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Modulation of Digital Data
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Modulation — process of converting digital data or a low-pass analog
signal to band-pass (higher-frequency) analog signal
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Digital-to-analog modulation.
Analpg-to-analgg modulation.

)
— ]

—
:-f
—
—
—

— aka carrier frequency - modulated signal|- high frequency
signal that acts as a basis for the information signal
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Bandpass Channels
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e Bandpass channels pass a range of frequencies
around some center frequency f.
Radio channels, telephone & DSL modems

e Digital modulators embed information into waveform
with frequencies passed by bandpass channel

e Sinusoid of frequency f, is centered in middle of
bandpass channel

e Modulators embed information into a sinusoid



Digital To Analog Modulation

— process of changing one of the characteristics of an analog signal (typically a
sinewave) based on the information in a digital signal

e sinewave is defined by three characteristics (amplitude, frequency, and phase) =
digital data (binary O and 1) can be represented by varying any of the three

e application: transmission of digital data over telephone wire (modem)

Digital-to-analog
conversion

Amplitude shift keying Frequency shift keying Phase shift keying
(ASK) (FSK) (PSK)

Quadrature amplitude modulation '
(QAM)



Amplitude Modulation

ASHK  — strength of the carrier signal is varied to represent binary 1 or 0
e both frequency and phase remain constant while the amplitude changes

o commonly, one of the amplitudes is zero
s(t)= Acos(2nft), binary0 |0, binary O
- Acos(2xnf.t), binary 1

A,cos(2nf.t), binary 1

1 0 1 1 0 1

e demodulation: only the presence or absence of a sinusoid in a given
time interval needs to be determined

e advantage: simplicity

e disadvantage: ASK is very susceptible to noise interference — noise
usually (only) affects the amplitude, therefore ASK is the modulation

technique most affected by noise

e application: ASK is used to transmit digital data over optical fiber



Example [ASK]
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How does the frequency spectrum of v,g«(t) look like!? 7



ASK-Modulated Signal: Frequency Spectrum

cosA -cosB = %(cos(A -B)+cos(A +B))

Carrier signal: v_(t)=cos(2xaf t) = cos(w t) , where 2xf =m,

i : _ 1 2 2 2
Digital signal: V4(t)=A-| =+ —cosw,t ———cos3w,t + —cosdw,t ...
(unipolar!!!) 2. m 3m ot

Modulated signal: Vg (t)=V_(t)-v4(t)=

=CoSsw,t- 1+ECOSU\)O’[—iCOS3th+iCOS5th—... =
2 1 31 ot

1 2 D \
= —cosw_t+—cosw_t-cosw,t-—cosw_ t-cos3w,t+...=
2 1 3. oY )

— %COSth + % [cos(w, —wo )t +cos(w, +w t]-
gl 30, ost 30
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Frequency Modulation

=SK — frequency of the carrier signal is varied to represent binary 1 or 0

e both peak amplitude and phase remain constant during each bit interval

- Acos(2xf,t), binary O
| Acos(2xf,t), binary 1

1 0 1 1 0 1 f,<f,
+1 '
+A
0 5 t
-1
A

demodulation: demodulator must be able to determine which of two
possible frequencies is present at a given time

advantage: FSK is less susceptible to errors than ASK — receiver is
looking for specific frequency changes over a number of
intervals, so voltage (noise) spikes can be ignored

disadvantage: FSK spectrum is 2 x ASK spectrum
application: over voice lines, in high-frequency radio transmission, etc. o
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Example [FSK]
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FSK-Modulated Signal: Frequency Spectrum

Digital signal:

Modulated signal:

vy(t) - modulated with o, , and

V4 (t)=1-v,(t) - modulated with w,

Vegi () = cosw,t- v (t)+cosw,t-(1-v,(t)) =

= Ccosw,t- B + gcosouot — %cos&uot + 5icos5w0t —.. } +
Ll Ll Ll

+CoSw,t- B — Ecos.ouot + %cosSwot — %cosSwot —.. } =
Ll L ™

- %coswﬁ + % [cos(w, —w, Jt+cos(w, +w, )t]-

— 3i [cos(w, — 3w, )t +cos(w, + 3w ft]+...+
'IT

%cosw2t A [cos(w, —w, )t +cos(w, +w, )t]-
m

+ 3i [cos(w, — 3w, Jt+cos(w, + 3w t]+...+ "
m



Phase Modulation

P S — phase of the carrier signal is varied to represent binary 1 or 0

e peak amplitude and frequency remain constant during each bit interval

e cxample: binary 1 is represented with a phase of 0°, while binary 0
is represented with a phase of 180°=nrad = PSK is equivalent to multiplying the
carrier signal by +1 when the information is 1, and by
-1 when the information is 0

1 1 1

2-PSK, or .
Binary PSK. , {Acos(anct), binary 1 A

1 0 0 -
since only 2 s(t)= Acos(2nf_t+ =), binaryO | | | l l“ | l_' | | "l “' | ' t
R I IO 4110
s(t cos(2xf_t), inary

- {- Acos(2xf.t),  binary 0
e demodulation: demodulator must be able to determine the phase of
received sinusoid with respect to some reference phase
e advantage: = PSK is less susceptible to errors than ASK, while it

requires/occupies the same bandwidth as ASK

» more efficient use of bandwidth (higher data-rate) are
possible, compared to FSK !!!

e disadvantage: more complex signal detection / recovery process, than 12
in ASK and FSK



Example [PSK]
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PSK Detection / Recovery — multiply the received / modulated signal
+ Acos(2nf t) by 2*cos(2rf t)

cos’A = %(1 +cos 2A)

e resulting signal

2Acos?®(2nf t)= A1+ cos(%—l_;_cﬂt)], binary 1

- 2Acos?(2nf,t) = —A[1+cos(@xf t)], binary 0

e by removing the oscillatory part with a
low-pass filter, the original baseband signal

(i.e. the original binary sequence) can be
easily determined

Y(t) = A.cos(2nf.f (?

2cos(2nf f)

Low-pass
filter with
cutoff W Hz

— Xilf)

2A, cos?(2nf.f) = A, {1 + cos(2m2£.H}

—
v&
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Signaling rate and
Transmission Bandwidth

e Fact from modulation theory:
If

A

Baseband signal x(t)
with bandwidth B Hz

then B

Modulated signal
X(t)cos(2rf.t) has

bandwidth 2B Hz -
fC_B fC f +B

e |f bandpass channel has bandwidth W, Hz,
e Then baseband channel has W_/2 Hz available, so

e modulation system supports W /2 x 2 = W, pulses/second
Recall baseband transmission system of bandwidth W, [Hz] can
theoretically support 2 W, pulses/sec



QPSK = 4-PSK

Dibit

Phase

00
01
10
11

90
180
270

Dibit
(2 bits)

— PSK that uses phase shifts of 90°=n/2 rad = 4 differe:
signals are generated, each representing 2 bits

(Acos(2xf_t), binary 00

)
=

Acos(2nfct+g), binary 01

|Acos(2af.t+n),  binary 10

Acos(2xf_t +3—2n), binary 11
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Time

e advantage: higher data rate than in PSK (2 bits per bit
interval), while bandwidth occupancy remains the same

e 4-PSK can easily be extended to 8-PSK, 1.e. n-PSK

e however, higher rate PSK schemes are limited by the ability 17
of equipment to distinguish small differences in phase



+A

Quadrature Amplitude Modulation
(QA M) — uses “two-dimensional” signalling

e original information stream is split into two sequences that
consist of odd and even symbols, e.g. B, and A,

1 0 1 1 0 1
1 -1 1 1 -1 1

Bi A By Ay By Aj
e A, sequence (in-phase component) is modulated by cos(2nf_t) , while B,
sequence (quadrature-phase component) is modulated by sin(2xft)

e composite signalA, cos(2nf,t)+B,sin(2xf_t) is sent through the channel

Ay —»’—» Y1) = A, cos(27cfct)\

cos(2nf.t) — Y(t) = A, cos(2nf t) + B, sin(2nxft)
| . Transmitted
At By _’*—> Y4 = By sin(2nft Signal
sin(2nf.t)

e advantage: data rate = 2 bits per bit-interval!
18



Example [ QAM]
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QAM Demodulation by multiplying Y(t) by 2-cos(2xnf:t) and then low-pass
filtering the resultant signal, sequence A, 1s obtained

e by multiplying Y(t) by 2-sin(2nf;t) and then low-pass
filtering the resultant signal, sequence B, is obtained

Ay

Lowpass
A cos(2nf_ t)+B,sin(2xnf t)= Y(t) —’q()

filter
\ (smoother)
2cos(2f.t)

2A,cos?(2 af t)+2B, cos(2f t)sin(2ft)
=lA {1+ cos(4ﬁct)}+%({0 + sin(47zfc'9}

> By

—
smoothed to zero
Lowpass
_— filter
\(smoother)
_ 2sin(2f t)
cos’(A) = (1+cos(2A)) ©7 2B, sinX(24.t)+2A, cos(24,t)sin(2f 1)

= B, {1 - cos(4f. t)}+A {0 + sin(4 f t)}

hd

_ _ smoothed to zero
sin(2A) = 2sin(A)cos(A) 20

sin?(A) = 5(1 —cos(2A))




Signal Constellations

Constellation Diagram

Y (Quadrature carrier)

4

— used to represents possible symbols that may
be selected by a given modulation scheme as
points in 2-D plane

e X-axis is related to in-phase carrier: cos(,t)

= the projection of the point on the X-axis defines
the peak amplitude of the in-phase component

G E ¥, i .. . .
v 2 S : e Y-axis is related to the quadrature carrier: sin(w,t)
28 £ i ©
= g & ? |
o o "\., |
Eo|| ¢ | = the projection of the point on the Y-axis defines
4\ he peak amplitude of the quadrat t
Ly L 5 Plinshase cared the peak amplitude of the quadrature componen
Amplitude of
LEORNPOREE e the length of the line that connects the point to the
origin is the peak amplitude of the signal element
(combination of X and Y components)
e the angle the line makes with the X-axis is the
phase of the signal element
A A A
@ L]
- > ® o> >
0 1 0 1 91
L L
a. ASK (OOK) b. BPSK b. 4-QAM



QAM cont. — QAM can also be seen as a combination of ASK and PSK

1
Y(t)= A,cos(2nf,t)+ B,sin(2nf,t) = (A, +Bk2)2cos(2nfct+tan'1%)

k

A Bk
(-A,A) (A, A)
o °
4-level QAM
0 > Ay
o )
(-A-A) (A-A)

22



16-level QAM — the number of bits transmitted per T [sec] interval can be
further increased by increasing the number of levels used

e 1n case of 16-level QAM, A, and B, individually can assume
4 different levels: -1, -1/3,1/3, 1

e datarate: 4 bits/pulse = 4W bits/second

1
Y(t)= A,cos(2nf,t)+ B,sin(2nf,t) = (A, +Bk2)zcos(2nfct+tan‘1%)

By k
o o |0 o A, and B, individually
o o | o o can take on 4 different values;
. o | e - Ay the resultant signal can take
e ole o on (only) 3 different values!!!

In QAM various combinations of amplitude and phase are employed
to achieve higher digital data rates.

Amplitude changes are susceptible to noise = the number of phase shifts used by a QAM systgm
1s always greater than the number of amplitude shifts.
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