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will be a replica of the information sequence u, although the noise may cause some
decoding errors. Another major topic of this book is the design and implementation
of channel decoders that minimize the probability of decoding error.

The source decoder transforms the estimated sequence G into an estimate of the
source output and delivers this estimate to the destination. When the source is
continuous, this involves digital-to-analog (D/A) conversion. In a well-designed
system, the estimate will be a faithful reproduction of the source output except when
the channel (or storage medium) is very noisy.

To focus attention on the channel encoder and channel decoder, (1) the infor-
mation source and source encoder are combined into a digital source with output u;
(2) the modulator (or writing unit), the channel (or storage medium), and the demodu-
lator (or reading unit) are combined into a coding channel with input v and output r;
and (3) the source decoder and destination are combined into a digital sink with input
ii. A simplified block diagram is shown in Figure 1.2.
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Figure 1.2 Simplified model of a coded system.

The major engineering problem that is addressed in this book is to design and
implement the channel encoder/decoder pair such that (1) information can be trans-
mitted (or recorded) in a noisy environment as fast as possible, (2) reliable reproduc-
tion of the information can be obtained at the output of the channel decoder, and (3)
the cost of implementing the encoder and decoder falls within acceptable limits.

1.2 TYPES OF CODES

There are two different types of codes in common use today, block codes and convolu-
tional codes. The encoder for a block code divides the information sequence into
message blocks of k information bits each. A message block is represented by the
binary k-tuple u = (u,, u,, ..., u,) called a message. (In block coding, the symbol
u is used to denote a k-bit message rather than the entire information sequence.)
There are a total of 2* different possible messages. The encoder transforms each
message u independently into an n-tuple v = (v, v,, ..., v,) of discrete symbols
called a code word. (In block coding, the symbol v is used to denote an n-symbol
block rather than the entire encoded sequence.) Therefore, corresponding to the 2%
different possible messages, there are 2 different possible code words at the encoder

Sec. 1.2 Types of Codes 3
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output. This set of 2¥ code words of length # is called an (n, k) block code. The ratio
R = k/n is called the code rate, and can be interpreted as the number of information
bits entering the encoder per transmitted symbol. Since the n-symbol output code
word depends only on the corresponding k-bit input message, the encoder is memory-
less, and can be implemented with a combinational logic circuit.

In a binary code, each code word v is also binary. Hence, for a binary code to
be useful (i.e., to have a different code word assigned to each message), k < n or
R < 1. When k < n, n — k redundant bits can be added to each message to form a
code word. These redundant bits provide the code with the capability of combating
the channel noise. For a fixed code rate R, more redundant bits can be added by
increasing the block length # of the code while holding the ratio k/n constant. How to
choose these redundant bits to achieve reliable transmission over a noisy channel is
the major problem in designing the encoder. An example of a binary block code with

k = 4and n = 7 is shown in Table 1.1. Chapters 3 through 9 are devoted to the analy-
sis and design of block codes for controlling errors in a noisy environment.

TABLE 1.1 BINARY BLOCK CODE WITH
k=4 AND n=7

Messages Code words
(0000 (0000000
(1000) (1101000)
©100 0110100
1100 (1011100
(0010 (111001 0)
(1010 0011010)
0110 (1000110
(1110 0101110
©oo01 (1010001
(1001 ©111001)
©1001) 1100101
(1101 0001101
o010 0100011
1011 1001011
0111 0010111
Q11 111111

The encoder for a convolutional code also accepts k-bit blocks of the information
sequence u and produces an encoded sequence (code word) v of n-symbol blocks. (In
convolutional coding, the symbols u and v are used to denote sequences of blocks
rather than a single block.) However, each encoded block depends not only on the
corresponding k-bit message block at the same time unit, but also on m previous
message blocks. Hence, the encoder has a memory order of m. The set of encoded
sequences produced by a k-input, n-output encoder of memory order m is called an
(n, k, m) convolutional code. The ratio R = k/n is called the code rate. Since the
encoder contains memory, it must be implemented with a sequential logic circuit.

In a binary convolutional code, redundant bits for combating the channel noise

4 Coding for Reliable Digital Transmission and Storage Chap. 1
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can be added to the information sequence when k& < n or R < 1. Typically, k and n
are small integers and more redundancy is added by increasing the memory order m
of the code while holding k£ and n, and hence the code rate R, fixed. How to use the \
memory to achieve reliable transmission over a noisy channel is the major problem
in designing the encoder. An example of a binary convolutional encoder with & = 1,
n =2, and m = 2 is shown in Figure 1.3. As an illustration of how code words are
generated, consider the information sequence u=(1 101 0 0 0 ...), where the
leftmost bit is assumed to enter the encoder first. Using the rules of exclusive-or
addition, and assuming that the multiplexer takes the first encoded bit from the top
output, it is easy to see that the encoded sequenceisv=(1 1,10,10,00,0 1,
11,00,00,00,...). Chapters 10 through 14 are devoted to the analysis and
design of convolutional codes for controlling errors in a noisy environment,

—F— ©

Shift register EXCLUSIVE-OR Multiplexer
stage gate

Figure 1.3 Binary convultional encoder withk =1, n = 2, a}nd m=2,

1.3 MODULATION AND DEMODULATION

The modulator in a communication system must select a waveform of duration T
seconds, which is suitable for transmission, for each encoder output symbol. In the
case of a binary code, the modulator must generate one of two signals, s,(t) for an
encoded “0” or s,(¢) for an encoded “1.” For a wideband channel, the optimum choice

of signals is

so(t):\/zTEsin (anot-{-%), 0<t<T
- (1.1
s,(t):\/2TEsin (anot—-%), 0<t<T,

Sec. 1.3 Modulation and Demodulation 5
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