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Phasors Refresher

A phase vector (phasor) is a vector representation of a sinusoidal wave. A phasor is a complex number in
ω
polar form A sinusoidal electromagnetic wave with amplitude A, phase shift φ, and frequency f = 2π
in the
form
Acos(ωt + φ)
can be expressed as a phasor in polar form
Aejφ ejωt
The conversion involves using Euler’s formula ejθ = cos(θ)+jsin(θ), and the ejωt component is often omitted
because the frequency remains constant in linear circuits.
A phasor is a vector with magnitude A and phase angle φ when graphed in the imaginary-real plane.
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Software Defined Radio (SDR)
• A SDR converts electromagnetic signals to digital values that can then be stored or processed using
software.
• The core component is the analog to digital converter (ADC), which samples the input wave at a rate
of at least two times the frequency of any component of the wave (The Nyquist rate), in order to not
lose information.
• In practice, an ADC cannot sample at extremely high rates, so the input wave is mixed with a wave
generated by an oscillator used to lower the frequency of the input wave.
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• A mixer acts as an ideal multiplier. The output signal’s frequencies are the sum and difference of the
two input signal frequencies.
(
f1 ± f2 if f1 > f2
f3 =
f2 ± f1 if f2 > f1
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IQ Signals
• Sampling the input signal once, with one mixer and one ADC creates a problem. Two different
frequencies can create the same mixer output, and we will be unable to distinguish between them.
• To solve this, we sample the signal twice, by using two mixers and two ADCs. The oscillator produces
two signals with the same frequency, but one signal has a 90 degree phase shift.

• In terms of phasors, the oscillator creates two orthogonal phasors with the same frequency but 90
degree phase angle difference. The input phasor can therefore be decomposed into component phasors
using the basis formed by the orthogonal phasors. We will call these two component phasors the
in-phase component (I signal) and the quadrature component (Q signal).
• These two signals are then sampled using two ADCs to create the IQ samples. The digital information
can then be processed using software.
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• This system can be used in reverse with digital to analog converters (DACs) to send modulated analog
signals using digital signals generated by software.

• Both systems displayed above are collectively called the RF front end of the SDR.
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Modulation and Demodulation
• Information is stored in a wave signal through modulation. Modulation is the process of making
variations in a carrier wave (usually sinusoidal) that reflects the information being sent.
• Modulation can be performed by inputting IQ digital signals into the RF front end.
• Demodulation can be performed by extracting information from the IQ samples from the RF front
end.
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4.1

Frequency Modulation (FM)

Frequency modulation is the encoding of information by varying the phase angle ωt + φ of the carrier wave
by changing the instantaneous frequency, the ω term.

The difference in phase angle between samples can be calculated by using tan−1 (θ)
φ1 = tan−1 (

Q1
Q2
) φ2 = tan−1 ( )
I1
I2

or by using Euler’s formula and the polar discriminator
F Mbaseband1 = ejφ1 F Mbaseband2 = ejφ2
ejφ2 ∗ e−jφ1 = ej(φ2 −φ1 )
which are amplitude samples of the original data.
A = φ2 − φ1
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4.2

Phase Modulation (PM)

Phase modulation is the encoding of information by varying the phase angle ωt + φ of the carrier wave by
changing the instantaneous phase, the φ term.

The phase angles of the samples can be calculated the same ways as with FM.

4.3

Amplitude Modulation (AM)

Phase modulation is the encoding of information by varying the amplitude A of the carrier wave.

The amplitude values can be examined by passing the samples into an envelope detector and looking at the
envelope.
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4.4

Modulation Schemes

• The modulated signal can be created by inputting IQ digital signals into the RF front end.
• Each combination of I and Q values is called a symbol, and using more possible combinations per
symbol allows for each symbol to represent more bits. A scheme usually has 2n symbols to encode n
bits per symbol.
• The process of translating bits into symbols is called keying.
• Binary phase-shift keying (BPSK or 2PSK) only uses PM and two symbols, which can be generated
using only the I signal input to the RF front end.
• Quadrature phase-shift keying (QPSK or 4PSK) only uses PM and four symbols, which are generated
using both I and Q signals.
• 8PSK and higher order PSK schemes only use PM.
• PM and AM can be used together in a scheme called quadrature amplitude modulation (QAM).
• Using too many symbols in a scheme can make it harder to demodulate a signal because noise is more
likely to create errors when demodulating each sample into a symbol, if the symbols are too close
together.

Constellation diagram of (a) BPSK, (b) QPSK, (c) 8PSK, (d) 16QAM and (e) 64QAM
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Example: NOAA Satellite

A few NOAA satellites transmit live images using FM and AM signals, which can be picked up using a SDR.

5.1

A Real SDR

• A low-noise amplifier (LNA) may optionally be placed between the receiver system and the antenna.
• A power amplifier (PA) may optionally be placed between the receiver system and the antenna.
• Low-pass filters (LPF) and voltage gain amplifiers (VGA) are also used in a real SDR.

5.2

Demodulation

The data is first amplitude modulated onto a subcarrier, which is then frequency modulated onto a RF
carrier before the satellite transmits it.
1. First the signal must be FM demodulated by calculating the signal frequency using the samples (see
4.1 above).
2. The resulting signal must then be AM demodulated by using an envelope detector.
(a) The samples are upsampled by interpolating between the samples, increasing the number of
samples by a factor of 5.
(b) The samples are then passed into an envelope detector.
(c) The envelope output samples are then denoised by calculating median samples for every symbol
interval.
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(d) The samples are then downsampled by using every 5th sample.
3. The data signal has 256 levels of amplitude, after being AM demodulated. Each symbol is then
converted to 8 bits depending on the amplitude level, which corresponds to an 8-bit grayscale pixel.

5.3

Packets and Frames

A packet is a unit of data that is structured to convey meaning.
• The image and other information is transmitted in lines that are 2080 pixels wide, at 2 lines per second,
4160 symbols per second (baud rate).
• Each line is structured to use 909 pixels for the image and the rest used for telemetry data and
synchronization.
• Every 128 lines, the telemetry blocks repeat. This interval is called a frame.

5.4

Image Formation

By organizing the data according to the structure of the frame, the image forms.
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