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44--1   1   DIGITALDIGITAL--TOTO--DIGITAL CONVERSIONDIGITAL CONVERSION

InIn thisthis sectionsection wewe seesee howhow wewe cancan representrepresent digitaldigitalInIn thisthis section,section, wewe seesee howhow wewe cancan representrepresent digitaldigital
datadata byby usingusing digitaldigital signalssignals.. TheThe conversionconversion involvesinvolves
threethree techniquestechniques:: lineline codingcoding blockblock codingcoding andandthreethree techniquestechniques:: lineline codingcoding,, blockblock codingcoding,, andand
scramblingscrambling.. LineLine codingcoding isis alwaysalways neededneeded;; blockblock
codingcoding andand scramblingscrambling maymay oror maymay notnot bebe neededneededcodingcoding andand scramblingscrambling maymay oror maymay notnot bebe neededneeded..

Line Coding
Topics discussed in this section:Topics discussed in this section:

Line Coding Schemes
Block Coding
Scrambling

4.2

Scrambling



Figure 4.1  Line coding and decoding
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Figure 4.2  Signal element versus data element
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Example 4.1

A signal is carrying data in which one data element is
encoded as one signal element ( r = 1). If the bit rate is
100 kbps, what is the average value of the baud rate if c is
b d ?between 0 and 1?

SolutionSolution
We assume that the average value of c is 1/2 . The baud
rate is thenrate is then
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Note

Although the actual bandwidth of a 
di it l i l i i fi it th ff tidigital signal is infinite, the effective 

bandwidth is finite.
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Example 4.2

The maximum data rate of a channel (see Chapter 3) is
N 2 × B × l L (d fi d b th N i t f l )Nmax = 2 × B × log2 L (defined by the Nyquist formula).
Does this agree with the previous formula for Nmax?

Solution
A signal with L levels actually can carry log2L bits per
level. If each level corresponds to one signal element and
we assume the average case (c = 1/2), then we have
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Figure 4.3  Effect of lack of synchronization
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Example 4.3

In a digital transmission, the receiver clock is 0.1 percent
faster than the sender clock. How many extra bits perfaster than the sender clock. How many extra bits per
second does the receiver receive if the data rate is
1 kbps? How many if the data rate is 1 Mbps?1 kbps? How many if the data rate is 1 Mbps?
Solution
At 1 kbps the receiver receives 1001 bps instead of 1000At 1 kbps, the receiver receives 1001 bps instead of 1000
bps.

At 1 Mbps, the receiver receives 1,001,000 bps instead ofp p f
1,000,000 bps.
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Figure 4.4  Line coding schemes
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Figure 4.5  Unipolar NRZ scheme
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Figure 4.6  Polar NRZ-L and NRZ-I schemes
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Note

In NRZ-L the level of the voltage

Note

In NRZ-L the level of the voltage 
determines the value of the bit. 

In NRZ I the in ersionIn NRZ-I the inversion 
or the lack of inversion 

determines the value of the bit.
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Note

NRZ-L and NRZ-I both have an average 
i l t f N/2 Bdsignal rate of N/2 Bd.
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Note

NRZ-L and NRZ-I both have a DC 
t blcomponent problem.
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Example 4.4

A system is using NRZ-I to transfer 1-Mbps data. What
are the average signal rate and minimum bandwidth?

SolutionSolution
The average signal rate is S = N/2 = 500 kbaud. The
minimum bandwidth for this average baud rate is B i =minimum bandwidth for this average baud rate is Bmin
S = 500 kHz.
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Figure 4.7  Polar RZ scheme
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Figure 4.8  Polar biphase: Manchester and differential Manchester schemes
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Note

In Manchester and differential 
M h t di th t itiManchester encoding, the transition

at the middle of the bit is used for 
synchronization.
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Note

The minimum bandwidth of Manchester 
d diff ti l M h t i 2 tiand differential Manchester is 2 times 

that of NRZ.

4.20



Note

In bipolar encoding, we use three levels: 
iti d tipositive, zero, and negative.
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Figure 4.9  Bipolar schemes: AMI and pseudoternary
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Note

In mBnL schemes, a pattern of m data 
l t i d d tt felements is encoded as a pattern of n
signal elements in which 2m ≤ Ln.
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Figure 4.10  Multilevel: 2B1Q scheme
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Figure 4.11  Multilevel: 8B6T scheme
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Figure 4.12  Multilevel: 4D-PAM5 schemeg
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Figure 4.13  Multitransition: MLT-3 scheme
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Table 4.1  Summary of line coding schemes
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Note

Block coding is normally referred to as 
B/ B dimB/nB coding;

it replaces each m-bit group with an 
n-bit group.
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Figure 4.14  Block coding concept
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Figure 4.15  Using block coding 4B/5B with NRZ-I line coding scheme
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Table 4.2  4B/5B mapping codes
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Figure 4.16  Substitution in 4B/5B block coding
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Example 4.5

We need to send data at a 1-Mbps rate. What is the
minimum required bandwidth, using a combination of
4B/5B and NRZ-I or Manchester coding?

Solution
First 4B/5B block coding increases the bit rate to 1 25First 4B/5B block coding increases the bit rate to 1.25
Mbps. The minimum bandwidth using NRZ-I is N/2 or
625 kHz The Manchester scheme needs a minimum625 kHz. The Manchester scheme needs a minimum
bandwidth of 1 MHz. The first choice needs a lower
bandwidth but has a DC component problem; the secondbandwidth, but has a DC component problem; the second
choice needs a higher bandwidth, but does not have a DC
component problem
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Figure 4.17  8B/10B block encoding
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Figure 4.18  AMI used with scrambling
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Figure 4.19  Two cases of B8ZS scrambling technique
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Note

B8ZS substitutes eight consecutive 
ith 000VB0VBzeros with 000VB0VB.
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Figure 4.20  Different situations in HDB3 scrambling technique
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Note

HDB3 substitutes four consecutive 
ith 000V B00V d dizeros with 000V or B00V depending

on the number of nonzero pulses after 
the last substitution.
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44--2   2   ANALOGANALOG--TOTO--DIGITAL CONVERSIONDIGITAL CONVERSION

WW hh ii Ch tCh t 33 th tth t di it ldi it l i li l iiWeWe havehave seenseen inin ChapterChapter 33 thatthat aa digitaldigital signalsignal isis
superiorsuperior toto anan analoganalog signalsignal.. TheThe tendencytendency todaytoday isis toto
hh ll i li l tt di it ldi it l d td t II thithi titichangechange anan analoganalog signalsignal toto digitaldigital datadata.. InIn thisthis sectionsection

wewe describedescribe twotwo techniques,techniques, pulsepulse codecode modulationmodulation
dd d ltd lt d l tid l tiandand deltadelta modulationmodulation..

Pulse Code Modulation (PCM)
Topics discussed in this section:Topics discussed in this section:
Pulse Code Modulation (PCM)
Delta Modulation (DM)
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Figure 4.21  Components of PCM encoder
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Figure 4.22  Three different sampling methods for PCM
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Note

According to the Nyquist theorem, the 
li t t bsampling rate must be

at least 2 times the highest frequency 
contained in the signal.
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Figure 4.23  Nyquist sampling rate for low-pass and bandpass signals
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Example 4.6

For an intuitive example of the Nyquist theorem, let us
sample a simple sine wave at three sampling rates: fs = 4f
(2 times the Nyquist rate), fs = 2f (Nyquist rate), and
f f ( h lf h i ) i h hfs = f (one-half the Nyquist rate). Figure 4.24 shows the
sampling and the subsequent recovery of the signal.

It can be seen that sampling at the Nyquist rate can create
d i i f h i i l i ( )a good approximation of the original sine wave (part a).

Oversampling in part b can also create the same
i i b i i d d dapproximation, but it is redundant and unnecessary.

Sampling below the Nyquist rate (part c) does not produce
i l h l k lik h i i l i
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a signal that looks like the original sine wave.



Figure 4.24  Recovery of a sampled sine wave for different sampling rates
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Example 4.7

Consider the revolution of a hand of a clock. The second
hand of a clock has a period of 60 s. According to the
Nyquist theorem, we need to sample the hand every 30 s
( f f ) i h l i i(Ts = T or fs = 2f ). In Figure 4.25a, the sample points, in
order, are 12, 6, 12, 6, 12, and 6. The receiver of the

l ll if h l k i i f dsamples cannot tell if the clock is moving forward or
backward. In part b, we sample at double the Nyquist rate
( 15 ) Th l i 12 3 6 9 d 12(every 15 s). The sample points are 12, 3, 6, 9, and 12.
The clock is moving forward. In part c, we sample below
h N i (T T f f ) Th l ithe Nyquist rate (Ts = T or fs = f ). The sample points are

12, 9, 6, 3, and 12. Although the clock is moving forward,
h i hi k h h l k i i b k d
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the receiver thinks that the clock is moving backward.



Figure 4.25  Sampling of a clock with only one hand
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Example 4.8

An example related to Example 4.7 is the seemingly
backward rotation of the wheels of a forward-moving car
in a movie. This can be explained by under-sampling. A

i i fil d f d f h l imovie is filmed at 24 frames per second. If a wheel is
rotating more than 12 times per second, the under-

li h i i f b k d isampling creates the impression of a backward rotation.
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Example 4.9

Telephone companies digitize voice by assuming a
maximum frequency of 4000 Hz. The sampling rate
therefore is 8000 samples per second.
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Example 4.10

A complex low-pass signal has a bandwidth of 200 kHz.
What is the minimum sampling rate for this signal?

SolutionSolution
The bandwidth of a low-pass signal is between 0 and f,
where f is the maximum frequency in the signalwhere f is the maximum frequency in the signal.
Therefore, we can sample this signal at 2 times the
highest frequency (200 kHz) The sampling rate ishighest frequency (200 kHz). The sampling rate is
therefore 400,000 samples per second.
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Example 4.11

A complex bandpass signal has a bandwidth of 200 kHz.
What is the minimum sampling rate for this signal?

SolutionSolution
We cannot find the minimum sampling rate in this case
because we do not know where the bandwidth starts orbecause we do not know where the bandwidth starts or
ends. We do not know the maximum frequency in the
signalsignal.
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Figure 4.26  Quantization and encoding of a sampled signal
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Example 4.12

What is the SNRdB in the example of Figure 4.26?

SolutionSolution
We can use the formula to find the quantization. We have 
eight levels and 3 bits per sample soeight levels and 3 bits per sample, so 

SNRdB = 6 02(3) + 1 76 = 19 82 dBSNRdB  6.02(3) + 1.76  19.82 dB

Increasing the number of levels increases the SNR
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Increasing the number of levels increases the SNR.



Example 4.13

A telephone subscriber line must have an SNRdB above
40. What is the minimum number of bits per sample?

SolutionSolution
We can calculate the number of bits as

T l h i ll i 7 8 bitTelephone companies usually assign 7 or 8 bits per
sample.
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Example 4.14

We want to digitize the human voice. What is the bit rate, 
assuming 8 bits per sample?

Solution
Th h i ll i f i f 0The human voice normally contains frequencies from 0
to 4000 Hz. So the sampling rate and bit rate are

l l t d f llcalculated as follows:
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Figure 4.27  Components of a PCM decoder
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Example 4.15

We have a low-pass analog signal of 4 kHz. If we send the
analog signal, we need a channel with a minimum
bandwidth of 4 kHz. If we digitize the signal and send 8
bi l d h l i h i ibits per sample, we need a channel with a minimum
bandwidth of 8 × 4 kHz = 32 kHz.
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Figure 4.28  The process of delta modulation
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Figure 4.29  Delta modulation components
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Figure 4.30  Delta demodulation components
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44--3   3   TRANSMISSION MODESTRANSMISSION MODES

ThTh t i it i i ff bibi d td t li kli k bbTheThe transmissiontransmission ofof binarybinary datadata acrossacross aa linklink cancan bebe
accomplishedaccomplished inin eithereither parallelparallel oror serialserial modemode.. InIn

ll lll l dd lti llti l bitbit tt ithith hh l kl kparallelparallel mode,mode, multiplemultiple bitsbits areare sentsent withwith eacheach clockclock
ticktick.. InIn serialserial mode,mode, 11 bitbit isis sentsent withwith eacheach clockclock ticktick..
WhilWhil thth ii ll tt dd ll lll l d td t ththWhileWhile therethere isis onlyonly oneone wayway toto sendsend parallelparallel data,data, therethere
areare threethree subclassessubclasses ofof serialserial transmissiontransmission::

hh hh dd i hi hasynchronous,asynchronous, synchronous,synchronous, andand isochronousisochronous..

Topics discussed in this section:Topics discussed in this section:
Parallel Transmission
Serial Transmission

Topics discussed in this section:Topics discussed in this section:
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Figure 4.31  Data transmission and modes
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Figure 4.32  Parallel transmission
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Figure 4.33  Serial transmission
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Note

In asynchronous transmission, we send 
1 t t bit (0) t th b i i d 11 start bit (0) at the beginning and 1 or 
more stop bits (1s) at the end of each 

byte. There may be a gap between 
each byte.each byte.
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Note

Asynchronous here means 
“ h t th b t l l ”“asynchronous at the byte level,”
but the bits are still synchronized; 

their durations are the same.
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Figure 4.34  Asynchronous transmission
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Note

In synchronous transmission, we send 
bit ft th ith t t tbits one after another without start or 

stop bits or gaps. It is the responsibility 
of the receiver to group the bits.
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Figure 4.35  Synchronous transmission
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