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Decoding the Tail-Biting Convolutional Codes with

Pre-Decoding Circular Shift
Student: Ching-Yao Su Advisor: Prof. Po-Ning Chen

Institute of Communication Engineering

National Chiao Tung University

Abstract

By noting that the convolutional tail-biting code (CTBC) can be
represented by a circular-free trellis structure, pre-decoding circular shift
(together with the post-decoding shift back) will not change its decoding
procedure. Simulations in the literature have already shown that the
decoding performance as well as decoding complexity can be apparently
improved by a proper pre-decoding circular shift. In this thesis, we
proposed the shifting Viterbi algorithm and the shifting circular decoding
algorithm using equal-weight and unequal-weight pre-decoding shift
methods. We then show empirically that our methods can reduce the
forward and backward training window sizes required for near
maximum-likelihood performance. We also provide an intuitive
analytical approach to determine the training window sizes required for
near optimal performance.
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Chapter 1

Introduction

1.1 Background

In 1955, convolutional codes were first introduced by Elias [2]. Later, Viterbi [12] proposed
a maximum likelihood (ML) decoding algorithm for convolutional codes in 1967. Till now,

convolutional codes are perhaps the most popular codes in modern digital communications.

In the encoding process of convolutional codes, a certain number of zeros is often required
to be appended at the end of the information sequence in order to clear the contents of
encoder shift registers. It can be anticipated that the code rate loss introduced by these
appended zero tail-bits is negligible for sufficiently long information sequence. However, as
long as a short information block length is considered, code rate loss due to zero tail bits

become significant.

In the literature, several approaches have been proposed to resolve the code rate loss of
the convolutional zero-tail codes (CZTC), such as Direct Truncation, Puncturing [14] and
Tail-biting [10, 13]. Among them, the convolutional tail-biting codes (CTBC) avoid the
code rate loss by directly “biting” out the zero tail-bits. In comparison with the CZTC, the
CTBC always starts from and ends at the same state, but the starting and ending state is

not necessary the all-zero state. For this reason, the Viterbi algorithm (VA) in its original



form cannot be applied to obtain the maximum likelihood (ML) solution of the CTBC.

Due to the simplicity in the implementation of the VA, most of the decoding algorithms
for the CTBC [10, 13, 9, 8, 1] were modified from the VA. Specifically, Wang et al. extended
the received codeword by repeating a portion of it, and applied the VA to the extended
code trellis. Their algorithm thus provided a tradeoff between the performance and the
complexity by varying the length of the repetitive portion [13]. Shao et al. proposed to
wrap-around several code trellises, and resulted the least average complexity algorithm thus
far with near optimal performance [10]. In 2000, by adding forward and backward training
windows, W. Sung devised a circular decoding algorithm that can achieve near optimal per-
formance [11]. Very recently, Shankar et al. developed an ML two-phase decoding algorithm
of practical decoding complexity by first applying the VA, followed by the algorithm A* at

the second phase [9].

Because the CTBC code trellis has circular-free property, it is not necessary to decode
the received sequence at its original order if the receiver actually starts the decoding process
after the reception of the entire received sequence. One can circularly shift the received se-
quence before the decoding process begins to potentially improve the decoding complexity or
performance for suboptimal decoding algorithm. In order to resume the order of transmitted
sequence, the decoding output should be reversely shifted back the same number of times.
It should be noted that the decoding trellis remains the same for the shifted sequence as
it is circular-free. As such, Handlery et al. proposed an equal-weighted average method to
determine the proper number of shifts applied to the received sequence [5]. Similar idea has
also been applied to the two-phase decoding algorithm, which was shown by simulations that
significant decoding complexity reduction can be obtained by properly shifting the received

sequence before decoding begins [3].



1.2 Contribution of the Research

In this thesis, we proposed a new unequal-weighted average method to determine the num-
ber of pre-decoding shifts on the received sequence. We then found by simulations that
the forward and backward training window sizes requiring for near ML performance in the
circular decoding algorithm of W. Sung can be reduced when the decoding process starts
from the positions of the received sequence, which are suggested by weighted average meth-
ods. We subsequently analyze the forward and backward training window sizes required for

near-optimal performance. Our analytical results conform to those obtained by simulations.

Throughout the thesis, we will use shifting VA to refer to the decoding algorithm that
shifts the received sequence before the decoding process begins but does not employ the
forward and backward training windows. The decoding algorithm that shifts the received
sequence before the decoding process begins, and at the same time, adds the forward and
backward training windows, will be referred to as shifting circular decoding algorithm. Details

will be given in Chapter 2.

1.3 Organization of the Thesis

The thesis is organized as follows. In Chapter 2, the decoding algorithms employed in this
thesis are introduced, and the proposed method to determine the number of pre-decoding
shifts is presented. In Chapter 3, the simulation results are summarized and remarked.
In Chapter 4, the forward and backward training window sizes required for near-optimal
performance are analyzed for shifting circular decoding algorithm. Chapter 5 concludes the

thesis.



Chapter 2

Circular Decoding Algorithm with
Dynamic Starting Position

In this chapter, we present the weighted average methods to determine the number of pre-
decoding circular shifts on the received sequence. We then examine the effect of using these
suggestive pre-decoding shift numbers on the received sequence in shifting VA and shifting

circular decoding algorithm.

2.1 Definitions and Notations

Let € be an (n,1,m) CTBC, where n is the number of output bits per information bit, and
m is the memory order of the CTBC encoder. Assume that the length of the input sequence
is L. Then, the encoding code trellis of € has L + 1 levels. Notably, for shifting VA, the
decoding code trellis of € also has L + 1 levels (being indexed from level 0 to level L), but
for shifting circular decoding algorithm, the number of levels in the decoding code trellis
becomes of F'+ L + B+ 1 levels , where F' and B are the sizes of the forward and backward
windows, respectively. For convenience, the level index will always start at zero; hence,
the largest level index in the decoding code trellis of shifting circular decoding algorithm is

F + L + B. Denote the state space at each level by S. Obviously, |S| = 2.



A legitimate tail-biting path for the codeword of € should constrain on the same initial
and final state. By relaxing such constraint, the inclusion of paths that start and end at

different states result in a supper code € of €. For notational convenience, we denote

the binary input information sequence by z = (z,21,...,25-1) € {0,1}*, the binary
codeword of € by v = (vg,v1,...,vn_1) € {0,1}", and the original received vector by
r 2 (ro,71,...,7n_1), where N = nL.

To facilitate the following description of the decoding process, we denote by py, +,(s) the
portion of the survivor path between levels ¢; and t, where t; < t9, which starts at level
t1, and ends at state s at level t5. Likewise, we denote by [y, +,(s) the state of the survivor
path at level t;, which ends at state s at level t5. Note that there is only one survivor path
ending at state s at level £y; hence, 3;, +,(s) is uniquely determined by s, t; and t5. The metric
associated with py, 4,(s) is denoted by my, 4+, (s). By these notations, the best path ppest in the
decoding code trellis of super code ; is the one that gives the smallest mg 1 (s) (respectively,
mo rir+5(s)) forall s € S for shifting VA (respectively, shifting circular decoding algorithm).

The path metric mpes; associated with ppes is thus given by:

mig mo.r(s) for shifting VA;
s€E ’

A
Mpest — . e . . .
IiN Mo, F4L+ p(s)  for shifting circular decoding algorithm.

S

As aforementioned, a legitimate code path should starts from and ends at the same state,
which is usually termed tail-biting path in the literature. Thus, for shifting VA, the best
tail-biting path prp pest is the one that gives the smallest mg 1 (s) with By 1(s) = s. Likewise,

for shifting circular decoding algorithm, the best tail-biting path prp pest is the one that gives

the smallest m07F+L+B(3) with ﬁF,FJrLJrB(S) = ﬁF+L,F+L+B(S>-
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Figure 2.1: System Model in AWGN Channel

2.2 Determination of Number of Pre-Decoding Circu-
lar Shift

Figure 2.1 depicts our system model. The encoded sequence is antipodally transmitted, and
then is corrupted by the additive white Gaussian noise (AWGN). The receiver will circular
shift the received sequence np times before the decoding process begins. It will then shifts

it back, and outputs the final decision.

The weighted average method to determine the number of information shifts p is intro-
duced. Since p represents the number of information shifts, the received sequence will in fact

be circularly shifted n x p times.

Step 1. Set the weighted average window W, and the weighting coefficients (wg, w1, . . . , Wy _1).

Step 2. For received sequence r = (ro,71,...,75_1), compute for 0 < ¢ < L,
nl4+nW—1
Re= ) w—nt)/nllljmoan]:
j=nl

Step 3. Let p = arg max, R,.!

L If the maximum of R, is achieved by more than one £ such as in binary erasure channels, then just



Step 4. Output the shifted received sequence as (Tpp, Tnp+1, -« 'N=1,70; - - s Tnp—1)-

In the above algorithm, we propose to average the absolute values of nWW consecutive
received scalars. This is specific for AWGN channels. For a general channel, |r;| should be

replaced by reliability |¢;|, where

s, Pl = 0)

0 Pr(rilv; =1) (2.1)

It can be shown that the larger reliability ¢, is, the higher the probability of correct decision

based on the hard-decision

0, otherwise,

Therefore, to begin the decoding process from n x 1/ most reliable received scalars may
possibly speed up the decoding process and improve the performance for suboptimal decoding

algorithms. Simulations do confirm our conjecture.

It should be noted that for AWGN channels and antipodal transmission, ; is proportional
to ¢;; hence, we can replace ¢; by r; for simplicity. Also, since for AWGN channels and

antipodal transmission,
Prir; > 7|v; = 1] = Pr[r; < —7|v; = 0] (2.3)

for any positive 7, the degrees of reliability respectively for positive r; and for negative r; are
symmetric. Thus, no adjustment based on their signs is necessary when we perform average
on nW consecutive |r;|. In case (2.3) is violated, one may need to adjust the absolute value

of the reliability based on their signs according to hard-decision error probability.

randomly pick one.

Also, for shifting circular decoding algorithm, we will additional perform p = p+WW/2 because the position
that is intended to located is in the middle of the forward subwindow coefficients wq, w1, ..., wy 21 and the
backward subwindow coefficients wyy /2, wy 241, .., ww-1. Please refer to the next section for more details.



We close this section by remarking that in its implementation, p can be any integer
number between 0 and L — 1. We however will restrict p to be a multiple of W in our
analysis in Chapter 4. By adding this “constraint”, the averaged sequence Ry, Ry, Row, . . .

becomes i.i.d. in statistics, which greatly simplify our subsequence analysis.

2.3 Derivation of Weighting Coefficients

For a given CTBC code structure, the probability of correct path being eliminated owing
to the other paths during the decoding process is different at each level. Based on this
observation, the equal-weight method proposed by Handlery et al. may be further improved
by considering unequal weights that are proportional to, e.g., the correct-path elimination
probability at each level. The intuition behind our provision is that a higher erroneous
elimination probability at a certain level should be compensated by a higher reliability at
the respective level; hence, with a higher weight coefficient at that position, the position
that can well compensate the erroneous elimination according to the code structure can be

located.

As an example in the (2, 1,3) CTBC trellis in Fig. 2.2, given that the all-zero codeword

is transmitted, the path from state 1 at level 0 to state 0 at level 1 may eliminate the correct



all-zero path at level 1, which will occur with probability?

G = Pr((yo® 0ol + (11 ® 0)|g1] > (yo & 1ol + (11 ® 1)|n||vo = v1 = 0]
= Pr[ro—l—rl < O‘UO =1 :0]

= Q(\/ﬁ/(j)a

where 0? is the variance of the additive Gaussian noise, and

Q(z) é/ \/%eﬁﬂdx

is the Q-function. At level 2, the correct all-zero path may be eliminated by either the path
from state 2 at level 0 to state 0 at level 2 or the path from state 3 at level 0 to state 0 at

level 2, for which the probability of occurrence is given by
i :PY[T1+T2+7’3 <0Qorrg+rs+r;< O‘/U() = U1 = Uy = U3 :0]

By repeating this procedure, the correct all-zero path may be eliminated due to four paths
ending at level 3, which are respectively the ones from state 4, 5, 6 and 7 at level 0 to state
0 at level 3. As such, we can pre-calculate these probabilities as qg, 1, q2, - .., qr_1. Notably,
the block error probability is actually less than gy + ¢ +¢2 + - - - 4+ qr_1 because, for example,
the calculation of ¢o does not exclude the event that ¢; concerns, ie., rg +7r1 > 0. As a

result, our weighting coefficients for shifting VA will be set intuitively as:

1
(w07w17 cee 7wW71) = q_ (q07Q17q27 ce 7QW71>
0

corresponding to a certain operational signal-to-noise ratio such as Ej/Ny = 1 dB. The cal-
culations of erroneous elimination probabilities for (3,1,6) and (2,1,6) CTBCs are detailed

in Appendix A.

2The path metric we employed in our decoding is defined as [4]

In—1
H(xoaxla cee 71'571*1) = Z (yj D zj)|¢j|a
j=0
where (zo,1,...,%m—1) is the path label, “@” is the module-2 addition operation, and ¢; and y; are

respectively defined in (2.1) and (2.2).



For shifting circular decoding algorithm, the weighting coefficients will be divided into two
groups: (i) forward subwindow coefficients wg, w1, ..., ww/2—1 and (ii) backward subwindow
coefficients wyy /2, Wy 241, - . ., ww—1, where W is taken to be an even number. The backward

subwindow coefficients will be defined the same as the coefficients for shifting VA, i.e.,

1

(wW/2a Ww/2+415 - - - awW—l) = q_ ((107 q1,492; - - QW/2) .
0

This part accounts for the influence from erroneous elimination. The forward subwindow
coefficients consider the backward structure in which the accumulated metric of the correct
path is larger than those of the other paths. Take Fig. 2.3 as an example. There will be
two branches emitting from state 0 at level L — 1. The one marked with 00 belongs to
the correct path. Then, the weight wyy/,_; will be proportional to the probability that the
metric corresponding to the path from state 0 at level L — 1 to state 4 at level L is smaller
than that of the path from state 0 at level L — 1 to state 0 at level L. Again, wyy/o_o will
be proportional to the probability that the metric corresponding to the path from state 0 at
level L — 2 to state 0 at level L is larger than either that of the path from state 0 at level
L — 2 to state 2 at level L or that of the path from state 0 at level L — 2 to state 6 at level
L. Detailed calculations of these window values for (3,1,6) and (2,1,6) CTBCs are given in

Appendix A.
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Figure 2.2: The forward trellis of (2,1,3) CTBC
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Figure 2.3: The backward trellis of (2,1,3) CTBC
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2.4 Shifting Viterbi Algorithm

The shifting VA is simply to apply the VA after circularly shifting the received sequence.

For completeness, its procedure is given below.

Step 1. For the shifted received sequence r'= (Tnp, Tnpi1y- s TN-1,T0s - - - s Tnp—1), apply the

VA with initial metrics being zero for all states.

Step 2. Output the information sequence corresponding to prBpest if it exists. Otherwise,

output the information sequence corresponding to ppest-

As shown in Fig. 2.1, the output information sequence of the above algorithm is the
shifted version of the true estimate at the receiver. Hence, the entire decoding process is

completed by the last “shift back” operation.

2.5 Shifting Circular Decoding Algorithm

For shifting circular decoding algorithm, in order to account for the effect of the forward
and backward training windows denoted respectively by F and B, we will add W/2 to
p before the decoding process begins as indicated in Footnote 1 (cf. Page 6). Because it
requires additional working load to find prp pest, namely, the examination of fp pir4p(s) =
Brirr+n+p(s) for all s € S, and because the error performance by merely considering the
information sequence corresponding to ppes; 1S already acceptably good, we will directly
output the information sequence corresponding to ppesy Without examining prppest here.

Detailed procedure is summarized in the following.

Step 1. For the shifted received sequence T'= (Typ, Tnpt1, - - s 'N=1,T0; - - - s Tnp—1), Te-index it

as

/ roor /
r = (Tnpvrnp-i-l) -y 'N—1,T0, - - ~>Tnp—1) = (TOar17T2’ s '>TN—1)'

13



Step 2. Copy the back nF' values of ¥’ to the head, and copy the front nB values of v’ to

the tail. This gives that
/ o / o / / /
Trw = (erlf(anl)’ N1 T T - s N1 Ty - - - ’ranl)'

Step 3. For v/, apply the VA to the super code trellis of F'+ L + B + 1 levels with initial

metrics being zero for all states.

Step 4. Retain the information sequence of length F' + L + B + 1 corresponding to ppest -
Remove the front F' bits and back B bits. Output the remaining information sequence

of length L.

After the execution of the above algorithm, the entire decoding process is completed by

performing “shift back” in the end as depicted in Fig. 2.1.

14



Chapter 3

Simulation Results

3.1 Performance of Shifting Viterbi Algorithm

In this section, we will compare the performances of the brutal-force maximum-likelihood
decoding algorithm, the VA, and the shifting VA. They are respective abbreviated as ML,
VA and SVA in the legends. Note that the difference between the VA and the SVA is that
no circular shift is performed on the received sequence in the VA. The “unequal-weight”
appearing before the SVA indicates that the weighting coefficients derived in Section 2.3 are

used.

The CTBCs used in our simulations are respectively the (3,1,6) code with generator
polynomial (554 744 724) (in octal) and the (2,1,6) code with generator polynomial (744
554) (in octal). The weighted average window is taken to be W = 6 only. After the binary
codeword is mapped onto the antipodal signals, the additive white Gaussian is added. From
Figs. 3.1, 3.2 and 3.3, we found that both equal-weight and unequal-weight SVAs improve
the performance of the VA. In addition, the proposed unequal-weight SVA performs better

than the equal-weight SVA.

From Figs. 3.4, 3.5 and 3.6, we found again that both equal-weight and unequal-weight

SVAs improve the performance of the VA. But, it is a little different from those obtained

15



(3,1,6) CTBC, L = 40.

10" ¢ T T T
r —6— ML

—<— VA ]

——— Equal-weight SVA (W=6) |1

—+H— Ungqual-weight SVA (W=6)|1

BLER

|
1 15 2 25 3 35 4
Eb/NO (dB)

Figure 3.1: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,6) CTBC. The length of
the information sequence is L = 40.

Figs. 3.1, 3.2 and 3.3 that the unequal-weight SVA performs almost the same as the equal-
weight SVA. Thus, the code rate could be a factor to result in different behavior between

the equal- and unequal-weight SVA. Hence, we further examine the (3,1,4) CTBC with

generator polynomial (52 66 76) (in octal).

Taking the average window size to be equal to the memory order of the CTBC code (i.e.,
W =4 for (3,1,4) code), we observe from Figs. 3.7, 3.8 and 3.9 that both equal-weight and
unequal-weight SVAs outperforms the VA as usual, and unequal-weight SVA performs better

than the equal-weight SVA.
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(3,1,6) CTBC, L = 80.
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Figure 3.2: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,6) CTBC. The length of
the information sequence is L = 80.
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(3,1,6) CTBC, L = 120.

10" ¢ T T T
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Figure 3.3: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,6) CTBC. The length of
the information sequence is L = 120.
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(2,1,6) CTBC, L=40 in AWGN
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Figure 3.4: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (2,1,6) CTBC. The length of
the information sequence is L = 40.
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(2,1,6) CTBC, L=80 in AWGN
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Figure 3.5: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (2,1,6) CTBC. The length of
the information sequence is L = 80.
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(2,1,6) CTBC, L=120 in AWGN
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Figure 3.6: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (2,1,6) CTBC. The length of
the information sequence is L = 120.
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(3,1,4) CTBC, L=40 in AWGN
100 ¢ T T T
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—b>— VA
—*— Equal-weight SVA(W=4)
—#&— Unequal-weight SVA(W=4)|4
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-5 I I 1 1

Eb/NO (dB)

Figure 3.7: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,4) CTBC. The length of
the information sequence is L = 40.
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(3,1,4) CTBC, L=80 in AWGN
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Figure 3.8: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,4) CTBC. The length of
the information sequence is L = 80.
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(3,1,4) CTBC, L=120 in AWGN
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Figure 3.9: Block error rates (BLER) of the maximum-likelihood (ML) decoder, the Viterbi
algorithm (VA) and the shifting Viterbi algorithm (SVA) for (3,1,4) CTBC. The length of
the information sequence is L = 120.
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3.2 Performance of Shifting Circular Decoding Algo-
rithm

We continue to compare the performances of circular decoding algorithm (CDA) without
pre-decoding shifting and shifting circular decoding algorithm (SCDA) for the CTBC codes
examined in the previous section. Since we propose to use both forward and backward
window, and since it is intuitive to have a window size to cover or accumulate the effect in
regard of both the forward window and backward window, the weighted average window size
W is taken to be twice of the memory order (instead of one memory-order that is taken for

the VA). Both equal-weight and unequal-weight coefficients are examined.

We observe from Figs. 3.10, 3.11 and 3.12 that forward and backward window sizes (F, B)
required for near-ML performance are about (19,20), and are irrelevant to the information

length L. This result coincides with that in [11].

Figures 3.13, 3.14 and 3.15 summarize the training window sizes that are sufficient to
achieve near-ML performance for equal-weight SCDA. Specifically, Fig. 3.13 shows that the
near-ML-performance window sizes can be reduced down to (F, B) = (12,18) when L = 40.
Further reduction can be reached down to (£, B) = (6, 10) when L increases to 80. While

L = 120, the near-ML-performance window sizes reduce to only (F, B) = (4, 10).

By adding the constraint that (p — W/2) must be a multiple of W = 12, the near-ML
training window sizes become (F, B) = (12, 18) for L = 40, (F, B) = (8,10) for L = 80, and
(F, B) = (6,10) when L = 120 as indicated in Figs. 3.16, 3.17 and 3.18.

The performances of the unequal-weight shifting circular decoding algorithm are exam-
ined in Figs. 3.19, 3.20 and 3.21. These three figures show that the near-ML training window
sizes are exactly the same as those obtained for equal-weight shifting circular decoding al-

gorithm except that (F, B) = (12,16) when L = 40.
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Next, we turn to the (2,1,6) CTBC with generator polynomial (744 554) (in octal) and
the weighted average window size W = 12. From Figs. 3.22, 3.23 and 3.24, the forward and
backward training window sizes (F, B) required for near-ML performance are about (27, 28),

and are again irrelevant to the information length L.

For the equal-weight SCDA, Figs. 3.25, 3.26 and 3.27 tell that the near-ML-performance
training window sizes are reduced to (F, B) = (24,26), (16,20) and (10, 14) respectively for
L = 40, 80 and 120. These window sizes remains the same even if an additional constraint
that (p — W/2) must be a multiple of W is added, except for (F, B) = (24,28) for L = 40 as
shown in Figs. 3.28, 3.29 and 3.30.

It remains to examine the performances of the unequal-weight shifting circular decoding
algorithm for the (2,1,6) CTBC. From Figs. 3.31, 3.32 and 3.33, the near-ML training
window sizes are (F, B) = (20,26) for L = 40, (F, B) = (12,18) for L = 80, and (F, B) =
(8,12) for L = 120, respectively. This hints that the window sizes required for near-ML

performance can be a little reduced by switching from the equal weights to unequal weights.

Now, we consider the last code examined in this section, i.e., the (3,1,4) CTBC with
generator polynomial (52 66 76) (in octal). From Figs. 3.34, 3.35 and 3.36, the forward and
backward training window sizes (F, B) required for near-ML performance are also irrelevant
to the information length L, which is (F, B) = (13,13). From Figs. 3.37, 3.38 and 3.39, we
notice that the near-ML-performance window sizes are reduced to almost none as (F, B) =
(8,8), (2,4) and (2,4) respectively for L = 40, 80 and 120. The constraint that (p — W/2)
must be a multiple of W' = 8 does not change these required (F, B) as indicated in Figs. 3.40,
3.41 and 3.42. In the end, the performances of the unequal-weight SCDA are examined, and
are resulted some improvement over equal-weight SCDA. Specifically, from Figs. 3.43, 3.44
and 3.45, the near-ML training window sizes are (F, B) = (6,6) for L = 40, (F, B) = (2,4)
for L =80, and (F, B) = (2,2) for L = 120.
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(3,1,6), L=40, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.10: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,6) CTBC. The length of the information sequence is L = 40.
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(3,1,6), L=80, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.11: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,6) CTBC. The length of the information sequence is L = 80.
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(3,1,6), L=120, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.12: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,6) CTBC. The length of the information sequence is L = 120.
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(3,1,6), L=40, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.13: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC. F and B denote the forward and backward training window sizes,
respectively. The length of the information sequence is L = 40.
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(3,1,6), L=80, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.14: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC. F and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 80.
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(3,1,6), L=120, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.15: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC. F and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 120.
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(3,1,6), L=40, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.16: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 40.
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(3,1,6), L=80, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.17: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 80.
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0 (3,1,6), L=120, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.18: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 120.
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0 (3,1,6), L=40, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.19: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 40.
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0 (3,1,6), L=80, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.20: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 80.
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0 (3,1,6), L=120, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.21: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 120.
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(2,1,6) CTBC, L=40 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.22: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (2,1,6) CTBC. The length of the information sequence is L = 40.
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(2,1,6) CTBC, L=80 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.23: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (2,1,6) CTBC. The length of the information sequence is L = 80.
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(2,1,6) CTBC, L=120 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.24: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (2,1,6) CTBC. The length of the information sequence is L = 120.
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(20|1|6) CTBC, L=40 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.25: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC. F and B denote the forward and backward training window sizes,
respectively. The length of the information sequence is L = 40.
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(20|1|6) CTBC, L=80 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.26: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC. F and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 80.
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(201,6) CTBC, L=120 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.27: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC. F' and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 120.
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(20|1|6) CTBC, L=40 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.28: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 40.
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(20|1|6) CTBC, L=80 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.29: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 80.
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(201’6) CTBC, L=120 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.30: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (2,1,6) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 120.
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(2,%,6) CTBC, L=40 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.31: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (2,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 40.
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(2,%,6) CTBC, L=80 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.32: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (2,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 80.
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(2,10,6) CTBC, L=120 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.33: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (2,1,6) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 120.
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(3,1,4) CTBC, L=40 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.34: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,4) CTBC. The length of the information sequence is L = 40.
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(3,1,4) CTBC, L=80 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.35: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,4) CTBC. The length of the information sequence is L = 80.
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(3,1,4) CTBC, L=120 in AWGN, Circular Decoding Algorithm with (F,B) training window.
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Figure 3.36: Block error rates (BLER) of the circular decoding algorithm without pre-
decoding shift for (3,1,4) CTBC. The length of the information sequence is L = 120.
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(30|1|4) CTBC, L=40 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.37: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC. F and B denote the forward and backward training window sizes,
respectively. The length of the information sequence is L = 40.
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(30|1|4) CTBC, L=80 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.38: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC. F and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 80.
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(301,4) CTBC, L=120 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.39: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC. F and B denote the forward and backward training window sizes,
respectivley. The length of the information sequence is L = 120.
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(30|1|4) CTBC, L=40 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.40: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 40.
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(30|1|4) CTBC, L=80 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.41: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 80.
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(301’4) CTBC, L=120 in AWGN, Equal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.42: Block error rates (BLER) of the equal-weight shifting circular decoding algo-
rithm for (3,1,4) CTBC, where (p — W/2) must be a multiple of W. F and B denote the
forward and backward training window sizes, respectively. The length of the information
sequence is L = 120.
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(3,%,4) CTBC, L=40 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.43: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,4) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 40.
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(3,3,4) CTBC, L=80 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
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Figure 3.44: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,4) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 80.
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(3,10,4) CTBC, L=120 in AWGN, Unequal-Weight Shifting Circular Decoding Algorithm with (F,B) training window.
F I

10 T T T T T T
E —6— ML
—Pp— Unequal-weight SCDA, (F,B)=(0,0
—>— Unequal-weight SCDA, (F,B)=(2,2
107'E
x
W10k
o
10°E
107 \ | | | L ‘ ‘

1 15 2 25 3 35 4 45 5
Eb/NO (dB)

Figure 3.45: Block error rates (BLER) of the unequal-weight shifting circular decoding
algorithm for (3,1,4) CTBC. F and B denote the forward and backward training window
sizes, respectively. The length of the information sequence is L = 120.
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Chapter 4

Analysis of Training Window Size for
Equal-Weight Shifting Circular
Decoding Algorithm

In the previous chapter, we observed from simulations that the forward and backward train-
ing window sizes required to achieve near ML performance can be reduced by pre-decoding
circular shift of the received sequence. However, these windows were determined by sim-
ulations. A natural subsequent work is whether or not we can obtain suggestive training

window sizes analytically.

4.1 Error Probability for Truncated Viterbi Decoding

In [6], the authors gave an upper bound on the bit error probability due to path truncation
for Viterbi decoding. This bound can then be used to determine the truncation window size
such that the additional error probability due to truncation becomes negligible with respect

to the ML decoding error.

Assume that the all-zero code word is transmitted, and the Viterbi decoder adopts trun-
cation window of size T. The decoding error of the first information bit due to truncation

occurs when one of the paths that diverges from the all-zero state at level 0 and never returns
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to the all-zero state within 7" levels has the best metric among all paths ending at level T'
(cf. Fig. 4.1). The input-output weight enumerator function (IOWEF) for this set of paths
is given by

2m—1
> ALWX, L) (4.1)
i=1

where Aai(W X, L) is the weight enumerator function in the modified state diagram, which
connects the all-zero state with ¢th state, and which is expurgated to include only paths
of length T. Here, W is the dummy variable whose exponent represents the weight of
information bits, X is the dummy variable whose exponent is the weight of code bits, and

the exponent of L is the length of the branch [7, pp. 493].!

Using union bound technique, we can bound the truncation error probability for the first

information bit on a binary symmetric channel (BSC) as

2m 1
Pry< Y AW, X, L) , (4.2)
=1

W=1,X=2,/z(1—¢),L=1
where € is the channel crossover probability. By summing the first event error of length less
than 7" and the truncation error for first information bit in (4.2), the overall error probability

for the first bit is given by

: (4.3)
W=1,X=24/e(1—¢),L=1

where Ap(W, X, L) is the weight enumerator function for the paths that start from the

2m 1
PE,l < (AT(W7 Xa L) + Z Ag,z(wa Xa L))

i=1

all-zero state and later return to the all-zero state with length 7" or less.

Next, consider decoding the information bit at an arbitrary level ¢. Any path that diverges
from the all-zero state at or before level ¢t and never returns to the all-zero state through

level t 4+ T will cause a truncation error (cf. Fig. 4.2). Hence, we can obtain a bound similar

!The authors in [6] use notation Gai(D, L) in their paper, which is exactly our Aai(W =1,X=D,L).
Similar notation conversion applies to the following derivations in this section.

64



Level 0 1 2 3 4 T-1 T

Correct Path

00
O

- O\0

Subset of
¢ Incorrect Path
... OFO

Figure 4.1: The set of paths that diverge from the correct path at level 0 but never return
to the zero-state within 7' level

0 (4.2). By extending the bound in terms of the weight enumerator function AO (W, X, L)

in the modified state diagram with length 7" and greater, we can establish

om _q
Pr< Y AW, X, L) . (4.4)
=l W=1,X=2,/2(1—¢),L=1
This concludes, as analogous to (4.3), that the overall bit error rate is bounded by
dAW, X, L) "=
Py < <T + > ACWX, L)) (4.5)
52 W=1,X=2,/e(1—¢),L=1

where A(W, X, L) is the weight enumerator function of the code.

The first term in (4.5) is the ML bit error probability, and the second term corresponds
to the bit error probability bound due to truncation. Both terms are dominated by the
component with the smallest power of X. For the ML term, the smallest power of X is the
free distance dpe.. For the term corresponding to truncation error, the smallest power of X
is contributed by the minimum Hamming weight path of the incorrect path subset, denoted
by dr. Therefore, if T is chosen such that d; > dgee, then the error will be dominated by
the ML term.

65



t+T-1 =T

. ©—>© Correct Path
. O O Subset of
Incorrect Path

: ) . O

Figure 4.2: The set of paths that diverge from the correct path at level ¢t but never return
to the zero-state within ¢ 4+ 7' level

4.2 FError Bound for Circular Decoding

In [11], the author uses the techniques in Section 4.1 to analyze the error probability bound
for circular decoding. He actually regards the forward and backward training windows as

two truncation windows.

Following similarly (4.5), we can obtain the BSC error probability bound of circular

decoding as

Y

W=1,X=24/¢e(1—¢),L=1
(4.6)

AW, X, L) = poeror il oo
P < <T+ ; Ao (W, X, L) + ; Ag ;" (W, X, L)

where Afjboo(I/V, X, L) denotes the weight enumerator function in the modified state diagram
for the paths connecting the ith state with the all-zero state with length F' or greater for the
forward training window, and Ag;oo(W X, L) denotes the weight enumerator function in the
modified state diagram for the paths connecting the all-zero state with the ith state with

length B or greater for the backward training window.

For the second and third terms in (4.6), denote respectively by dr and dp the dominant
weights of their minimal Hamming weight paths of the respective incorrect path subsets for

the forward and backward training windows. As a result, if dp > dgee and dp > dpee, the
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BSC error probability will be dominated by the ML term, i.e., the first term in (4.6).

We note in the end that the derivations from (4.2) to (4.6) also hold for the binary erasure
channel (BEC) with X = ¢ instead of X = 24/e(1 — ¢), where ¢ is the erasure probability.
They also hold for the additive white Gaussian noise (AWGN) channel with X = e~Fs/No,

where E;/Ny is the signal-to-noise ratio.

4.3 Error Bound for Shifting Circular Decoding in Bi-
nary Erasure Channel (BEC)

Over binary erasure channels (BEC) as depicted in Fig. 4.3, the erasure probability for the
the second and third terms in (4.6) will be changed by adding the pre-decoding circular
shifting. It should be pointed out that for BECs and equal prior probability, the statistics
of the absolute value of reliability ¢; becomes

16 00, with probability (1 — §);
hil =
1 0, with probability 0.

Hence, with the signal mapping at both the input and output signals as

0 — il
erasure — (0 |
1 — —1

the pre-decoding circular shifts on the receive sequence r € {—1,0,1}" is again performed
based on the absolute values of the received components. We can then analyze the effective

erasure probability J, as follows.

To simplify the analysis, we assume that the “unadjusted” pre-decoding information

circular shift p = p—¥/2 can only be a multiple of weighted average window W% information

2Again, for shifting circular decoding algorithm, p = p + W/2, in which W/2 will be added afterwards.
Here, we denote p = arg maxy Ry. Thus, what we assume in this derivation is that

- R
p arge:o,wzw,.??fi/m—nw ¢

See Footnote (1) in page 6.
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length L for (n,1,m) CTBC is also a multiple of W, and equal weights that are all equal to

unity are adopted. Define for 0 <i < M = L/W,

Ui = |Tinw| + [Pinw 1] + -+ + [Tinwsnw—1]-
Then, we derive that

PrlU; =u] = Pr||riw!|+ [riswsi] + - + [Tinwsnw—1]| = ]

— <”W) 51— 5",

u

where we know that {r; j.V:_Ol are i.i.d., and the absolute value of 7; is distributed as

| 1, with probability 1 — 9;
ri| =
! 0, with probability é.

Now, the sorted Uy, Uy, ..., Uy 1 gives that
Uy < Uy S U £ - - < Upr-1y-

In such case, the pre-decoding circular shift p = Wi, if Up—1y = U;, and the unadjusted
inputs for the circular decoding algorithm is 15, 7541, - - . "N=1,70, 1, - - - ,rfm,l.?’ It remains

to find the distribution of the unadjusted shifted input sequence.

For (ag,ar,...,ay_1) € {=1,0, 1}~ with 30" jay| < maxicicnr 1 gy |aimwel,

PI’[Tﬁn = ao/\rﬁn-‘,—l = ay /\“‘/\rﬁn—l :a/N—l] =0.

3There is potentially a notational flaw here. For example, rsn—1 Will equal r_;, which happens when
p = 0. For notational convenience, r_; is well understood as ry_1 since 71 = 7(_1) mod N = '~—1. Similar
rule will be applied to, say, r_s,7_3,... whenever they are encountered.
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Value ¢ Value
o
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Figure 4.3: Binary erasure channel (BEC) model
N . nW-—1 nW-—1 4
For (CLO, ay,. .., aN,l) I~ {—1, O, 1} with ZZ:O ‘ag‘ > Maxi<i<M—1 ZE:O |amw+g ,

PI’[Tﬁn = aO/\rﬁn—l—l = /\"'/\rﬁn—l :a'N—l]

M-1
= Z Pr [ripw = ao A Tipwg1 = a1 A - ATipw—1 = an—1] (4.7)
=0
N-1
= M ][] Prlr=ad, (4.8)
=0

where (4.8) is valid since Pr[rj,w = ag A ripws1 = a1 A+ ATipw—1 = ay—_1] is the same

for every i as {rg}Nt is ii.d. For (ag,a1,...,ay1) € {=1,0,1}" with S/%""|a, =

4Note that we give below a simple example to facilitate the understanding of (4.7). Since p is a random
variable, the event of [rz, = ao ATpnp1 = a1 A+ Arp,—1 = an—1] is seemingly involved in its calculation.
This involvement however can be clarified by the following example.

Now, suppose W = 2, L = 6 and n = 2. Then, M = 3, and p must be even, and we receive a
sequence of length 12. Given that (ag,ai,...,a11) = (1,1,—1,-1,0,0,1,1,—1,0,—1,1), the event that
(rop, ropgt, - --»725-1) = (1,1,—1,-1,0,0,1,1,—-1,0,—1,1) occurs only when one of the three cases below

occur, which are
(ro,ri,...,m1) =(1,1,-1,-1,0,0,1,1,—-1,0,-1,1)
(ro,r1y...,m11) =(-1,0,—-1,1,1,1,—1,-1,0,0,1,1)
(ro,r1,...,m711) =(0,0,1,1,—-1,0,—-1,1,1,1, -1, —1)

This explains why (4.7) holds.
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maxi<i<m-1 Z}Zﬁ‘l |az‘nW+£|,5

Pr [Tﬁn = Qo A Tpn+1 = Q1 VANRRRIVAY Tpn—1 = OJNfl]

1
- M-1 W 1 w-1
k=0 1{ . (e —Ze 0 |a€|}
M—1
X Z Pr[ripw = ao A Tipwi1 = a1 A+ ATipw—1 = an—1]
i=0
M
= H PI‘ Tg = ag]
M-1 nW 1 nW 1
k=0 1{ |Ghnw o] = |a€|}

where 1{-} is the set indicator function. The above derivation concludes:

Pr[rﬁn:ao/\rpnﬂ :al/\"'/\Tpn,1 :aN,l]

W1 nW—1
1 | max ; |Ginyrse| < ; lael ¢ v,
= M— = nW—1 Prire = a]
S8 o = Y lad e £
k=0 =0 =0
nW—1 nW—1
1 <Hi Z ‘amW’-i-f‘ < Z 1(1/‘ ZN—l |z
o M - 1 - 5 =0 L 5N_Zé\]:—01 ‘ail (4 9)
o M-1 nW—1 nW—1 9 . .
S = Y
k=0 =0 =0
It is clear from (4.9) that the probability only depends on S0 ™" @ | for 0 < i < M —1.
5In  case Z‘g_l | = Maxy<;<M—1 Z?X‘g_l |@inwe] such as  (ag,a1,...,a11) =

(1,1,-1,-1,0,0,1,1,-1,1,—1,1) as continuing from the example in Footnote 4, this event occurs
when one of the three cases below occur, i.e.,
(ro,ri,...,m1) =(1,1,-1,-1,0,0,1,1,-1,1,-1,1)
(ro,ri,...,m1) = (-1,1,-1,1,1,1,—1,-1,0,0,1, 1)
(ro,m1,...,m11) =(0,0,1,1,—-1,1,—-1,1,1,1, -1, —1).

However, since |ag| + |a1| + |az| + |ag| = |as| + |ag| + |a10] + |a11], and since we will randomly pick one of
those Ry that achieve maximum, the probability should be cut in half, i.e., to multiply

1 1
2 3 3 - 3 B
Zk:o 1 Zzzo lask+e| = Ze:o |ael Zk:o 1 Ze:o laakre| = 4

1
5"
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As a result,

Prirsn = ao Arpns1 = a1 A+ A Tpninw—1 = Guw—1]
= E : Prirgn =ao Arppp1 =a1 A A1 = an-_1]
(anw ,--an—1)€{—1,0,1}N—nW

1{ max b; < by

M—1

1<i<M—1 } 1— 5\ Zv=0 b NS M-1
— I *Zi/: bi/
o Z M M~—1 ( 9 ) 0 ’

(anw,-an—1)€{=1,0,1}N =W Z 1{br =bo}
k=0

where for notational convenient, we denote

nW—1

b, = E |amW+£-
=0
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Continue the derivation with ¢ = (1 —4)/é:

Pr[rp, = ao A Tpny1 = a1 A - A Tpngnw—1 = Anw—1]

M§™ (q/2)™ 3 WA g (W gy (W gy {4/ 2)Zim b
M1 by by brr—1 M—1
(b1,....bar—1)€{0,...,b0} 1+ § 1 {bk _ bO}

k=1
M-1,.

Sy b
= M5N(‘J/2)b0 Z (TLW) (TLW> o (TLW ) Mq 1
bo}M—1 by by br—1 —

0 1+ ) 1{b =bo}
k=1

(6N’ bQZO
M—1 k
1 M -1 nW
MN 2bo
_ 5(‘]/)Z1+k( k ><b0)

k=0
nW nW M-1 .
(b > e <b ’ )qkb0+zi/—k+1 bz , bO > O
\ (bit15--bar—1)€{0,...,.bo—1}M— 1=k e M=t

'5N’ bOIO

= 1 (M =1\ (aW\* o T [ (W
MoN (q/2) 1+k< i >(b0 > RIS (b )qba by >0

T

L k=0 i'=k+1 \ by =0
'5N’ bo = O
M—1 k [ bo—1 M=1=k
= ~ 1 M -1 nW "N (nW
MoN (q/2)" ¢ b b
(4/2) HHk( O (C)e) Z(b)q >0
(5N, by = 0
b M bo—1 M
N /nW : w
_ Z ( bl/ >qbi/ o Z ( bl/ >qbz/
b.,=0 b;1=0
M5N(q/2)b° . . , byp>0
M (an ) g
\ 0

b M bg—1 M
N ~ [(nWY ,, — [(nW\ ,,
— — nW Z ( bi/ )q ¢ - Z ( bi/ >q v 9

2b0 ( ) by =0 b;r=0
bo

. . . bo—1 .
where in the last equation, we assume for convenience that »,°—, (T;)Vf/) ¢*" = 0 when by = 0.
7 i
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This leads to that

de = Prirz, =0]

= E Pri{rpn =0A 741 = a1 A ATpninw—1 = Quw—1]
(a1,eanw—1)€{—1,0,1}nW—1
M M

N bo bo—1
- 2 (5711/1/) 2 (an) ) - X (an> @

by =0

M M
nW—1 . N
_ Z (an 1) Qk(STW Z (nbl/f/) v B Z (nbvf/) e

M

This gives the effective marginal erasure probability 0. based on pre-decoding circular
shift we propose. Through several empirical examinations, we observe that taking this new
marginal erasure probability d. into (4.6) also provides an upper error bound on P for
the shifting circular decoding algorithm. We however fail to substantiate this observation

analytical, and will defer it as our future work.

Based on our “conjectured” observation, we will try to determine (F, B) “analytically”.
Specifically, considering only the terms with the lowest exponent respectively for the three
terms in (4.6), we first solve

5dfree — 5d
c.
where we use 6%« to approximate the ML error. We then choose F' and B such that dp

and dp equal [d]. In the next section, we will compare F' and B derived in this section with

those obtained by simulations.
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Table 4.1: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (3,1,2) CTBC. The weighted average window is W = 16.

Length of information sequence L 100 | 200 | 400
Simulated (F, B) of CDA (9,9) 1 (9,9) | (9,9)
Derived (F, B) of equal-weight SCDA | (6,6) | (5,5) | (5,5)
Simulated (F, B) of equal-weight SCDA || (2,4) | (2,2) | (2,2)

Table 4.2: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (3,1,4) CTBC. The weighted average window is W = 24.

Length of information sequence L 100 200 400
Simulated (F, B) of CDA (13,13) | (13,13) | (15,15)

Derived (F, B) of equal-weight SCDA || (10,10) | (9,9) (9,9)

Simulated (F, B) of equal-weight SCDA | (8,8) (4,6) (4,4)

4.4 Forward and Backward Training Windows in BEC

In this section, we investigate the forward and backward window sizes of the circular decoding
algorithm (CDA) and equal-weight shifting circular decoding algorithm (SCDA), requiring
for near maximume-likelihood performance in BEC. The weighted average window is taken
to be twice of the dpee, i.6., W = 2dpe. Three CTBC codes are considered, which are the
(3,1,2), (3,1,4) and (3,1,6) codes respectively with generator polynomials (5 7 7), (52 66
76) and (554 744 724) (in octal). The results are summarized in Tables 4.1, 4.2 and 4.3.
They show that the (F, B) of the CDA required for near ML performance in BEC match
those reported in [11]. Also, the derived (F, B) pairs are a little larger than the simulated

ones. The performance curves can be found in Figs 4.4-4.21.

Table 4.3: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (3,1,6) CTBC. The weighted average window is W = 30.

Length of information sequence L 100 200 400
Simulated (F, B) of CDA (19,20) | (19,20) | (19,21)
Derived (F, B) of equal-weight SCDA || (16,19) | (15,18) | (12,15)
Simulated (F, B) of equal-weight SCDA || (14,14) | (10,12) | (8, 10)
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(3,1,2) CTBC, L=100 in BEC

10 & T T T T T
—6— ML
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—— CDA, (F,B)=(9,9)
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1-p,
Figure 4.4: Block error rates (BLER) of the CDA for (3,1,2) CTBC in BEC. F and B denote

the forward and backward training window sizes, respectively. The length of information
sequence is L = 100.
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(3,1,2) CTBC, L=100 in BEC

10 & T T T
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—P— Equal-weight SCDA, (F,B)=(2,4)
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Figure 4.5: Block error rates (BLER) of the SCDA for (3,1,2) CTBC in BEC. F' and

B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 16.
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(3,1,2) CTBC, L=200 in BEC
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Figure 4.6: Block error rates (BLER) of the CDA for (3,1,2) CTBC in BEC. F and B denote

the forward and backward training window sizes, respectively. The length of information
sequence is L = 200.
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(3,1,2) CTBC, L=200 in BEC
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Figure 4.7: Block error rates (BLER) of the SCDA for (3,1,2) CTBC in BEC. F and

B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 16.
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(3,1,2) CTBC, L=400 in BEC
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Figure 4.8: Block error rates (BLER) of the CDA for (3,1,2) CTBC in BEC. F and B denote

the forward and backward training window sizes, respectively. The length of information
sequence is L = 400.
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(3,1,2) CTBC, L=400 in BEC
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Figure 4.9: Block error rates (BLER) of the SCDA for (3,1,2) CTBC in BEC. F and

B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 16.
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(3,1,4) CTBC, L=100 in BEC
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Figure 4.10: Block error rates (BLER) of the CDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100.
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(3,1,4) CTBC, L=100 in BEC
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Figure 4.11: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 24.
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(3,1,4) CTBC, L=200 in BEC
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Figure 4.12: Block error rates (BLER) of the CDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200.
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(3,1,4) CTBC, L=200 in BEC
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Figure 4.13: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 24.
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(3,1,4) CTBC, L=400 in BEC
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Figure 4.14: Block error rates (BLER) of the CDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400.
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(3,1,4) CTBC, L=400 in BEC
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Figure 4.15: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 24.
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(3,1,6) CTBC, L=100 in BEC
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Figure 4.16: Block error rates (BLER) of the CDA for (3,1,6) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100.
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(3,1,6) CTBC, L=100 in BEC
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Figure 4.17: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 30.
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(3,1,6) CTBC, L=200 in BEC
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Figure 4.18: Block error rates (BLER) of the CDA for (3,1,6) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200.
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(3,1,6) CTBC, L=200 in BEC
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Figure 4.19: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 30.
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(3,1,6) CTBC, L=400 in BEC
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Figure 4.20: Block error rates (BLER) of the CDA for (3,1,6) CTBC in BEC. F' and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400.
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(3,1,6) CTBC, L=400 in BEC
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Figure 4.21: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in BEC. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 30.
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4.5 Error Bound for Shifting Circular Decoding in Ad-
ditive White Gaussian Noise (AWGN) Channel

On AWGN channels, the log-likelihood ratio ¢; is proportional to the received scalar r;.
Hence, the pre-decoding circular shifts on the receive sequence r is again performed based
on the absolute values of the received components. Since the code we considered is linear,
the error rate conditional on the code word transmitted is independent of the code word. We
then assume without loss of generality that the transmitted code word is the all-zero one.

For notational convenience, we omit the conditional notation in the following derivations.

Similar to the analysis in BEC, in order to simplify the analysis, we assume that the
“unadjusted” pre-decoding information circular shift p = p — W/2 can only be a multiple of
weighted average window W, information length L for (n, 1,m) CTBC is also a multiple of

W, and equal weights that are all equal to unity are adopted. Define for 0 <i < M = L/W,
Us = rinw| + [Pimwaa] + - + [Pinw pnw—1]-
Now, the sorted Uy, Uy, ...,Us 1 gives that
Uo SUp S Up < - < U-ypy-

In such case, the pre-decoding circular shift p = Wi, if U1y = U;, and the unadjusted
inputs for the circular decoding algorithm is 75, 741, ..., "N=1,70,T1, - - -, Tpn—1. 1t Temains
to find the probability density f of the unadjusted shifted input sequence.

It is clear that the density f for (ag,ay,...,ay_1) € RY with

nW—-1 nW-—-1
E lag| < max E | Qinw 0|
1<i<M—1
=0 /=0

is zero. For (ag,ay,...,an_1) € RY with S0 Jag] > maxicicar 1 Sopoe " amw el
N-1
[ (Tpn = ao, g1 = ar, - a1 = an-1) = M H fre=ar), (4.10)
=0
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where (4.10) is valid since f (ryw = ao, Tinw+1 = @1, , Tinw—1 = an—1) 18 the same for

every i as {r;}) ' is i.i.d. The above derivation concludes:

[ (rpn = @0, Tpni1 = a1, -+, Tpn1 = an_1)
N-1 nW-—1 nW-—1
- M <H fre= a@) 1 {1&%{_1 ZZ_; |@inwe| < ZZ_; w}. (4.11)

Notably,

Fre = ag) = —e—tamn?/2)

V2mo?

where = (=1)° = 1 is the signal transmitted, and o2 is the noise variance. It can be
observed that (4.11) is not just a function of 3570 " @i | for 0 <i < M — 1 in AWGN

channel as the the case in BEC. As a result,

f (Tﬁn = 0, Tpn+1 = A1, 5 TpntnW—1 = anVVfl>
— / f(rﬁn = a077’p~n+1 :a,17-.- 77’1377’_1 :a’N—l) da’TLW"'da'N—l
(anw »-an—1)ERN—nW
nW—1
= M| ][] fre=an
/=0

N—-1

X / flre=ap) | dapw ---dan_q
{(anw ey 1) ERN =W maxy <i<nr—1 bi<bo} \ o2

nW-—1
X H / H [ (Finw e = Ginwe) | daimw -+ dainw 1nw -1
i1 H(@inw e stinw i nw —1)ERMW b <bo} =0

= M( [ f(n;:ag)> l:IPr[Uigbo]

i=1

=0
where for notational convenient, we denote b; = Z‘gfl |ainw1e|, and U is a random variable,
independent of 7o, ..., r,w_1, of which the probability density is the same as |ro| + -+ +
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|row—1]. This leads to that

[ (rpn = ao)

= / f (Tﬁn = o, Tpn+1 = A1, 5 TpnynW—-1 = aan) day - - dpw-1
(a1,...anw_1)ERTW—1

nW—1

= / e M ( H f (T’g = CLg)) (PI‘[U S bo])M_l da1 s an—l
anw_1)ERPW -1 =0

= M'f(To:ao)/

(a1,

nW-—1
( H f(re= CLg)) (Pr[U < bo)™ " day - - - dapw_y
anW_l)E%nW—l —1

= M- f(ro=ao)Ep [(Pr[U < |ao| + B])M_l}

where random variable B is defined as B £ Z?Zfl |re|. By letting fo and f; be respectively
the densities of random variables |ry| and B, the density of U should be the same as that of

|ro| + B with |r¢| and B being independent. Thus,

Ep [(Pr[U < |ao| +B])M—1} = /OOO £ ) </O|ao+b </0°O fl(T)fO(t—T)dT> dt)M_ldb
L /O - f1(b) ( /0 - f1(7) /O o fo(t—T)dth> o db

00 |ag|+b M—1
= /O fl(b) (/0 fl(T)F0(|a0| —|— b — T)dT) db,

where Fpy denotes the cumulative distribution function of random variable |rg|.

This gives the effective marginal density based on pre-decoding circular shift we propose.

We can then numerically compute the mean and second moment of r;, given that transmitted

2

2 (and hence,

codeword bit is 0 to obtain the effective mean p. and effective noise variance o

the effective signal-to-noise ratio).

5From what we just derived,

M—1
S ) R o lag|+b
Elrp,] = M/ 20 o—(a0—m)?/(20%) / f1(b) / Jf1(T)Fo(lao| 4+ b — 7)dr db | dag
—o0 V2102 0 0
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Again, through several empirical examinations, we observe that taking this new signal-
to-noise ratio into (4.6) with X = e~#2/(272) also provides an upper error bound on Pg for
the shifting circular decoding algorithm. We however fail to substantiate this observation

analytical, and will defer it as our future work.

Based on our “conjectured” observation, we will try to determine (F, B) “analytically”.
Specifically, considering only the terms with the lowest exponent respectively for the three

terms in (4.6), we first solve

2 2
u p2
eXp {_dfree ' 20_2} = exp {_d ) 20.2} )

We then choose F' and B such that dp and dp equal [d]. In the next section, we will compare

F and B derived in this section with those obtained by simulations.

4.6 Forward and Backward Training Windows in AWGN

Now, based on the derivation in the previous section, we investigate the forward and back-
ward window sizes of the CDA and equal-weight SCDA, requiring for near maximum-
likelihood performance in AWGN. The weighted average window is taken to be twice of
the diree, 1.€., W = 2djgee. Three CTBC codes are considered, which are the (3,1,4), (3,1, 6)
and (2,1,6) codes respectively with generator polynomials (52 66 76), (554 744 724) and
(744 554) (in octal). In addition, we adopt E,/Ny = 3 dB as the operation SNR for (2,1, 6)
and (3,1,6), and E,/Ny = 4 dB for (3,1,4). The results are summarized in Tables 4.4,
4.5 and 4.6. They show that the (F, B) of the CDA required for near ML performance in

and

9 I I RCYE I Y ol o
— _ v ,—(ao— o o
Elr3,] = M[m W@ /0 J1(b) /0 J1(T)Fo(lao| + b — 7)dr db | day.

We then have: pe = E[rp,] and 02 = E[rgn] — E2[rpn).
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Table 4.4: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (3,1,4) CTBC. The weighted average window is W = 24.
Length of information sequence L 100 200 400

Simulated (F, B) of CDA (13,13) | (13,13) | (13,13)
Derived (F, B) of equal-weight SCDA || (12,12) | (9,9) (7,7)
Simulated (F, B) of equal-weight SCDA || (6,10) | (4,8) (4,6)

Table 4.5: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (3,1,6) CTBC. The weighted average window is W = 30.
Length of information sequence L 100 200 400
Simulated (F, B) of CDA (19,20) | (19,20) | (19,20)
Derived (F, B) of equal-weight SCDA || (16,19) | (15,18) | (12,15)
Simulated (F, B) of equal-weight SCDA || (12,16) | (10,14) | (6,12)

AWGN match those reported in [11]. Also, the derived (F, B) pairs are a little larger than

the simulated ones. The performance curves can be found in Figs 4.22-4.309.

Table 4.6: The near-ML forward and backward training window sizes (F, B) for the CDA
and equal-weight SCDA for the (2,1,6) CTBC. The weighted average window is W = 20.

Length of information sequence L 100 200 400
Simulated (F, B) of CDA (27,28) (27,28) (27,28)
Derived (F, B) of equal-weight SCDA || (17,18) | (10,11 —15) | (7,8 — 10)
Simulated (F, B) of equal-weight SCDA || (14, 18) (8,12) (6,10)
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(3,1,4) CTBC, L=100 in AWGN
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Figure 4.22: Block error rates (BLER) of the CDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100.
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(3,1,4) CTBC, L=100 in AWGN
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Figure 4.23: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 24.
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(3,1,4) CTBC, L=200 in AWGN
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Figure 4.24: Block error rates (BLER) of the CDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200.
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(3,1,4) CTBC, L=200 in AWGN
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Figure 4.25: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 24.
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(3,1,4) CTBC, L=400 in AWGN
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Figure 4.26: Block error rates (BLER) of the CDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400.
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(3,1,4) CTBC, L=400 in AWGN
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Figure 4.27: Block error rates (BLER) of the SCDA for (3,1,4) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 24.
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(3,1,6) CTBC, L=100 in AWGN
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Figure 4.28: Block error rates (BLER) of the CDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100.
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(3,1,6) CTBC, L=100 in AWGN
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Figure 4.29: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 30.
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(3,1,6) CTBC, L=200 in AWGN
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Figure 4.30: Block error rates (BLER) of the CDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200.
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(3,1,6) CTBC, L=200 in AWGN
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Figure 4.31: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 30.
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(3,1,6) CTBC, L=400 in AWGN
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Figure 4.32: Block error rates (BLER) of the CDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400.
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(3,1,6) CTBC, L=400 in AWGN
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Figure 4.33: Block error rates (BLER) of the SCDA for (3,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 30.
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(2,1,6) CTBC, L=100 in AWGN
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Figure 4.34: Block error rates (BLER) of the CDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100.
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(2,1,6) CTBC, L=100 in AWGN
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Figure 4.35: Block error rates (BLER) of the SCDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 100 and the weighted average window is W = 20.
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(2,1,6) CTBC, L=200 in AWGN
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Figure 4.36: Block error rates (BLER) of the CDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200.
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(2,1,6) CTBC, L=200 in AWGN
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Figure 4.37: Block error rates (BLER) of the SCDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 200 and the weighted average window is W = 20.
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(2,1,6) CTBC, L=400 in AWGN
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Figure 4.38: Block error rates (BLER) of the CDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400.
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(2,1,6) CTBC, L=400 in AWGN
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Figure 4.39: Block error rates (BLER) of the SCDA for (2,1,6) CTBC in AWGN. F and
B denote the forward and backward training window sizes, respectively. The length of
information sequence is L = 400 and the weighted average window is W = 20.
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Chapter 5

Conclusions

In this work, we proposed the shifting Viterbi algorithm and the shifting circular decoding
algorithm with equal-weight and unequal-weight circular shifting methods. We found that
the forward and backward training window sizes can be reduced by using the pre-decoding
circular shifting. Furthermore, a sampled analysis of the required training window sizes
required for near ML performances is also established for both BEC and AWGN based on
a conjecture. A natural future work is thus to substantiate the conjecture that taking the
new marginal probability of the shifted scalar in place of the original marginal probability

can be an error bound.
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Appendix A

Calculation of Unequal Weighting
Coefficients

In the appendix, we list the equations for the calculation of unequal weighting coefficients

according to code structure. These are provided simply for references.

A.1 (3,1,6) CTBC

The noise power corresponding to Ej,/Ny = 1 dB is ¢* = 1.1915. Assume the all-zero

sequence is transmitted.

A.1.1 Coefficients corresponding to forward training window

1. Probability for the all-zero path is eliminated at the 1st branch:

Pr(ro + 71 + 12 < 0) =~ 0.0563

2. Probability for the all-zero path is eliminated at the 2nd branch:

Pr(r0+7’3+7’4+r5<O\/7’1+7"2+7"3—|—7’4+7’5<O)%O.0335
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3. Probability for the all-zero path is eliminated at the 3rd branch:

Pr(ro4+rs+re+ri+rs <OVrg+r+rs+re+r;+rg <0

Vrog+ 1o+ 1yt 15+ 16+ 17+ 18 <OV 1y 415+ 76 + 17 + 78 < 0) & 0.0203

4. Probability for the all-zero path is eliminated at the 4th branch:

Pr(ro+ri+rs+r¢+ro+ro+rm11 <O0Vre+rs+re+rg+ro+rn <0
Vri+rs+ry+rg+r9g+r10+r11 <OVro+reo+rs+ry+re+1r9+1r0+7r11 <0
Vro+ri+reo+rs+rs+rr+rs+r9g+1r9+7r11 <0
Vrs+rs+rr+rs+r9g+r0+rin <OVry+ro+rg+rr+rg+rg+rio+rn <0

Vro+ryg+1r7+1rs+719+110+1r11 < O) ~ (0.0124

5. Probability for the all-zero path is eliminated at the 5th branch:
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Pr(ro+ri+r+rs+rs+rs+rog+re+rz+ry<0
Vrg+ 14+ 7185+ 1r9 + 112+ 713+ 7114 <0
Vry+ 12+ 715+ s+ 79+ 112 + 713 + 714 < 0
Vro+ 15+ 7185+ 19 + 112+ 113+ 7114 <0
Vro+r+rat+ry+16+ 17+ 19+ 112+ 113+ 714 <0
Vre+ 14+ 716+ 17+ 79 +T12 + 713 + 714 <0
Vri+1r3+ 15+ 16 +r7+719 + 112 + 113+ 114 <0
Vrog+re+1r34+15+16 +17 4+ 19+ 112+ 713 114 <0
Vrg+ 13+ 71y + 15+ 76+ 18 + 10+ 1+ T2 + 113 + 714 < 0
Vro+ri+rs+ra+7r5+r6+rs+ 10+ +ria+rz+re <0
V1o + 7o + 16 + 18+ 110+ 711 + T2 + 113 + 714 < 0
Vry 416 +1rg + 7o+ T +ri2 + 113+ 114 <0
Vry+rs+re+rio+ri+rizg +rig + 714 <0
Vrg+ri+ro+ry+rs+re+riot+rin+rie+rz+ry <0
Vrg+r3+ 17+ 7110+ 711 + 712+ i3+ 7114 <0

Vry+re+r3+r7+rio+ri Frig+ris+ru < O) ~ 0.0133
6. Probability for the all-zero path is eliminated at the 6th branch:
PI"(T’G +rr+ri g+ ris+rig+rie < 0) ~ 0.0077
A.1.2 Coefficients corresponding to backward training window

1. Probability for the all-zero path is eliminated at the 1st branch:
PI"(T’N_g +ry_ot+try_1 < 0) ~ 0.0563
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2. Probability for the all-zero path is eliminated at the 2nd branch:

PI‘(TN,6+?“N,5 +ry_4a+rN_o+ TN <OVIry_g+TrN_s+TN-gF+TN_3< 0) ~ 0.0335

3. Probability for the all-zero path is eliminated at the 3rd branch:

PI‘(TN,Q +rN_8§+tTrN_7+TN_5+TN-a+TN_3T+TTN_2TTN_1 < 0
Vry—g+TrN_s +TrN_7+TN—5 +TN_a <OVry_g+7TN_g+TN_7+TN_g+TN_3 <O

VIN—9g + N8 T T"N—7+TN_g T+ TN-2T+TN_1 < O) ~ 0.0358

4. Probability for the all-zero path is eliminated at the 4th branch:

Pr(ry_12+7rny-11 + rv—10 +"N—g + "N_7 +T"N_6 + T"N_5 + N4 FTN_3FTN_2 <0
Vry—12 +7N-11 + N0+ PN s+ TNt TN 6 TIN5+ rN_a TN <0
Vry_12 +7N-11 +TN-10 + N8+ TN-7+ TN 3+ TN_1 <O
Vry_12 +7N-11 +TN_10 + N8 +TN-7+ N2 <0
Vry—12 +7N-11 trNv10Hry 9+ TN 6t TN-1 <0
Vry_12 +7N-11 + N0+ 'N9+ TN+ TN 3T T N2 <0
Vry_12+rN-11+7"N-10 F v 9ty s trvoatTN2 <0

Vrn—12 +TN-11 T T"N—10 + TN—9 + N5 + T"N—g4 +TN_3+TN_1 < 0) ~ 0.0231

5. Probability for the all-zero path is eliminated at the 5th branch (Only dominant error

conditions are listed here):
Pr(ry_15s +ry—14a +7n-13 + "N-11 + "N—10 + N5 + TN—2 <0
VIN—15 +TN-14 +TN-13 +TN-12 + TN—9g +TN_g +TNnN_3 <0
VIN—15 +TN-14 +TN-13 +TN-12 + TN—9g +TN_6 +TN_5 <0

Vrn—15 + TN—14 + TN-13 + "N—12 + "'N—s + "n—7 + TN_5 < 0) = 0.0307
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6. Probability for the all-zero path is eliminated at the 6th branch (Only dominant error

conditions are listed here):

Pr(ry—18 +ry-17 +rnv-16 + "N-14 + "N-13 + "N-8 + "'N-5 + TN-1 <O
Vry—18 + T"N—17 + Tn—16 +T"N-15 + T"N_12 + TN_7 + TN+ TN_1 <O
Vry—18 + TN—17 + TN—16 + T"N—15 + T"N—12 + TN_g +TN_g + TN_2 <O

Vry—18 + "N-17 + "N-16 + "'N—15 + "N—-11 + T"N—10 + T"N-s + N3 < 0) = 0.0191

In summary, for shifting circular decoding algorithm with W = 12, we let the normalized

weighting coefficients be

0.0191 0.0307 0.0231 0.0358 0.0335 0.0563
(0.0563’ 0.0563° 0.0563” 0.0563° 0.0563” 0.0563’
0.0563 0.0335 0.0203 0.0124 0.0133 0.0077
0.0563° 0.0563” 0.0563" 0.0563” 0.0563’ 0.0563>
~ (0.34,0.55,0.41,0.64,0.60, L, 1,0.60,0.36,0.22,0.23,0.13).

=
backward forward

For shifting Viterbi algorithm with W = 6, we will use (1,0.60,0.36,0.22,0.23,0.13) as the

normalized weighting coefficients.

A.2 (2,1,6) CTBC

The noise power corresponding to E,/Ny = 1 dB is ¢ = 0.7943. Assume the all-zero

sequence is transmitted.

A.2.1 Coefficients corresponding to forward training window

1. Probability for the all-zero path is eliminated at the 1st branch:

Pr(ro 4 1 < 0) ~ 0.0563
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2. Probability for the all-zero path is eliminated at the 2nd branch:

Pr(ri +ro+1r3 <0Vro+ry+1r3 <0)=0.0441

3. Probability for the all-zero path is eliminated at the 3rd branch:

Pr(rs+ry+rs <0Vrog+ri+rs+ry+m5<0

Vry+ 1o+ 14+ 715 <OVrg+ry+1s+15 < 0) =~ 0.0260

4. Probability for the all-zero path is eliminated at the 4th branch:

Pr(ro+ri+rs+r¢+r7<0Vrs+re+r <0
Vro+ra+rs+rs+1rg+ 1 <OVry+ro+rs+rs+re+1r7 <0
VTO+T1+7’;3+7‘4+7’6+T7<O\/T’3+7’4+T6+T7<0

VTO+T2+7’4—|‘7’6+T7<0\/T’1+T’2+7’4+T6+T7<0)%0.0260

5. Probability for the all-zero path is eliminated at the 5th branch (Only dominant error

conditions are listed here):

PI(T0+T7+T'8+7’9<O\/7"1+7’7+7'8+7"9 <O)%00207

6. Probability for the all-zero path is eliminated at the 5th branch (Only dominant error

conditions are listed here):

Pr(?“g +rg+1ri0+rin< O) ~ 0.0124

A.2.2 Coefficients corresponding to backward training window

1. Probability for the all-zero path is eliminated at the 1st branch:
Pr(ry_o+7rn_1 < 0) =~ 0.0563
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2. Probability for the all-zero path is eliminated at the 2nd branch:

PI’(TN_4 +ry3+ry o< O0OVry_as+ryv_g+try_ < O) ~ 0.0441

3. Probability for the all-zero path is eliminated at the 3rd branch:

PI(TN_6+TN_5+TN_4+T’N_2+T’N_1<O\/T’N_6+TN_5+TN_4<0

Vrn—¢ +Tn_s +TN_3+1TN_1 <OV ry_+7rN_s+TNn_3+TN_2 <0)~0.0260

4. Probability for the all-zero path is eliminated at the 4th branch:

Prirys+7rnv7+7rNv6+rNa+rN3+TNo+TN_1<0
Vry—s +T"N_7 +7rN_g+ TNy + N3 <OVry_g+rNy_rd+rNny_g+rn_ <0
Vrn—s +TN_7 + TN+ TN <OVry_g+ry_7s+7rN_s+rn_z <0
VrN-—g+TN—7+TN 5 +rN3t+rN2+ TN <0
Vrny_g +TN_7 +TN_5+TN_s+TN_2 <0

Vry_s +rn_7+T"Nns +rveg +rvag < 0) ~ 0.0372

5. Probability for the all-zero path is eliminated at the 5th branch (Only dominant error

conditions are listed here):

PI'(T’N_lo + TN—9 + TN-8 -+ ry_g < oV "N=-10 + TN—9 + TN—7 -+ ry_y < 0) ~ 0.0231

6. Probability for the all-zero path is eliminated at the 6th branch (Only dominant error

conditions are listed here):

PI‘(T‘N,H +ry 11+ ryv 10+ TN <OVry_ 1o+ rN 11+ rN_gF+TNT < O) ~ 0.0231
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In summary, for shifting circular decoding algorithm with W = 12, we let the normalized

weighting coefficients be

0.0563" 0.0563" 0.0563" 0.0563" 0.0563" 0.0563
0.0563 0.0441 0.0260 0.0260 0.0207 0.0124
0.0563” 0.0563" 0.0563” 0.0563" 0.0563’ 0.0563)
~ (9.41, 0.41,0.66,0.46,0.78, 1,1,0.78,0.46, 0.46, 0.36, 0.22)

backward forward

(0.0231 0.0231 0.0372 0.0260 0.0441 0.0563

For shifting Viterbi algorithm with W = 6, we will use (1,0.78,0.46,0.46,0.36,0.22) as the

normalized weighting coefficients.
A.3 (3,1,4) CTBC

The noise power corresponding to Ej,/Ny = 1 dB is ¢* = 1.1915. Assume the all-zero

sequence is transmitted.

A.3.1 Coefficients corresponding to forward training window
1. Probability for the all-zero path is eliminated at the 1st branch:
Pr(rg+ 1 + 1 < 0) =~ 0.0563
2. Probability for the all-zero path is eliminated at the 2nd branch:

Pr(ry +ro4+r3+rs+r5 <0Vrg+rs+rs+7r5 <0)=0.0335

3. Probability for the all-zero path is eliminated at the 3rd branch:

Pr(ro+ro4+rs+rs+rg+r+rs<O0Vry+ry+rs+r¢+rr+15 <0

VTO+T1+T3+T6+T7+T8<0\/7’2+T’3+T6+T7+7’8<0)%0.0203
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4. Probability for the all-zero path is eliminated at the 4th branch (Only dominant error

conditions are listed here):
Pr(ry+r74+rs+19+1ri9+71 <OVry+715+715+79 + 710+ 711 <0) =~ 0.0231
A.3.2 Coefficients corresponding to backward training window
1. Probability for the all-zero path is eliminated at the 1st branch:

PI"(T’N_g +ry_otryo1 < 0) ~ 0.0563

2. Probability for the all-zero path is eliminated at the 2nd branch:

Pr(ry—¢ +rn-5 +7"nN-—a+7TN_2+7TN-1 <0

VIN—g T T"TN—5 T N4 +TN_3 < 0) ~ 0.0335

3. Probability for the all-zero path is eliminated at the 3rd branch:

Pr(ry—o +ry_s + N7 +7N-5 +T"N_a+T"N_g+TN_1 <0
VrN_g +TN-g+T N7+ N5+ TN_g+TN_2<0
VrN—g +TN_g +TN_7+ TN+ TN_3+TN_2 <O

VIn_g +TN_g+TN_7+TN_gT+TN_1 < O) ~ 0.0203

4. Probability for the all-zero path is eliminated at the 4th branch(Only dominant error

conditions are listed here):

Pr(ry_12 +ry-11 +7rNv-10 + "N-s +TN_7+TN_5 <0

Vry—12 + TN-11 + "N-10 + "'N—9 + TN—a + TNn_2 < 0) = 0.0231
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In summary, for shifting circular decoding algorithm with W = 8, we let the normalized

weighting coefficients be

0.0563” 0.0563" 0.0563” 0.0563" 0.0563" 0.0563" 0.0563" 0.0563
R~ (9.41, 0.36,0.60, 1, 1,0.60, 0.36, 0.41).

backward forward

(0.0231 0.0203 0.0335 0.0563 0.0563 0.0335 0.0203 0.0231)

For shifting Viterbi algorithm with W = 4, we will use (1, 0.60,0.36,0.41) as the normalized

weighting coefficients.
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