Lecture 8. Digital Communications
Part Ill. Digital Demodulation

 Binary Detection

« M-ary Detection
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Digital Communications
Bit sequence
0001101110......
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: * Baseband | Bandpass
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Digital Demodulation

Digital
Bit sequence | Basebano?/Bandpass .'l'.r'arl|smi’r'red : Basebgﬂd/Balndpass
{b} Modulation Digital waveform anne
: Digital
P Bit s?quence Baseband/Bandpass _ .COTPUP*ed
{b.} Demodulation Digital waveform

- What are the sources of signal corruption?
+ How to detect the signal (to obtain the bit sequence {b})?

- How to evaluate the fidelity performance?
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Transmitted signal ﬂ

Sources of Signal Corruption

10110000011101001111

g

\J

s(t) L

Suppose that channel
bandwidth is properly
chosen such that most
frequency components of
the transmitted signal can
pass through the channel.

Received signal

“ \ \“” ot ‘
y(t) \M ‘ W xlﬂ\ln mﬂ\lnnf\\'mnH\lmlﬂ\\\m
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Thermal Noise: caused
by the random motion
of electrons within
electronic devices.
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http://www.youtube.com/watch?v=PH54cp2ggFk
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Modeling of Thermal Noise

* The thermal noise is modeled as a WSS process n(t).

v The thermal noise is superimposed (added) to the signal: y(t)=s(t)+n(t)

v At each time slot t,, n(t,) ~ N(O, 05), (i.e., zero-mean Gaussian random

. . . 2
variable with variance 0y ):

0=t expl - X
' N27o, 20,

_a f .
Pr{X <-a}=[ "1, (0o I prox s ay- [ 1, 00 :Q(i]
a O,
= [, (~y)dy =Pr{X >a} :

. X

-a 0 a

EE3008 Principles of Communications  Lecture 8
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Modeling of Thermal Noise

v" The thermal noise has a power spectrum that is constant from dc to
approximately 102 Hz: n(t) can be approximately regarded as a white

process.

Gn(f)4 . .
@ » Two-sided Power Spectral Density N,/2

| | >
-10% 10" f(H2)

The thermal noise is also referred to as additive white Gaussian Noise
(AWGN), because it is modeled as a white Gaussian WSS process
which is added to the signal.

EE3008 Principles of Communications  Lecture 8
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Detection

101100000111010011112
Transmitted signal ﬂ F

0 § §

Received signal y(t)=s(t)+n(t)

\J

—t

Step 1: Filtering

Step 2: Sampling

SE g

S le>0
ample>0 = 1 10110000011101001111
Sample<0 = 0

EE3008 Principles of Communications  Lecture 8
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Bit Error Rate (BER)

- Bit Error: {b #b}={b=1butb =0}U{b.=0 but b =1}

* Probability of Bit Error (or Bit Error Rate, BER):

R = F)r{t;i:l’ b, =0}+ Pr{Bi =0, b, =1}

Transmitted

m Digital
Bit sequenc Baseband/Bandpass
{bi} Modulation
|
. <;_L/ Digital
\ Bit sequence | - gasenand/Bandpass
{b.} Demodulation

Corrupted

Digital waveform

Baseband/Bandpass
Channel

Digital waveform

EE3008 Principles of Communications
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99
Digital Demodulation
Corrupted digital waveform Digital Bit sequence
»  Baseband/Bandpass - >
y(t)=s(t)+n(t) Demodulation {b}
4 )
—  Filter »  Sampler > Thresh(_)ld .
Comparison
- J

How to design the filter, sampler and threshold to minimize the

BER?

EE3008 Principles of Communications
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Binary Detection

« Optimal Receliver Design

* BER of Binary Signaling

EE3008 Principles of Communications  Lecture 8
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Binary Detection

Bit sequence Transmitted signal | Baseband/Bandpass

Channel

Binary Modulation >
{b} 0 s,(t—iz) ifb =1
s, (t—iz) ifb =0

Ai =1 1f z(t,) >A Threshold Z(to) ?< E(t) Filter ~Received signal
W Comparison Sample aft; @ y(t) =s(t) +n(t)

g

- BER: P =Pr{b =1, b =0}+Pr{b.=0, b =1}

[ How to choose the threshold 1, sampling point t, and the filter to minimize BER? ]

EE3008 Principles of Communications  Lecture 8
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Receiver Structure
s,(t) ifb =1
* Transmitted signal:  s(t) = ) o <t<r
s,(t) ifb =0
Received signal |  Filter z(1) PZaN 2(t) | Threshold ), =1 if 2(to) > 4
y®=s®+n(t) | hO Sample at t, Comparison | B =0 if z(t,) <A

s,()+n(t) ifb =1
s,()+n(t) ifb =0

S, (t)+n,(t) ifb =1
S, (t)+n,(t) ifb =0

where n (1) = L:n(x)h(t—x)dx, s, (t) = j;si(x)h(t—x)dx, i=12.

n(t) is a white process with two-sided power spectral density N,/2.
Is n,(t) a white process? Nol

- Received signal: y(t) =s(t) +n(t) :{

- Filter output:  z(t)=s,(t)+n,(t) = {

EE3008 Principles of Communications  Lecture 8
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Recelver Structure
* Transmitted signal:  s(t) = {:Eg ii: l:l :(1) <t<rt
Received signal |  Filter z(1) PZaN 2(t) | Threshold ), =1 if 2(t))> 4
y®=s®+n(t) | hO Sample at t, Comparison | b =0 if z(t,) <A
- Received signal: y(t) =s(t) +n(t) = {28::((3 ii: l:l :;
- Filter output:  z(t)=s,(t) +n,(t) = {2:18 : :Z ﬁ)) ii: :3311 :é
- Sampler output: z(t,)=s,(t,)+n (t,) = {::((iz))::z((tt(;; ii: :1 :;

EE3008 Principles of Communications

n, (%) ~N (0’002) I:>

Lecture 8
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Z(t,) |, =0 ~N (So,z(to)’gg)
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BER
Received signal | Filter | 2 | 2(t) | Threshold |B =1 if 2(t)>2
y(t)=s(t)+n(t) h(t) Sample at t, Comparison |b =0 if z(t,) <A

* BER:
R, =Pr{b =1, b = 0}+Pr{b, =0, b, =1} =Pr{z(t,) > A,b, = O}+Pr{z(t,) < A,b, =1}
=Pr{z(t,) > 1|b, = 0}Pr{b, = 0}+Pr{z(t,) < A|b, =3Pr{b, =1}
= 1[Pr{z(t,) > 2| b, = O3+ Pr{z(t,) < 1| b, =] (Pr{b, =0} =Pr{b, =1} = 3)

Recall that z(t)[b =0 ~N (s,,(t).05) and z(t))|b =1~N (s,,(t),00)

How to obtain Pr{z(t,) > A|b, =0} and Pr{z(t,) <A|b =17

EE3008 Principles of Communications  Lecture 8
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BER
Received signal | Filter | 2 | 2(t) | Threshold |B =1 if 2(t)>2
y(t)=s(t)+n(t) n(t) Sample at t, Comparison |b =0 if z(t,) <A

Z(t,)|b, =0 ~N (So,z(to)’gg)
2(t,) b, =1 ~N (s,,(t).02) 2 (z(t) [ =0) f,(z(ty)|b =

As/(t»/ h\ ol(t)

- BER: R =%[Pr{z(t,) <A|b =1+Pr{z(t,) > A|b =0}
1 2—80'2 (to) So,l(to)_/1
Z(Q[ o jQL o D oL

EE3008 Principles of Communications  Lecture 8
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the threshold
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Optimal Threshold to Minimize BER

Received signal | Filter | 2 | 2(t) | Threshold |B =1 if 2(t)>2

y(©)=s(0)+n(t) h(t) Sample at t, Comparison | b =0 if z(t,) <A

- Optimal threshold o minimize BER:
f,(z(ty) [0 =0) f,(z(t)|b =1)

choose 14" to minimize
the yellow area'!

(D

MO NS
£, (2(t,) B =0) f,(z(t,)|b =)

* S0,1(t0)+so,2 (to)

A=

2

=

S0,2 (to ) LL* S0,1 (tO )

EE3008 Principles of Communications  Lecture 8
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BER with Optimal Threshold

@

Received signal | Flter (1) PN 2(t) | Threshold =1 if z(t0)>i:

@

y(O=s®+n(0) h(t) Sample at t, Comparison | b =0 if z(t,) < A’

BER with the optimal threshold 4" =1(s,,(t,) +5,,(t,)) is

P (1") = ;(Q[f _:,,z(to)}rQ(So,l(t;) —g*jj ) Q[So,l(to) ~S,,(t)

t 2 P.(X)is
_0 1 (.[o (8,00 =8, (L, —x)dx) de’rett)"mined by
N E Ny b - _ the filter h('l')
2 Io " (t, —x)dx and the sampling

OlnT TOI

where S, (t) =S, (t) = [ (5,(X) =, (Dh(t, —X)dx, and o7 =% [*h*(t, - x)dx

hy?

EE3008 Principles of Communications  Lecture 8
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Optimal Filter to Minimize BER

Received signal | Flter (1) PN 2(t) | Threshold b =1 if z(t0)>i:

y(O=s®+n(0) h(t) Sample at t, Comparison | b =0 if z(t,) < A’

to 2
: : o [ jo (s,(x) = s, (x)h(t, —x)dx}
- Optimal filter to minimize R, (1): . min R (A7) = max .
(1), t (1), t Jlol\g)hZ(tO_X)dX

h@t) =K(s,(z —t)—s,(r —1)), 0<t<7 and t,=7

[ [} (5,00 =, (Dh(t, - x)dxf [ (5,00 - ,())?dx [ h2ts—x)elx
to N, 1.2 SS N, (o, 2 :

I 2 (G —x)dx O\ ;:“_h_(tﬂ_x)dxo = ( “=" holds when J

)

_Jy 6.0 -5,00)%dx 2 (500,00 N(®) = ks, (t, ~1) 5, (t,

N, /2 k N./2 | “="holds when t,=7

EE3008 Principles of Communications  Lecture 8



Department of

Electrical Engineering

EBADAS

City University of Hong Kong 19

Matched Filter

- Optimal filter: h(t) =k(s,(z—-t)—s,(z-1)) (0<t<7)
H(f)=]" ht)e *"dt =k | (s,(z—t)—=s,(r—t)e " "dt=k(S, (f) S, (f))e ***""

The optimal filter is called matched filter, as it has a shape matched to the
shape of the input signal.

* Output of Matched Filter:

| @ = [ yGoh( - x)d
Received signal | (0 I\ga(tch(z()j F;It(er ) z=(t) % z(t fo y(x)h(r — x)dx :
t)=s(t)+n(t =\ =)= \T~ | _ T )
y(®)=s(t)+n(t) 0<t<n) Sample at ¢ foﬂx)(sﬂx) 5,00)dx

- Correlation realization of Matched Filter:

Sl (t) o SZ (t) T
Int t — _
Received signal X . egf;a or| @ fo y()(s1.(x) = 5,(x))dx

y()=s()+n(t) - 0

EE3008 Principles of Communications  Lecture 8
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Optimal Binary Detector

. _ Matched Filter
Received signal |

h(t) =s,(r—t)—s,(r - 1)

y(B)=s(t)+n(t) (0<t<r)

Or equivalently:

) [ X - J| ¥6 () - sa0)

Sample at 7

) 4

S (t) =3, (t)
Received signal % R
y(t)=s(t)+n(t)

=1 if z(z)> A

Integrator

i

2() = f YO (51(0) — 5,0 dx
0

A 4

Threshold Comparison

A

b =0if z(r) <A

A*:%(EI_EZ)

AT =1(5,4(2) +5,,(0) = 1| (5,00 +5,())h(z = x)dlx = %( | stwydt—|, 3 (t)dt)

:%(El_ Ez)

Energy of si(t):  E; E,

EE3008 Principles of Communications  Lecture 8
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BER of Optimal Binary Detector

1 (.ﬁo (8, (%) =, (X))t — x)dx)2

- BER with the optimal threshold: P (1) =Q| = :
2\ )R- 0dx

- Impulse response of matched filter: h(t)=s,(r—t)-s,(r—-t) (0<t<7)

- Optimal sampling point: {; =7

4

BER of the Optimal Binary Detector:

) 1 (Iof(sl(x)—sz(x))(sl(x)—sz(x))dx) r(sl(t)—sz(t))zdt
» 792 BRI

2\ %[ s00-s (00

EE3008 Principles of Communications  Lecture 8
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Energy per Bit E, and Energy Difference per Bit E;

- Energy per Bit: E, =1(E,+E,)= %.'OT (s2(t) + s2(t))dt

. . ~T 2
* Energy difference per Bit: E, =| (s.(t)—s,(t)) dt
- E4 can be further written as

E, = |, st dt+ [ sS@)dt—2] s, (s, (t)dt =21~ p)E,

1 e-
PeE | s s, ()

Cross-correlation coefficient —1< p <1 is a measure of similarity
between two signals s;(t) and s,(1).

EE3008 Principles of Communications  Lecture 8



Department of
Electrical Engineering
EBADAS

City University of Hong Kong

BER of Optimal Binary Detector

- BER of the Optimal Binary Detector:

A

» The BER performance is determined by 1) E,/N, and 2) Cross-
correlation coefficient p.

» P, decreases as E,/N, increases.

> P’ is minimized when cross-correlation coefficient p=-1.

EE3008 Principles of Communications  Lecture 8



BER of Binary Signaling

* Binary PAM, Binary OOK
* Binary ASK, Binary PSK, Binary FSK

EE3008 Principles of Communications  Lecture 8

24



Department of

Electrical Engineering

EBADAS

City University of Hong Kong 25

BER of Binary PAM

o “0”
* Energy of si(t): E =E,= _[OT Adt = A’z A <l
A
+ Energy per bit: E, goay =3 (E, +E,) = A’z ()= A () =—A
0<t<r 0<t<r

- Cross-correlation coefficient:

1 4 1 T
Poean =T J, 3 (03,0t = £ [ At =1

b

. . 2
« Power: Pgoay = A

. : - B E.1-p) | 2E, | 2A°T | 2P o
i <o R A

b,BPAM I\IO

EE3008 Principles of Communications  Lecture 8
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BER of Binary OOK

“1 ” “0”
- Energy of s(t): E =A%z, E,=0. A
T
- Energy per bit: E, oo =2(E, +E,)=1A%r (0= A . (1)=0
0<t<r

- Cross-correlation coefficient:

1 e-
Paook = ¢ | s ®s,(dt=0

- Power: Pgoox = A*/2

. Op’rimal BER: Pb’,cBOOK :Q{ WJ:Q( %j ZQ( ;\;T]:QL\/RPBOOKN J

EE3008 Principles of Communications  Lecture 8
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Optimal Receivers of Binary PAM and OOK

Binary PAM: 5,(1) =5, ()

Threshold A x
Received signal : Ime?famr | Comparison b =1 if 2(r)> 2"
n ' (. o *
y() 0 22%(E1—E2)=0 bi—0|f 2(r) <A
. S (t) =3, (t)
Binary OOK: ol
resno A *
Received signal : Ime?famr | Comparison b =1 if 2(r)> 2"
y(©) ] ] 0 1 . b =0 if 2(r) <A
X =4(E-E)=1A7| " )

EE3008 Principles of Communications  Lecture 8
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BER of Binary ASK

“1” “O”
* Energy of si(1): E,=1A’c, E,=0. A
ARV
+ Energy per bit: E, g =2(E, +E,) =1 A% «— ;—>
s,(t) = Acos(2zft) s,(t)=0
- Cross-correlation coefficient: 0<t<r
Parsk = iJ‘T s, (t)s, (t)dt =0 (z is an integer number of 1/f)
0

- Power: PBASK - A2/4

» Optimal BER: beBASK:Q( MJ:Q( EJZQ( Azr]:Q( RPBASK j

N b. BASK N,

EE3008 Principles of Communications  Lecture 8
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BER of Binary PSK

“1 ” “O”
- Energy of s(t): E =E,=1A% A A
t {]UK]U{} t
< T > < T >

. it: E =1(E,+E)=41A°
Energy per bit: B, gegc =2 (B +E,) =3 A’ ,(t) = Acos(2z f.t) S, () = Acos(2z f t+7)

0<t<r 0<t<r

* Cross-correlation coefficient: (zis an integer number of 1/f.)

P = Ei [7s 0s, (0t = —Eib [ s2(tdt=-1 (1) = 5, (t+7) = =5, (t)

° POWer': PBPSK — A2/2

: . E,(1-p) 2E A’z 2P
* Optimal BER: P, gosc :Q( b—sz( _b]:Q[ _]:Q( BPSK J
i : No No Ry gesk No

EE3008 Principles of Communications  Lecture 8
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Coherent Recelvers of BASK and BPSK

onsk: M-

Threshold . .

Received signal‘é ) Imeffamr | Comparison b =1 if 2(r)> 2
y(t) ] ] 1 . Y >

: 7 =4(E-E)=iar | B0 <A

t Threshold - .

Received signal ) I"Te'?';afor | Comparison b =1 if 2(r)> 1"
y(t) 0 l*:%(El—EZ):O Bi :O |f Z(T)<i*

The optimal receiver is also called “coherent receiver” because it must be
capable of internally producing a reference signal which is in exact phase and
frequency synchronization with the carrier signal cos(27z f.t) .

EE3008 Principles of Communications  Lecture 8
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BER of Binary FSK

1% 4 17 a %

- Energy of s,(t): E =E,=1Ar A A
< T > < T >

* Energy per bit:
E —1(E +E.)=1A? s,(t) = Acos(2z(f, + Af)t) s,(t) = Acos(2z(f, —Af)t)
P BrsK 2( ) 2t 0<t<r 0<t<r

(zis an integer number of 1/(f £ Af) )

- Cross-correlation coefficient:

Parex =Ei j s, (t)s, (t)dt == j cos(27(f, + Af )t) cos(2z( f, — Af )t)dt

( j cos(@ﬁft)dt-r——j—eesé%#—ﬁdﬁ f cos(4zAft)dt =

v What is the minimum Af to achieve pg5 =07?

min Af = L = Roars
4r 4

EE3008 Principles of Communications  Lecture 8
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Coherent BFSK Recelver

* Power: PBFSK = A’ /2

* Optimal BER: PbTBFSK:Q( WJ:Q( %j:Q( ;\;T}:Q( RPBFSK J

cos(2z(f, +Af)t)

T

J

ived sianal Integrator —+l Threshold “1” if sample >threshold
Recelved signa R 2(7) comparison “0”if sample<thresh0|d>
y(t)=Sgrsk (O+N(1) ) 4 =3(E-E)

T

I
0

R * Integrator

Af = b'ZFSK cos(2z( f, — Af )t)

EE3008 Principles of Communications  Lecture 8
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Bandwidth Efficiency of Coherent BFSK

R
With Af = b'ZFSK:

» The required channel bandwidth for 90% in-band power:

Bh_90% =2Af + 2Rb,BFSK = 2'5Rb,BFSK

» Bandwidth efficiency of coherent BFSK:
R

b,BFSK
— DEFK 04

Y BESK B
h_90%

EE3008 Principles of Communications  Lecture 8
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Summary I: Binary Modulation and Demodulation

Bandwidth Efficiency BER
Binary PAM 1 (90% in-band power) Q{ ZET\'IBPAM ]
0
. . Eb,BOOK
Binary OOK 1 (90% in-band power) QU N }
0
. . Eb,BASK
Coherent Binary ASK | 0.5 (90% in-band power) Q( N J
0
i . 2Eb,BPSK
Coherent Binary PSK | 0.5 (90% in-band power) Q[ N ]
0
Coherent Binary FSK | 0.4 (90% in-band power) Q( Ebl’\E;FSK ]
0

EE3008 Principles of Communications  Lecture 8
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M-ary Detection

* M-ary PAM
* M-ary PSK

EE3008 Principles of Communications  Lecture 8
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Detection of 4-ary PAM

Bit sequence

4-ary PAM

10}

36

Transmitted signal

» Baseband Channel

(s,(t—ir) b, ,b,=11 s (t)— A 0<t<r
o B0 by =10 s,(0=4 0stss
s,(t—ir) b,b, =01 s (t)=—%, 0<t<s
S,(t=i7) by b, =00 s,(t)=—-A, 0<t<r
b, b, =11 if 2(z)> 4
b, =10 if 4, <2(2)<A4| Threshold 2(7) 2< 2(t) | Matched | Received signal
@HBZI —01 if 4, <z(r)<4,| Comparison | Sampleat 7 | Filter | y(t) = s(t) + n()
by 40, =00 1f z(7) < 4,

+ Symbol Error:  {b,b, #b, b, }

={b,_ 6 £11 but b, b, =13U{b,._

N

, =10 but b,_b, =10}

U{D,, b, =01 but b, b, = 0U{D, 1b 00 but b, b, =00}

EE3008 Principles of Communications

Lecture 8
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SER

* Probability of Symbol Error (or Symbol Error Rate, SER):

P :Pr{B. 6 #11, b, b, =113+ Pr{b, b, #10, b, b, =10}
+Pr{ =01, b, b, =01}+ Pr{b2I b, #00, b,,_,b,, =00}

- SER vs. BER:

P. =Pr{b,, , is received in error or b, is received in error}
=1—-Pr{b,,_, Is received correctly and b,, is received correctly}

=1-Pr{b,,_, iIs received correctly}- Pr{b,, Is received correctly}

=1-(1-R)*=2P,—P? ~ 2R, for small P,

[ What is the minimum SER of 4-ary PAM and how to achieve i1? ]

EE3008 Principles of Communications  Lecture 8
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SER of 4-ary PAM Recelver

5, (t)—s, (t) b,;1by =11 if 2(z)> 4
Received signal‘é Imegfamr 2(7) | Threshold b, b, =10 if 4, < () <A
b
b

y(t) ] jo Comparison g5~ 01 if 4 <2(r)< 4,
A2i71b2i =00 If z(r) <A,
- SER:

P =Pr{z(r) < A,b, b, =11} (b 1y #11)
+Pr{z(z) < 2, by by, =103+ Pr{z(r) > 4, b, b, =10} (b, 1by #10)
+Pr{z(zr) < A,,b, b, = 03+ Pr{z(z) > A,,b,, b, =01} (b,._.b, = 01)
+Pr{z(7) > 4;,b,,_,b,; =00} (62i—162i # 00)

_.OT Sl(t)(sl(t)_SZ(t))dt+n (z) if byyby=11 2() b, 0 =N (&, )
. [ 5,0 (s.(0) -5, ()t +n L) i by yb,=10 22) a0 "N (3,,07)
Z(7) =+

J TS JOICTURE (t))dt”' (t) if byiyby=01 2(7) lb,, 01 =N (a5, 05)

\ [ oS L) (s, (t)-s (t))dt+r;Q> (r)  if by ,b,=00 2(7) |y, p,-oc ~N (a,,07)
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Optimal Thresholds

f,(z(z) by 4by; =00)  f,(2(7) [ by by =01) 1, (2(7) |0, 40, =10) 1, (z(7) | b, b, =11)

|
a; . +a, 43 . a, + ay, . +a, a
)g ::EE 2 4 ;g — 2 2113 )h ::EH 2 2

* SER of the optimal 4-ary PAM receiver:

Ps* =Pr{z(zr) < 11*1 b,_b, =11}+Pr{z(z) > 23*’ b,;_,b,; =00}
+Pr{z(z) < 4,,b, b, =10}+Pr{z(z) > 4, ,b,, b, =10}
+Pr{z(r) < /13*1 b, b, =01+ Pr{z(z) > ﬂ; b,_,b,, =01}

=Pr{z(z) |y, 400> 3 (8 +2,)] 1) 1/4
+(Pf {Z(T) b, 6, <01 < 3 (8 + a4)} +Pr {Z(T) b 5, 01> A8, + a5
+(Pr{z(r) by y10< 3 (8 +a)} +Pr{Z(D) |, 1o
+ F’V{Z(T) lo,, b, 1< 7 (& + az)} Pr{b,, b, =11D

Wy =101

EE3008 Principles of Communications  Lecture 8
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SER of Optimal 4-ary PAM Recelver

f,(z(z) by 4by; =00)  f,(2(7) [ by by =01) 1, (2(7) |0, 40, =10) 1, (z(7) | b, b, =11)

|
d; . A, . dy . a
413:6134—&4 3/12:a2+a3 211:a1+a2 1
2 2 2
* SER of the optimal 4-ary PAM receiver:
« 1
P :Z(Pr{z(r) by 00 3 (@ +2) | +PH{Z(D) |y, . 0 < 3(@5+3)}+PI{2(2) ], 4 o> 3 (8, +2,)}

P2, b 10< 3 (8 + )} +PH{2(D) ], 1, 0> 3 (& 8} + P2,y i< (@ +2)))

PR e L L =

T « 3 E,
a; :,[o S; (t)(sl(t)_SZ(t))dt - Ps N ZQL 2N0 J
ot =% [ (s0-5,0) d

EE3008 Principles of Communications  Lecture 8
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SER and BER of Optimal 4-ary PAM Recelver

- BER:

Energy difference Eg:

Eg apan = |, (8.0 =S, dt = [ (5,(1) =s,(1))*dlt = | (5,(1) —54(t))2dt=gAzr = 0.8E;

Energy per symbol E.:
__1 T, l L) 1 T 9 1 () __5 2
oo = [ s @t +5 | @t +5 | 5@t + [ siydt = SAT
Energy per bit Ey: E 4pam :%ESAPAM
EE3008 Principles of Communications  Lecture 8
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Performance Comparison of Binary PAM and 4-ary PAM

BER Bandwidth Efficiency
(optimal receiver) (90% in-band power)
Q 2Eb,BPAM
Binary PAM N, 1
4-ary PAM 3ol [28Euura ,
4 N,

* 4-ary PAM is more bandwidth-efficient, but more susceptible to noise.
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BER Comparison of Binary PAM and 4-ary PAM

* Suppose Eb,BPAM = Eb,4PAM =E,

10° ¢
ZI.O_l =

10_2 =

10° -

: Binary PAM
107 :
10° :
10'6 £ r r r
-10 5 0 5 10

E, /N, (dB)

EE3008 Principles of Communications  Lecture 8
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Constellation Representation of M-ary PAM

4
- I
Binary PAM: X X
A g A
P N d- A-(-A)
4-ary PAM: X—Hh—K—X% M -1
A -A3 A3 A
F‘Ej 5. () = A—(i—-1)-d
M-ary PAM: KA KKK i=1,....M,0<t<rt
A A

* Energy per symbol:
1 M T T M . hﬂ *‘1
E = — ?()dt =— > (A=(i—-1)-d)?*= At

* Energy difference:

Given E,, E,
decreases as
increases!

; , , ANT 12E
E, :IO (s:(t) =5, (1)) dt =7-d” = M-1> (M+D)(M -1)

EE3008 Principles of Communications  Lecture 8
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SER of M-ary PAM

* SER of M-ary PAM:

PS*:Z(M —1)Q( Ed) .

M 2N, o _ 2AM 1) Q[\/BEb log, M j
1 > M N,(M? 1)
d — S
M* -1 12log, M
E, = VIR, E,
E.=Elog,M B

* Given E,, v E, decreases as M increases;

v P, increases as M increases.

A larger M leads to a smaller energy difference ---- a higher SER
(As two symbols become closer in amplitude, distinguishing them becomes harder.)
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Performance of M-ary PAM

R ANANAY
T A\ \ A\j
p” XY % \\ X\
A
| A

\

-

L

L

10—-6 |

—A~ —4 =2 0 2 4 A R 10 12 14 16 18 20 27
E /N,
EE3008 Principles of Communications

(dB)

* Fidelity performance of M-ary PAM:

o 2AM 1)(2(\/&5b Iog212 M J
M N, (M2 —1)

« Bandwidth Efficiency of M-ary PAM:

Yweam =K =10g, M
(with 90% in-band power)

With an increase of M, M-ary PAM becomes:
1) more bandwidth-efficient;
2) more susceptible to noise.
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M-ary PSK
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A .
cos(2r f t +d —sin(2z ft
( ) °7; (27 ft)

« QPSK Soes (1) =4, ﬁ
\ \
ifb, =1

1 ifb, =1 d. — 1
| = Q™ : _
0 -1 ifb, =0

a combination of two

orthogonal BPSK signals -1 ifb,,

Coherent Demodulator of QPSK

cos(27 f t)
T z,(7) | Threshold Comparison | p,
o 0 > ‘
e [t ifz(>4=0 A
217 otherwise | ),

>

A

Received signal Integrator 3
Q.
y(t) = s(t) +n(t) | 3
’ 2,(7) _ X b, =
— X)) 0 'HB 1 ifz,(r)> 4, =0 >
Integrator 0 otherwise
sin(2rz f t)

EE3008 Principles of Communications  Lecture 8
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BER of Coherent QPSK

* BER of Coherent QPSK:

. 2E
Pb,QPSK =Q \/bl\IQPSK
0

QPSK has the same BER performance as BPSK if E, opsk=Ej gpsi . but is
more bandwidth-efficient!

49

Energy per bit: E; gps« =7 Eoqpsk = -

2 2 2
Energy per symbol:  E; s = A A A

2 RS,QPSK Rb,QPSK

EE3008 Principles of Communications  Lecture 8
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Performance Comparison of BPSK and QPSK

BER Bandwidth Efficiency
(coherent demodulation) (90% in-band power)
2Eb,BPSK
BPSK Q[ N, 0.5
2E
o o[ |
I“O

* What if the two signals, QPSK and < What if the two signals, QPSK and
BPSK, are transmitted with the same BPSK, are transmitted with the same
amplitude A and the same bit rate? amplitude A and over the same channel

Equally accurate! bandwidth? BPSK is more accuratel!
(BPSK requires a larger bandwidth) (but lower bit rate)
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M-ary PSK

« M-ary PAM: transmitting pulses with M possible different amplitudes,
and allowing each pulse to represent log,M bits.

KA ——— KX
A A
//X’—‘—_-i\)é\\
* M-ary PSK: transmitting pulses with A D
M possible different carrier phases, >~ NA
and allowing each pulse to : -
represent log,M bits. X /
s.(t) = Acos(2z f t+6, +i-0) 5. (t) = A gitin .
- 277: :> \/— \‘\X\ ,X’//
1=0,..., M-1,0<t<. Q—M i=0,....M-1, 0<t<r. S
EE3008 Principles of Communications  Lecture 8
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SER of M-ary PSK

* What is the minimum phase difference
between symbols?

. 2 M
\d = \/EAsinM

; * What is the energy difference between
two adjacent symbols?

S
X X
X X
£ A
! V2
X
| |
\ )
\
\ /
X
\
\\
\X\ /X/
\X - _x— _ ’Xz

EE3008 Principles of Communications

E, =7-d%= 2A%sin? = 4E, sin® -
M
* What is the SER with optimal receiver?

2,

P ~ 2Q£ sin Ii/IT] with a large M

0

Lecture 8
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SER of M-ary PSK

E/N, (dB)

* A larger M leads to a smaller energy difference ---- a higher SER
(As two symbols become closer in phase, distinguishing them becomes harder.)
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Summary Il: M-ary Modulation and Demodulation

Bandwidth Efficiency BER
Binary PAM 1 (90% in-band power) Q ZET\'IBPAM ]
0
. 3 0'8Eb,4PAM
4-ary PAM 2 (90% in-band power) ZQ N,
M-ary PAM _ .2 6log, M E; yean
(My>4) log,M (90% in-band power) | * log, M (\/ M2 —1 N,
. . 2Eb,BPSK
Binary PSK 0.5 (90% in-band power) Q N
0
. 2Eb,QPSK
QPSK 1 (90% in-band power) Ay
0
M'ary PSK 1 O/ i N 2 . 2o T Eb,MPSK
(M>4) 1log, M (90% in-band power)| = log, M Q| ,[2sin ﬁIog2 M - N,

EE3008 Principles of Communications  Lecture 8
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Digital Communication Systems

) | digital | Teansmitted [ | corrupted |  Digital | 0}
| Modulation [Digital waveform Digital waveform™| Demodulation ]
— + Bandwidth Efficiency — + BER (Fidelity Performance) —
' ' . E (1-
I_nformatlon Bit Rate !?b Binary: P, =Q L A-p)
Required Channel Bandwidth B, N,

EE3008 Principles of Communications  Lecture 8
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Performance Comparison of Digital Modulation Schemes

tr=R,/B,
16 Required E,/N, when
P =10":
8t BPSK: 9.6dB
16PSK QPSK: 9.6dB
Al gpsk O30 8PSK: 12.9dB
OPSK (S)S(B) 16PSK: 17.4dB
(SSB)
2r X
1 ] X ] ] ] E
(SSB) N,
12
1/41-
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Shannon and Information Theory

Claude Elwood Shannon (April 30, 1916 — February 24, 2001)
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Digital Communication Systems

Corrupted Digital {b}

»

10} Digital Transmitted Channel
Modulation [Digital waveform

\ 4

»

Digital waveform *| Demodulation

— + Bandwidth Efficiency — + BER (Fidelity Performance) —
_ Information Bit Rate R, : . B E,(1-p)
” Required Channel Bandwidth B, Binary: R, = QE N, ]

+  What is the highest bandwidth efficiency for given E,/N,?
Information theory -- AWGN channel capacity

EE3008 Principles of Communications  Lecture 8
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Performance Comparison of Digital Modulation Schemes

4

16

A

y =R, /B,

The highest achievable 2" -1_E, Required E,/N, when

: . . * Pa— * _ 105 -
bandwidth efficiency y: »* N, R =10":
Y o
1 Z ............ BPSK: 9.6dB
e 16PSK QPSK: 9.6dB
4k it 8PSK (S)S(B) 8PSK: 12.9dB
OPSK (S)S(B) 16PSK: 17.4dB
(SSB)
2r x
! 1'I I AV I l l >
16 |0 5 BpsK 10 15 20 i(dB)
! (558) .
14

EE3008 Principles of Communications
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Digital Communication Systems

O | digital | Transmitted [ | corrupted pigital | {0}

\ 4

Modulation [Digital waveform Digital waveform | Demodulation ]

— + Bandwidth Efficiency — + BER (Fidelity Performance) —
Information Bit Rate R, : . B E,(1-p)
Required Channel Bandwidth B, Binary: R, = QE N, ]

+  What is the highest bandwidth efficiency for given E,/N,?
Information theory -- AWGN channel capacity

»  How to achieve the highest bandwidth efficiency?
Channel coding theory

* What if the channel is not an LTI system? Wireless communication theory

EE3008 Principles of Communications  Lecture 8
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