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High-speed digital communication over wireless channels raises the challenging problem
that simultaneously accomplishes a severely power- and bandwidth-limited data trans-
mission with an error rate kept as small as possible. One very successful method of the
conventional techniques for meeting the requirements is to employ trellis-coded modu-
lation (TCM) [UI76], [Ung82], [Ung87a], [Ung87b]. The TCM is a method of combining
channel coding and modulation such that both the components are interacted in a friendly
way so as to gain noise immunity over uncoded transmission without expanding the sig-
nal bandwidth or increasing the transmitted power. A typical construction of TCM is
to employ both a convolutional code and a bandwidth-efficient modulation, say, 16-ary
quadrature amplitude modulation (16-QAM) and hence is capable of offering a great cod-
ing gain over uncoded schemes as far as the synchronization and the channel estimation
are both perfect. However, it has turned out that even the most complex TCM scheme
is still about 2 dB away from the theoretical limits [Shad8] at a bit error rate (BER) of

107 despite many researchers’ best endeavors. Furthermore, the TCM scheme as well
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as other previously presented schemes is found out to be quite sensitive to errors of the
synchronization and the estimation, both of which confront communications engineers,
particularly in the mobile applications field [LP87], [HS88], [VD95]. Consequently, con-
structing a powerful and insensitive coded system is becoming the challenging problem,
along with the simplification of the system.

The turbo codes technique [BGT93], [BG96] introduced in 1993 has recently received a
lot of attention since it shows performance close by 0.5 dB to the Shannon capacity limit
[WJ65] at a BER of 1075 with spectral efficiency of 0.5. Hence it has been standardized for
many wireless and wired transmission systems such as the third generation mobile com-
munications, satellite communications, deep-space communications, and digital subscriber
line transmission, in all of which strictly power-limited transmission is desired. A notable
structural feature of turbo codes is in the form of the encoder. A turbo encoder consists
of the parallel concatenation of two identical convolutional codes in a systematic feedback
form and a pseudorandom interleaver of size N between the two encoders, and therefore
its form can make the whole turbo encoder behave as if a block code with 2V codewords.
Irrespective of the seemingly high complexity of the block code with maximum-likelihood
(ML) decoding, a turbo decoder accomplishes decoding operations with no sweat by means
of an ingenious iterative decoder that consists of the two component decoders that pro-
duce reliability information on data bits and mutually deliver it between them [HOP96].
Still better, turbo codes can be decoded in the similar way as convolutional codes with
soft-decision Viterbi decoding, apart from soft-input/soft-output mechanism incorporated
in each component decoder. Therefore, an advantage of turbo codes is that they can be
readily implemented in the existing very large scale integration (VLSI) and high-speed
logic circuits with an additional piece of hardware.

Theré are some very critical disadvantages in the turbo codes [FK98]. First, even if the
turbo decoder is materialized in simple hardware, one of the disadvantages is the delay
attendant upon the iterative decoding; that is, the turbo decoder usually necessitates more
than ten iterations in a serial manner, so as to use the potential decoding talent to the full.
The latency period is unacceptable, especially for the Internet and multimedia interactive

applications. It is therefore necessary that an arduous effort should be made with the aim
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of simplifying the decoding procedure. This effort is also useful in ameliorating a severe
penalty of the power-limited mobile terminals. Second, there is another fundamental
disadvantage in the turbo codes. Since turbo codes have been originally developed in
conjunction with binary phase-shift keying (BPSK), the spectral efficiency is insufficient
[GGBY4], [RW98], [BDMP96], [WFH99], [AR99] (the turbo codes are referred to as binary
turbo codes thereafter). Therefore, in order to apply the turbo codes to the system such
as cellular and satellite communications systems using battery-driven portable terminals,
the systems needs more bandwidth efficiency as well as power-consumption efficiency.

To see the power and bandwidth efficiencies of binary turbo codes, performance of a
binary turbo code system along with deep-space communications systems over an additive
white Gaussian noise (AWGN) channel is illustrated in Fig. 1 as a function of signal-to-
noise ratio (SNR) per bit, represented by E;,/Ny. In the figure, all the systems’ performance
are depicted for a BER of 107° and the systems are employing low bandwidth-efficient
BPSK modulation due to no necessity of spectral efficiency for deep-space applications.
As a fundamental criterion, the famous Shannon bound [WJ65], [DJCHIW9S8] shows the
absolute best possible for a digital communication system on the AWGN channel from the
spectral- and the power-efficient points of view. Of course, uncoded BPSK system has the
best spectral efficiency R = 1 and can achieve a BER of 1075 at E}/N, = 9.6 dB, whereas
the Shannon limit is a 7.74 dB away from the system performance. So far the advance
of coding theory has been narrowing this gap between system performance and limit at
the sacrifice of bandwidth efficiency. For examples, by reducing the spectral efficiency
by 80%, the Mariner employing a rate-6/32 Reed-Muller code achieved a coding gain of
3.2 dB. By contrast, a well-designed Bose-Chaudhuri-Hocquenghem (BCH) code achieves
a few more coding gain, making the spectral efficiency less by 50%. Yet more coding
gains were achieved by the following missions. The Pioneer missions in 1972 and 1973,
both used a 23!-state nonsystematic convolutional code (CC) and sequential decoding,
achieve a coding gain of 6.9 dB for the spectral efficiency of 50%, though the sequential
decoding requires high computational cost. Then, the Voyager spacecraft in 1977, used a
64-state convolutional code in concatenation with a (255,233) Reed-Solomon (RS) code,

achieves an excellent tradeoff such that coding gain is 0.2 dB more and spectral efficiency
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Fig. 1. Milestones in deep-space communications systems that evolved toward achieving the Shannon bound per

dimension over the past 40 years; all points refer to the performance at a bit error rate of 105,

is 12.5% less than the Pioneer. Further power efficiency has been done by the big Viterbi
decoders for larger constraint convolutional codes. The Galileo mission, which used a
16384-state convolutional code concatenated by the same Reed-Solomon code, achieves a
8.6 dB coding gain 0.9 dB larger than the Voyager. However, the Galileo’s performance
is brought at a great cost to spectral efficiency and computational burden due to the big
Viterbi decoding. From the above comparison, it is obvious that binary turbo codes are
the best possible method among previously known systems in terms of required Ej/N, to
achieve the Shannon limit, whereas the spectral efficiency in the turbo codes leaves much
room for improvement.

The critical problem also arises in the ancillary function at the receiver. In every coher-
ent transmission system, the synchronization and the estimation abilities are much more
important than the decoder performance. It is not until both the synchronization and the

estimation are accurately established that the subsequent decoder is able to reconstruct
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corrupted data sequences. Therefore, those processes prior to decoding are becoming more
and more important as more high-bandwidth efficient modulation is employed; neverthe-
less, only a few theoretical bounds for such processes have been unveil thus far, though
study on the cutoff rate that limits the performance of a given code has been done for
some cases [WJ65], [ZK91]. Now that the performance of a system employing turbo codes
lies behind the cutoff rate, the criterion based on cutoff rate is no longer useful in design-
ing a communication system. Instead, the Shannon bound, otherwise called the capacity
bound, is becoming increasingly important, even though it still remains veiled.

This thesis is devoted to the construction of turbo-based trellis-coded modulation,
shortly TTCM, and the simplification of the decoding algorithm along with the develop-
ment of the analysis of the receiver’s imperfectness. The goal of the thesis is to develop the
efficient transmission system that has both power and spectral efficiencies. Consequently,

in discussing how best to decode, we will focus on the tradeoff between performance and

complexity.
I. THESIS OUTLINE

Chapter 2 starts with the review of properties underlying the turbo codes that may
form the basis for the rest of the thesis. In particular, the relationship between the code
rate and the theoretical limits is described.

In Chapter 3, the structure of high-rate turbo codes and their decoding algorithms
are described. An unpunctured turbo code (UTC) is proposed as a way of constructing
such high-rate turbo codes in comparison with the conventional way on the basis of a
punctured turbo code (PTC). The performance of the UTC is compared with that of the
PTC not only by theoretically deriving the weight distribution of the codes, but also by
experimentally using computer simulations. Accordingly, the problem arises as to how the
decoding complexity of the UTC is reduced.

In Chapter 4, a heuristic strategy to reduce the decoding complexity of the UTC is
proposed. The concept of this strategy is to reduce the number of branches entering
each state in such a way that some of the less reliable branches, which are chosen out
based on the soft-output of the decoder, are eliminated every cycle of iteration. The

performance of the proposed strategy is evaluated with computer simulation in terms of



the performance/complexity tradeoff.

In Chapter 5, a novel algorithm that drastically reduces both the computation and the
storage requirements of the UTC at the same time are proposed through use of the duality
of the codes. The reduction is done such that the decoding of the UTC uses the parity-
check matrix, whereas that of the PTC utilizes the generator matrix. To see the advantages
of this algorithm, the computational load and the memory requirements are evaluated and
compared with those of the PTC. It is demonstrated that the algorithm becomes quite
useful particularly for the high-speed-data applications that require high-rate coding.

In Chapter 6, turbo codes are applied to a bandwidth-efficient modulation. The struc-
ture of the turbo codes with high spectral efficiency, so-called turbo trellis-coded modula-
tion (TTCM), is described. In particular, the structure of the decoder is illustrated with
greaﬁ circumstances to make a clear-cut distinction from previously known schemes. The
performance is evaluated by computer simulations and compared with the other schemes
that have been developed thus far.

In Chapter 7, the effect of errors in the synchronization and the estimation processes are
theoretically analyzed. To be specific, the maximum rate at which reliable transmission is
possible is calculated for each process. Through computer simulation, the required SNR
to achieve a BER of 10™° with a specific power and spectral efficiency, TTCM definitely,
is examined as a function of each parameter.

Finally, conclusions of this study along with discussions for possibility of further appli-

cations of the TTCM scheme are given in Chapter 8.
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