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Figure 1.2 Block diagram of a typical digital communication system.
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CIXIESA AIAE IR
= BHX (modulation)
-AdE2 EeZ ME
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- eEesSu) HEx

= 22X (demodulation)
- DI SRAOIMUE BA)
22 J|2HFel 28

e SJ|(coherent) : I& HE
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= A= (detection)
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CIXIESA AIAE iR

= 24535} (encryption)
— T 2}0IH Al (privacy)

- Q1= (authentication)

= =D&} (synchronization)

- 1= SI| (frequency synchronization)
e SJ| (coherent) AIAE
e HISJ| (noncoherent) Al A&
- A2t SJ|(time synchronization)
« HE S|
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CIXIESA AIAE iR

U Messages, Characters, Bit, and Symbols

Message (text): "THINK"
| N K
Character coding —— " ———— ———— ————
(6-bit ASCII): 001010000100100100011100110100
M =2¥ B
4 I Fobob bbb
*  M: Symbol set size (symbols): 12 0 4 4 4 3 4 6 4
+ k: bits size
« k=1: binary
. 8-ary waveforms:  s1(t) s2(t) sot) sa(t) sa(t) sa(t) sa(t) sa(t) s6(t) sa(t)
+ k=2: quaternary or 4-ary @
+ k=3: 8-ary
+ k=4:16-ary | N K
Character coding —————————"—————— —————
(6-bit ASCII): 001010000100100100011100110100
SHSEPURE S R A
32-ary digits 1 i 1 f 1 1
(symbols): 5 1 4 17 25 20
32-ary waveforms:  ss(t) s1(8) sa(t) 817(8) s25() s20(2)
(b)

Figure 2.5 Messages, characters, and symbols. (a) 8-ary example.

(b) 32-ary example.
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CIXIES4 ANIAE R
= 22 (information source)
- CIXE SA AIAENA Retcl= 32 E Mol X
otz 383 - E23 - ¢Xhs — K8 2R
= 22X} AKX (texture message)
-2k g
= 27Xt (character)
- QTEHOIL A FEel A
- HZET3E RS 2ANE 280 2 RS
— 0ll) ASCII, EBCDIC, Hollerith, Baudot, Murray, Morse
= HIE (bit)
- CXE AlAgo D2 8 &9
= HE & (bit stream)
- 2&24(0, 1)9 &
16
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LIXIESA AIAE IR

= Al (symbol)
- k HIEEZ 5lLI9 2|2 5t= 18 (56l BHX Al)
- tmyiol 37| M =2*
(k:a2g20=2=HEY %)

= CIXIE IS (digital waveform)

S MY EE HE DY

- UXNE 4== H8lole 3 &
e JINOSY EA ME F R
o HAESW OIte : AF, T, AL

= HI0IE & (data rate) Symbolate = baudrete
ko1 R
R:F:?b&M'mmg *

(k=log, M 2L HIE =, T : &2 XHAI2H

N =
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OZR NS =1E AS
= 23H AS (deterministic signal)
- NSO MG Jol Olel O dS g2 & = A= dsS
- R AEE TE s

o) x(#)=5cos10¢

M
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[
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o) x(¢)=5cos(10f + 0)
0= [0,27] OiA 7=

[—
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AS R AAE
MSO 25
OIS HIFI AS
= Z=J| &3 (periodic signal)
o) x()=x(t+T,) , —wo<t<wo T, : =0l
x(t)=sinwt , T():2_7Z
w

- Z2|0l 2= (Fourier series)

- Parseval? d& HZ|

20
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= f

ZJ| &'& (nonperiodic signal)

W x(i)= A(l-e) , 120

a>0
0 , t<0 ( )

2|0l & (Fourier transform)
- Parseval?l OIL4 Xl &el
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o) x(t)=4- cos(27g’0t)

(discrete signal) org2 als

= OldH &S
AIZHOI 2 gLOl & M

- Ol &t

®) x(kT)=A-cos(2af,kT)

(k: &2, T DEE A2

j:l)

=

CIXI€ S4! (Digital Comm.)

23

AS R AIAE
AMSO E2F

= Ol4Xl A& (energy signal)

. T/2
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T—o —T/2x2 (t)dt :J.
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= CHR| H S &2~ (step function)

0, <0

)= {1, t>0

olt)dt =1
(0! 50
5()=0 , 120
S(t)=c0 , t=
ol it
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S U AIAE

O A" g2t &9

U(t)=limU, (¢)
du, (1)

28, = i

=0 0lN, =2H501BA Ol220t

U@ = s(ndr

du (1)

Lo =""

ol

A0, 250, HE—o0

(@) =1im &, (1)
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pol

1 2 Ao

O =J] Als 2 Zel0l 22 (Fourier series)

()= D Fe"™

n=—oo

. _ 27

0JIM, @,: 212 2 Flt= | T, =—
a)O

= 20 A=

1 — jnayt
F, T jTO x(t)e " dt
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S U AIAE
ik SEA I SEA
ABEY YT B} XA B4
x(?)
o)
1 [ -
T, -Ty/4 T/4 7,
Zeloll A=
Ty/4 .
F, = deimongy E,
Ty -1,/ A2
4 sin 5 ) (nj /’ \\\
=— =—SIn¢c| — 1 \
2 nm 2 2 / \
2 /I \‘\
I RN

04 JI A, sine(X) = sinzX
X
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ABER QT B9 KA B4

O Example: Fourier series convergence

1)
! 4 1 1
s f()=—(sinmt + = sin 377 + gs'm Sat+:+-)  over the interval (072) 3
] ’
-1 1 2 Fouries Series : N=1 Fouries Series : N=3
2 2
v(t) 1 1
E = =3
+ Z [a,, cos 2mnfyt + by, sin 2mnfyt] " p
n=1
=) -2
0 05 1 5 2 0 05 1 15 2
= <Al c202.m &X> e Fouries Sefies - N=50
- 2 2
= <OIAM:c203.m &>
il 1
£0 S0
1 1
2 -2
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time time
(7 .

AS R AIAE

ABEY AT g9 XD A2 g
QHIZ=D| AS 2 Z2l0l HE (Fourier transform)

x()= [ X(f)e”"df

X(f)= I‘” x(H)e " dt

f()= L TF(a)) e’dw

2z 7

F(w)= j f(t)e’™dt

CIXI€ 54! (Digital Comm.) 30




-12 0 T2

X(N=[" xwye " dr x(7)
sin zTf

nlf
= AT sinc(Tf)

=AT

[ ur\Sur

<0l Xl: c203.m & £>
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AdeEd alc 3I-_J|\_9|. IDléJE’F

1]

FA
ES

- 884 (linearity) ax, () + bx, (1) <> aX,(f) +bX, (/)
= A2t OIS (time delay) x(t—t)) <> e ?"X(f)

= X1 01 (frequency translation) e”*”x(t) <> X(f - f;)

= Hldl4d (scaling) x(at)ﬁﬁx(ij
a a
= ZYH R (convolution) x()* y(1) & X(H)Y(f)
= =4 (multiplication) x()y(t) <> X () *Y(f)
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CH

St Parseval?l &8 Al

1 2 = 2
7 J, @l ar = Z.O|Fn|
O HIF=JIA S0l CHSt Parsevalll | X &2l

Ijo|x(t)|2dt - j_fo|X( i df
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= SN AABINA ZHE D 230l S5 ER
= MBS (Power Spectral Density) 2t HIH XYL &=

(Energy Spectral Density)
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ABEY UL S0t XD &2 &=
O Energy density function (or Energy spectral density)

=[ | fe) ar= —j |F V' do=|"|F(r) af

0O Power density function (or Power spectral density)

1 .
"}E?o? )|dt——j G ()Mo= G, (f)df
Foo) -
G, :}im# G, =21 Y |F,[ 5(0-na,)
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_ _ _ AS R AIAE
ABEY AT g9 XD A2 g
QoKX 25 &%= (energy spectral density)
= x(?) o & ol Xl

E.=[ c@a=[ |xld
<BE>
E = [ xOIf  X(e"df) di
=[xl x(ry e dflar
= [T x1[ x@) e > arlds
=" xryxndr =" |xolar
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oy x() = exp(—a|t|) , a>0

o A2t
E_ =j xzdtzj e > Var
0 2at * _2ar
:_‘- e dt+J-0 e ““drt

1 1 1
=—+—=—(joules
2a 2a a 7 )
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S U AIAE
ik SEA I SEA
ABEZ UG 2 A& &
- ED Y

X(@)= " x(t)e"dt
0 . 0 .
= .[ et + .[ e (N gy
—o 0

_ 2a
a+ o’

E =[x =5 [ |x(@) do

2

2a

1 0
=5-) 7 3| de
2 *la” +w

—lJ‘”/zcosztﬁ?dtﬁ?zl (joules)
Ja Y72 a

38
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= ESD (UK L& & =)
ol A XI

=2
- e (E =L Al

v () =X (joules/ Hz)
B =[ v (Ndf
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AMEY YT B4 XA BA

— O

O &= L sta=(power spectral density)
FINE x(t) o WA [, 22

L[ = SIS
) 0

n=—oo

M
Il

F, = [ x(oe"™dr %20 A+

- PSD (M3 L=

o

+)

G.()=Y|E[

n=—mw

P=[" G.(Ndf

= 1f,)
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ABER Y& B4} XA B4
- HIFD M5O M UST Ea

.1 2

G,(f) = lim —|X; ()
.1 2

P =tim— [ X, (N[ dr

o) x(¢)= Acos27f,t &l Bz &

a) A2t
R N E B A% (1,2
P _FOJ‘_TO/2A cos” 2af tdt = ﬁj‘—mz (1+cosdnft)dt
A* A?
o7 ) 5
CIXI€ S4! (Digital Comm.) 41
B _ _ UB U AAY
ABMER UG 349 XIS B4
b) =IO+ A
G.(f)= D |F[5(f ~nfy)
1 0 — jnwgt A2 0 — jo,t j oyt — jnayt
F, =*J.T x(t)e "™ dt=—JJ (e’ +e!™ ) e " dt
T, % 2T, %
| 4/2, when n=1
14/2, when n=-1
AY AY
Gx(f):(2j 5(f—fo)+(2j o(f + 1)
o A?
P=| G df =—
=[G ==
42
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AHES] Al 3

HEg] al A3}

O

pol

P2 A+

L

pol

A
e

QWX Als9 XHJ|at2st4 (autocorrelation function)

= AbJ|ah2
- A2 D NSE ¢ 23 A2t XNEAR ASE HEAZIE HE

aal

= OIUXl A= XD a2

]

A
e

R.(r)= jfo x(t)- x(t —7)dt
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AMERY AT 849 KIIAD

= WX Ao RD|afe & 848

(1 R.(7)=R.(-7)
(2) R.(r)<R.(0)
@) R()¥.(f)

(4) R (0)= j“; (0t

0“) x(t)“ Rx (T)

A

0 T ;T 0T
(a) AHZt A (b) Xto1 At

CIXI€ S4l (Digital Comm.) 44
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R (r)=lim~["" d T
x(r)_ng?jfmx(t)-x(Hr)t , —0<T <o

Ho
ST

rr

- Xt T,FEINE R

R _1 Ty /2 d
(7)) = FOLTO/zx(t)-x(t +7)dt
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A4S AL
AHEY AT ot NpIa2 S
- M2 NSO XPIIAB BE HE
M R.(9)=R.(-7) e
) R.(r)<R.(0) A OIA ECH2E
R0 HE

®) R()eG6.(NH)

08
H
r
1Y

1 ¢1y/2
4) R.(0)= T Lo/zxz (t)dt

Ol) x(¢) =~/2 cos(wyt+0) O RI|ARHE 4
1 72
R ()= ?J:T/z 2 cos(w,t + 0) - cos(w,t + w,7 + O)dt

1 p7/2 1 ¢7/2
= ?J:r/z cos w,rdt + ?J:r/z cos(Rwyt + wyT +26)dt

=cosw,T
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(w}

I R= WIS

Jor
il
s

|

A
— T

[
Jtor
Joo M4

probability space)

e 22+ (
2 272t (sample space)

1

PN

.
32t° &

il

==
T

|
S B S Ee)

(@)

10

2> P:Q-R[0]]

o
il

- 83
)0O<PA)<1, AE€F
i) P(Q) = 1
iii) ¥ A, BEFO|1, AnB=¢ L,
P(AUB) = P(A) + P(B)

CIXI€ S4! (Digital Comm.) a7

AS R AAE
StEdHs L HE NS
» XHE EE (conditional probability)
__ P(ANB)

P(A|B) = P(B)
= XX EE (total probability)

Ay, Ay, -, Ay &S BB (mutually exclusive) Ak

11-1=1Ai = .Q, Ai nAJ = ¢, for i ;tj, l,] = 1,2,"',Tl
P(B) =X P(BN Ay = ¥i=, P(BIA)P(A)
48
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AS A ANAE
eSSt 2 gy

= Bayes & 2| (Bayes’ theorem)

P4, | By = BLAPA)
> P(BI 4)P(4)

= S& Al (independent event)

P(AnB) = P(A)P(B)
P(A|B) = P(A)

CIXI€ S4! (Digital Comm.) 49

AS R AIAE
Example
Q stotel H0 102 MIBIoF S HULE 0 = 3 & A
HMIUIOICH = A0l & NUIE &2 &0 = UM

AEO0l €8 HHIE &= &8= otct
2

A BT ALE0l 23 MBIE &= At
B: 5 B AlFE0l €& NHIE &= At

CIXI& =41 (Digital Comm.) % MCNL %0




S AlAE

&l
Difference between Total probability & Bayes’ rule

O Examplel : Al JH2l B0t2I01 & 2D 22 J0| 40 ALk 2 B0
20l U= DES P20 IHSHHLL 0 BES 25 42 2 2o
T 8 NS HEBHACH
02 32 dez s52?
O &eish 20l & B AL 0l 0| ot 101 YS BY HES?

O Example2 : (i MS= d4tol= 342 SHOI UL
OA3E :50% M4 5% ESHE
OBEE& :30% ML 10% 2
OCEE 1 20% ik 15% =&
1) St HES 2oz Jd8FS M 01200] S SHEEL HE27?

2) H&s MBS0l

I
=)
s
=

CIXIZSA (Digital Comm.) % MCNL 51

UB R ANAEY
SOLUTION:
A/BIC= A/B/C &7o] el At
D= A8 AEo] HFEU A
Solution of (1)
P(D)=P(D|A)P(A)+P(D|B)P(B)+P(D|C)P(C)
=0.05-0.5+0.1-0.3+0.15-0.2 =0.085
Solution of (2)
P(A| D)= PA)P(D]4) _0.5-0.05 075
P(D) 0.085
CIXEE (Digital Comm.) %.MCNL 52
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P(B)=0.6 P(4]B)=09 P(4,)

P(4, | B,)=0.1

P(4,]B)=0.1

P(B,)=04 P(4,]B,)=0.9 P(4,)

P(A)=P(4,| B)P(B)+P(4,|B,)P(B,)=0.58
P(4,)= P(4,| B)P(B,)+P(4, | B,)P(B,) =0.42

CIXI€ S4! (Digital Comm.) 53

P(B,| 4) =W; 0.931
P(B, | 4,)= %j}f@ =0.857

P(B,| 4,) = D41 BIPB) (A21|)(Bfl1);) B) = 0.143
P(4, | B,)P(B,)

P(Bz|A1): P(4)

=0.069

CIXI€ S4l (Digital Comm.) 54
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SHEHA U HEHDE
O &892 (random variable)
" X(w): S73 Mo I 429 s 2t

A& ARt @ — A% R

{weQ: X(w)=x}eF, xeR

X(w)

55

CIXI€ S4! (Digital Comm.)

B 4= (Continuous random variable)
&F4= (distribution function) : CDF

iz
F,(x)=P(X <x)

-S4

i) 0<F,(x)<1

ii) Fy(-0)=0, F,(+0)=1

iii) x, <x,0®, F,(x)<F,(x,)

iv) P(x,; <X <x,)=P(X<x,)-P(X <x)
= Fo ()= Fe(x)= [ f ()

CIXIg sS4l (Digital Comm.)

56
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%= (probability density function) : PDF

dF y (x)

Sr(x)=—0

0 fe(x)20
ity [ fy (x)dx = Fy (+00) = Fy (-0) =1

iii) P(x, < X <x,)= sz £ (x)dx
iv) Fy (x)= I;fx (e )du

57

CIXI€ S4! (Digital Comm.)

« Fe()=] fydu

Fy(x)

b

58
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SEHs L HE A
(2) DI AICH &&= 84 (Gaussian density function)
—(x—m)’
Sr(x)= exp{ >
2o c
m=E2, o= 24
Sx(x)
A
O_Z
» X
m
CIXIZSA (Digital Comm.) %N\C NL 59
_ UE Y AAE
HEHS U HYDE
Fy0)=[" fy@)du
i _ _ 2
_ ! [ exp ol Ul ) P
N27o? T 20
Fye(x) s
1.0 —+—
0.5
» X

60
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AS R AIAE
SEES Y HYDE
= Q-function &2
72 /ZdZ

(x)A\/_J.
5t

= CDFE Q-function@& HE Alct

m+ko 1 . R
e—(x—m) /26 dx

Put z=(x_m) > odz=dx, m+ko —>k; —o0— -0
(2
k
P(X < (m+ko))= j%e-zz/zdﬁ 1-0(k)
SN LT
Y ML o

CIXIZ S (Digital Comm.)

AS R AAE
SEp4 U HEDE
U Example
= The amplitude of a signal is Gaussian—distributed with zero

mean and a mean—square value o*. Find the probability of
observing the signal amplitude above 3c.

= Solution

P(X >30)?

P(X >30)= IF

Putz=2 15 odz=
o
L g = 0(3)~0.0013

X>30' Tz
3 N2

)dx

dx;30 — 3;00 > ®©

62

Yy MCNL

CIXIE Sl (Digital Comm.)
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discrete random variable)

B 4 (
&2k 5t (probability mass function)

)= P[X =x,]

(probability density function)
o) =2 PlX =x]6(x—x,)
i=1
P[X =x,]

I x ()
P[X=x] PLX =x,]
PlX =x,] } o

:xi+1

x

| oo
x3 x[ xi+1 x[+2
63

x>

X

CIXI€ S4! (Digital Comm.)

A4S W AIAE
g 2 HEUE
- =X g
Fy(x) = PlX =xJu(x-x,)
i=1
1 _____________________________________
F(x) P[sz.]P[Xz%‘H]
PX=x]" ;
PlX =1x,] i ’
o o o E LN )
PlX=x]
0 X X X3 X; Xl X2
CIXI€S4l (Digital Comm.) 64
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A5 22X &4 (joint distribution function)

Fo(x,y)=Pl(X <x)N(r < y)l=PX <x, Y < y]

i) Fiy(x,0)=F,(x), Fy (o, y)=F,(y) : Marginal distribution

ii) Fyy (o0, ) =1,

Fyy (=0, y) = Fyy (x,—00) = Fyy (=0, —0) =0

iii) P[(xl <szz)ﬂ()’1 <Y§yz)]
=Fyy (x5, ;) = Fyy (X, ¥,) = Fyy (x5, v) + Fyy (X, 1)

CIXI€ S4! (Digital Comm.)

65
_ HE R ANAE
stEfs Y sy S

= Z2E LT &< (joint density function)
O°Fy(x,7)
fXY (x,y) — T XY\
Ox0y
- §4
i) frr(x,9)20
ii) I _[fxy(x,y)ixdy =1
iii ) Marginal density function
fx(x): _[fxy(xvyyy
fy(y): foy(x,y)dx
- Yaxy
iv) P[(xl <X3x2)ﬂ()’1 <YSY2)]: _[_[fXY(X,y)dxdy
N
CIXI € S4l (Digital Comm.) 66
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SEHS U AL

=< ol o

= B (expectation) m, = E{X} =f x- fy(x)dx
=ix-P[X=x]
x=0
* nXt QUE (nth moment) E{X"}=[ x"-fy(x)dx

= Zx" -P[X =x]
x=0
= nXt Y RUE (nth central moment)
E{(X =my)"b= [ (x=my)" fy (x)dx

= (v, ) PLX =]

x=0

CIXI€ S4! (Digital Comm.) 67

AS R AAE
SEva U AHEDE
= 24k (variance : 2nd central moment)
var(X) = E{(X —m, )’}
= [ (x=my ) f ()
=E{X*-2m, - X +m}}
=E{X*}=2m, - E{X}+m,
= E{X*} —my
CIXI€ 54! (Digital Comm.) 68
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=0I)

X

2

E[X] = J.:Dx fx (x)dx :J;”ixdx =
B )= [ f(de= Eﬂixzdx :gﬂz
1

var[X]= E[X*]-E*[X] =§7z2 -t ==r?
0 27 l
E[cosX]:LccosxfX(x)abc:j0 gcosxdx:O
2

EUX =)= [ () o= [ e =
69

Y MCNL

CIXIZ S (Digital Comm.)

=L = A
s+ &

Jon

X gy

QaHZ A (random process)
A function of two variables
X(4,t), A:event, t:time

8 4= (random variable)
2t ¢, Ol CHot:d

—

oo

70

CIXIg sS4l (Digital Comm.)
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SEHS U AL
o=
1PN
Al2H
CIXIE S (Digital Comm.) %N\C NL 71

_ AS R AIAE

SEH, 3 HE NS

O EHA "I (statistical average)

E{X ()} =[x fr, ()dx =m, (1)
X)) M =E S, \ka(x) X () pdf

o

INPIESET =i

04

- AR

Ry(t,t) = E{X (1) X (t,)}

72

CIXIg sS4l (Digital Comm.)
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= 2 8 E

Jor
]l
rE

A& A (stationary process)
= A2ASE OI0IUHIA S HAMNSE (strict—sense stationary)

=/

(]

Xy Xey Xy, (xl 2 X2 x”) - Fx11+rxzz+r""xzn+1 (xl X7 x”)

o
-

il st (¢, +7)eT

fn

= H2 o0l0Me AADNAE (wide—sense stationary)

ed T —

M E[X,]=C, ceax

@) Rx(tptz) = RX(tl _tz) :RX(T)

CIXI€ S4! (Digital Comm.) 73
A4S W AIAE
sEfs & HEE
oll) a) X(t)=at+b  b:&=x
—q?
1 02

fo(a)= Ners
E{X(t)}=Ef{at +b}=b &=
wE{a} =0

Ry (t,,t,) = E{X (1) X(1,)}
= E{(at, + b)(at, +b)}
= E{a’tt, +ab(t, +t,)+b"}
=tt,E{a’} +b(t, +1,)E{a} + b’
=tt,+b> —> to] a4

- E{a’t =1
. X(f)= W.S.S.7} Ofel

CIXIg sS4l (Digital Comm.)

74
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o

Q
=

gHEUE

A, o :

0:10,27] ol
E[X(0)]=[" 4-cos(ot +6) L ao-0
0 27

R, (t,t+7)=E[A-cos(wt+0)-A-cos(wt + w7 +0)]

X(t)=A-cos(wt+0)

. A
A

2
=—-E[coswT +cosLart + o7 +20)]

=—CoSmT+ A—E[cos(Za)t +wt+20)]

Nog2s

2 2

2

A
=Z_.coswr
S X()= W.S.S.
CIXIZSA (Digital Comm.) % MCNL 75
usw
SEH, L HE WA
OW.S.S. 8T XD At2er 4
- N e s 2R 352 53 JIE
- K| Ab2tEte c HE WA S SAS 32 53 J|&E
= XPD| A2 E
R,(0)=E{X()X(t+1)} , —0o<r<0

CIXIg sS4l (Digital Comm.)




st L HE S
= E4
(1) R,(0)=R,(-7) : ©H=4H
(2) R, (1)< R,(0) D REOIA R
(3) R, (1) G, (f) Z2|0f BEra

08
H
=
fol
r
1y

(4) R(0)=E{X*(1)} : 2F0AC 22

CIXI€ S4! (Digital Comm.) 77

Dmyg=lims [ X(0)d
) My —TEI;IO?LT/ZX(I) !

o1 o2
2) R,(7) = lim ;Lm X(t)-X(t+7)dt

CIXI€ S4l (Digital Comm.) 78
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ar
Rl

H

q|

dH =

(3) E{X* (0}

79

CIXI€ S4! (Digital Comm.)

X0
ur

Kk

1) G, (f)=0

=Gy (=)

(2) Gy ()

() Gy () R (7)

Gy (SHHdf

L.

(4) Py

80

CIXIg sS4l (Digital Comm.)
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% 27l ,4—»— 1
o T
X () AlEA

o

X(t-1) o 1 ’_

| e 1 | | my (AR&=) 1 |
RX(rl):Fjir/zX(t)X(t—rl)dt i 7 N o J
1 4 L
R - R (0)=H BREY R«(@
_lzl R R.(7))
R ()= ! T’ lzi<T x
0 , |z T T T 2 TT
G,(f) G,
/E(Gl(f)df—&xﬂ Ha®y
2
_ o sinzfT
GX(f)fT( /T j S\ RN ¢ /\
-1 1T -1 T
CIXI€ S4! (Digital Comm.) 81
NS U AAY
Sl AL Ol
StEHs 2 HE S
A SAAIAENAC &S
= &2 (noise)
- &Il AIAEOA HARLE EXHots oA 2 &I AlS
- Z22
QIZHQI H2 LA S, 23 RPN 2st 2 S
- NHAOI B EEHE S
= HZ M
ZEE (filtering)
— XHH (shielding)
SEHOI BIX BAIO| MEh: (JASHA Al S
CIXI € S4l (Digital Comm.) 82
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42

(3]
@ @
M H
« b
N ol
=<
RO oF
W,.II_ m
0 =
w_ ol
oJ %
< 00 “
oF I KD S| ~
m 2n 20 ol ~_4 §) \nm/ .__.__
ol < A
S A o —T o m
K () = [} < i
BREL “ ) % J—
oo o —I8 o ezo £
- % @ <k N s < —| 8 = 5
_.AO —_ 2 + 1k N - o <t
=S 2 | I S mw £ 3
8 — 5 - o s
|_|D » © ol = ISEE] <F \F _||:— o D
= | = sa - O Y uiT)
o = 00 < < o z _ o
ok %5 < i : ok| ® o
ool PR il o S @ =
B s o o 2
~ W N s B | ko
| - . . 2
W : -
__ 5 o

84

*fi(x)

fX(xl)*fx(xz)*fx(x3)*....

~ H()

ol 28

CIXIg sS4l (Digital Comm.)




Zgol AHEY
- 2E F=O==0ll CHaH

 BHAAS S ME0| S AREHAUTE JIE &ER
G,(f)=—" [watts/hertz]
- M RSO XP|AEE S
_ N,
R (t)=F 1{G,,(f)}=7°5(f)
CIXI€ S4! (Digital Comm.) 85
SEHs Y HE NS
0 BHAH XS (white noise): cont'd
s I ABEE S Autocorrelation
Gu(f) R,(1)
Nol2 Ny/2
i T
0
(a) (b)

Figure 1.8 (a) Power spectral density of white noise. (b) Autocorrelation

function of white noise.

CIXIE Sl (Digital Comm.)

Yy MCNL »
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- Jhats
- TS WAHUIZ0l SIS 20| OHLI2t B NS
— HHAH
/T
- TS HO| YR AMEY AT S IR
- N,
- TldREAE S
- Db AlQH
- IBS2 IR Y BF
° I}QO' H =Eo
= o — =21

rr 10
0
)]
=
o)
(@)
=]
@
Qo
0]
2
|

d 2 S&(independent)
X

oz A

=

=

0ol
1o

CIXI€ S4! (Digital Comm.)

87
_ _ _ NELPPS!
HEANAEHES Setdls 85
g Jok= EE
NESE!
x(1) h(1) (1) A2 P
X(f) H(f) Y(f) : Fit=E9
e xl(t) - yl(t)9 xz(t) - yz(t)
(linearity) ax,(t)+bx,(t) — ay,(t)+by,(1)
= AlE2EY x(t) — y(»)
(time invariant) x(z —¢,) — y(t—¢,)
CIXI€ S4l (Digital Comm.) 88
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HEAAES S8 U5 8
= OIIFA (causal) :  h(t)=0 for t<0
y@)=x(-1)+x(¢) : = (causal)
y(t)=x()+x(t+1) HI QI Dt = (non—causal)
= OtY X (stable) : J'w |h(0)lde< o
C AAEES () = x()*h()

Y(fH)=XU)-H()

CIXI€ S4! (Digital Comm.) 89

AS R AIAE
HEANAES Setdls &85
QadEA 2¢ (impulse response)
= A AISH AIAEI2 A@) 0l 2o Al EHAN SEXHE

(O =h(t) =h(1)*5(t)
- ojolo] et x(nfl HEt S
y(O =h@O)*x() = x(z)h(t-7)dr

= OItA AIAEOA

y(t) = j: x(7) h(t —7)dr

CIXI€ S4l (Digital Comm.) 90
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40

b 8k (transfer function)

c
=

Q=0 &

AD

X(t)*h(t) <" X(f)H(f)

o0

H(f)

L Im{H ()}
Re{H (1)}

O(f)=tan

0IJIAM, 6(f) :

91

CIXI€ S4! (Digital Comm.)

40

il

<

180
x
=l
RO
=l
]
ol

Ll

R0
A
o0

-

Gl

il
ol
ol

<l

il
TH

180
x

h

Gy (f)

H(f)

Gy (f)

G (f)|H(

Gy (/)

92

CIXIg sS4l (Digital Comm.)
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K&

—

og!

A A E

o

==
S

ror

WNE=RFS

OH

E)  ¥(f)=X()-H()
R, (7) = E[y()y(t +1)]
= [" [ Elxt —u)x(t —u, + ), Yoy ),
= [ [ Ry (s 10, = oYut, Yoty el
G, () =3[R, (2]
- .[io... J-RX (uy —u, — DY) h(uy)e " dudu,dr

=[] JRe Gy =ty =) d h(u, (i, )duydu,

SR {t+(u,—u,)}1=G, (f).e—fw(uz—ul)

CIXIE Sl (Digital Comm.) % MC NL o

rx
0Q
>
| >
1o

&E
S

i1

WNE=RFSES

0>

= J‘_ww.l._wwGX(f)e—ja)(u—u)h(u )h(u )du du
G e e [ e

H(-f)=H(f)

=G (f)H(f)H([)
=G (fIH(f)

CIXI€ S4l (Digital Comm.) 94

47



40

(distortionless transmission)

S

4+

e,

(K, t,:

Kx(t—t,)

(1)

0l

KX(f)e ™

Y(f)=

<+
o0

-

ol
&l
0
oF
ol

Rl
Ar

ok

H(f) = Ke "/

RO

cte O
[= e

=312 2

=
Kk

- [H(P) =K

Pl Bats U0l &8 22 Hid

- 0)=2x 1

95

CIXI€ S4! (Digital Comm.)

40

IE1 (ideal filter)

<k
o0
on
]

&
-

ol

_

]
Ll

Al

i)

il

oJ
Rl
ol

oll

96

CIXIg sS4l (Digital Comm.)
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X
)

i0J

F

TS <SS < S

B E=: W, =(f, - 1)
u !

—
=

e
ki

—_

]
A

oJ
Rl

20, f, #o

/=0,

t 2 E (BPF) :
HEE (LPF) :

=
1o
ar

~

;0L
_6L
*

S

=
(0
ar
=

97

Y MCNL

CIXIZ S (Digital Comm.)

40

H(f)

fu

Sl

fu

(@)
H (/)

1

Ju

(b)

H()

u

7I

(©)

7

HPF

ol
Rr
<0

ol

b

LPF c) 0l

ol
Rr
<0

ol

8

BPF b) Ol

ol
Rr
0

4

3

a) 0l

98

CIXIg sS4l (Digital Comm.)
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Sl S5t A

5 &

—

OF

H(f)=|H(f)e "

fl< 1.

fl= 1.,

r
D1 A, H(f):{o

s

e 10U _ ity

h(t) = me(f)ejZ"f df = 2fy sinc2f, (t — to)

CIXI€ S4! (Digital Comm.)

99

h(t)
2fu
amplitude
to
T/ |
i 1 i

CIXIE Sl (Digital Comm.)

100
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O 28 Jtsst ZE (realizable filter)
= AE JIsE MYESH 262 O 24 Ol
— RCEH
1 1
H(f)=

01IIM, O(f)=—tan"' 22/RC

I+ /24/RC  [11 2RC)

e/

CIXI€ S4! (Digital Comm.)

101

RC HEIQ B &4
(a) RCZH (b) RC ZES 30| 4 (c) RC HEIQ 24 S4

CIXIg sS4l (Digital Comm.)

102
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I

| A8l st dls 88

ulo
O

Ks

—

(1
>..

[
rc
al

M F0t4 (half power frequency)
P

Ol ZICH 8= gtel BHOl &l ol k=

2 Als e

i}

o Mor 3|7t = hgtel %m = Mo =4

|
1]
i
>
fol

1y
0z
=
=)
T
°
o
=
@
°
o
=l

= H=z
27 RC
CIXI€ S4! (Digital Comm.) 103
_ _ _ S U AIAE
HEAAEE Set s 85
O &0t Mol 2
Vi /R,

P,
number of dB=10log,, 2= =101lo
gio P Z10 VIZ/RI

1

For the case of 1 ohm resistance

P vy
number of dB=10log,, e 101og,, I3

1 1

v
=20log,, 72

1

104

CIXES4 (Digital Comm.) % MCNL
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HEAAES E

r9£

ts o

O>

o

0 Sound pressure level in dB

22/2] E& dB o]
HEZ] 0560 m BO{Z %Oﬂ,ﬂ) 12048 _, eyl Gt
TAE AS G A3 110d8 =
j"*(1 5m 01M1) N e
O E=(15m oA, %*+7|(1m) 90 dB
A2 80 dB
o A|IEC . % . 10-12 2
RHEA ALY £ o LR o 2201072 W/m
HE thsh1m ZOjHA) 60 dB e c ST THI10W/m
wg, AT 50 dB =
Gitialeg = 40 dB F2sjct
250 =i 30 dB S aaict
ok
Al Salin) 20 dB
LiZ @ A% 42 10 dB -
=0 A 01|1|_ 1 XL O 7:{9"‘:1"9\{(37" EEILIEI-
== T AL 71’% R ial OdB
CIXIZSA (Digital Comm.) % MCNL 105
AS R AAE
I (=) = = A
HEANAEHE Set s &S

HPO |, . .
ME YA = ‘ N |gous ZEH S=
‘H(f) ‘—6d8 ZEH S =

Sharp cutoff BPF : shape factor = 2
Simple RC LPF : shape factor = 600

CIXI€ S4l (Digital Comm.) 106
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>
o
>
1o
o
o
>
POII

>

Butterworth filter)
SHEHW IS 2AIE QI 2H

|

(@)

0

I

ro

>

2 =

1

H - -
i L+ (f 1)

CIJIM  f, & &% -3dB X F1k== (cutoff frequency)

nx>1

=

-n0l AHAEZ+T - )| SE=2 014 H2 HEOH 2&

- SUUHUA =0t SE 2I12 EE SH0| E8

CIXI€ S4! (Digital Comm.)

107

S AIAE NS S

—

jo
i1

&E
S

= HERA 2H 30| SE

Nn=oo
[H() /
;

CIXIg sS4l (Digital Comm.)

108
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CIXIE CIOIE2 tHE =

O J| XN < (baseband) 2t

o]
=/

- IO MEE M &2

CH

=

- BHSIE JIMUSE A0l

b=

MUY &5 x (

=]
20 o
=)

=]
C

]
2rf.

2

H(bandpass)

==
1)
F=TIHH (double—sideband : DSB) X AlS
x, (1) =x(t)cos27f .t

CIXI€ S4! (Digital Comm.)

XN =X =+ X(f+1)]

f

&l

fon

4

109
NS Y ALY
CIXIE OOIE2 Y=
x() ' Ci) ¥ x.(t) = x(t)cos2af.t
cos27f .t
(a)
XCOI
_fm (\) i f
- IR ‘
(b) o=

CIXI € S4l (Digital Comm.) 110
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AS A ANAE
CIXIE OO0 HE=

XN
USB LSB LSB USB
_chfm _*fi‘ _fc+fm 0 fc_fm f(‘ fc+fm
(c)
JIHU W ST ABEY

(b) JIMIHSY AHEY (c) SWUUHY ABEY

CIXI€ S4! (Digital Comm.) 11
AS U AAE

CIXIE QoIS S =

— A=
S =

IHCH (upper side band : USB) @ f. ~ (f. + f.,)

- SISIHH (lower side band : LSB) : (f. —.f.,,) ~ f.

CIXI€ S4l (Digital Comm.) 112
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CIXIE CIOIES CHeY =

O W= (bandwidth) 2 Xl

n %D:l

25| HE MIStE S (strictly band limited channel)

2

18
o
!
2
[

CIXIZ S (Digital Comm.)

YpvenL

113

CIXIE QIOIES THE =

G.()

ARV VAVNS
T T

(e) 35dB
I

(e) 50dB

CIXE CIOIES HEE (a) 2 88 HAF. (b
(

cg g ta=s

oIZ (p) BES SO HE
Z.(d) 99% M A=, (e) 35dB & 50dB2| MGt &
A AHEY UdE YE (HEE 222 24 F3EE 201E)
CIXI€E 4! (Digital Comm.)

Yy MCNL

114
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CIXIE oIeS tHE =

- o=

- (a) 2+

(il

& Y= (half-power bandwidth)

© G(f)7 EHEE (DRI 3dB OFH) 22 BAdtE Fii4

oA
2r3

- (b) &2

—_—

A

2+&

=

0

kA

= &8 SJt ¥ = (equivalent rectangular or
noise equivalent bandwidth)

- BS SO UAE

w, = Py
Gy (/)
OIJIM Py MA FI- A0 U8t Al1S & M

Gy (f) : Gy (f) o =tiat

CIXI€ S4! (Digital Comm.)

115

CIXIE CI0IEH2 tHE =

- (c) € O € WHZE (null-to—null bandwidth)
o CIXIE SA0M O

o= Mo iy gal MY
IR EEERN

(il

foh
P

ed
=

o
H
gon

!

™= (fractional power containment bandwidth)

3| (federal communications commission) Ofl A XH €4
9%Jt Mot (=

HEg 2T (bounded power spectral density)
¢ WY AMEH LT G ()b B0 3K NBE Al (35 or 50dB)
Olotz Z4M & e =0+ N E 2+

CIXIg sS4l (Digital Comm.)

116

58



CIXIE IOIES THE =

- (f) 20 tHY = (absolute bandwidth)

o Ol TS 2AR0NE 85 AHEH0 00 3

ex) ¥A35
X(f): 225 HAME & &S x(t) o Ze|of Het
SN =M 4f, BEZ oW E NN
CIXES4 (Digital Comm.) % MCNL 17

CIXIE CI0IEH2 tHE =

=
>
i
=}
>
e
o
2
ug
0ot
4

e Metel dls= ote

ooIM X'(f) :

_ f—1 S+
H(f)—rect[ TG )+rect( NG )

1, W< f<W
01 M, rect(f) = /
2w) |0, f]>w

118

CIXIg sS4l (Digital Comm.)
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CIXIE CIOIES CHeY =

H(H

CIXIZ S (Digital Comm.) % MC N I_ 19

CIXIE CIOIES CHeY =

h(t)

2w (b) oW

CIXI€ Sl (Digital Comm.) % MCNL 120
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CIXIE oIeHS tHE =

X(f)={X'(f)’ (.- W)<|1<(7 +w)

0 , otherwise

h(t) =2W (sinc2Wt)cos2af.t < MATLAB2=Z _lci= 2!

~h(t) = 28 AS X A2 HE

x(t)=x"@)*h(t)
- x(1) E5t DB AS X AIZH IHE

SoTE 20t

or

CIXI€ S4! (Digital Comm.) 121

Homework (Due date : 4/3)

OQHs2M 1.7, 1.14,1.15

O A(r) =2W (sinc 2Wi)cos2af.t =&

O A2 MATLAB2Z =2 A (CHst mtet0le 2ol
etA...)

CIXI& =41 (Digital Comm.) % MCNL 122
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JIAUSE CIXNE &85

(L 2%, 3%)

CIXIEZ Sl (Digital Comm.) M C N L 123
= Xt

QE=3

O X3t

QJIHUY 85

AQXSA ES L AS HSE

aal= 2 2H-

as3h)]

CIXI& =41 (Digital Comm.) %MCNL 124
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IIKTHE Al A

0z

JIMHE CXE dSs

Oxga=

EX 32

OxNg =z

CIXIZ S (Digital Comm.)

Y MCNL

JIMHE CXE ds

HIOIEl A3t (Formatting) : Character Coding

O ASCII (American Standard Code for Information
Interchange)

" 5| 0 0 1 0 1 0 1
Bits
6| 0 0 1 1 0 0 1 1
T2alal7 o[ o JoJo [ 1 1]
0[0[0O[|NUL|DLE| SP | 0 | @ | P ' P | NUL Null, orall zeros DC1  Device control 1
1|/o]ofo]| sSOH | DC1 i 1 A Q a q SOH  Start of heading DC2 Device control 2
STX Start of text DC3  Device control 3
1 TX | D " 2
oj1joloy s 2 B I RIS 1" I ETX Endoftext DC4  Device control 4
1f1fojojjETX|DC3| # | 3 | C [ S | ¢ | S | EOT Endoftransmission NAK  Negative acknowledge
o|o|1]|of|| EOT | DC4 $ 4 D T d t ENQ Enquiry SYN  Synchronous idle
1Tol1lol[Ena [NAK | % 5 E U o u AB\EII_( SCEHOWInge E';I:‘ End ofl(ransmission
ell, or alarm -ancel
of[1[{1]0|] ACK [ SYN | & 6 F \ f v BS EM  End of medium
1|1|1|0|| BEL | ETB ' 7 G w g w HT Horizontal tabulation SUB  Substitute
ofofo[1][Bs [ean| ([ 8 [ H [ x| n [ x \L,FT \Lli"efeed ’ ‘égc Escape
= fertical tabulation ile separator
1jojoj1}} HT | EM ) 9 ] ¥ ' Y FF Form feed GS  Group separator
0|1]|0|1|| LF |suB| * J Z i z | CR  Carriage return RS  Record separator
1[1lof1]] vr [ESCc| + : 2 [ k { SO Shiftout US  Unit separator
Ell Shiftin SP  Space
F ' | i
ololL|1ff FF [ FS = feale bt || DLE Data link escape DEL Delete
1|{0|1]1][ CR | GS | - = M ) m )
o|1|1|1|| SO | RS 2 > N A n ~
1111 Ell us i ? () - o DEL

Figure 2.3 Seven-bit American standard code for information interchange (ASCII).

CIXIE Sl (Digital Comm.)

Yy MCNL
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GIoIE &Al3 (Formatting)

JIMHE CXE dSs

0 EBCDIC: Extended Binary Coded Decimal

Interchange Code

Figure 2.4 EBCDIC character code set.

510[ 0o fofJofJoJo]o]n 1 1 1 1 1 1 1 :ﬁ :un_choﬁl o
orizontal tal
Bits 6] 0 0 0 0 1 1 I 1 0 0 0 0 1 1 1 1 LCc Lower case
loJo v JaJoJo [t 1o o110 o] 1] 1 |DEL Delete
sflof 1 o[ i o[ 1ol v o] v o1 o1 ]o]|1|SP Spae
UC  Upper case
112184 RES  Restore
o[ofofo][ NULsoH | sTX [ ETX | PF | HT | Lc | DEL svM| vT [ FF | CR [ s0 | si :;“s' Neweline
ofofo[1]| oL [ oc1 [ b2 [ oca [RES [ NL | BS | IL |CAN| EM | cc IFs [ 1Gs [ IRs | 1us | dle
o[o[1]o]| Ds |'sos| Fs BYP | LF | EOB | PRE SM ENQ [ ACK | BEL | PN Punchon
EOT  End of transmission
ofo[1]1 SYN PN | RS | Us | EOT DC4 | NAK SUB| gvp  Bypass
of1]o]o][ sP 3 < T+ ] Line feed
ol1o[1|[ & " s | * | ) |, | = | EOB Endofblock
- PRE  Prefix (ESC)
ofafafo]] - |/ < f %l 1> 1?7 [ RS  Readerstop
o[1[1]1 ¥ | @ = [ "] smMm  Startmessage
1]o0]o]o a [ bl c[dle]l o n]i DS~ Digitselect
SOS  Start of significance
1]o]o]1 i [k | T [m|n]o]op r IFS file
1[o[1]0 s [t [ u v ]w]x z separator
IGS Interchange group
1lo[1]n
separator
1[1{oj0 A B c b E E G H ! IRS Interchange record
1[1]o]7 JI k][t m[NJo[P[a[=r g Soparator
8} unit
1]1]1]o s [Tlu[Vv]w][x]|Yy ]|z soparator
o 123 a]5 6] 78] Others Same as ASCII

CIXIE S (Digital Comm.) %MCNL 127
Messages, Characters, and Symbols (1)
O Characters are encoded into a sequence of bits
O Groups of A bits can be combined to form symbo/s
U A system using a symbol set size of M > M-ary
system
k=1 : binary system
k=2 : quaternary or 4-ary
CI X2 Sl (Digital Comm.) 128

Yy MCNL
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Messages, Characters, and Symbols (2)

. Message (text):

Character coding
{6-bit ASCII):

8-ary digits
{symbols}):

B-ary waveforms:

Character coding
(6-bit ASCII):

32-ary digits
{symbals):

32-ary waveforms:

"THINK"

T H | N K
————— —————

001010000100100100011100110100
e e e

A S T S TR TS R S

1 2 0 4 4 4 3 4 8 4

81(8) s2(f) solt) 34(2) 84} 84(e) salt) sa() 86() sa(t)
(a)

T H 1 N K
001010000100100100011100110100

t 1 t i t }

5 1 4 17 25 20

a5(@) 81(¢) sa(®) s17() 825(2) a20(t)
{b)

CIXIZ S (Digital Comm.)

%MCNL 129

JIMHE CXE ds

x5(2)

= i5(t—nTS)

n=-—w

0oIN, T = =23 FII

x, (1)

s

0

= x(t)x,(t) = Y x(nT,)S(t—nT,)

n=-ow

CIXIg sS4l (Digital Comm.)
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JIMHE CXE dSs

E =23 (Sampling)

X, (/) =S[x5(r>]=TL S 5(f-nf)

§ n=-x

1
0N f= = EEHFD:

K

1
X.(f) = X()* Xﬁ(f):T_, X(f —nf))
CIXIZSA (Digital Comm.) %MCNL 131
JIUYECIXE 8
T 23} (Sampling)
x (t) [ X ()]

\/\i/\ , -fm/ O| \fm ;

5 (=3 S(-nT.) X = L0 af)
AL L SREEES
aT. 2T, 0 2T 4T 26 0 £ 2f

x, (1) = x(t)x,;(2) [ X ()]

Tt”]”n

AT 2T 0 2Ts 4Ty

CIXI& =41 (Digital Comm.) % MCNL 182
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MUY CIXE dS

223 (Sampling)

XN

AN,

|
-2, 7 Tu 0 A 2

=3te UoIeHZ22H

S&ot| 2t
A

(a)
XN
| | | | f
of. 1 0 £ 2,
(b)

CIXI€ S4! (Digital Comm.) 133

JIMHE CXE ds

Z 23 (Sampling)

= LIOIAAE (Nyquist) J1&=
- 0IE&ez Otgz2 aISIt 2

HoHH S/LD| st =A
- f22f,
= LIOIRAAE =1
- f=21,
= 022l 4! (aliasing)

- 235 HIS0 7 <2f,9 20l ZO{S I

o
=}
>~
>
s
1o
tH
i
|0
H
i
ol
o

CIXI€ S4l (Digital Comm.) 134
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MUY CIXE dS

T x,(t)= icnejz'"'fs' ,

L, oy 1

—4T-2T 0 2T 4T,

135

CIXI€ S4! (Digital Comm.)

JIMHE CXE ds

Z 23 (Sampling)

leloal oA
X))

X, () '
’ “\~\\\

LS f e v f

CIXIg sS4l (Digital Comm.)
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=3} (Sampling)

MUY CIXE dS

X ()

CIXI€ S4! (Digital Comm.)

137

Z 23 (Sampling)

JIMHE CXE ds

~

lig

nx

X ()
0 7 ,
X, () (a) Ny os
A 7. 7+,
S (0)
|<:|3|-

d

(a) Hx5 MSO AHEY

8 3. FXcl 2ZElZ ofl2elofd JAH
Al

(b)EE2stE Mso AHEH

CIXIg sS4l (Digital Comm.)
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JIMHE CXE dSs

E =23 (Sampling)

O Aliasing signal

¢
\\
Sampling Signal at alias
instants frequency
Figure 2.13 Alias frequency generated by sub-Nyquist sampling rate.
CIXIZS 4 (Digital Comm.) %MC N|_ 139

JIMHE CXE ds

2t X+3t (Quantizing)

Code Quantization

number level
x(@) (V)
4 x(t)
7 3.5 3 // \(\
6 2.5 7 NC
5 15 / S
1/ S
4 0.5
0 \\ ¢
3 -0.5 » "
15— AN
2 1.5 S N
1 -2.5 - N
0 -3.5
4 '
| | 5
Natural sample value 1.3 3.6 2.3 0.7 -0.7 -24 -3.4
Quantized sample value 1.5 35 25 0.5 -0.5 -2.5 -35
Code number 5 7 6 4 3 1 0
PCM sequence 101 111 110 100 011 001 000

Figure 2.16 Natural samples, quantized samples, and pulse code modulation.

(Reprinted with permission from Taub and Schilling, Principles of Communications R

_— Systems, McGraw-Hill Book Company, New York, 1971, Fig. 6.5-1, p. 205.)

CIX§ L//// R AR ®

70



JIMHE CXE dSs

y1(8) ya(t)
(a) (b)
y3() ya(t)

Mm ‘Inlﬁ_m_l—‘ .
() ()

Figure 2.14 Amplitude and time coordinates of source data. (a) Origi-
nal analog waveform. (b) Natural-sampled data. (c) Quantized samples.
(d) Sample and hold.

CIXIZ &4 (Digital Comm.) % MCNL 141

JIMHE CXE ds

|
02
P
Ll
o
i
uin
y
i
=
ton
0
10
u
=
0z
™~
£
I

________________________ - /
V,-gql2 _ [*t4/=2 e
KN FIT T jp¢ ple)d
+q/2 o 1
=[P —de=L _, ansms
5q/2 —q4/2° ¢ 12
3q/2
Quantized _‘i/g— _________ v
values o2 L levels p 5 Vpp 2 Lq 2 L2q2
~3g/2 Vp =| —— =| — = —
a2 2 2 4
2 2
( s ) _PqfA_gp
-V, +3q12 2
Va2 Ny q / 12
e -
- Figure 2.15 Quantization levels.
CIXI= =4 (Digital Comm. . “NL 142
W““\"
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JIMHE CXE dSs

- &= AS0ll CHoll O M8t 2 Xtst
- 2420l W= HEFHQ 2 Xtat

- 25 B2 AlS9 D0 Hiel

- 2tAl (companding) = &= (compression) + &I & (expanding)

LI X2 S 4l (Digital Comm.) %MCNL 143
MUY XS ®s
PN
X3 Al
\ 15 15
L 14\|\
EENRERS 12 12
12 |
d 1] y EN
WL jf 1o T
=7 FEomeds [ s s
N L VA7 = =
“ \—d// 5 — — I
1 I/ aE L
T 7 s AV
\] [/ 8 L X
— e | I
T T o L
\ 1IN _
N N
o 2kXtst S0y 2X3
oY L E0Y SXE

CIXIE Sl (Digital Comm.) %

<
9
d
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JIMHE CXE dSs

=2 INK-l,
QH&E 2Rt EIEH

| | | + -
0 05 10 15 20 25 3.0 35 4.0

Speech signal magnitudes relative
to the rms of such magnitudes

Probability that abscissa value is exceeded

37| < 0.5 > 75% 0| A
A7| > 3.0 > 1% 0|0t
SH2 EE 7|17t =S

CIXIZ S (Digital Comm.)

YpvenL

145

JIMHE CXE ds

Xt 3t
O SaAAY DA

Source  {mmm——

mmsss)  Destination

| . Uniform )
*>| Sampling | Compression cpeniEden Expansion —‘
L Sample &
Hold LPF
Oddd $Xs 2UH
Output QOutput Output

* " Compression

Input Input

,/\No compression I::> :

Input

CIXIE Sl (Digital Comm.)

Yy N
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MUY CIXE dS

2k Xt st

ton

= 2tAl (companding)
— M-law &= S0I0A AIZ (E=3t 255)

- A-law 2= RY HELZ MS (EE3L 87.6)

4 -law charateristic curves A-law charateristic curves
1 1

0g| H=255 09} A4=100

058 \ 08

0.7 0.7

=100 —
5 06 # 5 06 A4=87.6
> k]
= 05 — > 05
F #=3 F 4=5
3 04 3 04
o ¢}
u=1 A=2

0.3 '\ 0.3 '\

0.2 u=0 0.2 A=1

0.1 0.1

0 L L . . 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Input,|x|/xmax Input, |x|/xmx
CIXI€ &4l (Digital Comm.) 147

JIMHE CXE ds

110 1 1]1 0o o 1]lo 1 1 o
— T |«HIEAIZSE
S0 Al2ER
(a)
int P ink
HHH ﬂ HH
0= a- t
T (b)
+V
of-——f-—4-—-—- L —t
Y
T 2T 3T 4T 5T 6T

(c)
28 =20 IHE HES 2 Ol
(a) PCM A2 A (D)PCMS EA EE (c)ZA IHY (S dlg 2tel &0l)

CIXEE (Digital Comm.) % MCNL 148
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NS B &

0 PCM Encoder : Ramp encoder
= Block diagram

Analog )
voltage Sample-and-hold Comparator
Encode Ramp voltage
command generator
Reset Stop
Clock Binary counter
frequency 1

——1 11—~ —Digital count
Read Parallel [serial PCM
command converter

= Ramp gt Analog gt Hl

CIXIZ S (Digital Comm.) %MC NL 149

NS & &

O PCM Encoder : Ramp encoder (cont'd)
= How does it work?

Sample&Hold £
w
Ramp £
Huwll &
CIXIEEA (Digital Comm.) %MCNL 150
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MUY CIXE dS

I

JINUE 8E

OPCMIIY -» EATIE ¢ Line coding
= NRZ (nonreturn—to—zero)
= RZ (return—to-zero)
= 2A 253} (phase encoded)
= CFXl 2& 2= (multilevel binary)

O Line coding2l &&
= HXL} ZHE AIE0
* DCHEE HAE = U

= HHABE0l Jis

1H _ 0 O o
- AMEH HR582 52 4 U8
= HE SIIE gl €= = US
CIXI€ S4! (Digital Comm.) 151
JINUSE CIXE &S
(@-] Ao
JINUSE &85
10110001101 Il o1 10001101
e T T N |
| I | | I | | I I | | | I | | | I I
v [ Fv | 1
NRZ-L | | i | A Bi-¢-1. i |1| | i |I|I|
I | — I I I
A N N I [ ¥ [ !
SEREEEEEER &
NRAM- I [ I Bi-@-M
i : : } : } V I I | | I I I | I I

I ] ] I ]
: i .
T L1 &
NRZ=S— [ [ i Bi-¢ -8
-V ] ] ] V|
1 1 1 1

. 1 ] | | by I 1 | | ] I | 1 1
L.nu\c\klr+l | P } Delay M i
RZ = | L | madulation AR Al
— v | |
whi hhl | | o H L N
H‘:'{‘j"” ol Li ] } Dicode | |
—_— NRZ | !
¥ v ! I

| | [
I
I
|
I
I
I | I I
5 1
1 |
I
|
I
I

I I

I I
I I I | I I | I
B TN
L Dicode ol L L
o RZ 1 T [
[ vH [ [

O 7 20 37 4T 57 oI 77 8P 97 10F 0 7 2T 37 47 57 &I 77 81 97 107

PCM I}& 9| EF (Line Coding)

RZ-AMI (O

vl o

CIXEE (Digital Comm.) % MCNL 152
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JIMHE CXE dSs

- A A= I (PAM: Pulse Amplitude Modulation)

- HA 2[xl 83} (PPM: Pulse Position Modulation)

-EA F)| B35 (PDM) £ EA HO0l HEE (PWM)
— PDM: Pulse Duration Modulation

- PWM: Pulse Width Modulation

CIXIZSA (Digital Comm.) % MCNL 153

JIMHE CXE ds

e
w500l

99 9
11

@H
M

CIXEE (Digital Comm.) % MCNL 154
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MUY CIXE dS

olat=ol
cxg Ze (z¢8) 24
/—/% f—/%

r y T IE =
1
; | =53 [
+

—
4
P
v
[
=
= o Lo
L3
I
[ o]
5[
[ o]
5[
<
it
0l
=
-

ot

0% 24 &lS52 IHE

155

CIXI€ S4! (Digital Comm.)

JIMHE CXE ds

MUY &5
U Example of duo—binary coding

Binary {x, }: 001 0 1 10
Bipolar {x, }: T T ™ S
V=X, +Xx, ¢ 2 0 0 0 2 O

If 7, =2, decide that X, =+1 (or binary one)
If , =—2, decide that X, =—1 (or binary zero)
If , =0, decide opposite of the previous one

Decoding decision rule

Decodedbipolarsequence{fck}: -1 461 -1+ +1 -1

Decoded binary sequence {fck }: 01t 0o 1 1 0
QFOt e MGtH
Faiz=]|
NS (Digital Comm.) % MCNL 156
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JIMHE CXE dSs

E25|

E2-2 —_— ! '

S8 T He

Ol (x> == Fb
| . 7 U
L Tx T 27
Wi X et Wiy as
HE 2S5E 0I5 20 MEF
CINESA (Digital Comm.) % MCNL 157

JIMHE CXE ds

NS & &

U Example of duobinary pre-coding, w,=x, ®w,_,

Binary {x, }: 001 0 1 10

Precoded sequence {w, }: 00 1 1 0 1 1
Bipolar sequence {wk }: 11+ +1 1 +H #H
V=W, +w 2 0 +2 0 0 +2

Decoding decisionrule  Ify, =2, decide that X, = binary zero
If 7. =0, decide that X, =binary one
Decoded binary sequence{fck}: o1 0 1 1 0

CIXIE Sl (Digital Comm.) % MCNL 158
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2
- 0lE 2% Alsste zA HHEECR ISIE TIE (LIOIFAAE JIFE)
- 0IZ 28 AS5= 20 MSEIEN0 M 22 M8 2 (2 2.5dB)

- =S H0 5BNO2 AIRE 4 UL E 0|F 2% AS3E 35
Ee D 0IAC] 27 AISEE BE . OHE 28 A5

- S AN AMS{x o AHER UCE THEUHGHO AIAE (S

o -

CIXI€ S4! (Digital Comm.) 159

Homework #2

JHsSEM 2.3, 24
Qos=H 28, 2.18

CIXI& =41 (Digital Comm.) % MCNL 160
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JINUE CIXE &S
=) X< 0Ol =MH=
St Es R ASHE
= 0 = o)
U SAAAENHANS @7 2 d5 st
» Q7 P 45 ot Rl
2t
_xe
[= lr=]
CIXI€ S4! (Digital Comm.) 161
JINUE CINE ®s
=) X< Ol SH=
QCXE &S SXd EE
e ANEASH 2 E
WEHUA S22l (Predetection point) £
o gt
=X g ME : as
AWGN :
(=THA
=
(1) ED4 bl B3l 5 %a:%m
si(1) A2) sia sads | me [P e OV 3 B
N : T
s NI
EES N LA OFDI
ISIE B4
Folg P IFEREN JIH A
i BA NEYS
#()=15,(t)%h,(t)+n(z) =(1)=
Jer a,(t)+ny(t) e
D LA (A|§;T§))ﬂi|)
CIXNE ANSS SXJAHE  a)n0)
CIXEE (Digital Comm.) % MCNL 162
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_ IR OIS W
tset &8s HAUSHE

= =0} ot&F#H & (down—-conversion)

CIXI€ S4! (Digital Comm.) 163

JIMHE CXE ds

22t (orthogonal space)E & 9

- Au 20N S22 g+= JIM &2 48 X822 HE Jts

T
[v (. (t)di=K5, . 0<i<T
j'k = 1’...’N
SRV S L
/ 0o otherwise
CIXI€ S4l (Digital Comm.) 164
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83

9 =
ol 11 - al
S < 2
|ro o ar
- pail S n
by -
5 <+ 0 1 s
an o0 % iy o s
(]
— i F L Y R I —
X ol I ol h .
) <D J_I., 1+ »
@ I 3 = ol T
& o L 2 E
= %) <k JlJ
S —_— - - ~~
T m o0 W N
- = = S §
__A_.=._ o m (W\,j H_.A..m . __A_._.___ «
m_”_ o o = n _u.m_u =
o S A H = <
ol = 5 5 S iof
||_ My o e o RO ||_
< X nJ iol J o 0 <
- . Ho KD S o =
ok | = E < S5 o ~ o
O_D Ho KM io0 o o8 e m o__u
o N o R AR DR g -
Kl « © =~ &3 &< - KD
- [ I I I I o —_
A m [
0] m 0]
< g <J

166

w5(1)

CIXIg sS4l (Digital Comm.)




MUY CIXE dS

v, (1), wy(0), - wy(@) OIJIM, N<M

= 51(0) = a1 (@) + a2 () + -+ agnPpn(t)
55(t) = azp1 () + azP, () + -+ + azn Py (t)

sy (t) = apP1 () + a2 (t) + -+ + apun Py ()

CIXI€ S4! (Digital Comm.) 167

JIMHE CXE ds

MS2 S NS EE
N
— Si(t) = Zaijll)j(t), i= 1,"',M,& N < M
j=1

1 T
ai;j ZFI si(OY;dt,i=1,-,M,j=1,-,NO<t<T
' Y0

IIM, M : &S N
N : XF&(dimension)

- A== a2 A4S 5(0)2 Pi(t) S=20l i otes 8t

=D E FAE S r0l HEHIB2H0IA s; ()2 RAIRAIE 8Ot

CIXI€ S4l (Digital Comm.) 168
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JIMHE CXE dSs

NSA S L AUSHE (0IX)
s1(0)
7 |
773 T ¢
2 " i 5(0)=0,(0)-20.()
I -, — ) ?z(f)=¢71(f)+</’z(f)
52(0) - ! 2 ! Ss(t) =2¢, (t)_ (oz(t)
2
1
9 1/2 1 ‘
w2t v'2()
T‘h‘
JTs,m_s,(g) dt=0 I - oL —1 ., ( )_ /(t) 3 /(t)
o Oforizj 12 1 172 1 s =—p\t)=3¢,
[wowmoa= {3k, [viovioa=ToIk,  5(t)=20,()
_‘}; 12 T © @ s3(t):(p1/(t)—3(pé(t)
2+
Sk

(a)
Figure 3.5 Example of an arbitrary signal set in terms of an orthogonal set.

(a) Arbitrary signal set. (b) A set of orthogonal basis functions. (c) Another set of
orthogonal basis functions.

CIXIZ &4 (Digital Comm.) % MCNL 169

JIMHE CXE ds

16 ANEASH 2 E

WEHUA S22l (Predetection point) £
olg
i wx g NE i : 25 :
AWGN ! :
{=TOHA
© ass AN
AY S bl B3l ' Hlm -
si(1) A2) sia sads | me [P e OV ( )1>:. , B
H ' z(T) 2
azs= ) 1 AT) s
e T LA 0FIE
ISIZ Bt
SalE JIM A JIR T HAIK
ha EEES NERD
r(e)=s,(e)x b (1) +n(t) ()=
a,(t)+n,(t)
sEE wa
D AR (A& SAHX)
B =(1)=

CIXE NSO EBXAHE «)+n)
CIXI& =41 (Digital Comm.) % MCNL 170
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_ JIMUY CXNE &8s
NSO ES L ASHSE

= Qutput of step 1, pdf of Gaussian random nozise

Pl )= ——expl | 2

AT)=a,(T)+n,(T), i=1,2 T o 2\ o,

] Likelihood of s, Likelihood of $,
2 2

1 1({z-a 1 1({z-a

P = | == P = —= 2
(Z|51) aomexp[ 2[ o, J‘| (Z|S2) Gomexp[ 2[ o, J‘|

Likelihood of s; Likelihood of s¢
plzlsy) plzlsy)

CIXIZSA (Digital Comm.) % MCNL 171

JIMHE CXE ds

[ ]
O Maximum Likelihood Receiver Structure

H
If z(T H 1
A0)>y > A, zT)y=z Y Selection of 7 : minimum error!
Ifz(T)<y — H, H,
Computation for this minimum error value o
H ’ H
P(Z‘Sl) >1 P(Sz) HI] 1 aq + a;
T) 2 =
P(zl]s, 1_72 P(s;) |:‘l> z( )1.72 2 Yo

Likelihood ratio test

Maximum likelihood detector

Choose s,(t) if P(z, |s,)> P(z,|s,)
Choose s,(t) if P(z,|s, )< P(z,|s,)

CIXEE (Digital Comm.) % MCNL 172

86



CIXIE Sl (Digital Comm.)

MS O EE L ASEE
= Error Probab|||ty
Plels)=

H|s

JP | S
Bit error probability
2

JIMHE CXE dSs

P(e | 52)
2
P, = ZP(e,s.
i=1

P,

i):P(e|S1)P(S1)+P(e|S2)
P P(H |S1)P(s1)+P(H1|S2) ( )

B =

= P(H, |5,)= P(H,]5,)
s, )dz = exp|- 552 |dz
(a,f[zljz )d a|+.!1.2 )2 r p[ )Z ]
Putu—(z a)/O'0
P, =

: a,—4a,
(a) J./200 V2 exl{_ 2:| = Q( 20, ]

Y MCNL

CIXIZ S (Digital Comm.)

P(H,|s,)=
=2 Plels,
i=1

P(Sz)

When a priori probabilities are equal and in case of symmetric pdf
P(H, 5,5 P(H, | 5,) =

JP |S2

173

S(t) H(f)

t\T._’
9 Sampler
a,(t)

noise power ratio at its output for a given transmitted symbol

Decision

)ejz;wdf

oi =3 [ty ar

It f)ef”'df\
(er No/2 [ |H( ]df
By Schwarz’s inequality U 1) f (x)dx

The equality holds if f;(x)=k £, (x

<

<[ ] )

- Maximum S/N ratio condition
Yy N,

174

_ _ _ JIME CXNE ds
MS EE L ASEE
O &8& ZH (matched filter)

= Linear filter designed to provide the maximum signal-to—
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JIMHE CXE dSs

HNSO e | <[ | ar] s ar
- )

oo

9

AS OiUXIet S8 et

a2 LUUSHE
B (contd)
0 SRR () [
) <2 e = (2] 2K
zarzd), 4,(/)

Thus, the optimum filter transfer function (

H(f)=H,(f)=kS"(f)e >
-y ) (0 2

|S{f(t ~t,)}= F(w)e ™ |
r(t) = s5,(t) + n(1)

0,

s(T—1t)

Y MCNL

——z(T)
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t

JIMHE CXE ds
= S gl AISH=
LS &35 HUSHE
U Correlator2 H&t2H &
Z(t) — r(z) ® h(l) s@t) s(=t) k(&) =s(T -8
V\A ¢ t
T -T T
Signal waveform Mirror image of Impulse response
signal waveform of matched filter
(a)
,~«—— Correlator output

- jo’r(r)h(z ~7)dr

2(f) = jo r(2)s(T -t +7)dr

When =T

z(T) = J.OT r(r)s(r)dr

Where
r(t) : Received waveform
s(t) : Transmitted waveform

: Correlation (A)

2(T)
~—— Matched filter
output

(b)

Figure 3.7 Correlator and matched filter. (a) Matched filter characteris-
tic. (b) Comparison of correlator and matched filter outputs.
176
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_ IR OIS W
tsot 838 HAUSHE

U Matched filter vs. Correlator
= Matched filter

r(t)=s.(t)+n(t)

s(@-0 |—— z(T)

= Correlator2 &g #*&

F(1) = 5,00+ n() ——(¥ X

CIXI€ S4! (Digital Comm.) 177

_ JIMUY CNE &8s
MSOES L ASHSE

O Optimizing Error Performance
B :Q(a}_az] = (¢,-a,)/0,) 2AS FHZ & 2!
60

With Matched Filter

(5) =M=2Nﬁ whereEd=j0T[sl(r)—s2(t)]2dz-} szg( Eq

2
N o, 0

Cross-correlation coefficient, o

1 ¢r
p:E—hJO 5,(0)s,(dt =cos, — —1<p<l

E,=[ s+ [ sioydi-2f (05,0, E, = [ s3(yde = [ s}y

E,=E,+E,-2pE, =2E,(1-p)

51(8) — 52(2)

E (- el T
Py = Q[ b(N P)J r(t) = 8:(8) + n(®) ——__..Z(T)
0

CIXEE (Digital Comm.) % MCNL 178
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_ JIMUY CXNE &8s
NSO ES L ASHSE

O Optimizing Error Performance (cont’d)
= Anticorrelated (i.e., antipodal signal): #=-1

(2,
PB‘Q( NOJ e
VE, VEp
= QOrthogonal signal: #=0 (a)
E
P =0 |-
82
Es 2E»
<L wi(®)
0 —yr—
vE»
CIXIZS4 (Digi (b)
=] gital Comm.) %M\, YL 179

_ JIMUY CNE &8s
MSOES L ASHSE

U Error Probability Performance of Binary Signaling
= Unipolar Signaling

s5;(ty=A4, 0<t<T forbinaryl
s,(1)=0, 0<¢t<T forbinary 0

8;i(t)

A

s,(¢) and s, (¢) are orthogonal set

T 2r 3 4r 5T

When r(¢) = s,(t) +n(t), z(T)becomes s}
a

Correlation (A)

a(T)=Ez(D) |50} =, 5%

= JT {AZ + An(t)}dt — 4T Reference signal
0 s1(t) ~s2(t) = A

[E /AZT E %
P, =0 < 1=0 =0 |=% T H .
B [ 2N, ] [ 2N, N, r@ J; o 2(T) Z vy |—5ilt)

where E, = A’T, E,=AT/2

CIXEE (Digital Comm.) % MCNL 180
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_ JIMUY CXNE &8s
NSO ES L ASHSE

= Bipolar Signaling

s,()=+4, 0<t<T forbinaryl &)
s,(ty=—A, 0<¢t<T forbinary 0 A
| |
Test statistic is formed from the signal S |7 2r [srar for *
difference -A
2(T) = z/(T) - z,(T) (e)
E,=QA) T, E,=AT Refe:(r:)c:ignal

PB=Q[1/2€G j=Q[ 2;’,TJ=Q[ 2;}

r()

Reference signal

H
iy SUY SRR

CIXIZS4! (Digital Comm.) % MC NL 181

JIMHE CXE ds

U Bit error probability vs. E, /N,

Py

For Ep/Np = xg, Pp<Py

&=§GQ
- No N\R

Ey /Ny

%o
CIXES4 (Digital Comm.) % MCNL 182
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HSo S FUSEE

= Bit error performance of unipolar and bipolar signaling

10— T T T T T T
05+ —
fil : BitE Prob.]
tie name : Bitkrrortrob-m | Matched filter reception
10-" of unipolar baseband |
signaling -
Ep
2| Q42 i
1o (VE)
A r |
£
3 103 e
©
Q [~ =
[
Q
§ 1041 -
‘ﬂ-) — p
= 2Ep
- Q( 2B,
o
10-5 | No |
L Matched filter reception |
of bipolar baseband
signalin
10761 ¢ 9 N
jo-7L—L v 0
-10 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Ey/Ny (dB)
Figure 3.14  Bit error performance of unipolar and bipolar signaling.
CIXIE S (Digite. ——......., 183

/AT

JIMHE CXE ds

XX
X} S8 B AAW e —>(i§§a)—)§"o—> agy s X}
o I t=kT
Von T e
- T zs
(a)
P BA A2
N
H(f) ~ >
i} 4+ o T ) —s 2z —{X,}
i i 7z
- E EJ/ \f t=kT
Lo ETE
ro — T zs
b I O
(b)
2HE NEHNA AE 22t
(a) @EFOI I MU CIXE AIAE (b) SOt 2¢
CIXI € S4l (Digital Comm.) 184
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b2k

—

Mg 2

MUY CIXE dS

= MM SIHAIAE dE

oo

A
s

H(f)=H,(H(H.(f)

0IIIN,  H,(f)
H,(f)
H,(f)

>

© S AICHO

o
(AL gwL

&

0
e

D HE0AM OPIEl= BHE St

=

e

D =l/SE

CIXI€ S4! (Digital Comm.)
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JIMHE CXE ds

AE 2t 2t
- =2t 2HE 2 Tloh)| 2t A HEZ 0w ZA el
o W=1/2T=R /2(Hz)2 HHES 2= AlAE
h(t) ideal Nyquist pulse
H(f) ¥q P
h(t—T)
T___
f
w0 s

(b)

a) B &4 (b) h(t)=sinc(t/T)

T
H(w)=Ti rect(]f ),

rec{i) <~ rsinc(rf), fO < F(f), F@) <> f(=f) :Duality

nr :% N h(t)= sinc{%)

CIXIg sS4l (Digital Comm.)
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JIMUE CIXE &S
Mg 2t 2

| W =1/2T =R /2 hertz ©! AIAEI0| XI® Jbss 204 B

=1/T =R, symbols/s (Nyquist bandwidth constraints)

£ I (symbol-rate packing

)
fI=0t(H)E JtsSE 2 &2 IS

=
2r o oS E

=—=—=2 (symbol/s/Hz) : A2 2t 2HH0| el B
R /2
CIXIZSA (Digital Comm.) %N\C NL 187
IO CXE &S
AE 2 2H
Qals 2282 20|)| |t 2A 4
= 22 DARI ZH (raised cosine filter)
- LHOIAAE A2 AHECcZzE & 2Dt
- OIZHOIHAO HHES S (HAZ LY
1 . k2w -
T\ 4w -2,
H(f)=dcos?| ZLL I =W | o g rlew
f) [4 W, 0
0 . W
CIXI& =41 (Digital Comm.) %.MC NL 188
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0z
[l
A
A
x

MUY CIXE dS

GIIM, W 22U U=

Wy=1/2T : 24 LOIHAE (A=

(-60B HE E= FZO

o=

ZUUHEZ W -W,
- 22IZ A= (roll-off factor) : r = M 0<r<i
WO
- 22 2U4
(fractional excess bandwidth)
CIXI€ S4! (Digital Comm.) 189
JIMUSE CINE @
AlZ 2t 2

r=0
10 //r:M

/ e r=1
0.5
| |
4 F L o9 2 1 3 L d
T 4T 2T 4T AT 2T 417 T
_VVO (a) I/Vo

CIXIE Sl (Digital Comm.)
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0z
[T}
RS
A
0z

JIMHE CXE dSs

h(t)/ 2w,

\ cos[27z(W -W, )z]

hU):N%@mCH%UI—HWﬁJVﬁF
0

-3T 2T ~ -T T 2T AT
(b)
=8 D AO! ZE(raised cosine filter)2 S4&
(@) Mg e (b)YBASY
CIXIZSA (Digital Comm.) % MCNL 191
MUY CNE @
A 2t 2

po1: R70HE Z0 HHZ0] 100%2! B2

— 1symbol/s/HzS| IEE IHZ S &

= =}

olo

al

_ OlH}IE

gerHel

el

Al

W=%(1+F)RS MU slsol &

W=(+r)R, S 59 &

CIXIg sS4l (Digital Comm.)
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|
~J

~J

T

<0

= 0}0| IHE! (eye pattern)

©
R0
Hir
on

010

o]
a0

<l

o)

eye opening) Ofl

JHek(

—
o

chel

ﬂ
ol
~J

e

o]

H
ol
Rr
m

of
H

i0J

Ky
i
iof
<J

-

H]
I+

ol

3+

ol

&3

ol
~
Klo

D
~J

.

~J

H

<0

o

JH
M
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JIMHE CXE ds

|
~J

~J

T

<0

i
i
ol ! <
- . Al e)
D8 i K
[ m.m.o i =
@ mu _x__.. ,,,,,,,,,,,,,,,,,,,,,,,,,,,, Mw %
= K7}
£ 2
) "
i E}
~J i =
= : S
al.d iioJ
il : o
I# i M
Rr i ~
iKY i A
i o
. v Pl
S U i =)
E A0 i 20 A
T 0ol al ! N &
m A ) ! o)
E <O i N o1
e ! -
5 ! <0
s I
H
=
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MUY CIXE dS

S3D|
a s3k|
o= (EES]
CIOE 2+ 0wy e POV S50l
AT I e A AT _’@ A N R A T
"o
S31718 i3 Al B2
= WE= EHS 2HzE E8E = US.
H.(f)=|H.(f)e"”
= QA& Lo E=2,
() DFE 2
o(r)  fOI Wet B0l g
195
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JIMHE CXE ds

= S3IIE AMSoHA 2 Z2 A AMAE Flts+ SE

H(f)= H(f) H.(NHH, ()

CIXI€ S4l (Digital Comm.) 196




oin
fon
s

MUY CIXE dS

= SSHIIE AME

ot

A2 AL ANAY =

i
0l0
0

1t

H())=H,(NHH(HH (A (])

H(f)=

SaDIet =410 2HE DHE Fh+= SE
il

= OtcHet 20l 52

H,.(f)=H,(f)H.(f) € Raised cosine filter

H() 1H()

1 1 J(=0.(f))

(94 e 2=H)

CIXI€ S4! (Digital Comm.)
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oin
ol
S

JIMHE CXE ds

- S3Jlel B8

INE

JIE0 et 27

i
oo

0x

Im
[
[>
T
iz
on
ol
>

b
b HU
0
0

23 A& s3Il

He s 82
(the automatic
nature of operation)

MNE & H(preset) S|

& S (adaptive) S&HJI

ZEQ OO0IE =
S (rate)

0
L8

2t (symbol-spaced) S3tJ|

2t (fractionally spaced) S3tJ|

I
AL

CIXIg sS4l (Digital Comm.)
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MUY CIXE dS

z(k)= ﬁ: x(k-mn)c,

n=-N

k=—2N,-,2N, n=-N,-,N

CIXI€ S4! (Digital Comm.) 199

HW #3

OAS2AH 3.2

O AS2KH 3.6, 3.7

O AS24H 3.8, 3.10

0 Raised Cosine &%=(3-78, 3-79) MATLAB2 Z 112I7|
O Due date : 43 14

CIXI& =41 (Digital Comm.) % MCNL 200




S0 CIXE &85

(Kl 4Z)
LI XIZ 4! (Digital Comm.) MC N |1 201
=Xt
A S CIXNE HE
QItRAI ESSEUAL Al HE

AHE E A= 27 ds
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e S0 CIXIE X

YSUOXE ds

0 Bandpass Signaling

Formatting Source Coding Baseband Signaling Equalization
Character coding Predictive coding PCM waveforms (line codes) Maximum-likelihood sequence
Sampling Block coding Nonreturn-to-zero (NRZ) estimation (MLSE)

Quantization X Variable length coding Return-to-zero (RZ) Equalization with filters
Pulse code y ysis coding Phase encoded Transversal or decision feedback
(PCM) Lossless compression Multilevel binary Preset or Adaptive
Lossy compression M-ary pulse modulation Symbol spaced or fractionally
PAM, PPM, PDM spaced

Bandpass Signaling

Coherent

Channel Coding

C
Hybrids

Noncoherent Waveform Structured
Phase shift keying (PSK) Differential phase shift keying (DPSK) W —
Frequency shift keying (FSK) Frequency shift keying (FSK) b -ary Zlglna ing
Amplitude shift keying (ASK) Amplitude shift keying (ASK) ntipoda Block
i phase i Conti phase ion (CPM) Orthe . Convolutional
Hybrids Trellis-coded modulation Turbo
Synchronization Multiplexing/Multiple Access Spreading Encryption

Frequency synchronization
Phase synchronization
Symbol synchronization

Frequency division (FDM/FDMA)
Time division (TDM/TDMA)
Code division (CDM/CDMA)

Frame synchronization

Space division (SDMA) Hybrids

Direct sequencing (DS) Block
Frequency hopping (FH) Data stream
Time hopping (TH)

Network synchronization Polarization division (PDMA)

Figure 4.1 Basic digital communication transformations.

CIXIZ S (Digital Comm.)
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S0 CIXIE BHE

eSUOXE ds

QLXE #Hx

= JH2l0 AS 2o LA SHEY
s(t) = A(t)cos 6(t)

OOIM,  Alf) : NP RE

O(t) =@ + ¢(t): Al
W

$(t) : 2

rc

FS 11O

STESES

B2

CIXIE Sl (Digital Comm.)
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HASHUOXNE ™S

= COS W, + j Sin w,t

S4f(inphase) = 1)(quadrature)
N e

ST

AR
(54
CIXI€ S4! (Digital Comm.) 205
HYSUCXNE S
CHE S CIXIE HE
SAX O i =

’J

s»”coswwzmMMAMAAMAAA we |
(2) PSK ”W(M YRR |

0<t<T

0

«— T —ble— T —fe— 7 —>

s(0= Ecoswﬁm ‘
T AWAWAVITTTInY
() FSK 5 m VAR AR AR

0<t<T

«— T —dle— T —>le— 7 —»l
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YSUOXE ds

e S0 CIXIE X

5.0 =250 ooy +.9) M=2
7 0N AL | t
(c) ASK 12 M TV T wl)

0<t<T

«— T —>e— T —>le— 7 —>!

M=8
s,(H)= cos [yt +.(0) v.()

AN
(d) QAM(ASK/PSK) ......... W \\/ v, \/ \/ VARV %/.G)
OStST

— 7 —>le— T —>l— 7 —»

CIXIE S (Digital Comm.) % MCNL 207

eSUOXE ds

= A& B0l 91 (PSK: phase shift keying)

s,-(t>=1/%cos(woz+¢,(t>), O<i<T, izl

2ri i=1,

OIIAM, qﬁ(t)—

E: M2 04X = jOTsf(t}it
T:

D}
it

A= Al

= FIhz= B0l 1Y (FSK: frequency shift keying)

5 ()= —COS(wt+¢) 0<t<T, i=l- .M

CIXI€ S4l (Digital Comm.) 208




HASHUOXNE ™S

CHE S CIXNE HE
= &= #H0l 31 (ASK: amplitude shift keying)
2E (t
5;(1) = %COS(%IW), 0<(<T, i=l-M
- 2% ASK (on-off E0|24l) S AWM ASE S OX g
[e]

= 2 XM= HXE (QAM: quadrature amplitude modulation)

Siﬂﬂ/@cos(a)owmt)), 0<t<T, i=lo M

CIXI€ S4! (Digital Comm.) 209

eSUOXE ds

HEEW CXIE HE

OQPSK B£(9.8.1& &X)

o1 N e

o () 1 M

ZE%%;IE + > s(t)=cos[w,t+06(1)]
oo

*
o @_ 0|0
dy(t) J i
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HASHUOXNE ™S

0>
U
m
i
10
O
2
wn
~

+ 8

d, dy, d,

O T 2T 3T 4T 5T 6T 7T 8T

+1
o o . d, d,

t

2T 47 6T 8T

O o d} ds d 7 ‘
t

2T 47 6T 8T

|
o
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eSUOXE ds

eSS0 CXIE HE

- d (t)=d,d,d,, - N CO0E 2EY
- d,(t)=d,.d,d, - SYSU0H2EY
- d,(t)=d,.d,,d;,.~- HUCOH 2EE
- d, (1) dy(t)E d (1)BIE 89 BE (MEFI1= 24H)

- QPSK It&
s(t)—\/_[d (t)cos(w,t + )+d (t)sin(w,t + )}

= cos(w,t +6(t))

do(1)
d, ()

0JIM,  O(t)=tan""

CIXI€ S4l (Digital Comm.) 212




eSuOXE S
HESU CIAE HE

- QPSK =X

T . T _
cos(a)ot+zj o sm(a)ot+zjjf NE Xt e, 242

BPSK &l&2 22|t BZ Jts
CIXI€ S4! (Digital Comm.) 213
HAYSUCIXNE WS

HE S CIXE B

[s]pmbj}

Mg EolY wasal -
=gl wa|
HlwI|
il L
QPSK =Z|
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HASHUOXNE ™S

- dsE cos(wyt +7m/4)
U S cos wyt
O VR TR | I
d,.dy)
, Y] i sin(awyt +7/4)
- (-1
R
T sin ,t

QPSK 2t OQPSKOll CHEH IS B2tE

CIXI€ S4! (Digital Comm.) 215

eSUOXE ds
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HASHUOXNE ™S

2 CXNE B

(40
ar

tH

H

R
R0
1of
3

05

s

0s

05

&

05

05

15

Ik
40
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eSUOXE ds

U COXE 3

)
ar

CH

- OO0l &

218
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HASHUOXNE ™S

HE S CIXIE HXE

-2zt 0010 I
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eSUOXE ds

HEEW CXIE HE

0 Offset QPSK (OQPSK)
* QPSK2 OQPSKS| Xt0| &

A AEY (1) % d,(t) 2 EHOIZOI T &3 XHOl L b

e

OIIM, T:HBIEXISAIZE

CIXI€ S4l (Digital Comm.) 220
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S0 CIXIE BHE

YSUOXE ds

IR

gy
|

NV\J ‘_~_’

S0l

cos(ayt) @

-+

W

sin (1)

&)

OQPSK HZD|

S
ﬂ -
0.5T,
N7 }

A

CIXIZ S (Digital Comm.)

S0 CIXIE BHE

eSUOXE ds

- OQPSK
d, (1)
d, dg
L L t
d. d,
-T 0 T 3T 5T 7T
dy ()
d, ds d,
d;
0 o1 47 6T 8T

OQPSK CIOIH AEH

CIXIE Sl (Digital Comm.)
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HE S CIXIE HXE

HASHUOXNE ™S

CIXI€ S4! (Digital Comm.)
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HEEW CXIE HE

eSUOXE ds

- QPSK2 OQPSKY &l It

,<—d 1—>,<—d =— ¢
!
|
|
|

M\ﬂ/\/\ﬂﬂ

N LVAVERVAVRYAY

(a) QPSK

dy=1—> : d:—l_"'_dA:I—l—N‘—d*l_"
1 | 1 1
1 dl:_‘ o dJZIJ : dSI:1_>:n—d7—Tl
o T T
1 1 1
¥ 1 1 1 v
1 1 1 1 1
I 1 1 L 1
! p ! [\ H !
1
] i

(b) OQPSK

t
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HASHUOXNE ™S

AR TR AR
MMI\WMHW W
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eSUOXE ds

o E &
CHeE S CIXE HXE
- ASE 8N
£ 15
1 1
05
a o
0.5 05
1 i
1515 1 5 o 05 1 5 135 1 05 0 05 1 15
sag apg
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HASHUOXNE ™S
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eSUOXE ds

HEEW CXIE HE

- 32t 0ol

CIXI€ S4l (Digital Comm.) 228
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YSUOXE ds

& A0 A 2 (sidelobe) CHAl 0t

Restored sidelobe

229
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eSUOXE ds

S0 CIXIE BHE

Out-of-band interference S
sNoz =
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YSUOXE ds

e S CIXIE HE

Oz A &0l 1Y (MSK: minimum shift keying): 9.8.2&
- iz QA E=DM4 A0l I|YU(CPFSK)2 S8t HQ
- HE A2 JIEIES JHXs OQPSKS St B2

s()= cos[Z;z[fo +j—})t + xk} KT <t <(k+1)T (9.46)

Phase of the waveform should be continuous at t=kT for d, =*1
k .
X [xk L+ 4 (dk l_dk)} modulo 27 <= x, =0 or 7z during each T -second

Equation (9.46) becomes

! cos 2afyt — b, sin o7 Lsin 2afyt, kT <t<(k+1)T

s(1) = a, cos 2=
N=q T

where
a, =cosx, =*1, b, =d cosx, ==+l
CIXIZ S (Digital Comm.) % MCNL 231

eSUOXE ds

eSS0 CXIE HE

0 MSK (cont'd)
‘s(t) =[d,(¢)cos(w,t) cos(w,t) + d, (1) sin(w,t) sin(w,t)],
KT <t<(k+DT

OOIM, d, S d,= 2% HOIE 45
T
oTE AE XS A2, @ = —

- 2T

=

rr

= §(1) =cos(w,t +a, %+ ?.)

0191,
1, d,#d {O,d,zl
a, = =
-1, d, =4, Tl r,d =1
t t
i
232
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HE S CIXIE HXE

HASHUOXNE ™S

= MSK ##XJ] &

d, (1) N 5,(t) (N
S )
" *— cos(%j p—A cos(wyt +6,)
dlt =g > SMSK(Z)
— N . C@—'
2 2 -
L, Dela /\ /‘\
dQ(t) T Y @ SQ(t) @

MSK B 2|

CIXI€ S4! (Digital Comm.)
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eSUOXE ds

Susk (t )

@ns)r
X 2-"(27171)T ()dt
7t
Acos(ayt +6,) cos|
T

o b

(2n+2)T
2, O

MSK S|

@l olEf
el [ s
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d, d, d, d,
¥ AN =1
d,(t)cos(mt /2T) (a)
eS| + 1,/
-T T 3T 5T T

d,(t)cos(mt/2T) cos w,t Z / \

2 4 H0l 3| 2(MSK)

(a) +HE I HIE ASY (b) W& SHE | HIE AEY
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eSUOXE ds

HEEW CXIE HE

d, d; ds d;

SRV

d,(1)sin(at/2T)

dy(0)sin(a | 2T sin ot A \//\ \\/ /\ \/\/ / v )

» N AIATA |,
JIkY

Z 4 H0l 3| 2(MSK)

(c) +=ZE QHIE AER (d) 2SIt SHE QHIE AER (e) MSK IHE
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YSUOXE ds

e S0 CIXIE X

O MSK Modulation2 E&
= Waveform s(#) has constant envelope

= There is phase continuity in the RF carrier at the bit
transitions

¢ FDHEO = HIESO! %= (f+ {55 )5

Power spectral density for QPSK and OQPSK

_ sin 27T ’
G(f) —2PT[72W j

Power spectral density for MSK

16PT( cos24T )
GN="x [1716]‘2sz
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eSUOXE ds
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e |
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- NEE HaE
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HEEW CXIE HE

eSUOXE ds

- Ot0l &

156

L
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HE S CIXIE HXE

HASHUOXNE ™S

- 32t tolol I

0.5
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05 0 0s 1 15

1
=
1
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O
O

QPSK &S OQPSK

>

0

g
N

MSK &S
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CHesS3 CIKIE "X
- 2 BIE YAlo HASE MY ABEY UG
0
/A NI

—+— OQPSK and QPSK
—— MSK

o 5 ¥

2 1&%\ =

-30

-40

Normalized Power Spectal Density G()(dB]

-60

e

A
i

-3 2 -1 0 1 2 3
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eSUOXE ds

HEEW CXIE HE

- BPSKS ¥ = 2= QPSKel %

- MSK= (0)QPSK 20t 4 &2 7

™ (sidelobe)2 JH&

- MSK AHEZH WA =L (mainlobe)2 (O)QPSK 2t O W&
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OQesSuUCXE S
CHeES3 CIKE HE
O &A= X(QAM: quadrature amplitude modulation)
~ QPSKO| =2| &0l &t&
- S io SYNO XNE BIXE HENZ 24
- QAM &5

s, (1)=Re [(Amc +JjA,, )g(t)ejz”fft}
=A,g(t)cos2nfit—A,g(t)sin27f.t

m=12,...,M, 0<t<T
0IIM, A, %A =384 MU=

g(ne s BA
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eSUOXE ds

[l
rg
g

dt CIX

12
O

CH

COS Wyt
X — LPF x Aé—
s(1)
y %

Y —— LPF
l’ly

sin @t
(b)

QAM B X
[=]=]

=2 =

(a) QAM B ZD1. (b) QAM HE
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CHE S CIXE HE
= 16-QAM
Y
[ ] [ ] [ ] [ ]
o [ ] [ ] o
X
[ [ ] [ ] o
[ ] [ ] [ ] [
16—-QAMS AISE J4E
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eSUOXE ds
HEEW CXIE HE

ey
ﬂl, R cos(ayt) @ : W lmw‘l‘l
TGN

16—-QAM B X D)

[eXelieTe]
[e)e][e]e]
[eXelKeTe)
[eX"J¥ele)
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4to2
level

]
v

J”W/\‘ \\Wﬂ‘\w\““‘““\‘

BTt
=8 d=680d gyNgl——»
= CE3]

S
-~ b @I L 4to2 |,
— level

16-QAM S Z7|
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- OO0l &
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eSuOXE S
HE S CIXIE HXE

- 32 OOl O
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eSUOXE ds

1072 p—

=

Eln.dh
Figure 10.18 Error probabilities for binary digital modulation systems.

SN in dB

£ 10-5— 2,
¢ Coherent PSK ¥ i
{0 DPSK :
Cohereat FSK (max) . 10
ek Calierént FSK |
0= {orthoponal) .
Noncoherent FSK I 1%
0 !
§ | (ol
|

Figure 10.45 Probability-of-error performance of M-ary PSK, QAM, QFR,
and M-ary APK coherent systems. The mean-square 5/N is specified in the
double-sided Nyquist bandwidth that equals the symbol-rate bandwidth.
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YSUOXE ds

Y S CIXIE B
DBELA 8 P8 2XE {1
BPSK
QAM, QFSK
OOPSK
MSK
CPF SK aptimal detection
ol M-ary PSK
; r\l’k
]-'“" Complexity High
‘—D‘QPSK o 1979 IEEE
DFSK

CPFSK —discriminator detection

FSK —noncoheranl detection
——— (0K —envelope detection

Figure 10.47 Relative complexity of representative modulation schemes.
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II2AS ESEBUAME S BE

eSUOXE ds

O Z & A= (Decision Rule)

= d(ris)= s 0

oIIIA, Il
r

S

1

=r0l G0 AXNE M, s, E 28

C A
- T

FEADNEEE 8

D 8lE x2 37|

S g

[
[

HE

MHA
=
fol

)
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YSUOXE ds

Scatter values
of s+ Il
r=s,+n
55 [l =l
Scatter values
T of S;tn
0
u l//1(t)
Ao 2
|
22X AlS B2t
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HHSUHCIXNE S
() A=5 (@] S H=
Jt2AISt H3SEEUHAMY S HE
Q &2k =410
RN
r(t)=s,(t)+n(t) ,0<t < T, i=lew,M
i |
OIJIA, n(f): JHte Ba JAIQ &S =
Reference signal .°
T &= KSA2H s1t) —s2(t) = A
- 2E DH £
o) I’ 2(1) 2 0
rt) — :
e o [ [T
— r(t) - z,(T) _'_'ﬁéf_e;ri;')ciiéﬁzﬁ ''''''''''''''''''''''
NS E
OO
s (1) &€ ;
— ,() @) Hef:;etr)]c:e_s:gnal Z(T)Iéw% |
H,
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esSuUCOXNE &S
S Ed=

2 (T) = jOT r(t)s,(t)dt

T4E IHX D AU s(f) &

=

—MINQ &2D|9 S2 NI A2tD|o S2 Al
N

Si(t)zzaijl//j(t)a i=
=

L ,M; N<M

-> Choice of s,(¢) is made according to the best match of the
coefficients, a;
CIXI€ S4! (Digital Comm.)

B8 ly,0) =L,
2 28 Jts (M2IM N<M)
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0
o

d0lA2 Al

HHSUHCIXNE S
= =
S 8=
Reference
signals
s1() i Decision
2(T) =j r(t)s (t)dt stage
J-T 0
0
: Comparator
r(t) = 5;(t) + n(t) —— E : . SEIe\JﬁtShsi(t) - §(t)
sy () max z;(T)
T
% 23(T) =j r®)sy@)dt
J'T 0
0

JNENSE {5,(2)}8 L= &3] =41D]

Yy MCNL
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HHYSUHCIXNE S
II2AICt HESBEUAMY S HBE
Reference
signals
e Decision
21(T) =I:r(£)w1(t)dt stage

l -

Logic circuit

selects s;(f)
. whose
r(t) = 5i(t) + n(f) —msg ¥ : : components — §;(¢)
Wy l(t) a;jbest

match

NsM an®) = [ ot (z;(T)
J-T 0
0
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eSUOXE ds

- z()=z,(T)-z,(T) : N& SH &

BHA

z(T)=a,(T)+n,(T), i=1,2 :Forbinary system
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_ B _ VEETSp RS
2N BESEE0UA2 M HE

= 28 A =41
Reference
signal o
s1(£) — sa(t) Decision
stage
T | 2(T) = a;(T) + no(T) Hy
r(e) | 2T) 2 b 50)
0 H,
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HHESHUCOXNE S
Jt2AlICHE

0/0
rigr

dolNe ds HE

Reference
signals
s1(2)
® IT 210 Decision
0 stage

z(M =

% H
el ol G D+ RO o 2y | i)
/

— Hy
% J-T za(T)
0
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HYSIOXE s
IIAICHESEZNAME MS HE
= 28 AT Z2E LA
- XA =2 &4 (PDF)
2
1 z—a
p(zls)= —exp[ ( 21)]
\/2720 g,
—(z—-a
= o=, 22)]
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HHSUHCIXNE S
Jt2AISt H3SEEUHAMY S HE
23
21
o

o

z(T)

PA

Y

0
o
1]
e

cess: p(zls), p(zls,)
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YSUOXE ds

II2AS ESEBUAL LS BE

'
>
|

— 2ot (D) >y, , 5 () 2F
grot z(T)<y, . s, (1) 2F

z2(T)=y, 2 22, F A SolLE o2 &

04

= (=R

- OIUXIOr 20 UM 50| S2st HE 4SS (antipodal signal)
s;(8) ==s,(2), & ="
- 7,=0
AT)2 7, =0

Hy
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Decide Sz(t) otherwise

{ Decide 8,(?) it z,(T)> z,(T)

_ eSUOXE ds
sJ| 2 HIsJl &2

=

U Coherent detection of PSK
= 2%l PSK (BPSK)

s, (1) = JZTEcos(a)ot+¢), 0<t<T
2E
sz(t):—‘,Tcos(a)ot+¢), 0<t<T

l//l(t):\/%cosa)ot for 0<¢<T

5. (1) = a,w (1) = VEy (1)
s,(1) = a21l//1(t) = _\/E_Wl(t)
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_ HHESHUOXNE S
S HISI) 8=

0 BPSK (cont'd)
Expected values of the correlator receiver with v, (f) for Fig 4.7b (1l ©F 275p)

Eley )= [ WE@ O +nto 0 )i |

=E J'T gﬁcoszwown(t)gcoswot di |=JE - o
0 T T

Elz. 5. ]= 8| [ |-V 00) +ntow o)} |
= E{J‘OT {_;\/Ecosz Wyt + n(t)%cos a)ot}dt} =JE

Decision stage of correlator receiver chooses the signal with
the largest value of z;(T)
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_ HHESHUCOXNE S
=P [E==R =

o -
D MPSK | % I % ° ° o oherent or
Synchronous
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YSUOXE ds

S L HI=sI B=
s;(8)=a,w, () +a,y,(1)
27 . (27
=vE cos(th//1 )+ \/Esm(th//z (?)
0<¢t<T, i=0,---,M -1
- M=4 (QPSK) ¢! 32, MPSK 4l& &&E & SLotH It &0l
CH= (antipodal) 2t = 1 (orthogonal) HHES| X2 B S

- 2T AANSS NS BAS M=4 9 NHS2 =22
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eSUOXE ds

w,(t)
= i 2 3 ~>\7”:
,
Sy %,
| i
o 3 =
| il
Wb '18"' v, (®)
So LN Jl ¢
|
“‘\)y
S N4
— ool 4 T————\
M=42 [ 815 22D 2 ¥
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YSUOXE ds

o -
S E US| &=
y1(t) = 2 cos wot
1 T 0
X T
7 = [ rowiwar
0
2 . Y tf) Compute Ch i
rO = @ =\ sinegt [aretan T e allest [ S
é I,
0 T
Y= jo r@©)ya(t) dt
Figure 4.12 Demodulator for MPSK signals.
MPSK £ x|
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eSUOXE ds

2E 27 . 2m .
r(t) = ,|[——| cos —cos m,t + sin —sin ot |+ n(t)
T M M

- n9l 2=
T
X = [ r(y,(Ddi
- o9l 2=
T
Y = [ r(Ow,(0)d
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_ HYSHOXE WS
S| H His)l 88

Quadrature

Y:|Pt sin 0;

L = Inphase
X=Ir| cos b;

2 Noisy estimate
=grctan ) {of transmitted o;
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_ HASHONE @S
sJ| 2 HIsJl &2

o] &= H =
D FS K-—l S jl [==] % ° o o oherent or
= FSK A5 I} & Synchronous

= 2| = W (orthonormal) &g
2
w, ()= ?cosa)jt

r 2E 2 NE, i=]j
aU:J‘ ——coswt, | cosw;tdt = )
oN T T 0 otherwise

>

>
fol
E_I
02

H=232

ol
n

19l M MEadl 27
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HASHUOXNE ™S

= 28 ZHle BHOZ A EHe BEHCZ B
= XA 2AE HA2 PUE RS EHU= Z2HIAN HH o=
A2 SHA0 HEE NSO Sot=XE 28
___—» 50155 H&8 2 — Noerror!
r(s;+n) =4 \
CE XS E d&Es 3R —— error!
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eSUOXE ds

Decision
boundary

Wy2(t)

Region 2 /,T‘\

\E

%
¥
N

25
Decision : /A?/‘
boundary

// Region 1

/53 /

wy3(t) Region 3 Decision
boundary

Figure 4.14  Partitioning the signal space for a 3-ary FSK signal.
3& FSKAISOl CHEt &lS B2t =&
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S Z BlsI) 88
O XS PSKel 28 (HIS0| 28)
- A8 BT N IIFES X s
= 018 Mot 22UIAS Ets S SXE S AY INELZ ME
- QIBEE £ NSO N HE AE .
= BADI0AM XS RS8R
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sJ| 2 HIsJl &2

eSUOXE ds

25X Ol Coherent detection2] & 2

J2/T sin ot

ke /S wh
4 Al Yl
:
¥ ()
DPSKQ| &l B2t
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_ HYSHOXE WS
S| H His)l 88

= XS PSK (DPSK) o 212 ¢

EE2 Nk of1]2]3|4|5|6|7|8|9|10
HE HAIX tp1foft1f{oj1{1]{o]|o|1
s RS OAIX (k) t11l1lolol1l1l1lol1]1
LI BI0IBL, 6 (k) A R N RO E R O R R

c(k)=c(k-1)@®m(k) or c(k)=c(k-1)®m(k)

s 258
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_ VEESSp R ES
S E HSI B

= XS PSK (DPSK) & CI2¥
r (k)
T ..
r(t) - Decision 45
.[.3. stage 5(®)

Coherent detector

Delay |
T Reference

= {\/? cos(a,t +0(k))- \/? cos(a,1 + Ok —1))}dt

Y

_{E m(k)=1
—E m(k)=0
A HAIX, m(k) 1101 01 10 0 1
s 250
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_ HESHONE 8s
S| 2 HISI &=

PSKZ2t DPSK ==41J]2] Xt0|
= PSKE JIE 48152k Correlation
= DPSK= 0| & A& 2 Correlation =3

DPSK #=4lD]2 &&
= Errors tend to propagate to adjacent symbol times

DPSK #=4l1D]|2] &=
= Approximately two times (3dB) worse than PSK

DPSK =4l1DJ|2 & &
= Reduced system complexity
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_ eSUOXE ds
SJ Y HIS) 2E

U FSKe HI=sJ| &A=&
= FSK &S

s,.(t)=4f2TEcos(a),.t+¢), 0<t<T, i=lL- M

= H|SJ| BFSK
- &1 2=4A1D[(Quadrature receiver)2l 22 At o=z S)| HED|

B0 S b 22 25 BZS B
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HSHOUXE s
SJ| ¥ HIs21 &

[1A]

I HEW! Qg AE SH
a2 A= IERR= 2%
w/2/€ cos ot _ -
Tz, 22 ..o AN X= ZR26H YS!
—® [ [ (e
e l zl+ 22
1 2
«/2/{ sin @t C
R ErON z;
®QiHu L= (-)2— ! 2y
h Ty | e )
F(t) - N2/ T cos  ,t @D_> H, — S"(t)
2 - A1) » 0
> - .[aT ZS(T) 4 (')2 = I‘?z
| Jhe l 2
2 /{ sin @ ,t T
ARG z
L » 4 . 2
®Q He L ( )
W 41D 8 0128t BFSKY HISI| 2 &
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_ HASHONE @S
S| 2 HISJI E&

Operation of non-coherent BFSK Demodulator

z,(T)= J.OT \/? cos(m + ¢)\/% cosw;t dt = E jOT {cos(2mt + ¢)+cosp}dt

T
=+ E cos¢
r [2E 2. JE (7. .
z,(T)= IO v cos(@t +¢) T sinwgt dt = TJO {sin(2e,t + ¢)+sin g} dt
=+ Esing

Thus, z} +z} =Ecos’¢+Esin*¢=E - °

When @, z0w, — z,T)=2z,T)=0
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(=] ==
S H blsI &HE=
= EZStM 2IJ|E 0128 HIsSJ| MFSK 2 &
W= T2 B =1 Rectifier + LPF
JEENESTES NS .
e St ZE °
g Zad | 2D
£ 2|
D:IJCC;I
g mate | %D , 8
r(t)=s,(t)+nlt)— Ao ] zma )
. . CHA|
=5 Zatd | oz(D) .
4 T 2
IBRHSI A& — whmzzl >

FSKel Z&td HWMIIE 0
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eSUOXE ds

- Envelope detector= Analog Filter2 Cl X & g4
discrete Fourier Transform2 A& - CostIt St

- Quadrature receiver= LSIZ M EotAH 28 Its

al =
S Z HISI B
- AIDI= S A0 HEEX 2D ASel Tt FE
- 9lN HE BRI 28
o2 REsias

A2 &80l Quadrature receiver2CH 8

S0l

- metd Eat
He O =&
288
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[1A]

JI & 8l

O
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2t

ol
x

(]

X1 FSK 4l

2RLE € 24

£ 2t (Example 4.3)

= HSI| MW FSKe| 2 F & 2t

1

Pﬂ

fL—fi=— Hz

o

= SJ| Al FSKUIAS 2l 27 & 2t

1

fl_fzzﬁHZ

= Coherent FSK is more banawidth efficient
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Example 4.3& X
o

o
A
ne

HISII E&

eSUOXE ds

Tsine(f - f,)T
T sin c(]“— £

Tone 2

— UTH:
/o

Z W FSK AIS 3o HIS)| HBES A8 2L E 2t
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HE 2% 2 8= 2] ds

YSUOXE ds

= Binary Modulation J|&2

(=}

ds dlu

TABLE 4.1 Probability of Error for Selected Binary

Modulation Schemes

Modulation

PSK (coherent)

DPSK (differentially coherent)

Orthogonal FSK (coherent)

Orthogonal FSK (noncoherent)
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YpvenL

eSUOXE ds

Bit error probability

HISI &1

Eb/No (dB)
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HASHONE @S
HE 2LF E =27 4

oIr

O Shannon &2l
= Shannon Ml 132l

If the entropy rate R is equal to or less than the channel capacity C, then there exists
a coding technique that enables transmission over the channel with an arbitrarily small
frequency of errors.

R<C

= Shannon Ml 2&¢2l : Hartley—=Shannon &2l

The channel capacity of a white band-limited Gaussian channel where B is the channel
bandwidth and S/N is the mean-square signal-to-noise ratio becomes as following:

C=Blog,[l+£j
° N
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eSUOXE ds

|a=ol @2 &5(P) U E/N, 24

pal
Ja
ro

L PO E/N, =

Shannon-Hartley Capacity Theorem ‘

N
C=W10g2[l+ﬁj

Ey/Ny(dB)
|, —Shannon limit \

-1.6dB
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—
HE 92 2 AE 98 Hs
= M A NSt
- K BIESE 28 45 d ¢E
- K BIESE 2 Y= S0t
= ME R S S
- K BIEsE 28 45 Mot ¢E
- kKOFEIE S 2 HEE 2A(HI0IE 88 55 DF Al
ooIA, M=2"
= HEX HA MHEIE
- Error 85
- Complexity, bandwidth, throughput, cost S 2 1ot 8 E &

CIXI€ S4! (Digital Comm.)

295

Bit error probability, Pg(M)

eSUOXE ds

1 - T ] 1
ES
i P (M)< (M -1)0 :
L N,
10-11 10-"
: s
I ] &
102 4 é 102
E 5
9 @
a
1 o
1 s
109]- | 5 10-3
i ] s
L @
104
1074
- 10-5 ‘
1078 = =10 30
EpNo (dB) Ey/Ny (dB)
Fig. 4.28 Fig. 4.29

Coherently detected M-ary orthogonal signaling Coherently detected m

ultiple phase signaling
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HHYSHOXE ™
—
=28 48s
= BIH 2HFOAH 2 MPSK &l
Z23 3A
(oL 52 oL D,L,
S, . S S3 ‘ S 4
S4
M=2 M=4 M=8 M=16
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UYSHOUE 8
—
HE 2F L &2 2LF ds
OME AIABIC] MELEEE
= SJ| MPSKS & E22FEE(PHM))

O1JIM, E =E,(log, M), M=2"
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Symbol Error Probability

I\ .
5 0 5 10 15 20 25 30
E, /N [dB]
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HE 2F

eSUOXE ds

—
LVAN=ELE LS

=P

MFSK2l & 22 F &S (Py(M))

OIJIN, E =E,(log, M), M =2"
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HASHUOXNE ™S

10°

Symbol error probability

10°

L L

-5 0 5 10 15 20 25 30
Eb/No (dB)

10°
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eSUOXE ds
HE 2F € &= 278 ds

- HISJ| MFSKS &lZ2 Q255 (P (M)

-1 E

PE(M)< > exp[— 2]\‘}0]
OIIAM, M L
n) n(M-1)!

E =E,(log,M), M=2"
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v W N
!

Symbol error probability

N
Ov
S

10°
-10

15 20

Eb/No (dB)
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eSUOXE ds

(Sl e 5 o)

OiJIM, E =E,(log,M), M=2"
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HASHUOXNE ™S

Symbol Error Probability.

E,/N, [dB]

25
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AN - O | =
o-l 1 [ —
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Jio
ba!

Q&3 fA01I1?
O Mutual Information
age sz

dShannon’s Theorem
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L0182

A 2 (Information) gt £4010} ?

U Information
= |nversely related to the probability of its occurrence

= The lower the probability of a statement, the greater is the
information conveyed by that statement

U Measure of information with an event A
= P, ! probability of event A occurring

1
1, :10gaF:_10ga P,

A

= Standard is to use logarithm to the base 2

1,=log, 1. —log, P, [bits]
PA
OIIAM,
log, N =log,, N/log,, 2 ~3.322log,, N

CIXEE (Digital Comm.) % MCNL 308




L0182

8 E(Information)gt 24210} ?
QUE=ZI (B2 82), H
HiE{I}:imogzi:— Plog, P

O Binit (Binary digit) vs. bit

= Binit : Binary digit
= Bit : Measure of information
= When equi-probable event, the two definitions coincide

El1)=1)

max

0 When two successive symbols are independent

l,,=-log, P, =—log, P,-P,=—log, P,—log, P, =1,+1,

CIXIZSA (Digital Comm.) % MCNL 309

L0182

A 2 (Information) gt £4010} ?

O [EX. 1] For symbols A, B, C, D with prob. 1/2,1/4,1/8,1/8.

Compute information in the 3—symbol message x =804 ?
(Symbols are statistically independent)

Independent > Additive !!
I =log,4+log,8+1og,2=2+3+1=6[bits]

O [EX. 2] Relationship between H & probability where the

probability of occurrence of the two symbols is
p, and g=(1-p).

H
H—gﬁlogzé—plogz;-i—(l—p)logz(l_lpj 1
=H(p)
| *:
0 12 1
CIXI= S (Digital Comm.) %MCNL 310
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X 2 (Information) gt £ 10} ?

O Information transfer rate (Entropy rate)
R =rH [bps]
r:symbolrate, H :entropy

Q [Drill] Determine the entropy per symbol for (a) the
four-symbol code in Example 1; (b) the case in
which four symbols are equi—probable.

(@) HX )— 10g22+ 10g24+ 10g28+ log2

fl+1+3+§—175[b1ts]
2 2 8 8

(b) Equiprobable > p(x,)=1/4
1 1 1 1
H(X)= Z10g2 4+Zlog2 4+Zlog2 4+Zlog2 4

=log, 2% = 2[bits]

CIXIZSA (Digital Comm.) % MCNL 311

L0182

Mutual Information

U Input and output entropy

= Notations
x, :input, y, :output where i=12,---,n, j=12,---,m

= Definitions

Zp Ylog, p(x ) H(Y)==3 p(y,)log, p(»,)

i=1

U Conditional entropy

H(Yxi): ip( f xi)l(yi xi)
H(r|x)= 3 H (v )p(x)
P
= —Z i p()plv [ Jlog, pv | )= - i plx., Jlog, plyJx,)
CIXI& =41 (Digital Comm.) %MCNL 812




L0182

Mutual Information

0 Joint entropy

HX. ) ==Y p(x.y)log, px.y))

=1 j=1
0 Equivocation
HX | y) =2 p(x |y )(x |y,

i=1

HX )= HX | pr)= -3 3 ()0, |y)log, p(x, 1)

n_.m

=2 p(x.y)log, p(x; |y,

i=l j=1

CIXIZSA (Digital Comm.) % MCNL 313
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Mutual Information

U Relationship between H(x,y) and conditional entropy

H(X,Y) = 7Zn:ip(xiayj)10g2 p(xiayj)

i=1 j=1

:*Zn‘,zm:l’(xi,yj)logz p(x1y,) p(y))

i=1 j=1

=33 .y )log, px [ ) -3 p(xylog, p(y,)

i=1 j=1 i=1 j=1

=33 plxlogs pl [ 7,) = 3 p(v)logs p(2,)

i=1 j=1

=H(X|Y)+H(Y)=H(Y|X)+H(X)
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Mutual Information

0 Mutual information or transformation

= The decrease in the observer’s average uncertainty of the
transmitted signal when the output is received.

H(X|Y)<H(X)
I(X;Y)=H(X)-H(X |Y)=HY)-H(Y | X)

==Y p(x)log, p(x)+ Y. > p(x,,y)log, p(x;| ¥;)
i=1

i=1 j=1

=33 py)log, p(x)+ S px. ) log, p(x, | y,)

i=l j=1 i=l j=1

=33 pl.ylog, 212

i=1 j=1 p(x)
L p(x;,y;)

= p(x;,y;)log, ————
Z:‘,Z:‘ R p(x) p(y))
L p(y;|x)

=Y p(x,y;)log, —
i=1 j=1 p(J’j)

CIXIZSA (Digital Comm.) % MCNL 315

Mutual Information

U Relationship btw Input, Output, Joint and Mutual

H(X)

H(X,Y)
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ME 22 (Channel Capacity)

L0182

U Channel capacity?
C=max[I(X;Y)]
O [EX. 3] Determine the channel

capacity for noiseless

channel.

I(X;Y)=H(X)-H(X|Y)=HY)-H(Y | X)

n_.m

H(X|Y)==>> p(x,y,)log, p(x;| y;)

i=1 j=1
For noiseless channel

X

1

X

X

YyYVY
&

3

X

n

y
=<

@ [ 7) 0, for i# j
X. L) =
PR 1 fori=j

Because log,1=0 (wlog,b=x ¢ a"=b) — H(X|Y)=0

I(X;Y)=H(X)
Entropy of a source is maximum
if all source symbols are equally likely !

OtA HEEEE

)

S C= Z“llog2 n =log, n[bps]

i=1

CIXIZSA (Digital Comm.) %MCNL 317
_ . HL2 018
M2 E (Channel Capacity)
QO [EX. 4] Determine the channel capacity for BSC
(Binary Symmetric Channel).
I(X;Y)=HY)-HY|X) p(;:):(a) P p YV
HY | X)=-33 plx.,)log, p(y, |x) :
=-aplog, p—(1-a)plog, p pr(1-0) ; Fo v:
—agqlog,g—(1-a)qlog, q
=-plog, p—qlog,q C 4
I(X;Y)=H({)+ plog, p+qlog,q L

H(Y) is maximum when each output
has a probability of 1/2 — H(Y)=1

C=1+plog, p+qlog,q=1-H(p)

ve

[l ST ——

0 1/2

CIXES4 (Digital Comm.) % MCNL
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ME 22 (Channel Capacity)

= p=0or 1 : Channel output is completely determined by the
channel input = 1 bit per symbol

= p=05 : Channel capacity becomes zero

CIXIZSA (Digital Comm.) % MCNL 319

L0182

Shannon’s Theorem

Q Shannon Ml 1&e2l

If the entropy rate R is equal to or less than the channel capacity C, then there
exists a coding technique that enables transmission over the channel with an
arbitrarily small frequency of errors.

R<C

0 Shannon Xl 2& 2| : Hartley—Shannon & 2|
The channel capacity of a white band-limited Gaussian channel where B is the

channel bandwidth and S/N is the mean-square signal-to-noise ratio becomes
as following:

S
C =Blog2(1+Nj

CIXEE (Digital Comm.) % MCNL 820
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Shannon’s Theorem

O [EX. 5] (Example of source coding) : Ml 1& 2]
= Transmission scheme

Discrete Source Binary
binary > encoder > Channel
source

Source symbol rate C =1 bit/symbol
r=3.5 symbols/sec S = 2 symbol/sec

SC = 2 bits/sec

Source : AorB

P(4)=0.9, P(B)=0.1, Symbol rate : » =3.5 symbols/sec
Channel

Noiseless (p = 1) = Channel capacity : 2 [symbol/sec]

: Source symbol rate > channel capacity > 8 & 2Jts!
= Source entropy ‘ Source coding J| &? ‘
H(X)=-0.1log, 0.1-0.91og, 0.9 = 0.469 [bits/symbol] 1

Source information rate PP
) Source codingS & otH
rH(X)=3.5%0.469 = 1.642 [bits/sec] < SC | 412 x2 Jj=

CIXIZSA (Digital Comm.) % MCNL 321

L0182

Shannon’s Theorem

= th order extension coding scheme

The shortest codeword is assigned to the most probable group of
source symbols and the longest codeword is assigned to the least
probable group of source symbols

= The first—order extension

Source symbol PO Codeword P() x {# of code symbols}
A 0.9 0 0.9
B 0.1 1 0.1

Code symbol2| B2 0l: L =0.9+0.1=1.0

L = % =1[code symbol/source symbol];  rx L =3.5[code symbol/sec] > SC
n n

= The 2nd —order extension

Source symbol PO) Codeword P() x {# of code symbols}
AA 0.81 0 0.81
AB 0.09 10 0.18
BA 0.09 110 0.27
BB 0.01 111 0.03
NS (Digital Comm.) % MCNL 322
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Shannon’s Theorem

Code symbol2| EZ20l: L =1.29

L = % =0.645[code symbol/source symbol];
n

rx L =3.5%0.645 =2.258[code symbol/sec] > SC
n

= The 319 —order extension

Source symbol P() Codeword P() x {# of code symbols}
AAA 0.729 0 0.729
AAB 0.081 100 0.243
ABA 0.081 101 0.243
BAA 0.081 110 0.243
ABB 0.009 11100 0.045
BAB 0.009 11101 0.045
BBA 0.009 11110 0.045
BBB 0.001 11111 0.005

o

o

Code symbol2 =2 0l: L =1.598

o

CIXIZSA (Digital Comm.) % MCNL 323

L0182

Shannon’s Theorem

= @ =0.533[code symbol/source symbol];

S|y

L
rx==3.5x0.533=1.864[code symbol/sec] < SC m) Can be accepted by the channel
n

Q [eX. 6] (M 2& el GIA)

C= Blog2 (1+S/N) [bps] w . Channel bandwidth

S/N : Mean-square signal-to-noise ratio

= S/N=3,5C=2B;, S/N=7,-C=3B
= For a fixed channel capacity, W can be reduced in exchange
for an increase in signal-to—noise ratio S/NV

Q [EX. 7] (Black—and—white TV)

= Black—and-white TV frame
= Frame rate : 30 [frames/sec]
= Picture element (PE) per frame : 3x10’ [PE/frame]

CIXEE (Digital Comm.) % MCNL 324
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Shannon’s Theorem

= Quantization level per PE : 10 [brightness level/PE]
= Required signal-to—noise ratio : 30 [dB]

= Calculate the minimum BW required to transmit the video
signal.

S/N =30[dB]—> 1000
Information per PE : log, 10 =3.32[bits]

Information per picture frame : 3.32x(3x105)= 9.96x10° [bits]
Information rate : R =30x(9.96x10°)=29.9x10° [bps]

R

By =— N _<3[MH
mn = Jog.(1+1000) > MH7]

CIXIZSA (Digital Comm.) % MCNL 325

L0182

Shannon’s Theorem

Q [Drill] (G3 Fax machine)

= G3 Fax machine
= 12 brightness level/picture element
= 225x10° PE to be transmitted
= Brightness levels are equi—probable
= Channels (Telephone line)
= Bandwidth : 3 [kHz], S/N =30 [dB] > 1000

= What is the minimum time required for the facsimile
transmission of one picture?

Total bits to be transmitted : log, 12 (2.25x10° )= 8.066 10° [bits] = L
C = Blog,(1+5/N)=3000xlog, 1001=29.9[kbps]

MetM LE ME6h=0 225 AlZt2

L 8.066x10°

= 200x10 ~ 270 [sec]=4.5[min]

CIXEE (Digital Comm.) % MCNL 326
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- Me 2353 Moo= 2I8 8 Al(Redundancy)E £ 16
|.

- 8238 k/n

(k 2532 UIOIH HIE , i 25358 &2 HIE)
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Me £33t (Channel Coding)

O Definition

= (lass of signal transformation designed to improve
communications performance by enabling the transmitted

signals to better withstand the effects of various channe/
impalrments

O Goals

= To reduce the probability of bit error
= To reduce the required E,/N, , at the cost of expending BW
= As much as 8 dB performance improvement with coding
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e F=3t
axg s

S, .
C=2RBlog,(1 +N) bits/sec  (Shannon-Hartley F2I)

(C: Mg 2%, B:HAYZE, N AE T &34I)

fol

- C>RZ2 U=5t= UOHE Y 253 E Sot0
A2l e ®&0| Jbs (Shannon Ee2l)
(R: E220AN &2 32 HES)
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o B

=E QR EE (FEC) EE ]
R A5 FH =3 B3
R-S #&

2M 235 (Convolutional Code)
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Mg £33t

U Types of error control

= Automatic repeat request (ARQ)
= BEC (Backward error correction)
= Two-way link is required
= Error detection & retransmission using parity bit
= Much simpler decoding equipment & much less redundancy
= Stop & wait, go—back N, Selective repeat ARQ

= FEC (Forward Error Correction)
= One-way link is required

= Channel coding (ex. Hamming code, Cyclic code, R-S code,
Convolutional coding etc)

= More complex than ARQ

CIXIZSA (Digital Comm.) % MCNL 333
MY 253t
e Fsst

O A= MEE 273 (automatic repeat request: ARQ)

o
= AL S0 HESE 2+

= HX O] ARQ (stop—and—-wait ARQ): Bt 0|=4! (Half duplex)
JURSES] pURSE]
S4lD| 1 /Iz ]'|3| /_|3| /|4| [5 ] /_|5|
ACK ACK NAK ACK ACK NAK
2407 7] 2 5] [5 [4] [5] [5]
R s
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Mg £

= S & ARQ (continuous ARQ with Go-Back N): & 0|=4A! (Full
duplex)

Transmitter 1121345678 [4(5(6/718]9]/10[11 718[9/(10
o T i—f’(’i—‘{//{{-’(//{-%{-¥%%%
S / 7 ¥ I i i ’ / / /s ; I

Tammission .~ FESTSGIISIIFSSSES
|

Receiver 123—{1—5578455—?-89101173
Error Error
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e 25

= MEH THE E ARQ (continuous ARQ with selective repeat)

& 01E &4l (Full duplex)

Transmitter VI2(31415(6]7|8[4[9[10[11]12]13]14|15[11]16]17]18

R 7
Transmission ™. ™\ d' d' Gk Y#f’d" *"d' d' Gk' 0{“ Wi d"’é' C)L' d’ c}'
Y Y 8 2 78 71
| \
Receiver 112 3—f|1—5 6(718(4/[9]10 1}1 12113114115]11|16
Error Error
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e 24 (1)

O Discrete Memory—less Channel (DMC)
= Discrete input alphabet : (U:ul,uz,---,uN)
= Discrete output alphabet : Z=zl,zz,~~~,zN)
= Conditional probability = Independent

Pz10)-T] PGl n)

U Memory channel
= Noise or fading that occurs in bursts
= Conditional probability = joint probability of all the elements
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e 24 (2)

0 Binary Symmetric Channel (BSC)
= A special case of a DMC
* |nput & output alphabet sets consist of the binary (0 & 1)
= Conditional (transmission) probability
P(0[1)=P(1]0)=p
P(0]0)=P(1|1)=1-p

= Decoding with a BSC channel - Hard-decision decoding
= To feed the two—-valued symbols or channel bits to decoder
= Channel symbol error probability (coherent BPSK)

2F,
p= Q( N, }

CIXIZSA (Digital Comm.) % MCNL 339

e 24 (3)

U Gaussian channel

= Discrete input alphabet & a continuous output alphabet over
(—o0, )

= Conditional probability

Plzu,)= 21 exp[—(z—ztk)z}

o 20

= Channel noise is a Gaussian RV, with zero mean & o
= When memory-less = Product of each independent prob.
= Soft-decision decoding
= When demodulator output consists of a continuous alphabet
= No symbol error probability = Conditional probability
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Block Interleaving

O Burst 2% E Random @F 2 D] floll Al
ORFEZ MG A OIOIE AlIZ2AS ME=ME HIS.

N =6colums
1 65 9 13 17 2 185 9 13 17 20
2 6 10 14 18 22 2 & 10 (9 (22)
M =4 rows
3 7 1 15 19 23 3@ @ mn s 19 23
4 8 12 16 20 24 4 8 12 16 20 24

Interleaver
output sequence: 1,5,9,13,17,21, 2,6,

1 5 9 13 17 2 15 (9 13 17 2
2 6 10 (19 (8 @ 2 6 14 18 22
@ (@ ay (8 (9 @ 3 7 () 15 19 23
4 8 12 18 20 24 4 8 (1 16 20 24
CINESA (Digital Comm.) % MCNL 341

FEETEE
=573
a k=28 25
- kHIE HAMX —— pHlE 250 (codeword)
AKX ——— £350| 2350
(kHIE) (NHIE)
o k
f353tg: —
n
‘2" k - tuple message = 2" n - tuple message
= oY 25 (Hamming code)
= =3 235 (Cyclic code)
= R-S 235 (Reed-Solomon code)
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O Single—parity—check code
= Constructed by adding a single—parity to a block of data
= Even parity & odd parity
= Code rate : k/(k+1)
= To detect only the presence of odd number of bit errors
= Probability of jerrors occurring in a block of 7 symbols

= Probability of undetected error

/2 (for even)
(n-1)/2(for odd) n ) .
Py= 2 |, |pY(=p)"
= 2]

where, p : prob. that a symbol is received in error
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H2lEl 2E (2)

O Example
Parity
bit
|
|
|
|
|
7z Y
E‘OO10‘IO||‘IOO‘I11H~1GO1%
(a)
M110101(|111111([1011
o|f100001(f{101110[[1110
0{|011000({011000(({0011
17100001 1T|{01T1T1T10([[1111
17(11710011]{010001([1011
17(/1711100]{000110({0010
T
Horizontal Vertical
parity check parity check
(b}
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Parity Check Code (3)

0 Rectangular code ( or product code)
= For Mrows & Ncolumns > (M +1)x(N +1) augmented array
= Can correct a single error pattern
= Code rate :  k/n=MN/{M +1)x(N +1)}
= Block error or word error

P=Y (n.jp’ (1-p)~’

j=t+l J

where, 7 : # of error symbols that can be corrected

CIXIZSA (Digital Comm.) % MCNL 345

-]
iy
i
on
o

T & 0|E (Coding Gain)

O Definition

= The reduction, expressed in decibels, in the required E,/N,
to achieve a specified error performance of an
error—correcting coded system over an un—-coded one.

U Example

G(dB)= Uébj (dB)- (]E\;’] (dB)

0 0/

For P,=10"° —5dB

3 Uncoded
EpiNg tdB) |
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E2 25 (Block code)

= BIE 22t (vector space)

-V, RE 2% -HIES et
Multiplication

— D"JH BIE| =R Addition (Mod-2)
0&® 0=0 0e0=0
— Two operations for the field ;o | _; 0el=0
: addition & multiplication 1® 0 =1 1e0=0
1®1=0 le I =1

» Y 22 32t (vector subspace)
- Blf 32t vV, 2232+ S
| Linear Block Code (LBC) |

0eS

CIXI€ S4! (Digital Comm.)
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w;
=Ry

T

o)
- Vn :V4 =

0000 0001 0010 0011 0100 0101 0110 O111
1000 1001 1010 1011 1100 1101 1110 1111
A

24=16 Mo 4HIE =2 4

L

V, o 2288 S 0

(0000 0101 1010 1111)

348
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Xa

ple : A (6,3) linear block code

Message vector Code vector i : i

000 000000 e il
100 110100 = % | v
010 011010 Al
110 101110 R O O S A
001 101001 o el s 4
101 011101 I
011 110011 oY
111 000111 \\ [ 1/

2% p-tuples constitute
the subspace of codewords

2" n-tuples constitute
the entire space V,,

CIXIZSA (Digital Comm.) % MCNL 349
LY
s=2s
O M4 s (Generator Matrix) : G,
A\ Vi Vi Vi
G- v, _ V'zl Va Van
Vi Vii Vie Vin
L &8 S8l Il X(basis) #H
U=mG (U:250)
m=m;,m,,....,m, (m: kHIE HAX &%)
CIXg = (Digital Comm.) 350




V,=[110100]
V2=[011010]} J1 M (basis) 2 £

V,=[101001]

CIXI€ S4! (Digital Comm.)
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U=mG=[1 1 0]|V,|=1-V,+1-V,+0-V,
V3

=110100+011010+000000
=101110

CIXIg sS4l (Digital Comm.)
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ystematic linear block codes

= Linear block codes whose part of the sequence generated
coincides with the A message digits

P P o Pru-n 1 0 --- 0
Py Pn 0 Prpenn0 1 -+ 0
G=[p|1]=|". ; :
Pa P o Proen0 0 -1
-~ @@ D
Parity array portion Identity matrix

= Systematic code vector

U=pi,Dysss Do, My, My, ,my

parity bits message bits

CIXIZSA (Digital Comm.) % MCNL 353

e 233
= —_
=5 23
= Example of Generator Matrix.
1 1 0(1 0 O
U=[m, m, m]0 1 1[0 1 0
1 0 1{0 0 1
:m1+m3,m1+m2,m2+m3,m1,m2,m3
—_
CIXI& =41 (Digital Comm.) % MCNL 354
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=25

= m=3HEHAIX I 63)=F F=

- 2" =20 =64 019 HEl B2 =T
- 2F=23=8012 BIAIXI BEf — 812 250 24X

OIAIXI #1Ef m 2501 U

000 00 0O0O0O
1 00 1 10100
010 011010
1 10 1 01110
0 0 1 1 01 0 0 1
1 0 1 01 1 101
01 1 1 10011
1 11 0001 11

CIXI€ S4! (Digital Comm.)
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O IHelEl 2 A &
- MaHES O

P
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S

S

Parity Check Matrix)

ysternatic Linear Blo
ode!

(parity matrix)
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H(n—k)xn = I:In—k * PT]

0 0 Pu Pi Pu
_ 0 1 0 P P» P
0 0 : 1 Py Pin-i2 Pk
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_ 0 0
0 0
o 00 e
P P P P (n-k)
P Pn " Pan
| Pt Pr2 P n-k) |
H': AES A4 Al AR
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Ol AL KT #E

000O0O0O

0

0

=

00 1 1

1
000

1

11111

1
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QAEZE S=rH"
o) 6,3)2= 2S0A
- zA 259 :U=101110
. 2p 859 r=001110
1 0 0]
010
0 0 1
S=rH"=[0 0 1 1 1 0] =[1 0 0]
1 10
01 1
1 0 1)
CIXI€ S4! (Digital Comm.) 361
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O Standard array for (6,3) code

Coset Leader Perfect code!

° o

° o

000000 110100 011010 101110 101001 011101 110011 000111

000001 110101 011011 101111 101000 011100 110010 000110
000010 110110 011000 101100 101011 011111 110001 000101
000100 110000 011110 101010 101101 011001 110111 000011
001000 111100 010010 100110 100001 010101 111011 001111
010000 100100 001010 111110 111001 001101 100011 010111
100000 010100 111010 001110 001001 111101 010011 100111
010001 100101 001011 111111 111000 001100 100010 010110

Figure 6.11 Example of a standard array for a (6, 3) code.

« perfect code : standard array of t-error-correcting code has all the error patterns of t and fewer
errors and no others as coset leader
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Syndrames Standard array - _

000000 1. oooooooo 11110001 ocoriimio ooty XHE S8
111100 2. 00000001 11110000 00111111 11001110
B0 u0= 001111 3 00000010 11110011 00111100 11001101
— 2 000001 4. 00000100 11110101 00111010 11001011
= T T 000010 5. 00001000 11111001 00110110 11000111
000100 6 00010000 11100001 00101110 11011111
001000 7. 00100000 11010001 00011110 11101111
010000 8 01000000 10110001 01111110 10001111
100000 9. 10000000 01110001 10111116 01001111
D Syndrome & S‘tandard 110011 1. 00000011 11110010 00111101 11001100
111101 1. 00000701 11110700 00111011 11001010
111110 12, 00001001 11111000 00110111 11000110
111000 13 00010001 11100000 00101111 11011110
2 110100 14, 00100001 11070000 00011111 11101110
array Or 5 CO e 101100 15 01000001 10110000 01111111 10001110
011100 16. 10000001 01110000 10111111 01001110
001110 17. 00000110 11110111 00111000 11001001
01101 18 00001010 11111011 00110100 11000101
001011 19. 00010070 11100011 00101100 11011101
000111 20. 00100010 11010071 00011100 11101101
011111 21, 01000010 10710011 01111100 10001101
. 101111 22. 10000010 01110011 10111100 01001101
Flgure 6.15 000011 23 00001100 11111101 00110010 11000011
. 000101 24, 00070100 11100101 00101010 11011011
001001 25. 00100100 11010101 00011010 11101011
010001 26, 01000100 10110701 01111090 10001011
100001 27. 10000100 01110701 10111010 01001011
000110 28 00011000 11101111 00100110 11010111
001010 29 00701000 11011001 00010110 11100111
010010 30. 01001000 10111001 01110110 10000111
100010 a1 10001000 01111001 10110110 01000111
001100 32, 00110000 11000007 0QOOTII0 11111111
010100 33, 01010000 10100001 01101110 10011111
100100 ad. 10010000 01100001 10101110 01011111
011000 35. 01100000 10010001 01011110 10101117
101000 36, 10100000 01010001 10011110 01101111
110000 37. 11000000 00110001 11111110 00001111
110010 38 00000111 11110110 00111001 11001000
110111 39, 00010011 11100010 00101101 11011100
111011 40. 00100011 11010010 00011101 1111100
100011 41 01000011 10110010 01111101 10001100
010011 42, 10000011 01110010 10111101 01001100
111111 43 00001101 11111100 00110011 11000010
111001 44, 00010101 11100100 00101011 11011010
110101 45. 00100101 11010100 00011011 11101010
101101 46 01000101 10110100 01111011 10001010
011101 47. 10000101 01110100 10111011 01001010
011110 48, 01000110 10110111 01111000 10001001
101110 49. 10000110 01110111 10111000 01001007
100101 50. 10010100 01100101 10101010 01011011
011001 51 01100100 10010101 01011010 10101011
110001 52 11000100 00110101 11111010 00001011
011010 83, 01101000 10011001 01010110 10100111
010110 54. 01011000 10101001 01100110 10010111
100110 55. 10011000 01101001 10100110 01010111
101010 56 10101000 01011001 10010110 01100111
101001 57 10100100 01010101 10011610 01101011
100111 56, 10100010 01010011 10011100 01101101
010111 59. 01100010 10010011 01011100 10101101
010101 60. 01010100 10100101 01101610 10011011

011011 61, 01010010 10100011 Q1101100 10011107  e————

. 110110 62 00101001 11011000 00010111 11100110 364
= iqi 111010 63. 00011001 11101000 06100111 11010110
CINESH (Digital Comm.) M 64, 10010010 01100011 10701100 01011101

101011
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02

-MEE S:'100— 25 e:100000

r = 0 0 1 1 1 0
+
e = 1 0 0 0 0 O
u =1 011 1 0
sM 250 =
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U Coding strength
= Hamming weight (Bi& JI&XI) for a vector U, w(U)
= # of nonzero elements in U
= Hamming distance from the all-zero vector
= Ex:U=100101101 = w(U)=5
= Hamming distance (842 H2l), d(U,V)
= # of elements in which they differ
= Equal to Hamming weight of their sum
= Ex. U=100101101, V=011110100 = d(U,V)=6; U+V=111011001
> w(U+V)=6
= Minimum distance of a linear code, d.;,
= The smallest Hamming distance between all pairs of code

= Only need to examine the weight of each code vector
(excluding the all-zero vector)
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= ofld JrS X2 oY Helekel 2|

d(U,V)=3
0 10 \
V=1o[l1l 0o 1]0]o0 d(U,V)=w(U+V)
U+v=110 0 1 0 /‘
w(U+V)=3
CIXIZS4! (Digital Comm.) % M CNL %7
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U Error detection & correction

= Task of decoder : To estimate the transmitted code vector U;
= To use maximum likelihood algorithm

P(r|Ui): max P(r|Uj)

overallUJ
= Likelihood is inversely proportional to the distance
= To use Hamming distance

d(r,Ui): min d(r,Uj)

overall U

CIXEE (Digital Comm.) % MCNL 368
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= Example
Decision
line
Region 1 | Region 2

UZ 2 H Distance 1, VE £ £ Distance 4.
UE & & 4bits 27 2t Decoding error

co
"
<0

(a)

UZ £ Distance 2, VE $ £ Distance 3.
UE & &> 3pits 2F ™ Decoding error

co
e
<o

VE M &> 3bits 27 2t Decoding error

-
3
<o

| UZ £ H Distance 3, VE £ E Distance 2.
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Error correcting capability

dmin — 1
t= T Ex. 00000000 vs. 11111111 = 11100000?

Error detection capability
-d. -1 Ex. 00000000 vs. 11111111 = 11111110?
e min

= Simultaneous error correction () and detection ()
d,..z2a+p+1 = Example

= Message—error probability Whend, =7& f>a
P, < i (njp, (l_p)nfj Detesct ®) Corr;ct (o)

J=t+l

[

—

4
Decoded bit—error probability 5
6

1 & n\ . .y
sznzj(jjp"(l—z’) ’

J=t+l

]
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Visualization of 8 codewords, (6,3) code

S
AR,

v'1-bit error : 48
v2-bit error : 8

*Large block circle : 8 codewords
*Each inner layer : Ham. Dis. of 1
*Each outer layer : Ham. Dis. of 2
*All correctable codewords : 56 i

=2-bit error : & 15J} X

‘I-l‘ [
==’ ‘“‘i One pattern (010001)
W’ 011101
CIXIZ S (Digital Comm.) % MCNL 371
e 233
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QoY £
(nk)=Q2" =1, 2" —1—m), m:20189 5=
- Y £5 S3
= XA AHel (dmim) 03
s QR I =5 HY @8 IF
s QR HESE:FIHO0IGHLR EE
= HE @5 & P"l c n jl n—j
= =2 J| . |p'd-p)
n Jj=2 J
(P HEHNS 2R EE)
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O Example : (7,4) Hamming code

1 001110
[H]=|l0 1 01 1 0 1
0011011

= Determine the codeword for message code 0011.
= |f R=1000010, determine if an error has been made.

CIXIZSA (Digital Comm.) % MCNL 373
MY 253t

B2 495

= T2

= Generator matrix

1 111 0 0 O
1 1.0 01 0O
G:[Pllk]:
1 01 0 01 O
01 1 0001
= Generation of code vector
1 111 0 0 O
1 100100
U=mG=[0 0 1 1]
1 01 0010
01 1 0 0 0 1
=100 01 1]
CIXI& =41 (Digital Comm.) %MCNL 374
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= Syndrome testing

S=rH"=[1 0 0 0 0 1 0]

O = = = OO =
= e e = I U )
e = e T e = B )

=0 o 1]

= HE0A MM BIEN 25
= Corrected codeword is “1010010”
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0 =3 25 (cyclic code)

s XN O|
o
- (nk) BEILISS SHZ2 UMY 3 B5

if Ue S, U%e S
U= (uy,u,,uy,--,u, ) (U:23501)

IIM

(i) _
U™ =, sty s sty Ug Uy Uy s U, i)
(U ivbE 2202 0/S)
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U?(X)=X"U(X) modulo (X" +1)

o) 825 #g9 =3 0l
n 1

=4, U=1

01 [, Al & =3 0|8 250
UX)=1+X+X°
XUX)=XUX)=X+X*+X°
X" +1=X"+1
UPX): X+ X7 +1
CIXI € S4l (Digital Comm.) 377
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O X & A (systematic) 253t

U(X) =p(X)+ X" "'m(X) = q(X)g(X)

U:(p()apo’ """ s Puk—1s Mg My e ’mk—l)
— ~ / = ~
(n—k) W2IEI HIE  kBIAIX HIE

U : 8 Al
p(X) : Lt Fetal (X *m(X) mod g(X))
g(X) : &4 Chetal
qX) = U
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g(X)=1+X+X°018

(7,4) s & =

n=7, k=4, n—-k=3
mX)=1+X>+X°
X" mX) =X+ X+ X=X+ X +Xx°

CIXI€ S4! (Digital Comm.) 379
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AL = =H =

=8 =5

X""m(X) ez g(X)z uso

X+ X+ X =(1+X+X+X) +X+X) + 1
=

~ / N v J ——
= MAHCHE A LIBIXI
q(X) g(X) p(X)

UX)=p(X)+ X’ mX)=1+ X"+ X"+ X°

U=[100 1011]

\ﬂ_/ H_/
IHelEl HIE  BIAIXI HIE

m=1011 — U=1001011
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O Circuit for dividing polynomials

Quotient
@+ |
eeeUn—1,Unp
(high-order
coefficient
fisth
V(X) _ q(X) p(X)
gX) | gX)
CIXES4 (Digital Comm.) %MCNL 381
e 253t
AL = = =
=3 25
U Example 6.9: Dividing circuit
V(X
V(X)=x+x"+x* = (V=0001011) e ((7))?
g
g(X) :(l+x+x3)
Feedback polynomial
X0 X1 X2 X3
Input —— Output
0001011
Figure 6.17  Dividing circuit for Example 6.9.
x4+ x8 X
e L
l+x+x g(X)
CIXI RS (Digital Comm.) %MCNL 382
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0 Example 6.9: Dividing circuit

Input queue Shift number Register contents Output & Feedback
0001011 0 000 -
000101 1 100 0
00010 2 110 0
0001 3 011 0 o°
000 4 011 1 >
00 5 111 1 —>x
0 6 101 1 >
o°°
X +x"+x° y 3
——=ltx+x Hx+————
1+x+x 1+x+x
CIXIZSA (Digital Comm.) % MCNL 383
HEEE]
A= H=
=3 RS
O m-—k) & HZE HAAHE 0|28 =3 23|
1. BIAIXI BIEJE (n—k)E #IZE AXABHZ E012 = UAES
AAX 12 M2 | tﬂ 0|Sdte S0 €3 US
2. M8 kY 0lsdt= St HAIX BIEDL HtZ2 82z
Da* —1‘— UEE AR 2= Ol X2 A& &
3. kEM OIAIX BIEJLESE =, AKX 12 €211,
AR 2= 22 /AXE U2
4. LK (n-k)¥ 015 S WelEl HIEJ 2522 LJtD

HXAEHE BIGHJUA &
E 082 =& p 01, EH2 FES0 UEA px)+ X" m(X)

o

CIXI€ S4l (Digital Comm.) 384




A =
=3 &35
- 23 25

2
v N
o N
n—k#=E yRAH 4;%?9
m(xp——
AR 2
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O Example 6.10 : (7,4) =3 2337|
m=1011
gX)=1+X+Xx°
A9
Do b I )2 @
m(X)=1+ X+ X° 4%}<i‘9 EE
ol a4
=7 AQIR| 2
<(7,4) 230|>
CIXI& =41 (Digital Comm.) % MCNL 386
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= How does it work?

2= F(queue) ols &4 XA W2 Y
1011 0 000 -
101 1 110 1
10 2 101 1
1 3 100 0
- 4 100 1

—

l

22 2500 U=1001011
UX)=1+X+X° + X°

CIXI€ S4! (Digital Comm.)
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_ _ EE L
=3 B3
Qr-—k)Hd HZE HXNAHE 0IBE 2F 2E
U(X) =m(X)g(X)
_ r(X) =40 g
F(X)=U(X)+e(X) ler : o3 cia
S(X) =r(X) modulo g(X)
r(X)=q(X)g(X)+S(X)
{S=0:9§r fle 2sH &=
S#0:2F% 250 25 L FF Its

CIXIg sS4l (Digital Comm.)
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U Extended Golay code

(23, 12) Gold code + 1 parity bit > (24, 12) Extended Golay code
d. =7 d,, =8

min

12 (24) . .
Px—) j A= py*/
) 24;:4] ; p’(1-p)

4 BCH code
*= BCH (Bose-Chadhuri-Hocquenghem) code
= Generalization of Hamming codes
= Powerful class of cyclic codes

CIXIZSA (Digital Comm.) % MCNL 391
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U Example of BCH code
TABLE 6.4 Generators of Primitive BCH Codes
n k t g(x) n k t g(x)
7 4 1 13 255 171 1 15416214212342356077061630637
15 11 1 23 163 12 7500415510075602551574724514601
7 2 721 155 13 3757513005407665015722506464677633
5 3 2467 147 14 1642130173537165525304165305441011711
31 26 1 45 139 15 461401732060175561570722730247453567445
21 2 3551 131 18 2157133314715101512612502774421420241
16 3 107657 65471
11 S 5423325 123 19 12061450522420660037172103265161412262
6 7 313365047 72506267
63 57 1 103 115 21 6052666557210024726363640460027635255
51 2 12471 6313472737
45 3 1701317 107 22 2220577232206625631241730023534742017
39 4 166623567 6574750154441
36 5 1033500423 9 23 1065666725347317422274141620157433225
30 6 157464165547 2411076432303431
24 7 17323260404441 91 25 6750265030327444172723631724732511075
18 10 1363026512351725 550762720724344561
16 11 6331141367235453 87 26 1101367634147432364352316343071720462
10 13; 472622305527250155 06722545273311721317
p 15! 5231045543503271737 79 27 6670003563765750002027034420736617462

1015326711766541342355

g(x) : octal number
513:001011— g(x)=x" +x+1

CIXEE (Digital Comm.) % MCNL 392
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0 Example of BCH code (cont'd)

127 120 1 211

13 2 41567 7
106 3 11554743

9 4 3447023271 63
92 5 624730022327

85 6 130704476322273 55
78 7 26230002166130115

s 9 6255010713253127753 47
64 10 1206534025570773100045

57 i1 335265252505705053517721 45
50 13 54446512523314012421501421

43 14 17721772213651227521220574343 37
36 15 3146074666522075044764574721735

29 21 403114461367670603667530141176155 29
22 23 123376070404722522435445626637647043

15 27 22057042445604554770523013762217604353

8 31 7047264052751030651476224271567733130217 21
255 247 1 435

239 2 267543
21 3 156720665 13
223 4 75626641375
215 5 23157564726421

207 6 16176560567636227 9
199 i 7633031270420722341

191 8 2663470176115333714567

187 9 52755313540001322236351

179 10 22624710717340432416300455

29

30

31

2402471052064432151555417211233116320
5444250362557643221706035
1075447505516354432531521735770700366
6111726455267613656702543301
7315425203501100133015275306032054325
414326755010557044426035473617
2533542017062646563033041377406233175
12333414544604500506602455254;
15202056055234 S
3670024470762373033202157025051541
5136330255067007414177447245437530420
735706174323432347644354737403044003
3025715536673071465527064012361377115
34224232420117411406025475741040356
5037
1256215257060332656001773153607612103
22734140565307454252115312161446651
3473725
4641732005052564544426573714250066004
33067744547656140317467721357026134
460500547
1572602521747246320103104325535513461
41623672120440745451127661155477055
61677516057

6

Source: Reprinted with permission from “Table of Generators for BCH Codes,” IEEE Trans. Inf. Theory, vol. IT10, no. 4, Oct. 1964, p. 391. © 1964 IEEE.
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A= Hl
10-2
10-3
Uncoded
Hamming (7, 4) £ =1
f Hamming (15, 11) ¢ = 1
z
E 104 Hamming (31, 26) ¢ = 1
° Extended Golay (24, 12) ¢ = 3
(=}
5 BCH (127, 36) ¢ = 15
) £ BCH (127, 64) £ = 10
Figure 6.22 -
g 1051
K]
3
[=]
10-8 -
10-7 ] 1
4 5 6 7 8 9 10 "
Ej3/Ny (dB) —
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Homeworks

= 6.8,6.10, 6.15
= 6.18, 6.20

CIXIZ S (Digital Comm.)

Yp M.
PEEEL
R-S &=
UR-S &5
- mHIE Q9o Al2& [AE HI2& (nonbinary) =3 £5 (m>2)
(n k)=(2"-1,2" —-1-2)
HIIM, ki 2532 OO0IH &2 =
N 2SEE 220 Us 25 AEo £ 4
a2 R 8E 5

CIXIg sS4l (Digital Comm.)
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10
0%
0

Q&g
- MZ OiH (CD, DVD 8)
- RHSH(EUE S)
- L
- OxXg v
- 1% JE(ADSL S)
CIXI€ S4! (Digital Comm.) 397
e 253
R-S &3
OR-S £32 xAHe
drnin =n—k+1
Q2% 3% 59
o dpin—1| | n—k
2 2
- OIDIA [x] = x20H AN 242 J& 2 H4
-t A== EEGHI| /St 2t el IHelEl A= ER
-tIHe AE2 272 /AXE H=0 AIE
-OEtHe 272 SHIE s FII /ol ALE
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R-S &3
Qod 28 38
=0l) (7,3) R-S E=
-2 A=22 3HER 24 (m=3 bits)
-n—-k=4
A
2 2
— 7O A= CHOIA 20HOl AlE QFNX A
CIXI€ S4! (Digital Comm.) 399
FEETEE
R-S ¥3
OR-S =35 A2 25 &
1 25 (2m—1) N
Ppm—— > j| 7 |p/(-p)
2 _1j=t+1 J
GIIM, p: THE A= LR EE
959 A2 QR ¥ 5
m: A=Y HIE =
CIXEE (Digital Comm.) % MCNL 400
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HEEE]

R-S &3

O X & N (Systematic) 253t

X™'m(X) =q(X)g(X)+p(X)

OJIA, p(X) : THElE]
aX): 8

p(X)=X""m(X) modulo g(X)

- 250 OFEtAl UX)

U(X) = q(X)g(X) =p(X) + X" 'm(X)

CIXI€ S4l (Digital Comm.) 402

201



=)

il

R-S
Q

=
=T

(@)

FXI (Galois field; GF): GF(2m)
~ 0) (7,3) R-S 250 H= GF(8)2 Al

- GF@®)={0,0".a'.a’,a’,a",a’,a"}
- Al THEHA! (Primitive Polynomial): f(X)=1+X + X

0=0

a'=1 If a is a root of pol ial

o = o polynomial f'(x)
) fl@)=l+a+a’ > o’ =l+a
o =a

Qb)

I

+ )
]

adl=a-d=a-(l+a)=a+a’
=a-a'=a(a+a’)=a’+a’ =l+a+a’
d=a-a’=a-(l+a+a’)=a+a’ +a’ =1+a’
a=a-a’=a-(1+a’)=a+a’ =1=a’
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R-S &5
Qs A A ZE HXNAEH(LFSR)E 0|88t 32 8
(RIA OHEtal f(X) =1+ X+ X))
X° X' X X
}—»@—ﬂer |—'|sr3’J
GF(8) (sr1 sr2 sr3)
0 (0 0 0)
a (1 0 0)
a' (0 1 0)
o’ (0 0 1)
o’ (1 1 0)
ot (0 1 1)
o’ (11 1)
a’ (1 0 1)
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O Two operation for GF(8) with f(x)=1+x+x°

TABLE 8.2 Addition Table for GF(8) with f(X) =1 + X + X3

o o o? o o " of
o’ 0 o’ o ol o ot o?
. ol o 0 at o’ o? o o
Addition o of o 0 o o o o
o ol o o 0 o o o
ot o o? ol o 0 o o
o’ ot ol o o? o’ 0 o
o’ o o of o o’ o 0
TABLE 8.3 Multiplication Table for GF(8) with f(X) =1+ X+ X2
0 1 2 3 4 5 6
Multiplication o o e e a o o
p o0 o &l o o o o of
(11 (X1 (12 (X3 (14 OLS (X6 CXO
o? o? ol ot o’ al o o
o o3 ot o’ o o’ o o?
ot ot o’ o o o o? o
o’ o’ af o ol o? o ot
(16 0(5 OL0 (Xl (XZ (!3 (].4 (XS '
CIXIZ S ¢l (Digital Comm.)
RS
w —
R_S T—<
ol) (7,3) R-S &3t
5
(22t 0Aax (o) a,a’)=(010,110,111) & o )
- MA CHEA
- n-k=4 — g(x)= 4% OEA
— { Eg a’ aZ ’a3 ’a4
2 3 4
gX)=(X-a)X-a )X -a)X-a)
= +a'X+a' X +a’ X+ X*
- BIAIXI CHatAl:
m(X)=a'+a’X +a’ X’
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- A8 0IS
X'mX)=a' X'+’ X’ +a’X°
- IH2IEl Cratal:
p(X)=X"'m(X) modulo g(X)
=a'+a’X +a' X +a’ X’
250 Cratal

UX)=ad"+a’X+a' X’ +a’ X +a' X +a’ X’ +a’ X°

CIXI€ S4! (Digital Comm.)
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e 233
R-S &=
Q (7, 3) R-S 57|
4(=n-k S HZE Y XNAEHE 0|28t X2 253}
x° Xl Xz Xs nv\& x* .
a3 al aO a3 % ARX 1L
O~ O O ]+©®
o EH A=
010110111 fo—>
—— ——— —— ol HAIK Ale g O
a o & A% 2
[ ]:4+ZEdX2H
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U Step for LFSR Encoder

H k2™ S AKX 12 ON > HAIK &= (n-k)-stage
FIZE dIXAHN 25
Hhk28 s AKX 22 OtHYE2Z AXNAZ > HAIK &

=22 £9 dANAHZ 2.

R k28 0=, 22X 12 OFF, 22X 2= K &2 X
LI AL (n-k) 22 S #IZE AIXAH WS Parity 22 &

A dXAHZ BY
et &8 AIXAES WHES p(X)+X " 'm(X)

CIXIZ S (Digital Comm.)

Y MCNL

FTEEE!
R-S &3
Q(7,3) R-S E3J| Ml IHH
SENEENEEE Bl X AE ER Ty
a o o 0 0 0 0 0| o a’
a o 1 a o & o o a’
al 2 0{3 0 0[2 az a4 al
- 3 e e - y@aa z2
UX) ="+’ X +a* X+’ X’ +a' X '+’ X +a’ X° (8.26)
)
N NV
H2lEl HIAIXI
410

CIXIg sS4l (Digital Comm.)

205



r(X)=U(X)+e(X)

OIIM, U(X): 230 CrHetal

S ™

e(X): @F IHE CHaHA!

S ™

- OF HE C43A

e(X)= nz_lleiX i
i=0

HIIA, e 128
X 22 9%

CIXI€ S4! (Digital Comm.)

_ e 253t
R-S &%
UR-S B39 =353t

- 2AE 250

+
(@))]
i
ol
p=]
T
1
lon
o

P
n
Of
x
rz

S, =r(X),_, =r(@)

=U(a')+e(a)=e(a')
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R-S £
o) (7,

(g

R-S 8=
AKX (e, @, a’) 2 )

of
12 2F JtE

w
=

0r Ju

- e(X)=0+0X+0X*+a’ X +a’ X +0X° +0X°
=(000)+(000).X +(000)X* +(001) X +(111).X* +(000).X” +(000).X *

+ 7
Q= gM HIE

Eq. (8.26)

o

- g Al

o C

ol
0o

uszlmxj+q})

r(X) ="+’ X+a*' X +a" X’ + o’ X+’ X’ + &’ X°
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MY 253t
w —
R_S T2
e
S=r(@)=a’+a’+a’ +a’ +a"’ +a’ +a"
S,=r(@)=a"+a'+a*+a’ +a" +a" +a"
=a5
S, = r(a3)= "+’ +ad" "+’ +a®*+at +a®
:a6
S,=r(@)=a’+a’+a” +a” +a” +a” +a”
=0
. §={S,5,.5,,5,1#0 0|02 9= =1
414
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ss0iot0l X X2 XP AR v QEIN LMD I

e(X)=e X' +e X*+---+e X"
1 72 v

OIDIA, 1.2, v: X B, S M, ..., Ve 28,
JiRF A (j=1,2,...,2()

CIXI€ S4! (Digital Comm.)

415
e 233
w —
R_S T <
- r(@) > nk=20049 MIEES 22
1
Si=r(a)=¢, p+e B++e B,
_ 2N 2 2. 2
S, =r(a )—e/.],Bl +ejzﬂ2 + +ejv,BV
2t 2t 2t 2t
S, =r(a )=ej]ﬂl +ej2,6’Z +---+ejvﬁv
0N, Bl @ Hx ¥s
— 2t SHEA (IS 2F 2 M 27 AXI)
-R-S 535 212&: HHEgESEE2 F= A
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R-S &3
= 22 X CHea
o(X) =1+ X)1+ B, X)--(1+ B,.X)
=l+o X +0, X ++0, X"
OOIM, o(X)2 2 U/B/B,1/f, (447125 AX #35)
LFE /XN EHE = i8N 2T /AN
CIXI€ S4! (Digital Comm.) 417
FEETEE
R-S &3
= XJ| 3P (autoregressive) 2 &l
- MMM AEECZEH S MEE M=
Sl S2 S3 St—l St o, _St+1
S, S Sy S, S | o =S,
S S, 1+1 Sy Sua |l oy -8,
S, 141 142 Sy Suall oy | Ay
HIIM o = 2F X Cealel A=
— 0,8 FolN 2F AX UL ZRH 2F

CIXIg sS4l (Digital Comm.)
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o) (7,3) R-S &3
(2 HAX (o, @’ a’)2 )

-t=2 0122
S S| o _ S,
S, S|lo | |S,
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e 253
w —
R_S T— 2

o, _0(3 a af [I A:cofactor[A]j
R P

[3 1} . 1[4 —1}
A= LA =—

2 4 10{-2 3

o(X)=1+0 X +0,X°

=l+a* X+’ X?
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R-S &=

0 1 2 3 4 5 6 = =
- X=a,a,a,0,a 0,0’ 2 22 YUSIH 22 AAX

6 )=a"+a’+a’=a’#0
cad)=a’+a'+a"=a’* %0
ca’)=a'+a'+a"=a’#0
oa)=a’+a’+a’ =0
ca )=’ +ad"+a"=0 — 27 2

sa)=a"+a"+a’=a’ %0

ca’)=a"+a"+a’=a’ %0

T
ball

A

r

- B=lla*=a’,p,=1/a’=a"0122 B=a'=X",p=a"=X"

= e(X)=¢, X" +e, X7 =e X’ e X*
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e 233
u —
R_S T—<
 QF gt
- S8 2T AXNUMN 2T U2 MESS 0125t &
- A 2F ge SE A HE e, e,
0
1
S, =r(a)=¢pf +e,p,+-+ep,
2 2 2 2
S,=r(a’)=ef +e,fB, +-+ef;
2 21 21 21
S, =r(@)=ef +e, 5, +---+e,p,
— 2001 oo tIh TtEtAl S 0|26t 2R gt &
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o) (7,3) R-S &5
—( 2= AKX (a,la3,a5) o)
- 22 X B, =a3,,6’2=a40”H F dlee 2 AESH 2o Z2F

- 4042 MEE S 22 2)HE L

S =r(@)=e¢f +e,p,
S, = r(az) = elﬂlz + ezﬁzz

B Be 1S
ﬂlz ﬂzz &) - S,

CIXI€ S4! (Digital Comm.) 423
e 253
w —
R_S T— 2

- Fold F N 2LF AXNZ 2F IHE CHEAls MH

[

= eX)=e X' +e X2 =X +a’X*
Wi 72 ——
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Ol

= [teal

—/

0

&(X) = i g
e(X)—ele +ej2X +ote,

U(X)=r(X)+eé(X)

=U(X)+e(X)+é(X)
=U(X)

CIXI€ S4! (Digital Comm.)

va

éX)=e;, X +e, X"

=’ X+’ X"

22 3y

U(X)=r(X)+e&(X)

a’ X +a’ X*

r(X)=a’+a’X+a' X’ +a" X’ +a’ X' +’ X+’ X°
e(X) =

425
FEEET
R-S &3
ol) (7,3) R-S &5
(22 AKX (a,a’,a) o)
SEEE 24 OEA

U X) ="+ X +a* X +a’ X +a' X + &’ X+ X
- UX)=U(X)

CIXIg sS4l (Digital Comm.)
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=2
O 24 235 (Convolutional Code)
X

= AWGN HEHM £E2 8=
= 2 =T Al 28 (burst) 2F ML ol E2 s
= AN (soft-decision) 255t
= nkCZ EE
e 1 B3J| EE 2302 MAM HE
c Kk EEESD|Q AHEO2 EXIt= HIOIH HIE 2=

o C B
« NE
- AL EA
- 0l=sA
- DBS(HDTV)
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mkel LE2-2 JHatD|

gsoe: U=U.,U,,..,U,..
n OOIM, U, =ty

=i g 2| 250
u,==22101U, 2 j i

017 25 oz

— 258 k/n<1
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0=

25

ooy

2 Xt (constraint length

- 8 ¥ HIED 20 &S 01X= E 0IS (shift) =

4

O XS 42l (free distance)

- 28 83 dmin(a_il_/.\_ﬂal)
-Z# 254, (U8 )
LR
SERE
: ’
d,,, =min{d, (uu")}
dﬁee_l
=l =R EE 59
2
CIXI€ S4! (Digital Comm.) 429
e 253
w —
2N 2S5
- PEI =300 (2, 1) LM 25
-1 HE YH, 2HIE &S > k/n=1/2

M
6.\21:1 Ph T u s
SRR <
m (o)

U, o
23

Dg =101

(23818 1/2, C=3)
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e 255
28 73
= C=301(2,1) 22X 23010 2t =L m=1012 253t
Time Encoder Output
U U,
D u,
t m—{1olo] L
u,
S5, u,
2 m QMo e 10
u,
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FEEEE
2 £
Time Encoder Output
U U,
@D u,
o w000
2
SV u,
“o m—fonig) e 10
u,
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IS

0¥

{T

fob

Encoder
ul

Time
U,

&

¥
tS m 1
¥ u,
2
£ d: 11 10 00 10 M
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= State

e 253t
2 25
U State representation & state diagram
= Possible contents of the leftmost C-1 stages of register

= |n the boxes of diagram
= Paths between the states
= Due to output branch words resulting from state transitions

= Possible transitions
= Solid line : Due to input zero

= Dashed link : Due to input one
= Qutput sequence is not only a function of the input bit, but

also a function of the C-1 prior bits.

Yy MCNL
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1.
v
b=10
10
01 ™ d=11 01
TN — Y HEO
L 912 HIE 1
10
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e 253t

AN 25

= AR €, m=11011 + =214/ (flushing) 00 0| 5

Il g=g W

10K | £, 01K | 2, A 2501
ASHIE | AINAE S | AEH 3t | &EH 3t
w_ | u
- 000 00 00 -
1 100 00 10 1 1
1 110 10 11 0 1
0 011 11 01 0 1
1 101 01 10 0 0
1 110 10 11 0 1
0 011 11 01 0 1
0 001 01 00 1 1
B M |

— &8 E:U=11 01 01 00 01 01 11

CIXIg sS4l (Digital Comm.)
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e 253t
21 B S
2N 2SS
= = (=2
Oz 239 2=
= |S-95 COMA =L &0 A AtEot=E £335H|
&p »Cy
Informaticn Code
Bits — Symbols
(Input) (Output)
ert’ .o
=Ly
- PEF =90 (21) LM 2
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2o »c,
o=
Information Code
Bits — # Symbols
(Input) (Output)
A -c,
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=
e 253
Reverse
- - Traffic Repeated
[o-N=1%<1 (] Channel Code Code
oidtsE g4 o | [ | [t o s |
> Quaity [™| Emcoder | Encoder — Reg::iuon T
v & - 8 ksps
ey Tail Bits R=1/3.K=9 P
(CDMA-2000)
Bits/Frame  Bits (kbps Factor
16Bits/20ms 0 12 8
40Bits/20ms 0 24 ax
80Bits/20ms 8 a8 2
172 Bits/20ms 12 96 1
Block Repeated
Interleaver Code Symbol St-ary Dete
s Orthogonal Burst +
& 28.8 ksps Modulator 307.2 keps Randomizer
ymbols)
Long Code
LongCote | T8 00
for User m 12288
Mcps)
I-Channel
PN Sequence cos(2nf,t + 6)
Signal Point
Mapping Channel Baseband
0=+ ™ Gain > Fitter
1511
sl
o ¥
LZE v Channel Baseband
Crin L > Gain > Filter
Delay
v 15-1
Q-Channel sin(2eLt + ¢)
PN Sequence <
CIXEE (Digital Comm.) % MCNL 440
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ﬂ —
%’é}' —<
O "I 8l =5 I| (Viterbi Decoder)
- 2l & 235 (maximum likelihood decoding) 24!
2eEE m 1 1 0 1 1 s
&8s 11 01 01 00 01 .
Fog 7 L1 01 01 10 or i .-
§ (@)
State a=00
b=10
c=01
d=11
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He 255
ﬂ —
%}é}' —<
4 t, ty ty ts
&EH a=00
b=10
c=01
d=11
S MEZ E0Ite & EZ22 HEE
- HE (==X o2 (hamming) Hel)0l 2 A0l MAHS
-2 Z AZI 40|12 OL2HIH10I1B2 9 HAZIF HHE
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/\}EH a=00
b=10
c=01
d=11

t, A2 g2 B2
AEf a=00
b=10
c=01
d=11

t A2 HES bl

A HEE
b 2 to 1 ts
HEH a=00 o « o -3
S)
e
b=10 e I3
c=01 ° =2
d=11 o ro
oMo g2 22
AEH HEH
A a=00
b=10
c=01
d=11

o
0
H

ty oAl
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e 253t
20MF B S
=0 T2
ALEH DHE 2!
t t2 13 ty ts
ME a=00 % . e
\Q\
b=10 * I 1
c=01* r=3
d=11 ¢ (Y I=2
2 0
t50||/\‘|91 g2 32
AEH IHE R
t to ty ty 151 tg
S4B a=00y,  ° r=2
<
b=100 "\ r,=2
c=01° . =2
d=110 e I 1

toOiMe HEZ Hin

tooiMe g2 32
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Y 253
= iy <
- = = —
a TEP_E} OI =
10
— 1) 253 5N %S BPSK
=z o
g ‘ 2) £5518=1/2,C=7, BIEHl IWH ALS
§ -4 \
510 | 1
= 3) £5358=1/3, C=7, HIEH GBI AR
10° o
|
10°
0 2 4 6 8 10 12 14
Eb/NO (dB)
- 108 S J|=02 BS55 S L 2)= & 4dB,
3)2 & 6dBOIA 253 0I1SE 23
CIXI€ S4! (Digital Comm.) 447

224



