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454 INTRODUCTION TO THEORY OF PROBABILITY
Table 10.2
O(x)
x 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
¢.0000 5000 4960 4920 4880 4840 4801 4761 4721 4681 4641
1000 2602 4562 4522 4483 4443 4404 4364 43235 4286 4247
2000 4207 4168 4129 4090 4052 4013 3974 - 3936 3897 3859
3000 3821 3783 3745 3707 3669 3632 3394 3557 3520 3483
4000 3446 3409 3372 3336 3300 3264 3328 3192 3156 3121
5000 3085 3050 3015 2981 2046 2912 2877 2843 2810 2776
£000 2743 2709 2676 2643 2611 2578 2346 2514 2483 2451
7000 2420 2389 2358 2327 2296 2266 2236 2206 2177 2148
8000 2119 2090 2061 2033 20065 1977 1949 .1922 L1894 1867
8000 1841 1814 1788 1762 1736 U711 1683 1660 1635 611
1.000 (1587 1562 1539 1515 .1492 1469 BELS 1423 1401 1379
1.I00  .1357 1335 314 1282 1271 1251 1230 1210 1190 A170
1.200 1151 1131 112 (093 1075 1036 1038 1020 1003 98353E-01
1.300  .9680E-01 .9510E-91 9342E-01  9176E-01 .9012E-01 B85IE-01 .8691E-01 .8534E-01 8379E-G1  .8226E-01
1.400  .8076E-01 .7927E-01 JI80E-01  7636E-01  .74S3E-01 J353E-0t \7215E-01  7078E-Gl 6944E-01  6811E-D]
1500 66BIE-0I ~ .6552E-01 B426E-01 .6301E-01 .6178E-01 BO57E-01  .S938E-G1 .5821F-01 S705E-01 .5392E-01
L600  .5480E-01 .5370E.-0i S262E-01 5153E-01  .5050E-01 A947E-01  4848E-01 .4746E-01 S648E-01  4531E-0
L700 . H457E-01  4363E-01 4272E-01  4182E-01 _4093E-0f 4A006E-01  .3820E-01 .3836E-01 3754E-01  3673E-01
L8O .3593E-01 .3515E-01 3438E-01  .3362E-01 .32838E-01 .32 6E-01 .3 [-44E-01 3074E-01 .3005E-01 2938E-01
1900  .2872E-01 .2807E-01 2743E-01  2680E-01 .2619E-0i 2539E-01  .2500E-01 2442E-01  2385E-01 .2330E-01
2000 .2275E-01 .2222E-01 2169E-01  2118E-01 .2068E-01 2018E-01  .1979E-01 .1923E-Oi 1876E-01  .1831E-0
2,100 (I786E-01 .1743E-01 JA700E-01  1639E-01 .1618E-01 JI578E-01  L1339E-01  .1500E-01 HH63E-01 1425E-01
2200 (1390E-01 .1355E-0! A321E-01 1287E-01 J255E-01 .1222E-01 1I91E-01 .1 16CE-0!  .1130E-01 .1101E-0]
2300  .I072E-0! .1044E-CI ACL7E-01  9903E-02  9642E-02 S387E-02  9I37E-02 .8894E-02 .‘SéS_ﬁE'OZ 8424E-02
2400 BI198E-02 7976E-02 JTE0E-02 \7549E-02  .7344E-02 JH3EQ2 6947E-02  6736E-02  .63589E-02 B38TE-(2
2.500 - .6210E-02 .6037E-02 S868E-02  5T03E-02 .S343E-02 S5386E-02  .5234E-02  .5085E-02 A4940E-02  4799E-(2
2.600 4661E-02 4527E.07 A396E-02  4289E-02  4145E.07 A025E-02  3907E-02  3793E-02 368 1E-02 _3573E-(12
2700 3467E-02  3364E-02 3264E-02  3167E-02 S072E-02  2980E-02  _2890E-02 2803E-02  2718E-02  2635E-02
2.800 2S55E-02  2477E-0? 2401E-02 2327E-02  2236E-00 2 186E-02  2118E-02 203ZE-02 198SE-0?  L1926E-(2
2.900  |1B66E-02 .1807E-02 [A750E-02  1695E-02 .1641E-07 .I389E-02° .1338E-02 .1480E-02 JHIED2 1395E-02
3.000  .1350E-02 .1306E-02 JA264E-02 1223E-02  .1183E-02 JI144E-02 1167E-02  .1070E-02 J033E-02  .1001E-02
3.100  9676E-03 .9354E-03 O043E-03  .8740E-03 B447E-03  8IG4E-03 .788RE-03 JO22E-03  7364E-D3 T 14E-03
3.200 .6871E-03 .6637E-03 .641 0E-03 .6190E-03 .5976E-03 S7T0E-03  5571E-03  5377E-03 51 S0E-03  .5009E-03
3300 A834E-03  4865E-03 450! E-03 4342E-03 418%E-03 404 1E-G3  3807E-03 3758E-03 .3624E-03 .3495E-03
3.400 3369E-03 .3248E-03 B131E-03  3018E-03 2909E-03 2802E-03  2701E-03  .2602E-03 2507E-03  2415E-03
3,500  2326E-03 .2241E-03 2138E-03  .2078E-03  .2001E-03 J926E-03  (1854E-03  .1785E-03 A718E-03 | 1653E-03
3.600  .1591E-03 .1531E-03 J473E-03  1417B-03  .1363E-03 JA311E-63 1261E-03  .1213E-03 JA166E-03  1121E-03
3700 .1G78E-03 .1036E-03 9961E-04 B574E-04  9201E-04 .8842E-.04 BH96E-04  8162E-04  .7841E-04 .7537E-04
3.800 .7235E-04 .6948E-04 L673E-04  6407E-04 .6152E-04 S906E-04  5669E-04  5442E-04 S223E-04  5012B-04
3900 4810E-04 .4615E-04 A427E-04  4247E-04  4074E-04 J3B08E-04 .3747BE-04 3504E-p4 3446E-04 | 3304E-04
4.000 .3167E-04 .3036E-04 291 O0E-04 2789E-04 2673E-04 2561E-04 2434E:04  2351E-04  2252E-04 2157604
4,100 2066E-04 _1978E-04 U1894E-04  1B[4E-02 J737E-04 1662E-04  1591E-04 JAS5Z3E-04 (1458E-Dd  .1395E-04
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4600 2112ZE-05 2013E-05 . ISI9E-G5 .1828E-05 .1742E.05 JA660E-05  .1581E-05 .1506E-05 J434E-05 . 1366E-05
4700  1301E-05 .1239E-05 J179E-05  (1123E-05  .1069E-05 JA017E-05  .9680E-06 .9211E-06 .8765E-06 .8330E-05
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5000 .2867E-06 .2722E-06 2584E-06 .2452E-06 .2328E-06 2209E-06  2096E-06 .1989E-06 1887E-08 .1790E-06
5100  (1698E-06 .1611E-06 J1528E-06  .1449E-06 .1374E-G6 . 130‘_{]5_3-06 J1235E-06  .1170E-06 .1109E-06 .l1051E-06
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Figure 6.12 {2l [L-iaw charactaristic. (by A-law characteristic.

Figure 6.14 Piecewise linear compressor characteristic:

Cutput

Coder input

B TagiE 3.4 The 15-segment companding characteristic (b = 255 )

Projections of Segment End Points
onta the Horizontal Axis

Linear Segment Number Step-Size
' 0 2 +31
1a, 1b 4 +95
2a, 2b 8 +223
3a, 3b 16 +473
4g, 4b 32 +991
5a,35b 64 +2015
6a, 6b 128 +4063

7a, 7b
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o 7.4 Scrambling  32F

Y
¥

t—— Clock recovery

(a) (b}

Figure 7.19  Scrambler and descrambler.

where D represents the delay operator; that is, D" T is the sequence 7 delayed by n units. The
symbol @ indicates modulo 2 sum. Now. recall that the modulo 2 sum of any sequence with
itself gives a sequence of all 07s. Adding ( D? @ DT to both sides of Eq. (7.39), we get
S=TaDsD)T
=[1& (D' DNT
~(1®F)T whee F=D'®D’ (7.40)
To design the descrambler at the receiver, we start with T, the sequence received at the
descrambler. From Eq. (7.40), it follows that
S=T®FT=T® (@D aDHT

This equation, where we regeneraie the input sequence § from the received sequence T, is

readily implemented by the descrambler shown in Fig. 7.15b.
Note that a single detection error in the received sequence T will affect three output bits

in R. Hence, scrambling has the disadvantage of causing multiple errors for a single received

bit error.

B

N

_EXAMPLE 7.2

s

The data stream 161010100000111 is fed to the scrambler in Fig. 7.19a. Find the scrambler
output T, assuming the initial content of the registers to be zero.

From Fig. 7.19a we observe that inidally 7 = &, and the sequence S enters the register
andis returned as (D? @ D%)S = F S through the feedback path. This new sequence F'S
' again enters the register and is returned as £ 2%, and so on. Hence,

T=S®&FSOFSQFSG--
—(1oF®FaF -8 (7.41)




PRINCIPLES OF DIGITAL DATA TRANSMISSION

Recognizing that
F=D'@D’

we have
F2 — (DS @ DS)(D3 @ DS) — Dﬁe DIO @DS @ DS

Because modulo-2 addition of any sequence with itself is zero, D® @ D® =0, and
F2 — D6 & DIO
Similarly, - ,
F—(pte DD eD)=D"oD"8e p® g DY
and so on. Hence [see Eq. (7.41)], .
T:(1@D3@D5EBDGEBDgeaDm@D“@DD@D”@DlS@---)S
Because D" S is simply the sequence § delayed by n bits, various terms in the preceding
equation correspond to the following sequences:
s = 101010100000111
DS = 600101016100000111
D35 = 00000101010100000111
PSS = 000000101010100000111
D°S == 000000000101010100000111
D0 — 0000000600101010100000111
pits = 00000000000161010100000111
DIZ§ = 000000000000101010100060111
D35 = 00000000000060101010100000111
D155 = 000000000000000101010160000111
T = 101110001101001

Note that the input sequence coniains the periodic sequence 16101010 ..., as well as @
long string of 0’s. The scrambier output effectively removes the periodic component as
well as the long string of 0’s. The input sequence has 15 digits. The scrambler output Up to
the 15¢h digit only is shown, because al! the output digits beyond 15 depend on the input
digits beyond 15, which are not given.

We can verify that the descrambler output is indeed S when this sequence T 15,

appiied at its input (see Prob. 7.4-1).

7 5 REGENERATIVE REPEATER

Basically, a regenerative repeater performs three functions: (1) reshaping incoming pulses by
means of an equalizer, (2) the extraction of timing information required to sarmple incomif®
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PRINCIPLES OF DIGITAL DATA TRANSMISSION

Data
Encoded

1106114804011 figure 7.30  (a) Differential coding. (b) Differen.
tial PSK receiver.

I A I

baseband
signal

L —

(a)

Low-pass

filter

Ty

(b)

0. the present pulse and the previous pulse are of opposite polarities or phases: if the present '

pulse is A cose.f, the previous pulse is —A €08 w1, and vice versa.

In the demodulation of DPSK (Fig. 7.30b). we avoid generation of a local carrier by
observing that the received modulated signal itself is a carrier (A cosw.1) with a possible
sign ambiguity. For demodulation, in place of the carrier. we use the received signal delayed
by T, (1-bit interval). If the received pulse is identical to the previous pulse, the product

y(t) = AZcos? w.r = (A%/2)(1 + cos 2w.t), and the low-pass filter output z(z) = A?/2.We®

immediately detect the present bit s 1. If the received pulse and the previous pulse are of
opposite polarity, ¥ (1) = —A® cos® .t and z(r) = —A*/2. and the present bit is detected as 0.
The FSK can be viewed as two interleaved ASK signals with carrier frequencies g, and

a,,, respectively (Fig. 7.28¢). Therefore, FSK can be detected coherently or noncoherently.

fiT[)

Envelope ;
Fo(w) detector +

Decision
Compare  p— "

Envelope +
detector {

(a}

filter

ﬁ Low-pass
g

Compare j—>—"

—> cos

. b Low-pass _+
{ilter

! (b)

cos @,

Figure 7.31  (a) Noncoherent detection of FSK. (b) Coherent detection of FSK.

Decision
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Low-pass |
x (1) filter

)

2 cos wt

Poam(D)
O

Lowfpaés
filter

(b)

Figure 7.32  (a) QAM or quadrature multiplexing. (b) 16-point QAM (M = 16).

a; p(t) and b; p(¢). From the knowledge of (a;, b;), we can determine the four transmitted bits.
Further analysis of 16-ary QAM on a noisy channel is carried out in Example 14.3.

Such a QAM scheme is used on telephone lines for data transmission. At each end of
the telephone line, we need a modulator and a demodulator 1o transmit as well as to receive
data. The two devices, modulator and dembdulator, are usually packaged in one unit called a

modem.

7.9 DIGITAL MULTIPLEXING

Several low-bit-rate signals can be multiplexed, or combined, to form one high-bit-rate signal (0
be transmitted over a high-frequency medium. Because the medium is time-shared by various .
incoming signals, this is a case of time-division multiplexing (TDM). The signals from various
incoming chanrels, or tributaries, may be of such diverse nature as a digitized voice signal
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In noncoherent detection, the incoming signal is applied to a bank of two filters tuned to w,
and w,, . Each filter is followed by an envelope detector (see Fig. 7.31a). The outputs of the
two envelope detectors are sampled and compared. A 0 is transmitted by a pulse of frequency
@y, and this pulse will appear at the output of the filter tuned to w,,. Practically no signal
appears at the output of the filter tuned to a,,. Hence, the sample of the envelope detector
output following the w,, filter will be greater than the sample of the envelope detector output
following the w,, filter, and the receiver decides that a 0 was transmitted. In the case of 2 1,
the situation is reversed.

FSK can also be detected coherently by generating two references of frequencies wg,
and ¢,, and demodulating the received signal by two demodulators vsing the two carriers and
then comparing the outputs of the two demodulators, as shown in Fig. 7.31b.

From the point of view of noise immunity, coherent PSK is superior to all other schemes.
PSK also requires a smaller bandwidth than FSK (see Fig. 7.29). A guantitative discussion of
this topic can be found in Chapter 14.

Digital Signal Transmission Using QAM

Quadrature amplitude modulation (QAM) discussed in Chapter 4 (Fig. 4.14) can be con-
veniently used for digital signals as well. Figure 7.32a shows the' QAM modulatér and
demodulator. Each of the signals #1;(¢) and m2(r) is a baseband binary polar pulse sequernce.
These signals are modulated by a carrier of the same frequency but in phase quadrature.
Note that both of the modulated signals aré PSK signals. For this reason, it is also known as
quadrature PSK (QPSK). As seen in Sec. 4.4, we can transmit and receive both of these
signals on the same channel, thus doubling the transmission rate.

M-ary QAM
We can increase the transmission rate further by using M-ary QAM.” One practical case with
M = 16 uses the following 16 pulses (16 symbols):

pi(ty = a;p(f)cos et + b; plt) sin wet

= r; p(t) cos (w.f — 6;) i=1, 2.....

and 6 =tan~' 2
a;
and p(r) is a properly shaped baseband pulse. The signal p;(#) can be generated using QAM
by letting m () = a; p(r) and ma(¢) = b; p(t). One possible choice of r; and &; for 16 pulses is’
shown graphically in Fig. 7.32b. The transmitted pulse p; (r) can take on 16 distinet forms and i,
therefore, a 16-ary pulse. Since M = 16, each pulse can transmit the information of log, 16 = 4
binary digits. This can be done as follows: There are 16 possible sequences of four binary digits
and there are 16 combinations (g;, b;) in Fig. 7.32b, Thus, every possible 4-bit sequence is
transmitted by a particular {a;, b;) or (+;, ;). Therefore, one signal pulse r; p(r) cos {w.# — ;)
transmits 4 bits. The bit rate is quadrupled without increasing the bandwidth. The transmission
rate can be increased further by increasing the value of M.
Modulation as well as demodulation can be performed by using the system in Fig. 7.32a.

The inputs are m () = a; p(t) and m;{r) = b; p{r). The two outputs at the demodulator are

* The M-ary QAM discussed here is also called amplitude phase Keying (APK).
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Figure 7.36  North American digital hierarchy (AT&T system).

signal at a rate of 44.736 Mbit/s. Finally, three DS3 signals are multiplexed by a DM3/4NA
multiplexer to yield a DS4NA signal at a rate of 139.264 Mbit/s. There is also a Jower rate
muitiplexing hierarchy, known as the digital data system (DDS), which provides standards
for multiplexing digital signals with rates as low as 2.4 kbit/s into a DSO0 signal for transmission
through the network.

The multiplexer DM 1/1C is useful for channeling paired cable plant but it cannot be
multiplexed into higher level signals. Although DSI1C is a “dead end” rate, which cannot be
multiplexed to higher levels, it has proved useful for channeling interoffice cable pairs with
more channels than can be carried by a comparable DS systern. Although lishtwave interoffice
transmission has diminished the importance of DS1C, there are still a number of T1C lines in
service in the Northern American network. :

The inputs to the T1 multiplexer need not be restricted only to digitized voice channels.
Any digital signal of 64 kbit/s of appropriate formnat can be transmitted, The case of the higher
levels is similar. For exampig, all the incoming channels of the DM1/2 multiplexer need not
be DSI signals obtained by multiplexing 24 channels of 64 kbit/s each. Some of them may be
1.544 Mbit/s digital signals of appropriate format, and so on.

In Europe and the rest of the world, another hierarchy, recommended by the CCITT
(Consultative Committee on International Telephony and Telegraphy) as an intemational
standard, has been adopted. This hierarchy, based on the lowest leve] PCM international
standard of 2.048 Mbit/s (30 channels), is shown i Fig. 7.37.
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Figure 7.37  Digital hierarchy, CCITT recemmendation.
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