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Digital Carrier Modulation

Binary modulation: one bit per symbol

• Amplitude shift keying (ASK)

• Frequency shift keying (FSK)

• Phase shift keying (PSK)

M-ary modulation: multiple bits per symbol

• Pulse amplitude modulation (PAM)

• Phase modulation: PSK, QPSK

• Frequency modulation: FSK, MFSK, GMFSK

• Many Frequencies: FDM, OFDM
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Digital Carrier Modulation

In class so far we’ve just talked about baseband modulation of digital

signals

• Ethernet

• Fiber

• USB

As you’ve seen in the labs, the same ideas work for sending bits over a

carrier, such as RF

We’ll look at several simple ways to encode bits on a carrier

• On-Off Keying (OOK)

• Phase-Shift Keying (PSK)

• Frequency Shift Keying (FSK)

These are designed to be simple to generate, and simple to decode.
3



On-Off Keying (OOK)

A simple version of ASK Modulated signal is m(t) cos 2πfct.

Carrier

t

Message

t
Transmited Signal

t

Easy to generate, gate an oscillator on and off

Easy to receive, a simple envelope detector suffices
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Phase Shift Keying (PSK)

Binary PSK is the same as polar ASK. We’ll see M-ary versions shortly

Carrier

t

Message

t

Transmited Signal

t

Usually an integer number of cycles of an offset frequency used

Phase changes at zero crossing to minimize bandwidth

Detection generally must be synchronous, since the envelope is constant 5



PSK Example: BPSK31

One PSK method is BPSK31, widely used in amateur radio.

A ”1” is a constant phase interval , and a ”0” is sent with a phase inversion

The shaped pulses minimize the bandwidth

After demodulating to baseband and lowpass filtering, the ”1” interval will

have an integrated value, and the ”0” interval will integrate to zero.

Timing can be extracted from the zero crossings from the ”0” symbols.

Figure from Wikipedia 6



Differential PSK (DPSK)

Just as in line coding, there are advantages to sending the difference

between the transmitted bits.

Differential PSK encodes the bits as the phase difference between two PSK

pulses.

An initial state (usually ”0”) is assumed at the beginning, then

• ”1” is a change of phase,

• ”0” is the same phase.

This doesn’t need a synchronous receiver! The signal is its own reference.

This is a significant benefit.

Still need to get the frequency right from the preamble or a tracking loop.
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DPSK Example: Radio Broadcast Data System (RBDS)

FM radio service that provides song titles, music genre, station ID, etc

Manchester encoded, with raised cosine pulses

The shaped pulses minimize the bandwidth

Figure from RBDS Standard Apr. 1998 8



RBDS Waveform

The waveform looks like this

Data is extracted by comparing the phase of between Manchester pulses.

Timing is extracted from the zeros of the Manchester pulses.
9



Frequency Shift (FSK)

Binary FSK uses two frequencies for 1 and 0.

Carrier

t

Transmited Signal

t

Message

t

An integer numbers of cycles of each makes them orthogonal

Easy to receive, can be done with filters and an envelope detector (see this

week’s lab!). Does not need to be synchronous. 10



FSK Receivers

One way to receive FSK signals is to use narrowband filters for each tone

<latexit sha1_base64="Ei3HX+5rIkCUJRDZZP7OvadUqlI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoOQU9gViV6EgBePEfKCZAmzk0kyZHZ2nekVwpKf8OJBEa/+jjf/xkmyB00saCiquunuCmIpDLrut5Pb2Nza3snvFvb2Dw6PiscnLRMlmvEmi2SkOwE1XArFmyhQ8k6sOQ0DydvB5G7ut5+4NiJSDZzG3A/pSImhYBSt1EFyS1SjH/SLJbfiLkDWiZeREmSo94tfvUHEkpArZJIa0/XcGP2UahRM8lmhlxgeUzahI961VNGQGz9d3DsjF1YZkGGkbSkkC/X3REpDY6ZhYDtDimOz6s3F/7xugsMbPxUqTpArtlw0TCTBiMyfJwOhOUM5tYQyLeythI2ppgxtRAUbgrf68jppXVa8aqX6cFWqlbM48nAG51AGD66hBvdQhyYwkPAMr/DmPDovzrvzsWzNOdnMKfyB8/kD7nmPLw==</latexit>

t = nTb

<latexit sha1_base64="Ei3HX+5rIkCUJRDZZP7OvadUqlI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoOQU9gViV6EgBePEfKCZAmzk0kyZHZ2nekVwpKf8OJBEa/+jjf/xkmyB00saCiquunuCmIpDLrut5Pb2Nza3snvFvb2Dw6PiscnLRMlmvEmi2SkOwE1XArFmyhQ8k6sOQ0DydvB5G7ut5+4NiJSDZzG3A/pSImhYBSt1EFyS1SjH/SLJbfiLkDWiZeREmSo94tfvUHEkpArZJIa0/XcGP2UahRM8lmhlxgeUzahI961VNGQGz9d3DsjF1YZkGGkbSkkC/X3REpDY6ZhYDtDimOz6s3F/7xugsMbPxUqTpArtlw0TCTBiMyfJwOhOUM5tYQyLeythI2ppgxtRAUbgrf68jppXVa8aqX6cFWqlbM48nAG51AGD66hBvdQhyYwkPAMr/DmPDovzrvzsWzNOdnMKfyB8/kD7nmPLw==</latexit>

t = nTb

<latexit sha1_base64="AZVsyJ4bCORaBqJM7zcQskR1VKI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdItVjwUuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyd3c7zxRpZkUD2YaUz/CI8FCRrCxUrsxcMvh5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDWT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVyterVK7vy7Vr7I48nAG51AGD26gDg1oQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBRWSOOQ==</latexit>

H0(f)

<latexit sha1_base64="1zMs7cR9WefdZCmGlPISHgSd1QY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdItVjwUuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyd3c7zxRpZkUD2YaUz/CI8FCRrCxUrsx8Mrh5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDWT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVyterVK7vy7Vr7I48nAG51AGD26gDg1oQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBRuuOOg==</latexit>

H1(f)

Envelope
Detect

Envelope
Detect

Compare
Decision

Baseband
Signal

You can think of each channel as a matched filter.

Example: Bell 103 modem (V.21, 300 bps) uses 1270 Hz and 1070 Hz for

originating station, only 3 or 4 cycles per bit
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FSK Example: f0 = 8, f1 = 12
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This would be followed by an envelope detector (rectifier and lowpass filter).
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M-ary Digital Carrier Modulation

M-ary: many bits in a single symbol

Many encoding schemes use different features of the pulses

• Amplitude: PAM

• Phase: PSK, QPSK, OQPSK

• Frequency: FSK, MFSK, GMFSK
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M-ary Signalling

Many ways to send multiple bits of information with each pulse, or symbol.

Options are different amplitudes of a common pulse, or sending different

pulses

y(t) =
∑
k

akpk(t− kTb)

where ak is chosen from a set of more than two values (i.e., not just ±1).

Both ak and pk(t) may be complex.

Some methods use a common pulse p(t) with different amplitudes

• Amplitude shift keying (ASK) where ak is real

• Quadrature amplitude modulation (QAM) where ak is complex

• Phase shift keying (PSK) where ak is complex, and unit magnitude

Often this pulse is a square root Nyquist pulse, covered last time.
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M-ary Signalling (cont’d)

Other methods use different waveforms and amplitudes

• Frequency shift keying (FSK)

• Minimum shift keying (MSK and GMSK)

• Orthogonal frequency domain multiplexing (OFDM)

These are sets of waveforms that are usually chosen to be orthogonal to

each other.

15



Amplitude Shift Keying (ASK)

One widely used encoding of two bits into four levels is

ak =


−3 message bits 00

−1 message bits 01

+1 message bits 11

+3 message bits 10

Note the order. Adjacent symbols differ by only one bit. This minimizes the

impact of single bit errors. This is called a Grey code, which we will see

more of soon.

ASK used in

• Ethernet 100Base-T (PAM-3), 1000Base-T (PAM-5), 10GBase-T

(PAM-16)

• GDDR6X memory (used in the RTX 3090) with PAM-4.

• ATSC Digital TV, (PAM-8)
16



Constellation Plots

• For all of the methods that use a common pulse p(t) we can

characterize them by plotting the coefficients ak

• In general ak can be complex, so the plot is in the complex domain.

• Some examples so far:

OOK Polar PAM-5

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

• These are all on the real axis.
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Constellation Plots

• Noise blurs the constellation causing decoding errors

OOK Polar PAM-5

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Decision
Boundary

• We want to pack more symbols in!

• Where should they go?

18



Binary Phase Shift Keying (PSK)

Recall that binary PSK is the same as polar ASK.

Carrier

t

Message

t

Transmited Signal

t

Here the phases are 0 and 180, which corresponds to amplitudes of ±1.

We can generalize this by using more phases.

This gets us off the real axis in the constellation plot.
19



M-ary Phase Shift Keying

We can add more symbols by using additional phase shifts

PSK-2 PSK-4 PSK-8

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

The waveforms for M symbols are

pk(t) = cos(2πfct/Tb + 2πk/M)

This is a coefficient ak = ej2πk/M for the complex pulse ej2πfct/Tb .

Generally need a synchronous receiver. Differential encoding (DPSK) makes

this much easier. 20



Quadrature AM (QAM)

Another way to fill in the space is to use both sines and cosines

pk(t) = ak cos(2πfct/Tb) + bk sin(2πfct/Tb)

We plot the cosine term as real, and the sine term as imaginary

The constellations look like

QAM-16

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>IQAM-4

Here the symbols are spaced rectilinearly and evenly, many other options

21



Quadrature AM (QAM)

If there are N = 2M coefficient values, each symbol can encode M bits

We can also consider each symbol to be a complex number!

• QAM-16 can be thought of as having a 2 bit real component and a 2

bit imaginary component.

• This will be useful for OFDM, which we’ll cover later in the course.

QAM is Common for cable TV, where QAM-64 or QAM-256 are used.

If you put your modem into hardware configuration mode, it will tell you

what it is using.

22



QAM Constellation Measurement

QAM-16 Experimental Measurement

Again, note the ordering. Adjacent symbols differ by only one bit. This is a

2D Gray code.

Errors due to noise will mostly be between adjacent symbols, which have

less impact.
Illustrations from Wikipedia 23



Binary Frequency Shift Keying FSK)

Binary FSK uses two frequencies for 1 and zero.

Carrier

t

Transmited Signal

t

Message

t

We can generalize this to more bits by adding frequencies

24



M-ary Frequency Shift Keying (MFSK)

For M-ary FSK we use several frequencies

pk(t) = cos(2π(fc + k∆f)t)

where ∆f is the spacing in frequency.

Decoding is easy if (∆f)Tb = 1, so that we have integer numbers of cycles

of the cosine (or sine).

This is a modulation index m = 1, meaning the frequencies are multiples of

one cycle. These are all orthogonal

The receiver can use an array of filters, one for each frequency, followed by

envelope detectors, just as in the binary case. 25



Digital Mobile Radio

• Digital Mobile Radio (DMR) uses 4-FSK

• A very common digital “walkie talkie” system by Motorola

• Popular with amateur radio

• C4FM

• Variant of 4-FSK with continuous phase between symbols

• P25 used by police, and many public works systems

• Yaesu System Fusion for amateur radio

• Other digital handheld protocol is D-STAR, which is GMSK.

26



Minimum Shift Keying (MSK)

If we want to get the most bits/symbol across a channel for FSK, we’d like

the frequencies to be as close together as possible

The minimum duration orthogonal signals are multiples of half a cycle

1/2 1 3/2 2
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Tb

These are all orthogonal if we use only cosines (or only sines)

The modulation index is m = 0.5, and all the frequencies are multiples of

that for one half cycle

The receiver has to be more sophisticated, simple filters and envelope

detectors won’t suffice.
27



Gaussian Minimum Shift Keying (GMSK)

• FSK can be thought of as a time varying frequency waveform

y(t) = cos(2π(fc + f(t))t)

where f(t) looks like this:
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f(t)
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t

• The abrupt frequency changes cause sidelobes, and interfere with

adjacent channels

28



Gaussian Minimum Shift Keying (GMSK)

• To minimize this, the f(t) waveform is first convolved with a Gaussian

waveform to smooth it
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<latexit sha1_base64="oOG+8Drc2zq38kFHw7ssqdyB8fU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahXkoiRT0WvHisYGuhDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDPzH564NiJW9zhJuB/RoRKhYBSt1A77wyqe98sVt+bOQVaJl5MK5Gj2y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5tfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2etkIDRnKCeWUKaFvZWwEdWUoQ2oZEPwll9eJe2LmndZ8+7qlUY9j6MIJ3AKVfDgChpwC01oAYNHeIZXeHNi58V5dz4WrQUnnzmGP3A+fwDdh46f</latexit>

fg(t)

• If this is used with Minimum Shift Keying, the results is Gaussian

Minimum Shift Keying or GMSK

• This is used in GSM cell telephones, with a modulation index of

m = 0.3, even less than MSK!

• The results is ISI, and mitigation strategies and error correction are

required to make it work.
29



Phone Modems: PSK, FSK and QAM Examples

These were all used in telephone modem protocols

Recall that baud is symbols per second

V.32 has 32 values, or 5 bits/symbol. This is used as 4 bits plus an error

correction bit

The symbol rate is 2400 baud (within the telephone frequency response)

The total bit rate is 2400× 4 = 9600 bits/second 30



Phone Modem Sounds

https://youtu.be/vvr9AMWEU-c?si=b-O1fCUH8zvmsob_

31
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Phone Modem Handshake Protocol

Just about every modulation method we’ve covered shows up here!

https://imgur.com/dialup-modem-handshake-protocol-squeals-from-speaker-explained-visually-5Dq6K2U
32
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Decoding M-ary Signals

We looked at eye diagrams for binary encoding.Time, Symbols
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The particular Nyquist pulse we used changed how difficult the signal was

to decode, both in noise and timing sensitivity. 33



Decoding M-ary Signals (cont)

For M-ary signals things get more complicated. Here are PAM waveforms

with an ideal Nyquist pulse (β = 1.0)
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Waveforms for beta=1
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Decoding M-ary Signals (cont)

The eye diagrams for these look like this:

The vertical size of the eye decreases at expected. PAM-5 requires higher

SNR than PAM-3 for the same performance

The timing sensitivity also gets much worse.

35



Decoding M-ary Signals (cont)

Here are PAM waveforms with a more reasonable Nyquist pulse (β = 0.5)
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Decoding M-ary Signals (cont)

The eye diagrams for the Nyquist pulse with β = 0.5 look like this:

The vertical size of the eye is the same as when β = 1

The timing sensitivity also gets even worse. Accurate symbol timing will be

critical for correct decoding.
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Digital Communications

So far we’ve looked at a number of digital modulation methods.

We can get more bits/s with

• Higher symbol rate (baud)

• More bits/symbol (M-ary encoding)

Fundamental limits are

• Channel bandwidth

• Noise, interference, and power

• Complexity and computation

Next time we will look at noise and power. What is the best we can do for

accurately decoding symbols in noise?
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