWDVMOTQzz7+GAKUoMn1qCiWL2VkjGWGFibEZ5CF+fwv9JcO76LrqulJuVZRoFcAxOwBnwQB00wRVogQAQIMADeALPjnIenRfnddG64ixnjsAPOG+f29CP9A==</latexit>



A Common SDR Receiver Architecture

SDR #18 Jon Brumfitt

ADC

LNA
Down
conv.

ADC
BPF

• Analogue quadrature down conversion to shift band of interest
• FPGA: DDC, decimation, etc
• IQ interface to CPU over USB or LAN

Control

DDS

FPGA I/F
USB

Q

I



Example: Lime Mini SDR

LMS7002M RF Transceiver IC
Intel (Altera) Max 10 FPGA
10 MHz to 3.5 GHz
Bandwidth 30.72 MHz
Sampling: 30.72 MS/s 12-bit
USB 3.0 interface

SDR #19 Jon Brumfitt

Lime Microsystems have a project with ESA as part of ARTES



Example: Ettus Research USRP B200mini-i

AD9364 RF Transceiver IC
Xilinx Spartan 6 FPGA
70 MHz to 6 GHz
Bandwidth 56 MHz
12-bit ADC + 10-bit DAC
USB 3.0 interface

SDR #20 Jon Brumfitt



AM/FM Demodulation of IQ Signals

SDR #21 Jon Brumfitt

Q

I Cartesian
To polar

r

r =
p
I2 +Q2

<latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="m5ybkd7L8o4RpmIdHCF38wK3rQg=">AAAB8XicbZBLSwMxFIXv1FetVUdx5yZYBEEo027UhSC40V0Lji2005JJM21o5mFyR6hD8a+4caHin3HnvzF9LLT1QODjnIR7c/xECo2O823lVlbX1jfym4Wt4vbOrr1XvNdxqhh3WSxj1fSp5lJE3EWBkjcTxWnoS97wh9eTvPHIlRZxdIejhHsh7UciEIyisbr2gSKXpK0fFGa3nSo5JfVOddy1S07ZmYosQ2UOJZir1rW/2r2YpSGPkEmqdaviJOhlVKFgko8L7VTzhLIh7fOWwYiGXHvZdPsxOTZOjwSxMidCMnV/v8hoqPUo9M3NkOJAL2YT87+slWJw7mUiSlLkEZsNClJJMCaTKkhPKM5QjgxQpoTZlbABVZShKaxgSqgsfnkZ3Gr5ouzUHcjDIRzBCVTgDK7gBmrgAoMneIE3eLeerVfrY9ZWzprXtg9/ZH3+ABeKkhE=</latexit><latexit sha1_base64="m5ybkd7L8o4RpmIdHCF38wK3rQg=">AAAB8XicbZBLSwMxFIXv1FetVUdx5yZYBEEo027UhSC40V0Lji2005JJM21o5mFyR6hD8a+4caHin3HnvzF9LLT1QODjnIR7c/xECo2O823lVlbX1jfym4Wt4vbOrr1XvNdxqhh3WSxj1fSp5lJE3EWBkjcTxWnoS97wh9eTvPHIlRZxdIejhHsh7UciEIyisbr2gSKXpK0fFGa3nSo5JfVOddy1S07ZmYosQ2UOJZir1rW/2r2YpSGPkEmqdaviJOhlVKFgko8L7VTzhLIh7fOWwYiGXHvZdPsxOTZOjwSxMidCMnV/v8hoqPUo9M3NkOJAL2YT87+slWJw7mUiSlLkEZsNClJJMCaTKkhPKM5QjgxQpoTZlbABVZShKaxgSqgsfnkZ3Gr5ouzUHcjDIRzBCVTgDK7gBmrgAoMneIE3eLeerVfrY9ZWzprXtg9/ZH3+ABeKkhE=</latexit><latexit sha1_base64="rzW2CNi/nKISZlhLZYRCFZG22KI=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCIJS0COpBKHjRWwvGFtq0bLabdulmE3cnQg3Fv+LFg4pXf4g3/43bNgdtfTDweG+GmXl+LLgGx/m2FhaXlldWc2v59Y3NrW17Z/dOR4mizKWRiFTDJ5oJLpkLHARrxIqR0Bes7g+uxn79gSnNI3kLw5h5IelJHnBKwEgde1/hS9zS9wrSm3YZn+Bauzzq2AWn6EyA50kpIwWUodqxv1rdiCYhk0AF0bpZcmLwUqKAU8FG+VaiWUzogPRY01BJQqa9dHL9CB8ZpYuDSJmSgCfq74mUhFoPQ990hgT6etYbi/95zQSCcy/lMk6ASTpdFCQCQ4THUeAuV4yCGBpCqOLmVkz7RBEKJrC8CaE0+/I8ccvFi6JTcwqV0yyNHDpAh+gYldAZqqBrVEUuougRPaNX9GY9WS/Wu/UxbV2wspk99AfW5w9qQJNm</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit><latexit sha1_base64="vvdednEPo7Xz41JkwLRRShj/TUU=">AAAB/HicbVDLSgNBEOyNrxhf6+PmZTAIghB2Q0A9CAEvekvANYFkE2Yns8mQ2Yczs0Jcgr/ixYOKVz/Em3/jJNmDJhY0FFXddHd5MWdSWda3kVtaXlldy68XNja3tnfM3b07GSWCUIdEPBJND0vKWUgdxRSnzVhQHHicNrzh1cRvPFAhWRTeqlFM3QD3Q+YzgpWWuuaBQJeoLe+FSm86ZXSK6p3yuGsWrZI1BVokdkaKkKHWNb/avYgkAQ0V4VjKlm3Fyk2xUIxwOi60E0ljTIa4T1uahjig0k2n14/RsVZ6yI+ErlChqfp7IsWBlKPA050BVgM5703E/7xWovxzN2VhnCgaktkiP+FIRWgSBeoxQYniI00wEUzfisgAC0yUDqygQ7DnX14kTrl0UbLqlWK1kqWRh0M4ghOw4QyqcA01cIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4Aa4CTag==</latexit>

Phase

Amplitude

Frequency

f =
d�

dt
<latexit sha1_base64="0UFUIZP+EYsDuOVMZnmdkYNxODI=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNy2IRPJVUCupBKHjxWMFooQlls9m0SzebsDsRagj+FS8eVLz6Q7z5b9y2OWjrg4HHezPMzAtSwTU4zrdVWVpeWV2rrtc2Nre2d+zdvTudZIoylyYiUd2AaCa4ZC5wEKybKkbiQLD7YHQ18e8fmNI8kbcwTpkfk4HkEacEjNS3DyJ8ib1IEZqHXjrkRR5C0bfrTsOZAi+SZknqqESnb395YUKzmEmggmjdazop+DlRwKlgRc3LNEsJHZEB6xkqScy0n0+vL/CxUUIcJcqUBDxVf0/kJNZ6HAemMyYw1PPeRPzP62UQnfs5l2kGTNLZoigTGBI8iQKHXDEKYmwIoYqbWzEdEhMFmMBqJoTm/MuLxD1tXDScm1a93SrTqKJDdIROUBOdoTa6Rh3kIooe0TN6RW/Wk/VivVsfs9aKVc7soz+wPn8An5uU3A==</latexit><latexit sha1_base64="0UFUIZP+EYsDuOVMZnmdkYNxODI=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNy2IRPJVUCupBKHjxWMFooQlls9m0SzebsDsRagj+FS8eVLz6Q7z5b9y2OWjrg4HHezPMzAtSwTU4zrdVWVpeWV2rrtc2Nre2d+zdvTudZIoylyYiUd2AaCa4ZC5wEKybKkbiQLD7YHQ18e8fmNI8kbcwTpkfk4HkEacEjNS3DyJ8ib1IEZqHXjrkRR5C0bfrTsOZAi+SZknqqESnb395YUKzmEmggmjdazop+DlRwKlgRc3LNEsJHZEB6xkqScy0n0+vL/CxUUIcJcqUBDxVf0/kJNZ6HAemMyYw1PPeRPzP62UQnfs5l2kGTNLZoigTGBI8iQKHXDEKYmwIoYqbWzEdEhMFmMBqJoTm/MuLxD1tXDScm1a93SrTqKJDdIROUBOdoTa6Rh3kIooe0TN6RW/Wk/VivVsfs9aKVc7soz+wPn8An5uU3A==</latexit><latexit sha1_base64="0UFUIZP+EYsDuOVMZnmdkYNxODI=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNy2IRPJVUCupBKHjxWMFooQlls9m0SzebsDsRagj+FS8eVLz6Q7z5b9y2OWjrg4HHezPMzAtSwTU4zrdVWVpeWV2rrtc2Nre2d+zdvTudZIoylyYiUd2AaCa4ZC5wEKybKkbiQLD7YHQ18e8fmNI8kbcwTpkfk4HkEacEjNS3DyJ8ib1IEZqHXjrkRR5C0bfrTsOZAi+SZknqqESnb395YUKzmEmggmjdazop+DlRwKlgRc3LNEsJHZEB6xkqScy0n0+vL/CxUUIcJcqUBDxVf0/kJNZ6HAemMyYw1PPeRPzP62UQnfs5l2kGTNLZoigTGBI8iQKHXDEKYmwIoYqbWzEdEhMFmMBqJoTm/MuLxD1tXDScm1a93SrTqKJDdIROUBOdoTa6Rh3kIooe0TN6RW/Wk/VivVsfs9aKVc7soz+wPn8An5uU3A==</latexit>

!

First use DDC to shift frequency of station to zero and low-pass filter

� = atan2(Q, I)
<latexit sha1_base64="3t7Ivuos5OebmwyrUZWKI93Tg7E=">AAACHnicbVDLSgMxFM34rPVVdekmWAQFKVMR1IVQ0IUuRAWrQqeUO+mtDc1khuSOWIb+iuBK/8SVuNUfcW36WPg6EHI4596bmxMmSlry/Q9vbHxicmo6N5OfnZtfWCwsLV/ZODUCqyJWsbkJwaKSGqskSeFNYhCiUOF12Dns+9d3aKyM9SV1E6xHcKtlSwogJzUKy0HSlvyAB0Cgtzcutk42G4WiX/IH4H9JeUSKbITzRuEzaMYijVCTUGBtrewnVM/AkBQKe/kgtZiA6MAt1hzVEKGtZ4Pde3zdKU3eio07mvhA/d6RQWRtNwpdZQTUtr+9vvifV0uptVfPpE5SQi2GD7VSxSnm/SB4UxoUpLqOgDDS7cpFGwwIcnHlgyN0fzF46uaeJWiAYpMNQ+plwyvvgir/juUvqW6X9kv+xU6xsjNKLMdW2RrbYGW2yyrsmJ2zKhPsnj2wJ/bsPXov3qv3Niwd80Y9K+wHvPcvHfihQw==</latexit><latexit sha1_base64="3t7Ivuos5OebmwyrUZWKI93Tg7E=">AAACHnicbVDLSgMxFM34rPVVdekmWAQFKVMR1IVQ0IUuRAWrQqeUO+mtDc1khuSOWIb+iuBK/8SVuNUfcW36WPg6EHI4596bmxMmSlry/Q9vbHxicmo6N5OfnZtfWCwsLV/ZODUCqyJWsbkJwaKSGqskSeFNYhCiUOF12Dns+9d3aKyM9SV1E6xHcKtlSwogJzUKy0HSlvyAB0Cgtzcutk42G4WiX/IH4H9JeUSKbITzRuEzaMYijVCTUGBtrewnVM/AkBQKe/kgtZiA6MAt1hzVEKGtZ4Pde3zdKU3eio07mvhA/d6RQWRtNwpdZQTUtr+9vvifV0uptVfPpE5SQi2GD7VSxSnm/SB4UxoUpLqOgDDS7cpFGwwIcnHlgyN0fzF46uaeJWiAYpMNQ+plwyvvgir/juUvqW6X9kv+xU6xsjNKLMdW2RrbYGW2yyrsmJ2zKhPsnj2wJ/bsPXov3qv3Niwd80Y9K+wHvPcvHfihQw==</latexit><latexit sha1_base64="3t7Ivuos5OebmwyrUZWKI93Tg7E=">AAACHnicbVDLSgMxFM34rPVVdekmWAQFKVMR1IVQ0IUuRAWrQqeUO+mtDc1khuSOWIb+iuBK/8SVuNUfcW36WPg6EHI4596bmxMmSlry/Q9vbHxicmo6N5OfnZtfWCwsLV/ZODUCqyJWsbkJwaKSGqskSeFNYhCiUOF12Dns+9d3aKyM9SV1E6xHcKtlSwogJzUKy0HSlvyAB0Cgtzcutk42G4WiX/IH4H9JeUSKbITzRuEzaMYijVCTUGBtrewnVM/AkBQKe/kgtZiA6MAt1hzVEKGtZ4Pde3zdKU3eio07mvhA/d6RQWRtNwpdZQTUtr+9vvifV0uptVfPpE5SQi2GD7VSxSnm/SB4UxoUpLqOgDDS7cpFGwwIcnHlgyN0fzF46uaeJWiAYpMNQ+plwyvvgir/juUvqW6X9kv+xU6xsjNKLMdW2RrbYGW2yyrsmJ2zKhPsnj2wJ/bsPXov3qv3Niwd80Y9K+wHvPcvHfihQw==</latexit>
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Demo: AM demodulation with GNU Radio
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GNU Radio – AM Demodulation  
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Digital Modulation
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• More efficient use of spectrum
• Combined with data compression & error correction
• ASK, FSK, PSK, QPSK, QAM, OFDM, …



Quadrature Phase Shift Keying (QPSK)
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Constellation diagram Meteor M2 data Threshold to decode

• First recover carrier and shift to zero frequency
• Then threshold I and Q



Demo: Meteor M2 with SDR#

(Data from www.sigidwiki.com)
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Conclusions
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• SDR uses DSP in software/firmware/FPGA to build flexible radios
• SDR may be embedded or use a PC
• Already in widespread use; you may already use one!
• Likely to become even more common as better SDR chips become available
• You can buy an RTL-SDR for €25 – A fun way to learn about DSP


