Principles of Baseband Digital Data Transmission

Line Codes and their Power Spectra

The digital data can be transmitted by various transmission or line
codes that represent baseband transmission such as unipolar, polar,
bipolar and so on. This is called line coding that is used for short or
medium distance communication. These signals are transmitted without
carrier modulation. Several considerations should be taken into account in
choosing an appropriate data format for a given application. Among these
are: efficient transmission bandwidth, power efficiency, error detection and
correction capability, Self-synchronization, Transparency, good bit error
probability performance.

Let be defined so(t), s1(t) as waveform transmitted signals for binary '0’
and '1' respectively. Then the following line coding techniques are studied.

. Unipolar Trans
Unipolar Non Return to Zero (NRZ)

so() =0 0<t<T,
s;(0)=+A 0<t<T,
where Ty, is the duration of the information bits (sec/bit).

Leta,,k=0,4+1,%+2,... , represents the binary digits sequence
(ax = 0o0r 1 for all k). The binary sequence waveform

L »s(7)

e a(t) —»
a(t) = Z a, 5(t — kT,)
k=—0o0
The function h(t) is a deterministic pulse-type waveform
t—(Tp/2
h(t) = rect [M]
Ty

And the corresponding the frequency response P(w)

Hw) =T, Sa(WTT”) e~ IWTb/2
Then the transmitted unipolar NRZ waveform

[0e]

s(t) = h(t) ®a(t) = Z ay rect[

k:—OO

t — (T, /2) — kT,
o



Data Sequence

a(t)

s(t)

Unipolar Return to Zero (RZ)

So(t)=0 0St<Tb
(A 0<t<T,/2
Sl(t)‘{ 0 T,/)2<t<T,

+A Unipolar RZ

1 1 0 0 0 1 0

A
\ 4

2. Polar Trans
Polar Non Return to Zero (NRZ)
ssfM)=—A4 0<t<T,

s;(0)=+A 0<t<T,

The transmitted polar NRZ waveform,

e}

s(t) = Z a, rect [t _ (Tb(rj) _ ka]

k=—o0

A




Polar Return to Zero (RZ)
—-A 0<t<T,/2

So(t)z{o T,/2 <t <T,

(A 0<t<T,/2
Sl(t)‘{o T,/2<t<T,

The function h(t) for Polar RZ is

h(t) = rect [w

T, /2
And the corresponding the frequency response P(w)
H(w) = -2Sa(12) e=#T/*

Then the transmitted polar RZ waveform

[0e]

— (T, /4) — kT,
SO =hB@a®) = ) akrect[t (l'}ﬁ/)z b]

k:—OO

Polar RZ

+A

3. Bipolar Trans

Bipolar NRZ
In the bipolar NRZ format, a code Os is transmitted by no pulse and 1s are

sent as pulses of alternating polarity. NRZ can also be implemented,
usually with pulse duration Tp. Bipolar modulation also called
pseudoternary since it has three values +A,0, and -A. Another name is

(alternate mark inversion (AMI) ).

Bipolar NRZ
+A
0 1 0 0 0 1 0 1
0
1 1 1
Bipolar RZ

The code '0' is represented by a 0 level; '1's are represented by RZ pulses
that alternate in sign. RZ can also be implemented, usually with pulse
duration Tbh/2.



Bipolar RZ

+A
0 1 0 0 0 |1 0 1
0
1 1 1

4. Split Phase Manchester Code

C(+A 0<t<T,)2
Sl(t)_{—A T,/2 <t <T,

(A 0<t<T,)2
So(t)‘{ A T,J2<t<T,

Also called bi-phase level and twinned binary code.

The function p(t) for Manchester is
t+ (Tp/4) t—(Tp/4)
h(t) = t|————| — t|—————=
(t) =rec [ 2 rec 2

And the corresponding the frequency response P(w)
H(w) = jT,Sa(*22) sin (*2)
Then the transmitted Manchester waveform

0]

s(t) = Z a (rect [t — (Tl;g)z_ ka] — rect [t _ (37;1317//42) - kaD

k=—o0

tr 1 0 1 o 0 1

Power Spectral Density for various Line Codes

Let us assume the Os and 1s are equal probability with p(0)=p(1)=1/2.

If the power spectrum of a(t) and s(t) are denoted as P, (w) alt) —» L s

and P;(w) respectively. Then P Py(w)

P,(w) = P,(w)|H(w)|?



P() = IHDP 2 RO »
k=—o0

( see Leon Page 416 Eq.6 — 70)
where R(K) is the autocorrelation of the data that is given by
1

R(k) = Z(anan+k)i pPi = E[anan+k]r

where a,, and a,,; are the voltage levels of the data pulse at the nth and
(n+k)th symbol position, and p; is the probability of having the ith a,a,,;«
product.

Unipolar NRZ signaling:

The possible levels for the a's are +A and 0 V. Now to find R(k), for k=0 the
possible products of a,a, are A X A=A2 and 0 X 0=0, and consequently,
[=2. For random data, the probability of having A% is 1/2 and the
probability of having 0 is 1/2, so that

R(O)—ZZ —Azl+01—A2
= izl(anan)ipi =4%3 5=

For k#0, there are [=4 possibilities for the product values: A X 4, A X 0,
and 0 X A, 0 X 0. They occur with a probability of 1/4 . Thus

R(k)—z4 —A21+01+01+01—A2
- l=1(anan+k)pl - '4 '4 '4 '4 - 4
Hence
1
—A? k=0
Runipolar(k) =
ZAZ k+0
For rectangular NRZ pulse shapes, the Frequency response is
_ sin(nfTp)
IH(F)| = T, e

Then, the PSD for the unipolar NRZ line code is

[Z o2k Ty | Z ]Zn'kab]
2
e J

_ ATy (sin(mfTp)\" | AT Sm(”f ) 2mkf b
- 2<7be >+4<T[fb >k=Zooe]2k

k#0

1

:Punipolar nvez(f) = T_b

sm(nfTb)
P RfT, T[fTb

But

[oe]

. 1 oo m ’
Jj2mkfTy — _m . .
kZm ¢ 'TT, Emz_w 6 (f Tb) ,(Poisson's expression)
k+0

Thus,



2 3 2 2 . 2 0
?unipolar NRZ(f) = A Tb <Sln(nfTb)> + A_ <Sln(nfTb)> zm:—oo 6 (f B m)

2 T[fTb 4 Tl,'fTb Tb
in(nfT
Because SinnfTp) _ Oat f = Tﬂ for m# 0, then the term
b b
. 2
sin(rtf p) o0 m
L) 1 ST I
and,
2 : 2 2
A*Ty (sin(wfT,) A
:Punipolar vrz(f) = 2 Tl'f . + :S(f)
6x10'7
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Unipolar RZ signaling:
The unipolar RZ has the same autocorrelation function of unipolar NRZ.
For RZ signaling, the pulse duration is Ty/2 instead of Ty, as used in NRZ
signaling. That is
Tp sin(nfTp/2)
|[H(f)] = ?bnfT—b/bz
Then, the PSD for the unipolar NRZ line code is

1|Ty sin(nf b/z) [ A? pJ2mkf jemkf ]
2 7Tf b/ 2 z o kZOO ’ b
=0

_ ATy (sin(nf »/2\ +A2Tb sm(nfTb/Z) Z ik
-8 nf /2 16 wfTy/2 y

:Pumpolar rz(f) = Tb

k%0
But

[oe]

z e/2mkf b = lezoo 6(f — TE,,) ,(Poisson's expression)
m=—oo

k=—o0

k+0
Thus,
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Polar NRZ signaling:

The possible levels for the a's are +A and -A. Now to find R(k), for k=0 the
possible products of a,a, are AXA=4? and —A X —A=A? and
consequently, I=2. For random data, the probability of having A2 is 1/2 and
the probability of having (-A)%is 1/2, so that

2 1 1
R(0) =Z (a,a,); p; = A%.= + A%. = = A2
i=1 2 2

For k#0, there are [=4 possibilities for the product values: A X 4, A X —A4,
and —A X A, —A X —A. They occur with a probability of 1/4 . Thus

4 1 1 1 1
ROO =) (antndpi = A%+ (AYA). g+ (A)(-A). 3+ (A2 =0

Hence

Then, the PSD for the polar NRZ line code is

]
1|, sin@mf p)|°
Ppotar nrz(f) = T_b b——r7+ T[fTb 2 A? eJ27kf b 4 kZOO(())eﬂ”kf b‘
k#0

:Ppolar NRZ(f) = AZTb <%7f;bb)>



b Rb=1000000;
Th= 1/Rb;
09

f=-2*%R:2*R;
/ \ plot(f,(Th)*(sinc(f*Th)).%)
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Bipolar RZ and NRZ signaling:

The permitted values for a, are +A,-A and 0, where binary 1's are
represented by alternating +A and -A values a binary 0 is presented by
an=0; these occur with probabilities 1/4, 1/4, and 1/2 respectively.
Thus when k=0,
o (B)+ At carlo a

R(0) = 0 (2 FA? L (—A) =
For k=1 (the adjacent bit case) and the data sequences (1,1),(1,0),(0,1)
and (0,0), the possible an an+1 products are -AZ%0,0,0. Each of these
sequences occurs with a probability of 1/4. Thus

4 AZ
R =D (@nn)ipi= -7
=1

For k>1, the bits being considered are not adjacent, and the anan+k products
are +4,0,0,0, these occur with a probability of 1/4. then

4 A% A?
R(k>1) = Z _1(anan+k)i pi=—7=+—==0

i= 8 8
AZ
— k=0
2
Rbipolar (k) =< —A? |k| _1
4
0 k| > 1

The PSD of bipolar NRZ format is



Porpotar ez () ZTHT —S”;(}Tgb) 2 k:oA; e +kZﬁ_ATZ e/ b +ki<o>eﬂ”’<f”‘
TS [ e
_ Tb2A2 (sir;f}rfzb)>2 1 cos(2fT,)]

. 2
Pripotar naz(f) = TpA? (%{b”)) sin(nf )

Similarly for bipolar RZ, the PSD is given by

T, A? (sin(nf b/2)

2
:Pbipolar rz(f) = 4 Tl,'f b/z > sin? (cfTp)
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Manchester NRZ Signaling:

The frequency response of the pulse shape for Manchester NRZ is,
. |sinCzf /2) (wa>
H(f) = jT, |—————|sin|—
=1 [
The autocorrelation for Manchester code is the same as the polar NRZ
format,
A? k=0

Ryancheste (k) = {0 k%0

Hence, The PSD



1y 2 ) _(wT)
Puanchester NRZ(f) = T_b ]Tb T[fTb sin 2
2

I8

PsD (PManchester NRZ (f))

2

sin (ﬂf T

ZAZ el2mkf b Z (0)e2mkS b
k=0 k=—o00

sin 2)\>
:PManchester NRZ (f) = AZTb (%) sin

“ZR / = ) \ IR

Some important points:

1.

o

Because there are no separation between the pulses in unipolar
NRZ, therefore, the receiver needs synchronization to detect
unipolar NRZ pulse.

The unipolar RZ contains line spectrum at 0,+R,, +2R,,... in
addition to continuous spectrum. However, Unipolar format has
some average DC value that does not carry any information.

The disadvantage of unipolar NRZis the waste power due to the Dc
level and the fact that the spectrum is not approach zero near DC.
Consequently, DC couple circuits are needed. The advantage of
unipolar signaling are that it is easy generate using TTL and CMOS
circuits and requires the use of only one power supply.

RZ type waveform requires more bandwidth than NRZ type.

The polar has the disadvantage of having a latge PSD near DC. On
the other hand, polar signals are relatively easy to generate,
although positive and negative power supplies are required.
Unipolar RZ requires 3 dB more signal power than polar signaling
for the same probability of bit error.

Bipolar signaling has a single error detection capabilities built in,
since a single error will cause a violation of the bipolar line code.
The disadvantages of bipolar signals are that the receiver has to
distinguish between three levels (+A,-A, and 0), instead of just two
levels. Also, requires 3 dB more signal power that a polar signal for
the same probability of error.

10



8. For Manchester code, irrespective of the probability of occurrence
of symbol '1' and '0' the waveform has zero average value.
Therefore by this mode, the power saving is quite more. But the
drawback of this format is that it requires absolute sense of polarity
at the receiver end.

9. The null bandwidth of Manchester format is twice that of the bipolar
bandwidth.
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Spectral Efficiency
It is given by the number of bits per second of data (R) that can be
supported by each hertz of bandwidth (B).

R
n= B (bits/sec)/Hz

The maximum spectral efficiency is given by shannon's channel capacity
formula,

C S
Nmax = E = logZ(l + N)

First null bandwidth Spectral Efficiency
Code Type (Hz) n
Unipolar NRZ R 1
Polar NRZ R 1
Unipolar RZ 2R 1/2
Bipolar RZ R 1
Manchester NRZ 2R 1/2
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