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Digital Signaling

B Mathematical Representation of the waveform
B Estimation of Bandwidth

B \oltage (or current) waveform for digital signals

N
wit)=> wep ) 0<t<T,
k=1

w(t): PCM word or message
w, :digital data

@, (t) :orthogonal functions

N :number of dimensions
T, :message time span



Example: Message ‘X’ from a digital source - code word
“0001101”

w,:w,=0w,=0w,=0w, =1w, =1w,=0w, =1
{W,, Wy, Wy, W, , W, Wi, W, | = {0001101 }
N=7

Baud (symbol rate)

D = N/ T, symbols/sec
N :number of symbols (dimensions) used in T, sec

Bit rate (information rate)

R = n/ T, bits/sec
N :number of bitssentin T, sec



m
B Binary signal vs. multilevel signal

" binary (two) values - bianry signal
“I more than two values - multilevel signal

B How to detect the data at the receiver? (Matched filter detection)

j wit)p; (t)dt; k=1, 2, ..., N

W(t). Waveform at the receiver input
o, (t): orthogonal functions



Orthogonal Vector Space

N
W=> wp, or
j=1

W= (Wl’WZ’W3""’WN )

w: N -dimensiona | vector

N :dimensiona | vector

{goj}:orthogonal functions and would be called orthonorma | functions if

To . To 2
K =] 0, 00; )t = | |, 0] dt =1




Example

T
B This 3-bit (binary) signal could be directly represented by

s(t)=jzijd,-p{t—(i—%ﬂ@djpj(t)

P, (t) : orthogonal functions

5 (J-DT <t< T
(1) = R

P (1) {O, t otherwise
d=(d;,d,,d;)=(0,1)

B The orthonormal series representation

Py(1)
(b) Bit Shape Pulse Sk

M =3
s(t) = D_s;0;(t)
i1 o
@, (t) : orthonorma | functions ST

|, o, ®e; (Hdt =1




Example (con'’t)

w
Let p,(t) = Ap, (1)
K; =" p; 0 p; (Dt = A*[ " 9, ()} ()t = A°
A=K
p® P p,® ) % (j-DT <t< jT
JK; \/j p.(t) p’ (t)dt \/j"pz(t)dt ST 0, totherwise

s(t) = Zs(p, Zd p;(t)

p;(t)
=9 ~d, /K, =d,(54T)
= d(54T )= (1 0, 15T )= (5T, 0,54T )

?D; (t) =




Bandwidth Estimation

® The bandwidth of the waveform uA?) is
B> —1p
2T, 2

If the ¢, (t) are the sinc type, the lower bound will be achieved.



Example

w
The number of messages M = 256
The number of bits n=1log, M =8 bits
The time span T, =8 ms

N
w(t)=> wet) 0<t<T,
k=1

N : number of symbols, N =n for binary signaling
A particular message corresponding to the code word 01001110
w,=0,w,=1,w,=0,w, =0,w, =1, w,=1,w, =1, w, =0
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i
CASE 1. RECTANGULAR PULSE ORTHOGONAL FUNCTIONS

1.5
1 _
= 05
) N f *
0
0.5
0 1 2 3 4 5 6 7 8

t(ms ) ———

(a) Rectangular Pulse Shape, T, = 1 ms
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TS

T =Jo 8 qms

n 8
R=L =" _1kpitss

Tb TO
p- Lt _N_"_1 o 1kvau

TS TO TO Tb
B =L _D=1kHz

T

S

K, = j“’ o o)t —j (IxDdt =T,

(k-1)T;

= j WOt == w(tdt =w(r)

(k-1)T,

T .sampllng time, (k —1)TS <7 < KT,
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B CASE 2. SINC PULSE ORTHOGONAL FUNCTIONS

0.: /‘\\ / B
L N\ |/
0 1 1 t 2 1 3 r 4 T 5 r 6 jﬁd:mbdj 8

wy(1)

0.5

t(ms)———e
(b) sin(x) /x Pulse Shape, Ty, = 1 ms
Figure 3-12 Binary signaling (computed).
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—(k =1
(Dk(t):Sa[ﬁ(t (k Z)Ts))
TS
Tb:T_Ozg—lmS
n 8
R=2 =" _1kpits/s
T, T,
p-2-N_0_1 _R_1kbaud
T, T, TO T,
By =— =500 Hz (Fig. 2.6)

w(t) = ;Wkgﬁk (t) = ngSaLﬂ(t _ (_T_S_ é)Ts)j

W, =W[(k —3)T,]=w(z)
r: sampling time, 7 = (k —1)T,
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Multilevel Signaling

B Example

The number of messages M = 256
The number of bits n=log, M =8 bits
The time span T, =8 ms

N
wit)=> wep(t) 0<t<T,
k=1

N : number of symbols
n 8

For L =4 multilevel signaling, N = n_ = =
| log,L log,4

| : bits carried by each symbol
A particular message corresponding to the code word 01001110

W, =-3w,=-1w,=4+3,w, =41
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Binary to Multilevel Conversion

Message source
(binary output)

i
Binary signal
(See Fig. 3-12)
wi(¢) or wy(¢)
o

D symbols/sec = R bits/sec

¢ -Bit
digital-to-analog
converter

L -level
multilevel signal
(See Fig. 3-14)

w(t) or wy(t)

L=2¢

D symbols/sec = R/€
and R bits/sec

Figure 3-13 Binary-to-multilevel signal conversion.

Encoding Scheme
Binary Input (I = 2 bits) Output Level (V)

11
10
00
01

+3
+1
-1
-3
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I
CASE 1. RECTANGULAR PULSE ORTHOGONAL FUNCTIONS

t(ms) =——<

(a) Rectangular Pulse Shape Ty, = 1 ms
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t— (k= 3)T,
§0k(t):H( TSZ ]
T,=10_8 _ims, R=2 =1 _1kpitsss
n 8 T, T
N="og p=2 N R g0 paug
| T, T, |
B,y === D =500 Hz
T

S

To N KT,
K =], oot = (@xDdt=T,

k-1)T,

o=y WO = [T wiot = w)

(k-1)Tg

7. sampling time, (K -DT, <7 <KT,
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i
CASE 2. SINC PULSE ORTHOGONAL FUNCTIONS

4
—
2 ,/-
< o / e
S P /
-2 \
/
- 0 1 2 3 5 6 7 8
’ * * * Mid sy;_nbol
t(ms) ———s SAMPUEE

(b) sin(x)/x Pulse Shape, Ty, = 1 ms
Figure 3-14 L = 4-level signaling (computed).
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Tb:T—O— =1ms, =i—£—lkbltS/S
n T, T,
N="—g p=Lt_N_MI_R_ch0paud
I T. T, T, I
Bab5=2=250Hz
2
N

w<t>=zwk¢k<t>=iwk5a(ﬂ<t—<$—z>n>j

W, = W[(k - %)Ts] = W(T)
r: sampling time, 7 = (k —1)T,
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Line Codes

m
B Binary 1's and O’s may be represented in various
serial-bit signaling formats called line codes.

B The following are some of the desirable properties of a
line code:

B Self synchronization

B Low probability of bit error

B A spectrum that is suitable for the channel
B Transmission bandwidth

M Error detection capability

B Transparency
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Binary Line Codes

BINARY DATA

.mm
=]
£
e
oum
ES
- < b
.l.[...nm < =
=3
& >
= z N
3 E =z
5 2 5
g 8 s
-9
= = &
L) £ 2]
i L 2

(d) Unipolar RZ

(e) Bipolart RZ
(f) Manchester NRZ 0

Figure 3-15 Binary signaling formats.
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i N
B A digital signal (or line code) can be represented by

s(t)= a, f(t-nT,)

f (t) :symbol pulse shape
T, :symbolinterval, T, =IT,
T, :bit interval

B The general expression for the PSD of a digital signal is
F(f)° & .
Ps(f):—‘ (T)‘ D R(k)e!*
S k=—c0

F(f)=F[T(D)]

R(k) :autocorrelation of the data

RK) =Y. (32,0, P

P. :probability of having theith a a ., product
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Unipolar NRZ

(a) Punched Tape

Volts

(b) Unipolar NRZ 0
1
P(a,=A)=P(a, =0) =5

R(K) =Y. (3,80, -

4
Z (an an+k )i
Li=1

I
BINARY DATA
1 1 0 1 0 0 1
I | I I | | I [
| M P ® | & )
: mark : mark : space : ark : space : space: mark :
| (hole) | (hole) | | (hole) | | i (hole)
Y A S O S D B
: I | |
I |
! i
| | i | | | | i
I [ [ | | | Time | st
2 2
1 A
D (ak);P =(AxA)- —+(O><O) > k =
i=1

=(AxA)- —+(A><O) —+(O><A) —+(O><O)

0
1

AZ
4

k=0

24



Unipolar NRZ

i5(t—nTO) :icne””kfot = f, iejz”“fot =
Za(f—nT) —f, Zeﬂﬂ"ffo — Za(f——) T, Zelzﬂm

N=—o0 =

2

ZR(k)eJZﬂKfT :_+ Z A’ 0127, :_(1+ ZeJZﬂka _[1+_ Z 5(f __)]

k=—o0

k¢0

For rectangular pulses

f(t) :H(TL] & F(f)=T.Sa(AT.)

RO & g, [TSAAT) A? n
P(N="7 2R = T 1 sn_z_f” )
:AZT AT

y > Sa’ (T, )[1+T—nz S(f - )]— y * Sa (7rfTs)[l+T—5(f)]

S S
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Unipolar NRZ

3
p=[" P(f)df = A4TS Saz(;szs)[1+Ti5(f)]df

S

_AT, j°° Sa? (AT, )df +j°o Sa? (AT.) = 5( £ )df
4 |- 5 e T
AT (1 ¢ 1
= s Sa®(x)dx + Sa*(0)—
4 |\ T, Lo () ( )TJ
AT (1 1) A
4 \aT, " T.) 2
P=1=A’=2=A=42

P(f)= 2} SaZ(ﬂfTs)[uTia(f)] :T—ZSSaZ(ﬂfTS)Jr%&(f)

S

- O.5TbSa2(7szb)+%§(f)

B :i:DzR
T

null
S



(a) Unipolar NRZ

L.5R
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Sa Waveform NRZ

Sa(22Wt) <> L H( f ]
2w 2w

For sinc pulses

f(t)=8a(_7|_Zt—J<—> F(f):TSH( j
G|
p(1) - FCL 3 R - T]/ A 3ot
:AZTSH ]/‘CTS [1+%nz 5(f——)]_A2T U}J[H%&(f)]
- AZTSH ]/frs [1+T—S5(f)]
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AT,

P= j P(f)df = j

AT (o f
- jwn(ﬁ)dnj

_ Az-l-s J.1/2TS df +ij
4 | J-voer, T

S

AT, (1 1] A2

f 1
(1/T5 )[1+T_55( f)]df

Zn(i)ia(f)df]

]7/TS TS

4 (T, T 2
P:1:>A2:2:>A:\/_
oT
P(f)= SH( )1+ —5(f)]— SH(—)
4 YT T, YT,
g -+ -N_D R 1 _N_sm.T
2T. 2T, 2 2 2T,

—5f 0.5T,TI() + = 5(f
()= (]/) (1)

(dimensionality theorem)

29



P usipotar ()

0.57,

(a) Unipolar NRZ

Weight = -%-

0.5R
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P potar (f)

(b) Polar NRZ

0.57,,

Polar NRZ

—
Pootar ez () = AT, Sa* (AT,
P=1=A=1

0

0.5R R

1.5R
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Unipolar RZ

B
d=3
AT,
I:)unipolar RZ(f)_ 16 Sa (ﬂﬂ_ /2)[1+_ Z 5(1: __)]
b N=—00
P=1=A=2
1 05T,
Prz ()
(c) Unipolar RZ

0 0.5R R L.5R 2R



Bipolar RZ

® PSD for bipolar (also known as pseudoternary or AMI) RZ
signaling

d=1
AT, -
I:)bipolar RZ ( f ) — Sa (ﬂﬂ-b /Z)Sm (7ZfTb)
P sipotar (F)
0.5T, |
(d) Bipolar RZ
| ]

0 0.5R R 1.5R 2R

33



Manchester NRZ

I
f=nf E/A) 1T/
T,/2 T,/2
I:)Manchester NRZ ( f ) - A2TbSa2 (ﬂﬂ-b /Z)Sinz (ﬂﬂ-b /2)
P=1=A=1
t 0.5T, |-
P menchesser (f)
(e) Manchester NRZ | | l
0 0.5R R 1.5R 2R
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Multilevel NRZ

Unipolar NRZ
Binary waveform in
wi(t)

£ bit

digital-to-analog

R bits/sec converter

Multilevel polar NRZ
L-level waveform out

w(t)

(a) £ Bit Digital-to-Analog Converter

w() |

D symbols/sec = RI€
and R bits/sec

1.

(b) Input Binary Waveform, w;(t)

wy(f)

S e e

=2
N e

B ettt did

B e L L LTS

(c) L = 8 = 23 Level Polar NRZ Waveform Out

Figure 3-22 Binary-to-multilevel polar NRZ signal conversion.
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i
R(0) = i(an)f P= %i(an)f = %[72 +5°+ 3+ + (D) +(-3)° +(-5)* +(-7)*] =21

R(k) - i(anamk)i Pl = 6_];12(anan+k)i

:$[7(7+5+3+1—1—3—5—7)+5(7+5+3+1—1—3—5—7)+---+(—7)(7+5+3+1—1—3—5—7)]
=0, k=0
For rectangular pulses f (t) = H(le <« F(f)=T.Sa(#T,)

S

F(F) & | T.Sa(AT)|
P tever vz () =M D R(k)e**™ = . (T ) 21=21T.Sa’(AT,) = 63T, Sa (3T, )
S k=—00 S
Boun = i =D= B
T |

S

: f 1 D R : . .
Forsinc pulses: P, .. nez (T) = ZlTsl_I(ﬁj, B, = o = > = of (dimensionality theorem)

S
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i N
® In general, for the case of a multilevel polar NRZ signal with

rectangular pulse shape
I:)multilevel NRZ ( f ) = Ksaz(l ﬂfTb)
R

null — |_

B

B Multilevel signaling is used to reduce the bandwidth of a digital
signal compared with the bandwidth required for binary signaling.
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Spectral Efficiency

B The spectral efficiency of a digital signal is given by the number
of bits per second of data that can be supported by each hertz of
bandwidth. That is,

_R

1= (itsls)/Hz

TABLE 3-6 SPECTRAL EFFICIENCIES OF LINE CODES

First Null Bandwidth Spectral Efficiency
Code Type (Hz) n = R/B [(bits/s)/Hz]

Unipolar NRZ R 1
Polar NRZ R 1
Unipolar RZ 2R 1
Bipolar RZ R 1
Manchester NRZ 2R

€

d
~

Multilevel polar NRZ
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Homework

.
m | C 3-20, 3-23, 3-26, 3-32, 3-36
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