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SDR high level

• Software defined radio is a radio communication system where 

components that conventionally have been implemented in analog 

hardware ( e.g. mixers, filters, amplifiers, modulators/demodulators, 

detectors, etc.) are instead implemented by means of software on  

computer or embedded system[1]. 

• A basic SDR system may consist of a computer equipped with a 

sound card, or other analog-to-digital converter, preceded by some 

form of RF front end. Significant amounts of signal processing are 

handed over to the general-purpose processor, rather than being 

done in a special-purpose hardware (electronic circuits).

• Such a design produces a radio which can receive and transmit on 

widely different frequencies and different radio protocols based 

solely on the software used.



W5HN

North

Texas

Microwave

Society

NTMS

WWW.NTMS.ORG 3

SDR Basics

• Today our presentation will take us through:

– If you are an engineering student, why you should consider SDR

– If you are thinking about a ham radio license

– How an analog receiver tunes an on-the-air signal

– How a software defined receiver tunes a signal including
• Conversion from analog to digital

• Complex numbers and mixing

• Negative frequency

• IF filtering/bandwidth limiting via down sampling

– How a software defined transmitter creates a signal including
• Digital up conversion

• Satisfying Nyquist requirements

• Complex interpolation filter

– Breakdown on 3 popular SDR units to identify the key elements

– A demo of GNUradio synthesizing real and complex waveforms
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Help wanted

• SDR or “Signal processing Engineers” are in demand
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Help wanted
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Help wanted
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Help wanted
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Unlicensed TX operation

• Transmitting on-the-air with SDR

– If you are not licensed then you may use the following frequencies

Type of band Frequency range Power Usage Range

Family Radio Service (FRS) 462-467 MHz UHF .5 to 2 watts

Short-range comms for families, hiking, campling, 

local comms A few miles in open areas

Multi-Use Radio Service 

(MURS) 151-154 MHz VHF 2 watts

Small business and personal comms, external 

antennas allowed. Driveway alarms, handheld 

radios, farm comms A few miles in open areas

Citizen Band (CB) Radio

26.965-27.405 

MHz HF

4 watts AM, 

12 watts 

SSB Truckers/hobbyists Several miles, E layer skip possible

Wireless 

Microphones/Intercoms

49 and 902-928 

MHz HF/VHF Microphones, baby monitors and intercom Close range

Industrial, Scientific and 

Medical (ISM) Band 902-928 MHz UHF Wi-Fi, Bluetooth and RFID Close range

Industrial, Scientific and 

Medical (ISM) Band 2.4-2.5 GHz uWave Wi-Fi, Bluetooth and RFID Close range

Industrial, Scientific and 

Medical (ISM) Band 5.725-5.875 GHz uWave Wi-Fi, Bluetooth and RFID Close range
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With a ham radio license

• Transmitting on-the-air with SDR

– As a “Technician” class licensee you have the following VHF/UHF/uWave 

privileges (plus some HF band usage)

Ham band Main propagation other propagation

6 meters (50 MHz – 54 MHz) Groundwave & Ionospheric reflection Moonbounce/meteor scatter

2 meters (144 MHz – 148 MHz)
Groundwave & Ionospheric reflection 

(rare)
Moonbounce/meteor scatter

1.25 meters (222 MHz – 225 MHz)
Groundwave & Ionospheric reflection 

(rare)
Moonbounce/meteor scatter

70 centimeters (420 MHz – 450 MHz) Ground wave Moonbounce

33 centimeters (902 MHz – 928 MHz) Ground wave Moonbounce

23 centimeters (1.24 GHz – 1.3 GHz) Ground wave Moonbounce

13 centimeters (2.3 GHz – 2.45 GHz) Ground wave Moonbounce/rain scatter

9 centimeters (3.3 GHz – 3.5 GHz) Ground wave Moonbounce/rain scatter

6 centimeters (5.65 GHz – 5.925 GHz) Ground wave/tower & building scatter Moonbounce/rain scatter

3 centimeters (10.00 GHz – 10.500 GHz) Ground wave/tower & building scatter Moonbounce/rain scatter

1.2 centimeters (24.00 GHz – 24.25 GHz) Ground wave/tower & building scatter Moonbounce/rain scatter

6 mm (47.0 GHz – 47.2 GHz) Ground wave/tower & building scatter Moonbounce/rain scatter
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Obtaining a license

• Cowtown Amateur Radio Club (K5COW) testing

– Testing for ham radio licensing is conducted at the 

Cowtown ARC club house twice a month (2nd and 4th 

Thursday at 7pm).

– Prefer pre-registration however walk-ins are welcome

– K5COW - Cowtown Amateur Radio Club - Get Your 

License

https://www.cowtownarc.org/get-your-license
https://www.cowtownarc.org/get-your-license
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Analog receiver

• RF tuner down converts analog RF signals to analog IF frequencies

 

ANTENNA

RF TUNER
Analog RF 

Signal

Analog IF 
Signal
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Analog receiver

• A/D CONV – Analog to Digital converter will convert the analog 

voltage variation to a set of digital values.

 

ANTENNA

RF TUNER
Analog RF 

Signal
Analog IF 

Signal A/D CONV
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Analog receiver

• A/D CONV – Analog to Digital converter will convert the analog 

voltage variation to a set of digital values.

 

• This digital signal can thus be represented by a sequence of 

numbers, called samples. A fixed time interval between samples 

establishes a signal sampling rate.

• The Nyquist-Shannon theorem states that the sample rate must be at 

least twice the bandwidth of the signal to avoid aliasing. For example 

if the highest frequency you want to capture is 20,000 Hz, you need 

to sample at least 40,000 Hz to enable 100% reconstruction
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Analog RF tuner receiver 

mixing

• Signal band of interest is defined by dashed lines

0 FRF

Signal of interest

RF INPUT SIGNAL 
FROM ANTENNA
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Analog RF tuner receiver 

mixing

• Signal band of interest is defined by dashed lines

• Analog mixer translates the RF input signal FRF to IF frequency

 

0 FRF

Signal of interest

RF INPUT SIGNAL 
FROM ANTENNA

ANALOG LOCAL 
OSCILLATOR

MIXER TRANSLATES 
INPUT SIGNAL BAND to 

IF FREQUENCY

FIF
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Analog RF tuner receiver 

mixing

• IF bandpass filter passes only the signal bandwidth of interest

 

0 FRF

Signal of interest

RF INPUT SIGNAL 
FROM ANTENNA

FIF

IF BW
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Analog RF tuner receiver 

mixing

• Suppose you want to receive a different signal

 

0 FRF

New Signal

RF INPUT SIGNAL 
FROM ANTENNA

ANALOG LOCAL 
OSCILLATOR

MIXER TRANSLATES 
INPUT SIGNAL BAND to 

IF FREQUENCY

FIF
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Analog RF tuner receiver 

mixing
• Frequency translation (amount of shift) is controlled by setting local 

oscillator frequency

• Tune to another “station” by changing the local oscillator frequency

 

0 FRF

New Signal

RF INPUT SIGNAL 
FROM ANTENNA

ANALOG LOCAL 
OSCILLATOR

MIXER TRANSLATES 
INPUT SIGNAL BAND to 

IF FREQUENCY

FIF
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Analog RF tuner receiver 

mixing

• IF bandpass filter passes only the signal bandwidth of interest

 

0 FRF

New Signal

RF INPUT SIGNAL 
FROM ANTENNA

FIF

IF BW
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Analog RF tuner receiver 

mixing

• IF bandpass filter passes only the signal bandwidth of interest

 

0 FRF

New Signal

RF INPUT SIGNAL 
FROM ANTENNA

FIF

IF BW
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Software Radio Receiver

• RF Tuner down converts analog RF signals to analog IF frequencies

• A/D converter digitizes the IF signal creating real digital samples

• Digital Mixer & Local Oscillator translate digital IF to complex 

baseband

 ANTENNA

RF TUNER
Analog RF 

Signal

Analog IF 
Signal A/D CONV COMPLEX 

DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Real digital 
IF samples
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Complex Signals
• Think of a rotating wheel centered on a 

horizontal (real) I axis and a vertical 

(imaginary) Q axis

• As the wheel rotates, a point on the edge of 

the wheel moves left and right along the I axis, 

and up and down along the Q axis

• If the wheel rotates at a constant speed, the 

values of I and Q are 90 degrees out of phase

• If the I component peaks before  the Q 

component then we generate a positive 

frequency 

• If the Q component peaks before the I 

component then we generate a negative 

frequency

• You can think of a complex signal as a rotating 

vector with two components: 

• I = Cos θ and Q = sin θ, with a positive or 

negative rotation

Imaginary axis – Q

Real axis – I

Q

I

θ

90°

Positive 
Frequency

Q

I

90°

Negative 
Frequency

Q

I
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How to make a Complex signal
• Multiply a real signal (f1) by a complex sinewave signal generator (f2)

Multiplier

Multiplier

Real
cos f1

sin f2 cos f2

Complex 
Sinewave 
Generator

I Q

• From math class
• cos f1 x sin f2 = ½ {sin (f1 – f2) + sin (f1 + f2)}

• cos f1 x cos f2 = ½ {cos (f1 – f2) + cos (f1 + f2)}

• Remove the higher frequency sum components

• Complex multiplication performs two operations
– Translates the input signal (f1) down to the difference frequency (f1 – f2)

– Converts the real input signal to a complex difference frequency signal

• From math class
• cos f1 x sin f2 = ½ {sin (f1 – f2) 

• cos f1 x cos f2 = ½ {cos (f1 – f2) 

• Remove the higher frequency sum components

I

Q

sin (f1 – f2)

cos (f1 – f2)}
Complex 

Difference 
Frequency 

Signal

• Note that this page has 

animations that can be 

viewed in the powerpoint 

version
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Software Radio Receiver

• RF Tuner down converts analog RF signals to analog IF frequencies

• A/D converter digitizes the IF signal creating real digital samples

• Digital Mixer & Local Oscillator translate digital IF to complex 

baseband

 ANTENNA

RF TUNER
Analog RF 

Signal

Analog IF 
Signal A/D CONV COMPLEX 

DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Real digital 
IF samples
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Complex Digital Translation

• IF band contains many signals within its bandwidth

 

0

IF INPUT SIGNAL

FIF

IF BW
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Complex Digital Translation

• IF band contains many signals within its bandwidth

 

0

IF INPUT SIGNAL

FIF

IF BW

Signal



W5HN

North

Texas

Microwave

Society

NTMS

WWW.NTMS.ORG 27

Complex Digital Translation

• IF band contains many signals within its bandwidth

• Digital complex mixer translates desired input signal within the IF 

band directly down to 0 Hz or DC as a complex signal

 

DIGITAL LOCAL 
OSCILLATOR

FLO = FIF

COMPLEX MIXER 
TRANSLATES INPUT 
SIGNAL BAND to DC

0

IF INPUT SIGNAL

FIF

IF BWSignal
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Software Radio Receiver

• RF Tuner down converts analog RF signals to analog IF frequencies

• A/D converter digitizes the IF signal creating real digital samples

• Digital Mixer & Local Oscillator translate digital IF to complex 

baseband

• Complex digital FIR low pass filter limits the baseband signal 

bandwidth

 
ANTENNA

RF TUNER
Analog RF 

Signal
Analog IF 

Signal A/D CONV COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Real digital IF 
samples COMPLEX 

LOW PASS 
FILTER

Complex digital 
baseband 
samples
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Filter Bandlimiting

• Complex Low Pass Filter bandwidth is set to match desired 

bandwidth of received channel

• At the output of the Low Pass Filter, the complex baseband signal 

bandwidth has been reduced

 

DIGITAL LOCAL 
OSCILLATOR

FLO = FIF

COMPLEX MIXER 
TRANSLATES INPUT 
SIGNAL BAND to DC

0

IF INPUT SIGNAL

FIF

IF BWSignal

CHANNEL 
BANDWIDTH
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LPF output signal 

downsampling
• Since the LPF output is band limited, Nyquist tells  us we can lower 

the sample rate

• Down sampling (“Decimation” in GNUradio) means keeping one of 

every n samples

 Sinusoidal 
sampled at 2 KHz 

then 
downsampled by 

a factor of 4

NTMS simulation 
in MathWorks

FIR output rate 
before 

downsample AD 
sample rate: Fs

Downsample filter 
output

Baseband sample 
rate: Fs/N
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LPF output signal 

downsampling
• If the decimated output sample rate is kept above the Nyquist limit, 

no information is lost

• Benefit: Same information can be processed easier in a DSP, 

transmitted at a lower rate, or stored in less memory

 Sinusoidal 
sampled at 2 KHz 

then 
downsampled by 

a factor of 4

NTMS simulation 
in MathWorks

FIR output rate 
before 

downsample AD 
sample rate: Fs

Downsample filter 
output

Baseband sample 
rate: Fs/N
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Software Radio Receiver
• RF Tuner down converts analog RF signals to analog IF frequencies

• A/D converter digitizes the IF signal creating real digital samples

• Digital Mixer & Local Oscillator translate digital IF to complex baseband

• Complex digital FIR low pass filter limits the baseband signal bandwidth

• The Mixer, Local Oscillator and Down sampling Low Pass Filter could be 

named a Digital Down Converter

• Digital signal processing stage performs signal demodulation, etc.

 
ANTENNA

RF TUNER
Analog RF 

Signal
Analog IF 

Signal A/D CONV COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Real digital 
IF samples COMPLEX 

LOW PASS 
FILTER

Complex digital 
baseband 
samples DIGITAL 

SIGNAL 
PROCESSING
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Digital Down Conversion
• A two-step process

• Frequency Translation

– Tuning (down conversion frequency) is controlled by Local Oscillator setting

• Low Pass Filtering

• Down sampling setting controls filter bandwidth AND down sample rate

• As the filter bandwidth becomes lower, the down sample factor increases

 

A/D CONV COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Digital IF 
samples COMPLEX 

LOW PASS 
FILTER

Digital Baseband 
samples

Translation Filtering

Tuning 
Freq

Down 
sampling
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Software Radio Transmitter
• DSP stage generates complex baseband digital signal

• Digital Up Converter translates complex digital baseband to real IF

• D/A converter converts real digital IF samples to analog IF signal

• RF Upconverter translates analog IF signals to analog RF 

frequencies

• Power amplifier boosts signal energy to antenna

 

Analog RF 
Signal

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesDIGITAL 

SIGNAL 
PROCESSING

COMPLEX 
INTERPOLATION 

FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

D/A CONV RF 
UPCONVERTER

POWER 
AMPLIFIER

ANTENNA

Analog IF 
Signal

Complex 
digital 

baseband 
samples

Fs/N Fs Fs



W5HN

North

Texas

Microwave

Society

NTMS

WWW.NTMS.ORG 35

Digital Up Conversion

• D/A output rate must be high enough to satisfy Nyquist for IF output

 

Analog RF 
Signal

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesDIGITAL 

SIGNAL 
PROCESSING

COMPLEX 
INTERPOLATION 

FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

D/A CONV RF 
UPCONVERTER

POWER 
AMPLIFIER

ANTENNA

Analog IF 
Signal

Complex 
digital 

baseband 
samples

Fs/N Fs Fs

Fs
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Digital Up Conversion

• D/A output rate must be high enough to satisfy Nyquist for IF output

• Digital mixer translates baseband samples up to IF frequency

 

Analog RF 
Signal

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesDIGITAL 

SIGNAL 
PROCESSING

COMPLEX 
INTERPOLATION 

FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

D/A CONV RF 
UPCONVERTER

POWER 
AMPLIFIER

ANTENNA

Analog IF 
Signal

Complex 
digital 

baseband 
samples

Fs/N Fs Fs

Fs
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Digital Up Conversion

• D/A output rate must be high enough to satisfy Nyquist for IF output

• Digital mixer translates baseband samples up to IF frequency

• Mixer must deliver output samples at the D/A sample rate

• Mixer generates one output sample for each of two input samples

• Local oscillator & baseband sample rate must be at D/A sample rate

 

Analog RF 
Signal

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesDIGITAL 

SIGNAL 
PROCESSING

COMPLEX 
INTERPOLATION 

FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

D/A CONV RF 
UPCONVERTER

POWER 
AMPLIFIER

ANTENNA

Analog IF 
Signal

Complex 
digital 

baseband 
samples

Fs/N Fs Fs

Fs
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Digital Up Conversion

• D/A output rate must be high enough to satisfy Nyquist for IF output

• Digital mixer translates baseband samples up to IF frequency

• Mixer must deliver output samples at the D/A sample rate

• Mixer generates one output sample for each of two input samples

• Local oscillator & baseband sample rate must be at D/A sample rate

• Digital baseband input sample rate is much lower

• Interpolation filter is required

 Analog RF 
Signal

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesDIGITAL 

SIGNAL 
PROCESSING

COMPLEX 
INTERPOLATION 

FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

D/A CONV RF 
UPCONVERTER

POWER 
AMPLIFIER

ANTENNA

Analog IF 
Signal

Complex 
digital 

baseband 
samples

Fs/N Fs Fs

Fs
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Complex Interpolating Filter

• Interpolation filter increases the 

sampling rate of the complex 

baseband input signal

• Interpolation Factor N 

determines the ratio

 

COMPLEX 
INTERPOLATING 
LOW PASS FIR 

FILTER

Fs/N Fs
I

Q

I

Q

BASEBAND 
INPUT

INTERPOLATED 
OUPUT

INTERPOLATION 
FACTOR = N
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Frequency Domain View

• Now, the interpolated baseband sample rate matches the Fs rate 

required at the mixer input

• Digital mixer translates complex baseband signal up to an IF 

frequency

 

0 IF Freq

LOCAL 
OSCILLATOR

F = IF Freq

COMPLEX MIXER

COMPLEX 
INTERPOLATED 

BASEBAND INPUT

0 IF Freq

LOCAL 
OSCILLATOR

F = IF Freq

COMPLEX MIXER

COMPLEX 
INTERPOLATED 

BASEBAND INPUT
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Software Radio Transmitter

• DSP stage generates complex digital baseband signal samples

• Digital up converter translates complex digital baseband to real IF

• D/A converter converts real digital IF samples to analog IF signal

• RF upconverter translates analog IF frequencies to analog RF 

frequencies

• Power amplifier boosts signal energy to antenna 

DIGITAL 
SIGNAL 

PROCESSING

Complex 
digital 

baseband 
samples

Fs/N

Real 
digital IF 
samples

Complex 
digital 

baseband 
samplesCOMPLEX 

INTERPOLATION 
FILTER

COMPLEX 
DIGITAL 
MIXER

COMPLEX 
LOCAL 

OSCILLATOR

Fs Fs

D/A CONV

Analog IF 
Signal

Analog RF 
Signal

RF UP 
CONVERTER

POWER 
AMP

ANTENNA
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Summary

• Complex Signals

– Two Signal Components: I and Q

– Positive and Negative Frequencies

– Complex mixing translates Real signal and converts to Complex

• Software Radio Systems

– Receiver systems use analog RF front end (mixers) to convert RF down to IF

– Transmitter systems use analog RF back end (mixers) to convert IF up to RF

• SDR programming interfaces come in a variety

– Simple intuitive clients which have ready-made components

– Clients which expose detail control parameters

– Software development environment clients which provide granular control
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Pluto block diagram
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HackRF design
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RTL-SDR 
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RTL-SDR 

• A Linux kernel developer discovered that the RTL2832 IC 

manufactured by RealTek is more than just a classic DVB-T (Digital 

Video Broadcasting – Terrestrial) decoder (watch TV on computer).

• Link to an implementation of DVB-T with GNU Radio

• It can collect I/Q samples and send them directly to the host — a 

function that was intended by the chip manufacturer to decode FM 

radio.

• It’s not possible to transmit with the RTL-SDR.

 

https://yo3iiu.ro/blog/?p=1191
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RTL-SDR
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Demo with GNUradio

• Complex Signals

– Two Components: I and Q
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Questions?

WWW.NTMS.ORG 49
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