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Binary Modulation Schemes

c(t) = Accos(2rf t + ¢.)

Chapter 7: D|g|ta| Ba nd‘PaSS MOd UIat|On > Binary amplitude-shift keying (BASK): carrier amplitude is keyed between
. two possible values (typically v/E, and 0 to represent 1 and 0, respectively);
TeCh n |q ues carrier phase and frequency are held constant.

> Binary phase-shift keying (BPSK):carrier phase is keyed between two
possible values (typically 0 and 7 to represent 1 and 0, respectively); carrier
amplitude and frequency are held constant.

> Binary frequency-shift keying (BFSK): carrier frequency is keyed between
two possible values (typically 4 and £, to represent 1 and 0, respectively);
carrier amplitude and phase are held constant.
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Preliminaries

c(t) = Accos(2rf .t + @)

> T, represents the bit duration
» FE, represents the energy of the transmitted signal per bit

> In digital communications the carrier amplitude is normalized to have unit
energy in one bit duration; thus we set

2
Ao =] =
Ty

> The carrier frequency f. = TL[, for k € Z to ensure an integer number of
carrier cycles in a bit duration.
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Binary Amplitude-Shift Keying (BASK)

Let ¢. = 0 and the carrier frequency is f..

b(t) = VE, for binary symbol 1
0 for binary symbol 0

c(t) = \/%cos(%rfct + o) = \/%cos(%rfct)

s(t) = b(t)-c(t)
% cos(2rf.t) for symbol 1
0 for symbol 0
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Carrier for Digital Communications

Therefore
2
c(t) = \/ = cos(2nf.t + Pc).
Th
For k =4
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BASK Transmitter and Receiver

Transmitter

oot1100010|  Level -0 0+ | Product
> - s(t) = b(t)c(t
,{bk} . Encoding b(t) Modulator s(t) = b(t)e(t)
Binary input . i EASK o
sequence _ /2 ransmitte
c(t) = 4/ T cos(2m fet) Signal
carrier

Transmitted BASK Signal
0 1 0 1 1 0 0 0

g I 1TV t
O O
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BASK Transmitter and Receiver

(Non-coherent) Receiver

b(t) b(iTy)

BASK Transmitter and Receiver

(Non-coherent) Receiver

b(t) b(iTy)

S()— <:+O N Low-pass _Lo\ / Decision- | (b} s(t)— <:+O . Low-pass _Lo\ / Decision- | (b}
BASK T Filter | ¢, 1l |Making Device ‘ BASK T Filter | ¢, 1l |Making Device ‘
at time at time
Envelope t =11,  Threshold Envelope t =11,  Threshold
Detector Detector
Output of Ideal Envelope Detector Output of Sampler and Decision-Making Device
0 1 0 1 1 0 0 0
VE T .' | | | VE T | | | l l | l ‘ | | |
1 1 1 1 | 1 1 1 1 1
1 1 1 1 | 1 1 1 1 1
Ol T t Ol T t
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Binary Phase-Shift Keying (BPSK) BPSK Transmitter and Receiver
Transmitter
,/25" cos(2mf.t) for symbol 1 (i = 1)
si(t) = 2E (b} 0011100010 Levetl -t | Product s(t) = b(t)e(t)
> cos(2mfct + )  for symbol 0 (i = 2) Encoding| () |Modulator
Binary input — T BPSK
on-return- .
,/ZE" cos(2rf.t)  for symbol 1 (i = 1) sequence to zero) c(t) = ,/Tzcos(%fct) ';r;:;rlmtted
= b
,/ZE" cos(2wf.t) for symbol 0 (i = 2) carrier
Transmitted BPSK Signal
0 0
'l'l'l'l1l’l'l'l'1,l’l'l’I‘l'l’l’l'l'l’l'l'l,l'l'l'll'l'l’lI’l’l'l t
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BPSK Transmitter and Receiver

(Coherent) Receiver

b(t) b(iTy)

s(t) Product Low-pass| / \/ Decision- —>{3¢}

Modulator Filter Making Device

5 T Sample T
o L local carrier at time
c(t) = \/;(,05(27rfct) from PLL t—iT} Threshold

Inputs to Product Modulator

HHHHHHH H HMHHHHHI
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BPSK Transmitter and Receiver

(Coherent) Receiver

b(t) b(iT)

s(t) Product Low-pass| / \_/ Decision- - {13-}
Modulator Filter Making Device !
Sample

2 T local carrier at time T
c(t) =4/ T cos(27 f.t) from PLL t—iT} Threshold

Output of Lowpass Filter and Sampler

0 1 0 1 1 0 0 0

T
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BPSK Transmitter and Receiver

(Coherent) Receiver

b(t) b(iTy)

s(t) Product Low-pass| / \/ Decision- —>{5i}

Modulator Filter Making Device

5 T Sample
- o local carrier at time
c(t) = \/;(,05(27rfct) from PLL t—iT} Threshold

Output of Product Modulator
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DPSK

DPSK = Differential Phase Shift Keying

Differential Phase Shift Keying = Differential Encoding + PSK

» To send “0", we advance the carrier phase by 7

» To send a “1", we leave the carrier phase unchanged

Consequence: DPSK detector must measure the relative phase
difference between waveforms received in two consecutive intervals.
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Differential Encoding

di = di_1 @b_k

To produce dy, need:

1. dix_1 (previous differentially encoded bit)

2. by (current input bit)

; 0011100010 Logic {dk}
{ )k} Network 10111101001
Note: dy =1 {dk_l}
1011110100
Delay
To
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DPSK Transmitter and Receiver
DPSK Transmitter
B, 1 21100010 Logic 101{1({f£001 Level b(t) | Product DPSK
{bx} Network Encoding Modulator| Transmitted
(Non-return- f Signal
{dp—1} 2
1011110100 tozero) c(t) = T cos(2m f.t)
Note: dy =1 Delay b
To
PSK Transmitter
by 0011100010
di_1 1011110100
dy = di_1 D by 10111101001
Oc 0O 00007 O0=x® w0
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Differential Encoding

0011100010 Logic {dk}
{bk’} Network 10111101001
Note: dy =1 {dk’_l}
1011110100
Delay
To
by 0011100010
di_1 1011110100
di = di_1 @ by 10111101001
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DPSK Transmitter and Receiver
DPSK Receiver
v(t) v
s(t) ) Lovy—pass / ./ D'ecmon—' _’{67‘,}
Filter Making Device
Delay Sample
T at time
b t =T, Threshold
by 001 110O0O0T1TO0
di_1 1 011110100
di = di_1 D by 10111101001
Oc 0O 0000 O0x w0
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DPSK Transmitter and Receiver
DPSK Receiver

(1) 2 Low-pass| / \_/ Decision- - {B-}
) Filter Making Device !
Delay Sample i

T attime
b t = 1T, Threshold

Case 1: No phase difference (note: v € {0,1})

2
v(t) = LPF {? cos(2nfct + ym) - cos(2mfet + 'y7r)]
b

2 1 1
LPF {— cos?(2nfet + ’y7r):| = LPF [— [1+ cos(4rmfct + ~/7r)]:| =+—>0
Ty Ty Ty

Case 2: Phase difference of 7

2
v(t) = LPF [? cos(2rmfct) - cos(2mfet + 7{'):|
b
LPF |[ 2 cos?(2nf.t)| = LPF ! [1 4 cos(4nf.t)] LI
= _— T = _— T - ——
Th ‘ Th ‘ Tp
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DPSK Transmitter and Receiver
DPSK Receiver

s(t) ) Lovy—pass / ./ D'ecmon—' —>{5¢}
Filter Making Device
Delay Sample T

To tat:ti?jfb Threshold

by 001 1100010

di 1 1 011110100
di = di_1D bi 101 1 1 1010 01

Oc 0O 0 00O n 0 7 « O

Vi - — 4+ 4+ + - = - + -

by 001 1100010
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DPSK Transmitter and Receiver
DPSK Receiver

(1) 2 Low-pass| / \ _/ Decision- - {B-}
’ Filter Making Device !
Delay Sample f

T attime
b t = iT, Threshold

by 0O 01110 0 010

di_1 1 01 1 1 1 0 1 0O

di = dx_1 @ by 10111101001

Oc O 00O O o 0 7@ =« O

Vi - -+ 4+ + - - - + -
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Binary Frequency-Shift Keying (BFSK)

Let oo =0, | — f| = le and f = % (integer number of cycles in a
bit duration).

,/%Eb"cos(walt) for symbol 1 (i = 1)
si(t) = E :
\ T cos(2mfrt) for symbol 0 (i = 2)

CUAAMAAMAAARAAUAMAAARARANANARAAL
S A

4cycles  5cycles 4cycles 5cycles  5cycles 4cycles  4cycles  4cycles
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BFSK Transmitter and Receiver

Transmitter

2E,
= cos(27 fit)

local VT,
oscillator
- o (1)
-Iocal Vg, cos2sat) BFSK
Transmitted

controls S|gna|
) . swit_ch
SB;r;zrglr:zgut 01011000 position
{bk}
Transmitted BFSK Signal
0 1 0 1 1 0 0 0

VEy

UL AR IALAA LA AL
A kN

PMess{@ Ruingury hlsiversisy gfjirontol cycles  FitpbieRid Revistycles  4cycles  4cycles  4cycles 25/ 103

t

BFSK Transmitter and Receiver

Receiver
t=1iTy
Band-pass Envelope
filter, f1 Detector vi
s(t) Comparator—»{g :; ;;Zﬁ
Band-pass Envelope AN v2
filter, f2 Detector| 4+ — iT,
Output of Lower Band-pass Filter
0 1 0 1 1 0 0
B 1 1 |
0
B \/E 4 cycles 4 cycles 4cycles  4cycles  4cycles
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BFSK Transmitter and Receiver

Receiver
t =Ty,
Band-pass Envelope
filter, 1 Detector vi
s(t) Comparator—> { ! :: e
Band-pass Envelope AN v2
filter, f2 Detector | ¢ —T;,
Output of Upper Band-pass Filter
0 1 0 1 1 0 0 0
1 1 1
t
—/ E
\/7 5 cycles 5cycles  5cycles
Professor Deepa Kundur (University of Toronto) Final Exam Review 26 / 103
BFSK Transmitter and Receiver
Receiver
t =1y
Band-pass Envelope
filter, f1 Detector vi
() Comparator]— {1 11121
Band-pass Envelope AN v2
filter, f2 Detector| 4+ — iT,
Output of Upper Envelope Detector and Sampler (v;)
0 1 0 1 1 0 0 0
1 1 1
| | | t
Ol Ty
-V Ep
5 cycles 5cycles  5cycles
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BFSK Transmitter and Receiver

29 / 103

Receiver
t=1iTy
Band-pass Envelope
filter, f1 Detector vi
s(t) Comparator—»{; -
Band-pass Envelope AN v2
filter, f2 Detector | 4 —T;,
Output of Lower Envelope Detector and Sampler (v,)
0 1 0 1 1 0 0 0
E[, M I [} [} i
0 75
EI, Ll
4 cycles 4 cycles 4cycles  4cycles  4cycles
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Summary
2E,
BASK s (t) 2 cos(27fct) for symbol 1
s(t) = 0 for symbol 0
BPSK  si(t) = /% A Eb cos(2rf.t +0) for symbol 1
_ 2E,
s(t) = /5Ftcos(2nfct +m) for symbol 0
_ 2Ep
BFSK  si(t) = /5% cos(2nfit) for symbol 1
_ 2E,
s(t) = /5t cos(2nhrt) for symbol 0
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BFSK Transmitter and Receiver

Receiver
t =11,
Band-pass Envelope
—o0
filter, f1 Detector v
1 if vi>v2
s(t) Comparator—»{o ey
Band-pass Envelope AN v2
filter, f2 Detector | ¢ —T;,
Inputs to Comparator
0 1 0 1 1 0 0 0
E(, > *- T - T g T i
V2 Vi1 V2 Vi W v2o o, V2o, V2o,
1 1 1 1
Vi1 V2 V1 V2 o, W2 Vi o, Vi, Wi :t
0 T,
Ey, +
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Summary: Phasor Diagrams
symbol symbol
BASK L -
[2Es
VT,
symbol symbol
0 1
BPSK nE, O
VT VT,
symbol 57>
0V
symbol
1
BFSK 0 ﬁ,m
Vo,
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Summary: Phasor Diagrams

BASK

BPSK (antipodal)

BFSK (orthogonal)

Professor Deepa Kundur (University of Toronto)

Chapter 2: Fourier Representation of

symbol

M-ary Digital Modulation Schemes

For M =2"and T = mTy,
symbol » Me-ary Phase-Shift Keying

symbol

VT, 2E 27 .
! si(t) =4/ ~ cos <27rfct + MI)

i=0,1,....M—1,0<t<T.

symbol » M-ary Quadrature Amplitude Modulation

m

T

symbol 57~
o 7

2B, 2E 2E
VT si(t) =4/ ?Oa,- cos(2nf.t) — \/?Ob,- sin(2rfct)

i=0,1,....M—1,0<t<T.

» M-ary Frequency-Shift Keying

symbol

Final Exam Review

Signals and Systems

Professor Deepa Kundur (University of Toronto)

Final Exam Review

% si(t) = % cos (z(n + i)t)
Vn ’ VT T

i=0,1,...,M—-1,0<t<T.
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Communication Systems: Foundational Theories

» Modulation Theory: piggy-back information-bearing signal on a
carrier signal

» Detection Theory: estimating or detecting the
information-bearing signal in a reliable manner

» Probability and Random Processes: model channel noise and
uncertainty at receiver

» Fourier Analysis: view signal and system in another domain to

gain new insights
| receiver |——>

information .
transmitter

source

L———| channel

Final Exam Review 36 / 103

information
consumption
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The Fourier Transform (FT)

g)) = [ G(pen
Notation:
g(t) = G(f)
G(f) = Flg(t)]
g(t) = FG(F)]
Professor Deepa Kundur (University of Toronto) Final Exam Review
e/ = cos(2nft) + jsin(2rft)
cos(27rft)
_m L
7 7
sin(27ft)
2r 1
TM ?
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FT Synthesis Equation

» g(t) is the sum of scaled complex sinusoids

» &2t = cos(27ft) + jsin(2rft) = complex sinusoid
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FT Analysis Equation

» The analysis equation represents the inner product between g(t)
and /2"t

» The analysis equation states that G(f) is a measure of similarity
between g(t) and e/°"", the complex sinusoid at frequency f Hz.
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|G(f)| and £G(f)

o0

g(t) = / G(f)e* "t df

o)

— /00 |G(f)’ej(27rft+4G(f))df

o0

» |G(f)| dictates the relative presence of the sinusoid of frequency
fin g(t).

» Z/G(f) dictates the relative alignment of the sinusoid of
frequency f in g(t).
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Importance of FT Theorems and Properties

» The Fourier transform converts a signal or system representation
to the frequency-domain, which provides another way to
visualize a signal or system convenient for analysis and design.

» The properties of the Fourier transform provide valuable insight
into how signal operations in the time-domain are described in
the frequency-domain.
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Low, Mid and High Frequency Signals

Q: Which of the following signals appears higher in frequency?

1. cos(4 x 10%7t + 7/3)
2. sin(27t + 107) + 17 cos?(107t)

A: cos(4 x 10°7t + 7/3).
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FT Theorems and Properties

Property/Theorem Time Domain Frequency Domain
Notation: g(t) = G(f)

ai(t) = Gi(f)

&(t) = Gy(f)
Linearity: cagi(t) + cgo(t) = c1Gi(f) + 0 Gy(f)
Dilation: g(at) = %aG (g)
Conjugation: g*(t) = G*(—f)
Duality: G(t) = g(—f)
Time Shifting: gt —to) = G(f)e—i?7fo
Frequency Shifting: el2mlet g(t) = G(f— 1)
Area Under G(f): g(0) = I G(f)df
Area Under g(t): I e(t)dt = G(0)
Time Differentiation: %g(t) = J2nfG(f)
Time Integration : [t g(r)dr = = G(f)
Modulation Theorem: g1(t)ga(t) = [ G(NG(f —A)dA
Convolution Theorem: I ei(r)ga(t — 1) = G1(f)Ga(f)
Correlation Theorem: IS ei(t)gs(t—7)dt = Gi(f)G; (f)
Rayleigh's Energy Theorem: 2 1g(t)|?dt = J21G(F))2df
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Time-Bandwidth Product

‘time—duration of a signal x frequency bandwidth = constant

Tlarger A Arect(t/T)
A
-T/2 T2
<«—duration—»
null-to-null
bandwidth

Note: the constant depends on the definitions of duration and
bandwidth and can change with the shape of signals being considered
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Dirac Delta Function

Definition:
1. 0(t)=0,t#0
2. The area under J(t) is
unity:

/_OO i(t)dt =1

> t

Note: 0(0) = undefined
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LTI Systems and Filtering

LTI System

h(t) ——y(t) = /OO x(T)h(t — 7)dr

impulse response

x(t)

LTI System

X()=—H()) =Y (f) = X(f) - H(f)

frequency response

> For systems that are linear time-invariant (LTI), the Fourier transform
provides a decoupled description of the system operation on the input signal
much like when we diagonalize a matrix.

» This provides a filtering perspective to how a linear time-invariant system
operates on an input signal.

» The LTI system scales the sinusoidal component corresponding to frequency
f by H(f) providing frequency selectivity.
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Dirac Delta Function

» can be interpreted as the limiting case of a family of functions of
unit area but that become narrower and higher

11 all functions have 11

unit area

— L — L
< T, < T, >
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Dirac Delta Function

» Sifting Property:

/_ " g(0)0(t — t)dt = g(to)

o0

» Convolution with §(t):

g(t) xo(t — to) = g(t — to)
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Fourier Transforms of Periodic Signals
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The Fourier Transform and the Dirac Delta

o(t) = 1
1 = 4(f)
PRt = §(f — f)
2mht —j2mht
cos(anfit) = S+ S = L(F - ) + 50(F + )
. 2Tt e—j27rf1t 1 1
sin(2rfit) = 5o = 2—J_6(f —h)— 2—j§(f +f)

cosine

VAN g~ ]
VAvIIVAVARE _
AN L
\/ \/] \/ \/ Final Exam lw@ﬁ/j ﬂ

Professor Deepa Kundur ( Unlver5|ty of Toronto)

=h
)

)
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Amplitude Modulation

» In modulation need two things:

1. a modulated signal: carrier signal: ¢(t)
2. a modulating signal: message signal: m(t)

Chapter 3: Amplitude Modulation

> carrier:
» c(t) = Ac cos(2rft); phase ¢ = 0 is assumed.

> message:
» m(t) (information-bearing signal)
» assume bandwidth/max freq of m(t) is W
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Amplitude Modulation Amplitude Modulation

Three types studied: sam(t) = Ac[l+ kom(t)] cos(2nfct)

1. Amplitude Modulation (AM) \/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/
(yes, it has the same name as the class of modulation techniques) \/v\/\/\/v\/\/\/\/\/v\/v\/\/\/\/\/\/

2. Double Sideband-Suppressed Carrier (DSB-SC) \/\/\/\/\/LM/\/\J\/\/MW
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3. Single Sideband (SSB)



Amplitude Modulation Techniques Amplitude Modulation Techniques

AM: For: AM:
1. 1+ kym(t) > 0 (envelope is always positive); and

sam(t) = Ac[l+ kam(t)] cos(2rf.t)
2. fo > W (message moves slowly compared to carrier) A kA
‘ , Sam(f) = ZS[6(F — £) + 6(F + £)] + —=< [M(f — £.) + M(f + £)]
m(t) can be recovered with an envelope detector. 2 2
Sudf)
!_/K\ /_/K\ f
—f fe
—2W—> —2W——
wave - ,
> highest power
» Br =2W
> lowest complexity
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Amplitude Modulation Techniques Amplitude Modulation Techniques
DSB-SC: DSB-SC:
spse(t) = Accos(2nf.t)m(t) » An envelope detector will not be able to recover m(t); it will
A instead recover |m(t)|.
Spse(f) = TC[M(f—fc)‘i'M(f‘i'fc)] im(t)
5. » Coherent demodulation is required.
,_/F‘ ! /_/f&‘ f s(t) Product Low-pass Yo ()
«—2W—— «—2W—> Modulator filter Demodulated
d(t) = Al cos2mfot + @) signal
> lower power Local
> By =2W Oscillaor

> higher complexity
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Amplitude Modulation Techniques

Amplitude Modulation Techniques

QAM: QAM Transmitter:
seam(t) = Acmy(t)cos(2rfct) + Acmy(t) sin(2nf t) Message — Multiplexed
A A . signal ——>| @ Signal
SQAM(f) = 7C [Ml(f — fc) + Ml(f + fc)] + 7C L/M2(f — fc) _JM2(f + fc)] my (t) Modulator Y s(t)
Sandf) —e A.cos(27 fet)
m -90 degree
f Phase Shifter
7]“(' I f{‘
«—2W—— «—IIW——
Acsin(2r fet)
Message Product
> lower power (no carrier) ,S,'g'(’f)l | Modulator

» By =2W/2 messages = W per message.
> higher complexity

Professor Deepa Kundur (University of Toronto) Final Exam Review

Amplitude Modulation Techniques

QAM Receiver:
s(t) = Acm(t) cos(2nf.t) + Acmo(t) sin(2nf.t)

Product Low-pass 1 ,
Modulator filter FAcAma ()
—e Al cos(2 f.t)
Multiplexed
il(%)nal ] -90 degree
Phase Shifter
AL sin(27 ft)
Product Low-pass 1 ,
—A A mo(t
Modulator Filter 5tk ma(t)

Professor Deepa Kundur (University of Toronto) Final Exam Review

s(t) = Acmy(t) cos(2nf t) + Acmo(t) sin(2rf.t)
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Amplitude Modulation Techniques
SSB:
Ac Ac . .
sussg(t) = 7m(t) cos(2nf.t) — ?m(t) sin(27f.t)
A
_ | FMF =)+ M(F+ 1) [fl=fe
Susse(f) = { 0 < £,
Ac Ac . .
SLSSB(t) = 7m(t) COS(27TfCt) + 7m(t) Sln(2ﬂ'fct)
0 |f] > fe
f =
) = | S puar— e mie ) 1<k
Hilbert Transform:
M(f) H(f) = -j sgn(f) M) m()—s] h®)=1/6t) m()
H(f)
j
— f
| —
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Amplitude Modulation Techniques
SSB:

Susso(f)
upper SSB
r—/l ]
~fe fe
—\W— —W—
SLSSB(f)
lower SSB

—fe fe

—W— —W—

> lowest power
| 4 BT = W
> highest complexity
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Costas Receiver

Coherent Demodulation

Product Low-pass
Modulator filter

cos(27 fot + ¢)

Voltage-controlled
Oscillator

local oscillator output

Phase
Discriminator

DSB-SC wave
A, cos(2m ft)m(t)

-90 degree
Phase Shifter
Product
Modulator

Low-pass
Filter

Circuit for Phase Locking ¢ = 0
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Demodulated

v (®)
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Amplitude Modulation Techniques

SSB:
» Coherent demodulation works here as well.

s(t) Product Low-pass Vo (8)
—_—
Modulator filter Demodulated
Signal
d(t) = Al cos(2mfot + @) J
Local
Oscillaor
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Costas Receiver
I-Channel (in-phase coherent detector)
Product Low-pass Demodulated
Modulator v, (0 filter Signal
cos(2m fet + ¢)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A cos(2m fot)m(t)
-90 degree
Phase Shifter
sin(27 f.t + ¢)
Product VQ(t) Low-pass

Modulator Filter

Q-Channel (quadrature-phase coherent detector)
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Angle Modulation

» Phase Modulation (PM):
0i(t) = 2mft+ kom(t)
1 do;(t) k, dm(t)
i(t) 2r dt et 2 dt
) = Accos[2rf.t+ k,m(t)]

Chapter 4: Angle Modulation e (t

> Frequency Modulation (FM):

t
0:(t) = 27cht+27rkf/ m(7)dT
0

i d9,(t)
27 dt

t
Ac cos [27rfct + 27ka/ m(r)dr}
0

fi(t) = fo + kem(t)

sem(t)
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Angle Modulation

carrier
PM and FM:
message
Sepdl)
—»m(t) Integrator Mci)gjlsicor —
amplitude T
modulation c(t) = A. cos(2m f.t)
Soult)
&» Differentiator Frequency —PNK>
phase Modulator
modulation T
c(t) = A. cos(2m f.t)
frequency
modulation
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Properties of Angle Modulation

SAEEER A .

Professor Deepa Kundur (University of Toronto)

Narrowband FM

Modulation:

Constancy of transmitted power
Nonlinearity of angle modulation
Irregularity of zero-crossings
Difficulty in visualizing message
Bandwidth versus noise trade-off

Final Exam Review
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sem(t) = Ac cos(2mfct) = Acsin(2mfct)  sin(27fyt)

Modulating
wave

2 ﬂ- ¢f ‘777,
A m

-~

carrier

Integrator

-

.

i . TV
—90°shift of carrier 2:;m fot m(

T)dT
>

DSB-SC signal

Product
Modulator

[—>

+

15}
Acsin(27 f.t) -90 degree

Professor Deepa Kundur (University of Toronto)

Phase Shifter

Final Exam Review

Narrow-band

FM wave

A cos(2m f.t)
carrier
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Narrowband FM

> Suppose m(t) = Apcos(2nfiyt).

fi(t) = fo+ kfAncos(2mfy,t) = fo + Afcos(2mfpt)
Af = kA, = frequency deviation

0:(t) = 27r/0 fi(t)dr

Af
= 2mfet + —sin(2nfut) = 2wfct + Bsin(2nfy,t)

fm
Af
ST
sem(t) = Accos[2nf.t + Bsin(27f,t)]

For narrow band FM, 8 <« 1.
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Carson’s Rule
A significant component of the FM signal is within the following

bandwidth:

Br =~ 2Af + 2f,, = 2Af <1—|— %)

where Af is the maximum frequency deviation and f,, is the highest
frequency in the modulating signal.

» For B> 1, Br =~ 2Af = 2kiA,,

» For f <« 1, BTz2Af% = A%’;m = 2fm
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Carson’s Rule

Example: Find the bandwidth of the following signal:
6 3w . ™
s(t) = 17cos |4 x 10°wt — 4m cos(25t — g) + 27 sin(50007t — 7)
5 3m . m
= 17 cos |4 x 10°7t —4m cos(25t — —) + 27 sin(50007t — =)
Ac 2rfct
+kpm(t)
6 3w . ™
0:(t) = 4x10°7t — 4mcos(25t — ?) + 27 sin(50007t — 7)
1 do;(t . 3
() = 5 dg ) 5% 10° 4 50sin(25¢ — g) + 50007 cos(50007t — g)
fe related to frequency deviation Af
Af ~ 5000m and f, = 20T _ 5500
Br ~ =2Af+2f,=2-5000m + 22500 ~ 41415 Hz.
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Demodulation of FM Waves

d | d(t) |ldeal Envelope

s(t) — > (1)

dt Detector

» Frequency Discriminator: uses positive and negative slope
circuits in place of a differentiator, which is hard to implement
across a wide bandwidth

» Phase Lock Loop: tracks the angle of the in-coming FM wave
which allows tracking of the embedded message
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Generation of FM Waves: Armstrong Modulator

Narrowband FM modulator

m(t) Intearator Narrow band | ' S(0[ Frequency s'(t)
- T 9 Modulator |1 Multiplier | wideband
L S FM wave

c(t) = Agcos(2m ft)

Crystal )
Controlled| frequencyis
Oscillator | Very stable
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Chapter 5: Pulse Modulation
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Pulse Modulation

» the variation of a regularly spaced constant amplitude pulse

stream to superimpose information contained in a message signal

t

=]

» Three types:
1. pulse amplitude modulation (PAM)
2. pulse duration modulation (PDM)
3. pulse position modulation (PPM)

wﬂﬂﬂﬂﬂﬂﬂ

T, Note: T < T

Professor Deepa Kundur (University of Toronto)

Final Exam Review

Pulse Duration Modulation (PDM)

INININININInI.

m 0_)__m(Ts)

b

~
~

Professor Deepa Kundur (University of Toronto)

s(t)

.. mQ2T,)

| H\i LT,
...\.

Final Exam Review "=
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Pulse Amplitude Modulation (PAM)

INININISINInI.

=1
|

mr) MO mT)

’W H~~ m(2-|—5)
rl e

s(t)
t
Se. U U U
of Toronto) Final Exam Review o -- =" 82 /103

Professor Deepa Kundur (Universi

Pulse Position Modulation (PPM)

PDM
meT) . m®) S0
"N ... m2n)
Honnne,
ve..
SO P
PPM
m(t) Tt 5(®)
SO0
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Summary of Pulse Modulation

Let g(t)
> PAM:

be the pulse shape.

spam(t) = Z kam(nTs)g(t —nTs)

n=—o00
where k, is an amplitude sensitivity factor; k, > 0.

> PDM:

> t—nTs
SPDM(t) - Zoog (kdm(nTs) + Md)

n=—
where ky is a duration sensitivity factor; kg |m(t)[max < Ma-

> PPM:

oo

sppm(t) = Z g(t—nTs — kym(nTy))

n=—0o0

where k, is a position sensitivity factor; ky, [m(t)|max < (Ts/2).

Professor Deepa Kundur (University of Toronto) Final Exam Review 85 / 103
PCM Transmitter
Continuous-time Anti-aliased
Message Cts-time Discrete-time Digital PCM Data
Signal Signal Signal signal Sequence
Low-pass .
Source . P Sampler Quantizer Encoder
Filter
-—— -—— | S —
Anti-aliasing Sampling above Using a Maps Numbers
Filter Nyquist with Non-uniform to Bit Sequences
Narrow Rectangular Quantizer
PAM Pulses
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Pulse-Code Modulation

» Most basic form of digital pulse modulation

PCM Data Channel
Sequence Output -
g / [Tranmission| / =
S| Transmitter Receiver |2
) Path g
w
[a)
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PCM Transmitter: Sampler
Continuous-time Anti-aliased
Message Cts-time Discrete-time Digital PCM Data
Signal Signal Signal signal Sequence
Low-pass .
Source . P Sampler Quantizer Encoder
Filter
-— [ S — -——
Anti-aliasing Sampling above Using a Maps Numbers
Filter Nyquist with Non-uniform to Bit Sequences
Narrow Rectangular Quantizer
PAM Pulses
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PCM Transmitter: Non-Uniform Quantizer

PCM Transmitter: Encoder

Continuous-time Anti-aliased
Message Cts-time Discrete-time Digital PCM Data
Signal Signal Signal signal Sequence
Low-pass "
Source VP Sampler Quantizer Encoder
Filter
[ — [ — [ S —) [ —
Anti-aliasing Sampling above Using a Maps Numbers
Filter Nyquist with Non-uniform to Bit Sequences
Narrow Rectangular, Quantizer
PAM Pulses
Amplitude Uniform
—_— . —
Compressor Quantizer

Normalized output v

o >3 05 75 To
Normalized input m|
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PCM: Transmission Path

PCM Data Channel
Sequence Output -
o
¢ Tranmission g
S| Transmitter / / Receiver |2
3 Path E
o

PCM Data Tranmission| |Regenerative| |Tranmission Regenerative|  [Tranmission|  channel
Shaped for —> . —| R ) —> eee —> R > . L
Transmission Line epeater Line epeater Line Output
Distorted Amplifier- Decision-making| Regenerated
PCM  —— . N ———> PCM
Wave Equalizer Device Wave
TimingJ
Circuit
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Continuous-time Anti-aliased
Message Cts-time Discrete-time Digital PCM Data
Signal Signal Signal signal Sequence
Low-pass .
Source VP Sampler Quantizer Encoder
Filter
| E— | E— 4 | E— 4 -
Anti-aliasing Sampling above Using a Maps Numbers
Filter Nyquist with Non-uniform to Bit Sequences
Narrow Rectangular Quantizer
PAM Pulses
Quantization-Level Index | Binary Codeword (R = 3)
0 000
1 001
2 010
3 011
4 100
5 101
6 110
7 111
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PCM: Regenerative Repeater
Distorted Amplifier- Decision-making| Regenerated
PCM . By PCM
Wave Equalizer evice Wave
Timing| |
Circuit
Original PCM Wave
[ 1] (1111 .
AN N va&ﬁvv%_'t
[ 11 ] ||_| [ 111 ¢
N FL AN
THRESHOLD NN Y t
A AR VA S A
1] ¢

LIl L]

BIT ERROR
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PCM: Receiver

Two Stages:

1. Decoding and Expanding:

1.1 regenerate the pulse one last time

1.2 group into code words Chapter 0: Baseband Data TransmiSSion

1.3 interpret as quantization level
1.4 pass through expander (opposite of compressor)

2. Reconstruction:

2.1 pass expander output through low-pass reconstruction filter
(cutoff is equal to message bandwidth) to estimate original
message m(t)
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Baseband Transmission of Digital Data Baseband Transmission of Digital Data
Output
; i Output
{br} {ag s(t) x(t) y(t) y(iTy) binary data . . ;
- L0k § s(t \) — 2 . binary data
oo1110000|  Line Transmit- Channel Receive- Decision- {bi} - {bx} {ay} s(t) r(t) y(t) y(iTh) .
Source Encoder [ | FilterG(f) [ | HE [ filterQ(f) _L\’L Making Device Pestination Source [21°g| Line | | Transmit- | | Channel | | Receive- —Ao bL Decision- | {0:} Destination
Binary input Sample Encoder Filter G(f) H(f) filter Q(f) Making Device
Threshold attime  Threshold Binary input 1 Sample

sequence t=1T sequence Threshold tat:t'?"ﬂ Threshold

b ={0,1} and

| 41 if b is symbol 1
T —1 ifbis symbol 0

[e.°]

s(t = akg(t — kT, s
(t) k;w K8 ( b) (D) = Z aep(t— KTy)

Ao sty here p(6) = g(8)# h(E)w a(t)
= X * =5 * * Werep = g * *q
y(t) () a(t) = () ¥ h(e) o) R AN
= Y ag(t—KkTo)xh(t)xq(t) = Y awp(t — kTs)
k=—00 k=—o0
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Baseband Transmission of Digital Data

Output
{bx} {ay, s(t v (t y(t) y(iTh) bina,ry data
bornocore[  Line | Transmit- | Channel Receive- Decision- {bi} L
Source Encoder 1 fiterary 1 1n 1 fieerom _ZQ\L Making Device Destination
Binary input i / S;r:;gl:
sequence Threshold S, Threshold
. : y(t)  y(ly)
{ax} Pulse Spectrum / / Decision- {ax}
P(f) Making Device
P(f) = GIOHINQL) Sample
ta‘:t";l;h Threshold
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The Nyquist Channel
» Minimum bandwidth channel
» Optimum pulse shape:
popt(t) = V Esinc(2Byt)
Poilf) = YE By <f<B By — L
opt - . ’ -
0 otherwise 2T,
Note: No ISI.

pi = p(iTp) = VEsinc(2Byi T,)v/ Esinc (2' %Tbin> = VEsinc(i) = 0 for i # 0.
Disadvantages: (1) physically unrealizable (sharp transition in freq domain); (2)
slow rate of decay leaving no margin of error for sampling times.
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Baseband Transmission of Digital Data

y(t)  y(Ty)
{ar} Pulse Spectrum / N / Decision- {ar}
———— 4 . .
P(f) Making Device
P(f) = GH(F)QLT) Sample
attime  Threshold
= ZTb
vi = y(iTy) and p;=p(iTp)
oo
yi = \/Eai + Z Ak Pi—k forieZ
. v k=—o00,k#i
signal to detect ;
intersymbol interference
To avoid intersymbol interference (ISI), we need p; = 0 for i # 0.
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Raised-Cosine Pulse Spectrum

» has a more graceful transition in the frequency domain

» more practical pulse shape:

p(t) = VEsinc(2Bot) ( Cos(zﬂaBot))

1 — 1602 By2t?

yE 0<|fl<h
= VE m(|f]=f)
P(f) = E{l—FCOS[m}} fi<f<2Bo—f1
0 2By — f < |[f]
h
= 1-— L
« BO
1
Br = By(l+«) where By=—— andf, =abB,
2T,
Note: No ISI. - p; =0 for i # 0.
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Raised-Cosine Pulse Spectrum

A= sqrt(E)/2B,
Raised-Cosine,
a=0.5 Nyquist
Pulse, a=0
— - _ A2 _
Raised-Cosine,
a=1
I | 1 1 | —>
-2B, -B, B, 2B,
=B, /2> B, /2 NYQUIStPUISE _ 5 s 5 2
Bandwidth

Trade-off: larger bandwidth than Nyquist pulse.
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Important Identities

cos(A+ B)
cos(A) cos(B)

cos(A)sin(B)

cos(A) = sin ( g)

cos(A) = cos(—A)
cos®(A)

cos?(A) + sin?(A)
cos(A)

sin(A)
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= cos(A) cos(B) — sin(A)sin(B)
= %cos(A +B)+ % cos(A — B)
= %sin(A—FB)—%sin(A—B)

cos(A+ m) = — cos(A)
sin(A) = —sin(—A)

1
= 3 + = cos(24)

1
~ 1 for |Al < 1
~ A for|Al«1
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The Eye Pattern

Best sampling
time
Distortion at

sampling time

Slope dictates sensitivity
to timing error

NOISE MARGIN

ZERO-CROSSING
DISTORTION

Time interval over which wave
is best sampled.

Note: an “open” eye denotes a larger noise margin, lower

zero-crossing distortion and greater robustness to timing error.
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