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SONR - summary

VZ
F =# guantization noise power
SONR — P, _3M°P, _3x4"P,
2 2
an Vmax Vmax

* M is the number of quantization levels
*n is the number of bits
* V. . IS ¥2the A/D input range
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SQNR g
2
PX S Vmax
The SQNR decreases as
Px <1 The input dynamic range
vV 2 = increases
max

SONR | ;=10 Iogm(\%] +6n+4.8

max

oV . is% the peak to peak range of the quantizer

¢ nis the number of bits in the full scale quantizer range
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Summary of SQNR| g for linear, p—law, A-law

SQNR,, =6.02n+a  (3-25)

a=4.77-20 Iog[\ﬁJ (uniform quantizing) (3 -26a)

rms

a=4.77-20log[In(1+ )] (u-law companding) (3 -26b)
a=477-20log[l+InA]  (A-law companding) (3 - 26c)

P, = x2.. is the input signal power

V... IS the peak design level of the quantizer
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Line Codes:
Baseband Digital Signals
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PCM Signal Transmission

PCM transmitter
{analog-to-digital conversion)
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Analog
Signal

PCM Waveforms

Alias

©

LPF . Line Code . .
Sla:ple Quantizer Encoder Generator Pulse Shaper Line Driver
[ ] [ ] [ ]
% I/ 1 I 1 I 1 I
AID

Pﬁ*t Shaped Polar NRZ
Pmm~t Polar NRZ

Dz—mt Unipolar NRZ
T
1_0 0 1 1t
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Example:

Digital Signaling — Signal Vectors

N
wit)=>, wap ) 0<t<T,

Where w, is the digital data and ¢,(t) is the set of basis waveforms

o(t) = H[TL) T, :% for RZ codes

T, =T, for NRZ codes
w e (0,1) for Unipolar
e (~11) for polar or bipolar
W e (—.75,-.25,.25,.75) for 4 state multilevel
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Figure 3—-11 Representation for a 3-bit binary digital signal.

Vector lengths are in units of /E

) Viocuor Rcpresentution of the 1Bt Sagnal
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Vector Signaling

Vector Generator Matched Detector
(D= ]
N > - W= (W)
W(t) = > W () <> °
PCM * (¢
| Line code @ ()

> ‘. —»wk:fw(t)gfk(t)

The ¢, are orthogonal basis functions, w, are weights
that correspond to the digital data.
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Figure 3—-13 Binary-to-multilevel signal conversion.

L -level
Binary signal multilevel signal
(See Fig. 3-12) (See Fig. 3-14)
o wy (1) orwsy(t) {-Bit w3 (1) or wy(r)
Tlf;::licotﬁl;lf}c »| digital-to-analog >
D symbols/sec = R bits/sec converter D symbols/sec = R/
and R bits/sec

p(t) =11 Ti T, :% for RZ codes

0

T, =T, for NRZ codes
w e (-3,-113) for 4 state multilevel
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Figure 3-12 Binary signaling (computed).

L5

1

wy(t)

0
.5
0 1 2 3 4 5 6 7 3
t{ms)——e
(a) Rectangular Pulse Shape, Ty, = 1 ms
L5
T TN\

ws(t)

Mid symbol

(s ) —— sampling

(b) sin{x) /x Pulse Shape, T, = 1 ms
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Figure 3-14 L = 4-level signaling (computed).

() ——=

1) Rectangular Pulse Shape Ty, = 1 ms

wyl(t)

] ] 3 5 6 7 ]
t t t } Mid symbol
sampling

{ms) ——=
{b) sin{x)/x Pulse Shape, T\, = 1 ms
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Desired Properties of Line Codes

« Self-synchronization:
There is enough timing information built into the code so that
bit synchronizers can be designed to extract the clock
signal. A long series of 1's or 0’s should not cause a
problem.

* Low probability of bit error:
Receiver can be designed that will recover the binary data
with a low probability of bit error when the input data signal
is corrupted by noise or ISI (intersymbol interference)

» Good Spectral Properties:
If the channel is ac coupled, the PSD of the line code signal
should be negligible at frequencies near zero. The signal
bandwidth needs to be sufficiently small compared to the
channel bandwidth, so that ISI will not be a problem.
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Desired Properties of Line Codes

*Transmission bandwidth:
As small as possible

*Error detection capability:
It should be possible to implement this feature easillyby
the addition of channel encoders and decoders, or the
feature should be incorporated into the line code.

* Transparency:
The data protocol and line code are designed so that
every possible sequence of data is faithfully and
transparently received. (The sequence of bits does not
matter.)
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Figure 3-15 Binary signaling formats.

NRZ: non-return to zero has smallest occupied bandwidth
but must constrain consecutive 0’'s or 1's

BINARY DATA

1 1 0 1 [} 0 1
| | I 1 | | | I
a) Punched Tape : [ ] : [ ] : : L] : : : L] :
: mark : mark : s1)z|cc: mark : space : :;p;tcc: mark :
| (hole) | (hole) | | (hole) | | (hole)
Volts ! I | 1 | [ I I
A } :
: : Good: simple
I | 5
b) Unipolar NRZ 0 = } . ; ; ; ; . Bad: DC
| | | 1 | I Time | ——w=|
| | | 1 | | I |
I | I 1 | I I I
I I | 1 | [ I I
| [
| .
i : : Good: Lowest
:) Polar NRZ ( -
¢) Polar }—;’1 | ] BER
— ] L
il |
Ty 1 i
I [
! !
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Figure 3—15 Binary signaling formats.

BINARY DATA

(d) Unipolar RZ
(e] Bipolar RZ

(f) Manchester NRZ
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Line Codes:
Power Spectral Density (PSD)
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PSD of Line Codes

k=—o0

Py(f):—‘F(Tf)‘ S R(K)e 2"

|
R(k) = Z (anan+k)i PI for random data
i=1

Binary Signals: T, =T,
Multilevel Signals: T, =T,

P, is the probability of a,a,,, occurring

M TRlan

Mountains = Minds

R(k) example for a deterministic data file

Data 1] 1 0 110
Unipolar A=0,1 1| 1 0 110
Polar A=-1,1 1] 1 -1 1|-1
BipolarA=0,(1,-1) | 1 | -1 0 1|0

of bits
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R(K) example Polar , k=0

Data 1 1 0 1|0
a, 1 1 -1 1 |-1
an+0 1 1 -1 1 |-1
(a,)? 1 11
(1/N)Z(a,)?
1 N
R(K) == > (a,am)
N =
MONTANA

STATE UNIVERSITY
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R(k) example Polar , k=1

— Shift Right 1 —>

Data 1 170 (10
a, 1 |1]-11(1
a1 1 (1)1 |11
a,a,, -1 [-1-1
(I/N)Z aya,,
’ See Mathcad file bpsk_psd.xmcd and linecodepsd.xmcd
MONTANA
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R(K) example Polar , k=1
R(k)

o1

l k
0.6
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PSD of Line Codes

Unipolar NRZ Signaling. For unipolar signaling, the possible levels for the a’s are
+A and 0 V. Assume that these values are equally likely to occur and that the data are ip.
dependent. Now, evaluate R(k) as defined by Eq. (3-36b). For k =0, the possible produets
of ayu, are A XA =A% and 02X 0= 0. und consequently, 7= 2. For random data. the proba-
bility of having A2 is 1 and the probubility of having 0 is 3, so that

2
R(O) = z(anan)ipf = A:.% + 0
i=1
For k # 0. there are I =4 possibilities for the product values: A XA, A X0, and 0 X A, 0 X0,
They all oceur with a probability of 1. Thus, for k # 0.
1
R =D (anan-)Pi=A21+ 04 + 0.1+ 0.1 =142

f=]

Lz
34

Pl

Hence,
1
E A2, k=10
Runipolar(k) = 1 (3-37)
_ AZ'
y) k#0
MONTANA
STATE UNIVERSITY Mountains (- Minds
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PSD of Line Codes

For rectangular NRZ pulse shapes, the Fourier transform pair is

fin = n(—;—) SF(H =T, 33’7%[—" (3-37)
b . b

I3
Using Eq. (3-36a) with T, =T, we find that the PSD for the unipolar NRZ line code is

AT, (sinwfT,\? =
QPunipolarNRz(f)=“‘Zfi“ (%) [1+ > ""ﬂﬂ’]

mfTy k=00
But®
i 2T Ty = .1. % S(f - .l) .(3—38)
e T, & T
Thus,

AT, [sinmfT,\? _1_ ad _n
‘-’J}umpolar NRZ{.f} —"'"Z'" ( WfT}; ) [1 + Tb z 5(f T;,)] (3—393)

H=—00
-

T Equattun (3-38) is known as the Paisson sum formale, as detived in Eq. (2-115).
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PSD of Line Codes

But because [sin (afT,)/(nfTy) =0at f=n/T,, for n # 0, this reduces to

ATy, (sinmfT,
i\, )

If A is selected so that the normalized average power of the unipolar NRZ signal is unity,
then” A =y2. This PSD is plotted in Fig. 3-16a. where 1/7}, = R. the bir rare of the line code.
The disadvantage of unipolar NRZ is the waste of power due to the DC level and the fact
that the spectrum is not approaching zero near DC. Consequentty, DC coupled circuits are
needed. The advantages of unipolar signaling are that it is easy 10 generate using TTL and
CMOS circuits and requires the use of only vne power supply.

@unipoiar NRZ(f) =

2 1
[1 g 8¢ f)] (3-39b)

Check the website for Matlab and
mathcad files to plot the psd of
line codes
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Figure 3—-16 PSD for line codes (positive frequencies shown).

A

b

: - Time | ——a=I
@unipohlr (f) / WEIght = % I i

0.57,

(a) Unipolar NRZ

0 0.5R R L.5R 2R

1
AT, ( sin #fT,
I:)unipolar NRZ ( f ) = : [ :

T o1
e Huna(f)} (3-39h)
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Figure 3—-16 PSD for line codes (positive frequencies shown).

| I
l Ty T :
0- 3 | |
97’polalr (f) '_I ! : |
[ | 1 |
I"—"! | I 1
0.5T, -
(b) Polar NRZ
0 0.5R R 1.5R 2R
[ et
. 2
sin zfT,

F)polar NRZ ( f ) = AZTb (3 - 41)

T,

M DI%M%’ Systems, Seventh Edition ©2007 Pearson Education, Inc. All rights reserved. 0-13-142492-0
i Minds

Mountains

15



Figure 3—-16 PSD for line codes (positive frequencies shown).

Ty
—t .

NN

' OST0l  Weight=L
[ — ST T4

Prz (f) T
(c) Unipolar RZ \;
| ] —

0 0.5R R 1.5R 2R
[ i
2 2 2 n=o00
PunipolarRZ(f): ATb Smﬂﬂ_b/z 1+i 5(f _L) (3'43)
16 | T, /2 =1 T,
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Figure 3—16 PSD for line codes (positive frequencies shown).

.

1 b M L
@bipular (f
0.5T, |

(d) Bipolar RZ

0 ().ISR R Bipol;ﬁR 2IR

et
2

AT, ( sin T, /2

Pz (1) = 8{ o j(l—cos(znﬂb) (3-45)
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Figure 3-16 PSD for line codes (positive frequencies shown).

200

|
T
|
t
|
|
|

H

A =
I I I
I 0.5T,
f)_,b manchester (f )
(e) Manchester NRZ
| | |
0 0.5R R 1.5R 2R
[ et

sinzfT, /2

F)Manchester NRZ ( f ) = AZTb( AT 12
b

j sin?(#fT, /2) (3 - 46¢)
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Eye Diagrams
Clock Recovery
Regenerative Repeater
Spectral Efficiency

EELE445-14
Lecture 19
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Exam in Class

EELE445-14
Lecture 20
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EYE Diagrams

Figure 3-18 Distorted polar NRZ waveform and corresponding eye pattern.
Waveform Eye pattern

0 1 I 1 1
l I

>
:

h : | :\ | — b M —
I ] 1 I I |
| | | | |
1 | | ! | [l
1 1 1 1 —
(b) Filtering with ISI. 1 1 1 1 Best sampling time
, | | | | 1o |
1 1 1
| 1 1 I I T
! | I 1 I 7 1 |
| I | 1 I Moise
: 1 | 1 argi
H ! ! ) margin
| 1 [
i 1 | 1 I \ —r I
| | 1 I | |
H | | I !
l 1 | I
| 1 | 1 1 | 1
(¢) Noise Plus ISI Maximum distortion
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EYE Diagrams

ISI

Timing
sensitivity

Noise

7
margin \/ /

Zero-crossing
jitter

Optimum sampling time

M MONTANA

_ STATE UNIVERSITY Mountains ' Minds
File Control  Setup  Measure  Calbrate  Utilties  Help 31.Jan 2008 15-5" m
-”’“‘.
hitsk Test ™=
+
\/ Measure .1 : B : .
Jditter By %ﬁ! % o, el Eeﬁpﬁ ll
1itt ns 1 m, ne ﬂ
D) QIR | P | Jrovwn | WL, | M | G
Eye diagram of a 20 Gbps data stream The time scale is set at 10
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STATE UNIVERSITY Mountains - Minds

19



Figure 3-19 Regenerative repeater for unipolar NRZ signaling.

Low-level Amplified filter
distorted r=——==—————————

Sample and hold — |r—b—

Clock

A

Bit synchronizer
(timing circuit)

Decision-making circuit High-level
T T T regenerated
1 output
1+ P
|

*The ability to use a regenerative repeater is one of the major
advantages of a digital binary system over an analog system
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Figure 3—-20 Square-law bit synchronizer for polar NRZ signaling.

Unipolar RZ
Filtered waveform
polar NRZ
waveform Square- \
—f- law

wy(t) device /

ws(t) = wi(r)

(a) Block Diagram of Bit Synchronizer

w (1)

Narrowband filter
fo=1/Ty

Clocking
signal out

Comparator
e wy(r)

/‘ Ty

(b} Filtered Polar NRZ Input Waveform

M Dlg%i%% Systems, Seventh Edition
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Figure 3—-20 Square-law bit synchronizer for polar NRZ signaling.

wy (1)

Ty

(h) Filtered Polar NRZ Input Wavelorm

w(r)

() Cutput of Square-law Device (Unipolar RZ)

Ty

BNy AV AVAVAYWAYWAVWAWAWAWA
VARVARVARVARY ARV ARV AR VALY SRV SN\

() Output of Narrowhband Filter

N nnnnonnnnn
Erfrfe ettt

{e) Clocking Cutput Signal Sampling times
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Figure 3-21 Early—late bit synchronizer for polar NRZ signaling.

Instantaneous Late sample -
—— sampler Flll[—l“':l‘\ e
and hold [wy(te + nTy + A) rectifier wy(te + 0Ty + 4)
;
Late clock
Filtered Delay, + A .
polar MRZ Control |

waveform A Clock Voltage voltage Low-pass s
——— controlled - e
wy (1) \ wy(1) clock (VCC) | (1) filter wy (1)

Eye pattern — & Output

for wy(r) Delay, - A A clock
A A w,y (1)
| Early clock
N '
X E Instantaneous Early sample
\-;/X g N Full-wave
—d —- '>.m1}[1)h;rl T rectifier [wy(te + nTy, — A)|
7y +nT,, and holc [ww(re + Ty — A))] e b
T,
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Figure 3-22 Binary-to-multilevel polar NRZ signal conversion.

Unipolar NRZ Multilevel polar NRZ
Binary waveform in L-level waveform out
w, (1) € bit w, (1)
- digital-to-analog -
R bits/sec converter D symbols/sec = R/
and R bits/sec
(a) € Bit Digital-to-Analog Converter
e | : : : | :
I I ]
I I |
I I 1
I I 1
I I l
| I [ |- ] 1 | | I | ]
0 I I | — e, | |
b [ —-
I I I ' 1 I I
I I I I 1 I I
I I [ — 1 I I

T

&

(b) Input Binary Waveform, w (1)
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Figure 3—22 Binary-to-multilevel polar NRZ signal conversion.

(1) !

Jaf i

(b) Input Binary Waveform, w,(r)

w3(r)

(c})L=8= .l?“l.c\'cl Polar NRZ Waveform Out

Systems, Seventh Edition
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Spectral Efficiency

Spectral Efficiency

Definition: The spectral efficiency of a digital signal is given by
the number of bits per second that can be supported by each hertz of
bandwidth.

R . /.
n=— in(bits/sec)/Hz
B
where R is the data rate in bits per second and B is the bandwidth in Hz
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Spectral Efficiency Limits
C S
. =5 = Iogz(l+ﬁj (3—56)

for multilevel signaling :
n=/(bit/s)/Hz /isthe number (3-57)
of bits used inthe A/D

» Shannon’s Law is the best we can do
*\We are a long way from this
*Multiple bits/symbol get us closer (¢- multilevel PCM)

i\& iﬁqgh(p‘m/gec)/Hz

STATE UNIVERSITY Mountains (- Minds
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Spectral Efficiency

Table 3-6 SPECTRAL EFFICIENCIES OF LINE CODES

Code Type First null Bandwidth | Spectral Efficiency
(Hz) n=R/B
Unipolar NRZ R 1
Polar NRZ R 1
Unipolar RZ 2R 1/2
Bipolar RZ R 1
Manchester NRZ 2R 1/2
Multilevel polar NRZ R/ I
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