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1 Introduction
This book is about how to solve a half-century old problem!

The solution is amazingly simple and universally valid: divide and conquer!

Around the mid XX century, Claude Shannon defined the basis of the Information Theory,
showing that it is possible to transmit information error free as long as it occurs at a rate below
the channel capacity. How to do it, remained an unsolved problem until a few years ago.

Claude Shannon died at the dawn of the 3™ millennium, shortly after the answer was found: turbo
codes. This book is dedicated to Claude Shannon, to this small closed circle in the history of
mankind which started with a question about what is possible and ended with an answer for how
to do it.

Turbo coding represents a new and very powerful error control technique, which has started to
have a significant impact in the late 90s, allowing communication very close to the channel
capacity. The powerful error correction capability of turbo codes was recognised and accepted
for almost all types of channels leading to increased data rates and improved Quality of Service.
Turbo codes can operate at 0.1 dB from the Shannon capacity limit outperforming any other
coding technique known today [1].

Turbo codes were introduced in 1993 [2] and the first modem designed for a commercial
application of turbo codes was tested in 1997 ([3], [4], [5], [6]).

A lot of research has been done in the application of turbo codes in deep space communications,
mobile satellite/cellular communications, microwave links, paging, in OFDM and CDMA
architectures. Turbo codes outperformed all previously known coding schemes regardless of the
targeted channel. The extra coding gain offered by turbo codes can be used either to save
bandwidth or reduce power requirements in the link budget.

Many standards based on turbo codes have already been defined or are currently under
investigation. This book attempts to introduce turbo codes, to explain why they perform so well
and to summarise current applications. It also discusses a few misconceptions related to the
complexity, delay, sensitivity to signal-to-noise ratio (SNR), error floor and memory
requirements of turbo codes. The references direct the reader to more detailed technical papers.

The book is organised in the following chapters. Chapter 2 introduces the architecture of a turbo
encoder and very close relatives of turbo codes. Chapter 3 describes techniques to design a good
interleaver, the key component of the turbo encoder. Chapter 4 describes the turbo decoder and
the iterative decoding principle. Turbo codes used with higher order modulation are described in
Chapter 5. The performance bounds are given in Chapter 6. In Chapter 7 some misconceptions
are clarified and proven to be wrong by a multitude of applications of turbo codes described in
Chapter 8. Chapter 9 shows how turbo-like codes can be used in secure communications.
Combined source and channel coding is presented in Chapter 10. Chapter 11 concludes this book
with a glimpse at new directions for further research into this wonderful turbo world.
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1.1 Communication System

Increasing demand for information exchange is a characteristic of modern civilisation. The
transfer of information from the source to its destination has to be done in such a way that the
quality of the received information should be as close as possible to the quality of the transmitted
information.

A typical communication system may be represented by the block diagram shown in Figure 1-1.

Information Source Error

Source > Encoder > Encrypter > Control > Modulator
Encoder

Channel

Information Source Error
Sink < Decoder < Decrypter < Control < Demodulator <
Decoder

Figure 1-1 Conventional Block Diagram of a Communication System

The information to be transmitted can be machine generated (e.g., images, computer data) or
human generated (e.g., speech). Regardless of its source, the information must be translated into
a set of signals optimised for the channel over which we want to send it. The first step is to
eliminate the redundant part in order to maximise the information transmission rate. This is
achieved by the source encoder block in Figure 1-1. In order to ensure the secrecy of the
transmitted information, an encryption scheme must be used. The data must also be protected
against perturbations introduced by the communication channel which could lead to
misinterpretation of the transmitted message at the receiving end. This protection can be achieved
through error control strategies: forward error correction (FEC), i.e., using error correcting codes
that are able to correct errors at the receiving end, or automatic repeat request (ARQ) systems.
The modulator block generates a signal suitable for the transmission channel.

At this moment an important question arises: is this optimum transmitter architecture? Does it
make sense to reduce redundancy in the source encoder only to increase it later on in the channel
encoder?

Shannon did the hard work to find the answer to this question, which is yes: an optimum
transmitter can be designed using completely separate techniques for digital source compression
from those for channel transmission, even though the first removes redundancy and the second
inserts it.

At the receiver, the reversed sequence of blocks performing the inverse functions can be used in
order to recover the transmitted information. Now, although it looks like an obvious approach, is
this an optimum receiver?

The answer is again given by Shannon: never discard information prematurely that may be useful
in making a decision until after all decisions related to that information have been completed.
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Hmmm, is this a yes or a no? Before deciding either way, a better understanding of each block in
the communication system is required.

In the traditional approach, the demodulator block from Figure 1-1 makes a “hard” decision for
the received symbol and passes it to the error control decoder block. This is equivalent, in the
case of a two level modulation scheme, to decide which of two logical values, say -1 and +1, was
transmitted. No information is passed on about how reliable the hard decision is. For example,
when a +1 is output by the demodulator, it is impossible to say if it was received as a 0.2 or a
0.99 or a 1.56 value at the input to the demodulator block. Therefore, the information concerning
the confidence into the demodulated output is lost in the case of a “hard” decision demodulator.
This is exactly the opposite advice that Shannon gave.

As shown in Figure 1-2, the channel capacity of a discrete-input real-output memoryless channel
(Csonr) 1s greater than that for a discrete-input discrete-output (hard output) memoryless channel

(Chard) ([7]9 [8])

The most important conclusion from Figure 1-2 is that the Cgq is greater than the Cpaq by
approximately 2 dB at low signal to noise ratios. This is the main reason for using soft output

algorithms.
e
Csoft /

“

/ Chard

g

K

[}
s}

Channel capacity
[bits/channel use]

SNR [dB]

Figure 1-2 Channel Capacity

Therefore, soft output demodulators which produce a quantised output improve the receiver
performance. The finer the quantization, the better.

The next block in the receiver structure is the error control decoder which needs to be discussed
in conjunction with the error control encoder block.
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From coding theory [9], it is known that by increasing the codeword length or the encoder
memory, greater protection, or coding gain, can be achieved. At the same time the complexity of
typical decoding algorithm such as maximum likelihood decoding algorithms (MLDA) increases
exponentially with the encoder memory and the algorithms become difficult to implement.

The increased error correction capability of long codes requires a very high computational effort
at the decoder. This has led to research for new coding schemes which could replace the MLDA
with simpler decoding strategies. These strategies combine simpler codes in such a way that
allows each code to be decoded separately with less complex decoders. By using soft-in-soft-out
(SISO) decoders, information can be passed from one decoder to the next in an iterative fashion.
This is a “divide-and-conquer” strategy that in an iterative process can approach the performance
of the MLDA.

By now it became obvious that the loop of this iterative process could be enlarged such that to
include the demodulator block. The corrected data produced by the error control decoder could be
used to improve the demodulator performance. This could be used for example in improving the
performance of the equalization or synchronization stages in the demodulator. Therefore, a
feedback from the decoder block to the demodulator block seems like a good idea.

On the same lines, the decoder can make some errors when the noise is too high. The source
decoder however, based on the residual redundancy in the transmitted signal could help improve
the decoder performance. In the end, a better practical receiver architecture is shown in Figure
1-3. This is because, in practice, the individual blocks in the communication system are far from
ideal.

The only differences from Figure 1-1 are the feedback loops, which help to improve the total
system performance.

Information Source Error

Source —» Encoder — Encrypter —» Control — Modulator
Encoder

Channel
v v

Information Source Error
Sink < Decoder < Decrypter < Control < Demodulator <
Decoder

| 4

Figure 1-3 Block Diagram of a Communication System

After arguing in favour of this new architecture, we take a step back and ask again: is this really
the best solution? Well...

From the physical layer point of view and for the purpose of this book, yes it is. But is this the
whole story ? The answer is no!
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What I really want is for the application running on my terminal (PC, mobile phone, etc) to
communicate optimally with the other end. Since the above architecture doesn’t care about the
network layers, this is not an optimum solution.

A lot of effort is currently put into the optimization of the whole architecture of the
communication system, defined from one application layer to another application layer.

One example is the “JOint source-channel COding-driven digital baseband design for 4G
multimedia streaming (JOCO)” project sponsored by the European Union [10] which tries to
achieve an optimal allocation of user and system resources by a “co-operative” optimisation of
communication system components. The basic idea is the joint determination of the source
coding, channel coding, modulation, and network parameters to yield the best end-to-end system
performance. A specific objective in this case is to build a global network architecture based on
joint source channel (de)coding for future 4G systems.
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4 A bitlevel S~
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JSCD e
controller
bit-level

Figure 1-4 Information exchange between source (de)coding and channel
(de)coding/(de)modulation

Targeting the fully IP-based structure of 4G, JOCO aims at making the source encoder running at
the application layer to communicate with the channel (de)coder/(de)modulator at the physical
layer through the IP protocol. In terms of performance, preliminary simulations of prototype
systems adopting some basic JSCC techniques for the transmission of coded video over wireless
channels show peak video quality gains of about at least 3 dB in terms of PSNR, or alternatively,
the possibility to double the spectral efficiency (see Chapter 10).

It looks like now we have really found the final answer. We know how to estimate the channel
capacity and we know how to transmit information close to the channel capacity rate... the half a
century mystery was solved!

However, for the true believers in the never-ending story there is a sequel: push the channel
capacity! All the investigations so far were focused on a single channel per user. Multiple
transmit and receive antennas in a rich scattering fading channel promises capacities of tens and
hundreds of bits per channel use. This technique called space-time coding briefly discussed in
Section 8.14 represents the most promising area for future research. But this is another story...
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1.2 Channel coding: a new turbo world

The information of this world has a tendency to get corrupted, whether by gossip, by
misinterpretation or by the Chinese Whispers effect. Have you ever wondered why a historical
event may be seen completely differently in the US, compared to Thailand or Ireland? It seems
that although somewhere something did really happen, the facts were warped by various sources
of “noise”. Each of us is able to read between the lines and hence correct some of the distortions.
However, even then, our interpretations may still be riddled with “errors”.

There seems to be no absolute truth, but how can we get as close to it as possible? The solution is
to approach the task using an iterative process and using as much independent information as
possible, with each different perspective bringing new “weight” to the final answer. Although this
example refers to the semantics of information, a similar approach can be used to correct errors
introduced when transmitting over a physical channel.

There are many interesting examples of successful attempts to correct corrupted data. Error
correction codes work behind the scenes every time you watch a DVD movie or listen to a CD.
The so-called Reed-Solomon (RS) codes are used to fix errors produced by a scratch on your CD
or traces of coffee spilt over your favorite DVD. All these examples have a common thread: they
use encoding, which is a process that adds extra structure to the original information. When
“noise” corrupts the transmitted signal, the added structure is used to recover the source signal in
a process called decoding.

In the late 1940s, Claude Shannon set the groundwork in the field of Information Theory. His
greatest achievement in this area was to find the maximum capacity, or rate, at which information
can be transmitted error-free. This was a great theoretical discovery; however no one really knew
how to achieve this maximum transmission rate in practice because of the signal corruption due
to noise.

The way to achieve this limit was discovered only recently, in 1993, by a team of French
scientists who developed the so called “turbo codes”. Turbo coding represents a new and very
powerful error control technique, which has started to have a significant impact in the late 90s,
allowing communication very close to the channel capacity. The powerful error correction
capability of turbo codes is recognized and accepted for almost all types of channels leading to
increased data rates, cheaper service and ultimately, improved Quality of Service.

Turbo codes outperform any other coding technique known today. The three key areas of
performance improvement that this technology provides shown in Figure 1-5 are: capacity (turbo
codes achieve near theoretical capacity performance, with improvement up to 60% over existing
standards), system cost efficiency (a user is able to send the same amount of data using only half
the bandwidth), number of users (a satellite service provider is able to double the number of users
without increasing satellite capacity).

Due to their outstanding performance and the state of the microelectronics industry today, Turbo
Coding techniques are replacing the conventional codes used so far in almost all communication
systems. From satellite communications and wireless applications to magnetic storage, turbo
coding is poised to become the de facto coding technology of the new millennium.
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Figure 1-5: Competitive Advantages of Turbo Codes

Our focus here is on the encoder/decoder blocks. The conventional approach in the design of
error control codes was to introduce a lot of structure. For example, shifting information bits
serially through a register that has some connections between its cells, creates a new sequence
(the so called parity bits), which depends on the information bits used and the connections made.
The more parity bits we create, the higher the level of dependency introduced and the better the
chance of detection and correction of errors. One could rightly assume that increasing the length
of the shift register and the number of parity bits, therefore obtaining a more complex structure,
leads to an increase in the number of dependencies.

1.3 Convolutional encoding and Viterbi decoding

The status of the shift register is called the state of the encoder. The example shown in Figure 1-6
is a four state binary encoder implemented by a shift register made of two memory cells (D). The
outputs from the two modulo-2 adders represent the coded bits.

o]

Pi

Figure 1-6 Four state rate half convolutional encoder

The encoder can be described as a state machine which changes its state from one clock to the
other according to the trellis diagram shown in Figure 1-7. For example, if the current state of the
encoder is “11” and the input bit d is “1”, the two outputs will be: q = “0” and p = “1”. The
important thing to observe is that only some transitions are allowed from one state to another. If
the trellis is extended for all transmitted data, one can follow a “path” through the trellis.

In a noiseless system the transmitted “path” through the trellis is received without any errors.
When noise is present, some coded bits can be reversed, fact that leads to a broken “path”: some
combinations of coded bits are impossible to be connected on a continuous “path”. The best the
receiver can do is to find the most likely “path” in the trellis that is the closest to the received
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sequence of bits. In this way the coded bits affected by noise are corrected by taking into account
the history embedded in the “path”. The tool to achieve this is the Viterbi decoder.

d=0 =>q=0,
State at time i p=0 g State attime i + 1
0 0
0 0
1 1
1 1
d=1 =>qg=0,
p=1

Figure 1-7 Trellis diagram

For each state at time i, the Viterbi decoder compares the path metrics entering that state and
keeps the one with the smallest metric, called the survivor path. The rest of the paths entering that
state are discarded. In the end all path metrics for all the states are compared, the one with the
smallest path metric is selected for the transmitted codeword. The following steps describe the
Viterbi algorithm:

e Assume that the transmission started with the encoder in a well defined state, say “00” in
our example

e [Initialise all state metrics to “1” less the state metric associated to state “00”, S(0) = “0”

e Calculate all possible branch metrics relative to the received coded bits at time i. This is
done by calculating the Euclidian or Hamming distance between the received coded bits
and all the possible combination, e.g. “00”, “01”, “10” and “11”

e For each state at time i+1 compute the path metrics of the path entering that state: add the
state metric at time 1 for that path with the corresponding branch metric for that particular
transition.

e For each state at time i+1 select the path with the best path metric and ignore the rest; this
path metric becomes the new state metric for that state at time i+1

e Traceback: the survivor path is traced back and using the encoder inverse function, the
information bits are produced
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The Viterbi algorithm produces the maximum likelihood path. The decoder can produce an error
only when the noise creates a vector that is closer to another path in the trellis than the
transmitted path. To reduce this possibility, therefore to reduce the bit error rate, the trellis must
have a larger number of states.

The problem with this approach is the enormous complexity of the implementation of the state
machine for the decoder. Say for example the shift register has 10 cells (equivalent to 2'° = 1024
states). It follows that for every single bit received, the decoder has to compare ALL possible
1024 states in order to make a decision. Now consider that in order to get close to channel
capacity one needs not 10 but 1000 cells in the shift register. This structure would have required
investigating a huge number (2'” = a one followed by 301 zeros) of possible states. It is obvious
that this technique becomes impractical with the increase in the number of dependencies.

This approach dominated the error control coding field for almost half a century. Researchers
and engineers used special techniques, like for example sequential decoding for less than 50 cells,
to implement the ever-increasing complexity needed for good signal recovery.

1.4 The paradigm shift: Turbo Codes

In his book “The Structure of Scientific Revolutions”, Thomas S. Kuhn argues that scientific
progress occurs not in a linear and cumulative fashion but through discontinuities or leaps, which
he calls paradigm shifts. This paradigm shift is often found to be based on “imports” from other
fields of science.

Turbo Coding is the paradigm shift that occurred in the discipline of channel coding. Turbo
Codes is not just a new set of codes, but a new way of thinking about channel coding, hence a
new paradigm. Some of the concepts at the foundation of turbo codes are indeed “imported” from
a variety of other fields, like feedback systems for electronic amplifiers or turbo engines.

The operation of a turbo codec relies on some basic ideas: using uncorrelated inputs, divide and
conquer and processing information iteratively. The information to be transmitted is stored in a
memory in order to be scrambled (interleaved) to produce two uncorrelated sequences that are
then encoded and transmitted. This concept is the key to the exceptional performance of turbo
codes. The type of interleaver and its size plays a significant role in the performance that can be
achieved.

Given that the interleaver used is large, the actual encoders can be kept simple and still have a
very large number of states associated with the trellis of the turbo code. Therefore, the turbo
decoder can be implemented using two simple state machines that operate on each sequence. In
this way, the decoding becomes an iterative process, with each one of the smaller decoders
passing some information to the other one.

The information produced by the decoders contains not only the decoded message (hard output)
but also the degree of confidence in the decision (soft output). For example, binary hard outputs
are replaced by real number soft outputs: a high positive number indicates a higher confidence in
decoding a ‘1°, whereas a high negative number indicates a higher confidence in decoding a ‘0’.
In order to achieve this, a soft Viterbi decoder has to be used or even better, a maximum a
posteriori(MAP) decoder. A MAP decoder maximizes the likelihood of each transmitted bit as
opposed to a Viterbi decoder that produces the maximum likelihood path.
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