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ABSTRACT

In the third generation (3G) wireless mobile systems, both powerful
low-rate conventional convolutional codes (256 states) and binary turbo codes
were suggested to obtain a large coding gain in the wireless channel. In this
project, we suggest a class of trellis code (include both binary convolutional
codes and trellis coded modulation {TCM)) with large constraint length. The
suggested trellis code is encoded by using the encoder of a convolutional code
C with a short constraint length followed by additional processing units. In
this project, we study two such trellis coding schemes. For the first scheme,
the processing units are composed of multiple pairs of delay processors and
signal mappers. For the second scheme, the processing units are composed
of a convolutional processor and a signal mapper, where a convolutional
processor is a rate 1 convolutional code.The trellis code constructed from
each of these schemes can be suboptimally decoded by using the trellis of the
convolutional code C with some feedback information. In this project, we not
only do the performance analysis but also consider the practical
implementation of trellis codes with additional processing units. In Part A
which is written in English, we focus on the performance analysis of trellis
codes with additional processing units. Simulation of these trellis coding
schemes in the additive white Gaussian noise (AWGN) channel, independent
fading channel and correlated fading channel is provided. In Part B which is
written in Chinese, we focus on the circuit design of trellis code with a
convolutional processor by using FPGA. Finally, conclusion is given in Part C.
Based on the result of this project, we conclude trellis coding with additional
processing units can achieve high transmission reliability and low complexity
of implementation and hence can be served as a candidate in the third
generation wireless mobile system in addition to the conventional
convolutional code and turbo code.
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I Introduction

It is already known that a trellis code encoded by using the encoder of a convolutional code C
with a short constraint length followed by additional processing units is equivalent to a trel-
lis code with a large constraint length. In [1] and [3], a trellis coding scheme for which the
processing unit consists of a delay processor and a signal mapper was proposed and analyzed.
In [14], a trellis coded modulation scheme (TCM) for which the processing unit consists of a
convolutional processor and a signal mapper was proposed, where a convolutional processor
is a rate one convolutional code. Although an efficient decoding algorithm has been devised
and performance analysis on the additive white Gaussian noise (AWGN) channel has also been
reported for this TCM [14], in this three-year project, we will devise a more powerful decod-
ing algorithm and study their performance in various channels. In addition to the trellis code
proposed in [1,3] and TCM proposed in [14], we will study the performance of convolutional
codes with a convolutional processor and a signal mapper and trellis codes with multiple pairs
of delay processors and signal mappers in the AWGN channel, independent Rayleigh fading
channel and correlated Rayleigh fading channel by using the proposed decoding. In the first
and second year of this project, we have applied these two trellis coding schemes in the AWGN
channel and the independent Rayleigh fading channel. In the last year of this project, we
consider the correlated Rayleigh fading channel. The remaining parts of this report (Part A)
are organized as follows. In section I, we briefly review the trellis coding scheme proposed in
[1,3]. In section I1I, we analyze the trellis coding scheme with multiple pairs of delay processors
and signal mappers. In section IV, we analyze the trellis coding scheme with a convolutional
processor and a signal mapper. Both the analyzed schemes can be suboptimally decoded by
using the trellis of C'. Simulation for various trellis codes has been implemented without using
interleaving and iterative decoding. Simulation results in the AWGN channel, independent
Rayleigh fading channel and correlated Rayleigh fading channel are given in section V. Com-

parison among trellis coding with additional processing units, conventional trellis coding and



turbo coding are also provided in section V. From this, trellis coding with additional processing
units can achieve high transmission reliability and low complexity of implementation and hence
can be served as a candidate in the third generation wireless mobile system in addition to the

conventional convolutional code and turbo code. Finally, some remarks are given in section V1.

II Trellis Coding Using a Delay Processor and a Signal

Mapper

In this section, we'brieﬂy review the design of trellis codes given in [1,3]. The encoding is given
in Fig. 1. The encoder for a rate r/m convolutional code C converts an input message sequence
@ = {---,%(0),8(1), -} to a sequence 7 = {---,8(0),4(1), - -}, where @(t) = (u1(t), -, ur(2))
is an r-bit symbol and #(¢) = (v, (t), -, vm(t)) is an m-bit symbol. The sequence ¥ is then
fed into the delay processor which produces a sequence § = {---, §(0), 3(1),- - -}, where 3(t) =

(s1(t), -+, 8m(t)) is an m-bit symbol. The relation between v;(t) and s;(¢) can be described by

) = vyt ~S M) =vlt—7;) forl<j<m, (1)
) i=j

where 7; = Z Ai, A = 0 and X; > O0for 1 <4 < m~—1. The sequence § is then fed into the signal
mapper to ;r-i_-éld an output symbol sequence zZ = {- -, z(0), 2(1), - - -}, where z(t) = w(3(t)) € Q
and £ is a signal space consisting of 2™ signal points. The signal space ! can be a signal

constellation, such as MPSK (M = 2™), or a collection of binary m-tuples, such as {0, 1}™.
In 1], constant delays are used in the delay processor and in [3] delays of various values
are used. For simplification of presentation, we only consider constant delays here. Hence, we
have \; = Afor1<j<m-—1land 7 =(m—j)Afor1 <j<m. Wecan construct an m-level
partition chain 4/ /Q/ - - - /O such that every signal point 2 in £ = Yy corresponds to
a unique binary m-tuple §=(s1, 82, -, 8m), i.8.,, 2 = w(§), where z € Q and s;, 1 £ 1 < m,
is the coset label of £, ;/{; [1,4]. Let A(z,2') denote a distance measure between signal

points z, 2’ € 0. If Q is a signal constellation, then A(z, 2) is the squared Euclidean distance
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between z and 2. If 0 = {0,1}™, then A(z,2") ié the Hamming distance between the binary
representations of z and 2/. We define A, to be the least one of all the possible A{w(3), w(§)),
where w($) and w{§’) are in an arbitrary coset of &;_;, w(8) is in a coset of 2, labeled by s; =
1 and w(8') is in a coset of §); labeled by s} = 0. If  is the 8PSK signal constellation as given
in {2], then {A), As, Az} = {0.586,2,4}. If ={0,1}™ and the mapping w : £ — { is linear,
then w can be represented by an m X m matrix K. That means z = w(§) = $K. It can be

checked that {A;, Ay, As, Ay} = {1,2,2,4}, if 2= {0,1}* and

(000 1)
0101
0011
(111 1)

Let z and Z' be the cutput symbol sequences associated with o = {---,#(0), 9(1),---} and
= {---,9%(0),%(1), -} respectively. Assume 4(t) = 9'(¢) for ¢ < 0 and #(0) # ¥'(0). The

pairwise distance measure between sequences Z and Z' is lower bounded {3] by

-

m A-—
Aua((@), 0 A5) = 32 Y (v5(0) © v ()A (3)
3=1 t=0
Define Aj,.. as the free distance of the trellis code (binary convolutional code) if @ = {1,0}™,
and as the squared free distance of the trellis code (TCM) if 2 is a signal constellation. Then,

we have the following theorem [3].

Theorem 1 For the trellis code shown in Fig. 1 with A; = A, 1 < j <m—1, 1ts Apee is lower

bounded by
m A-1

Arp(C, A A min U; (4}
La( —ecv[u#u;g ’
where O is the zero m-tuple. 0O

Example1: Letr =2, m =3 and Q be the 8PSK signal set [2] with {A}, Az, A;}={0.586, 2, 4}.

The resultant code is a TCM for which its coding rate is 2 bits per 8PSK signal point. Let v



be the number of memory bits in the encoder of C. Consider two cases : (a) v = 2 and (b}

v = 4. The generator matrices are respectively given by

111 4 T 3
Gg = yand Gp = }
5 7 0 b 3 4

From (4), we can calculate the squared free distance, D}, of this TCM. D7, is at least 6.34
if A > 11 for case (a) and at least 8.93 if A > 23 for case (b). 0

Example 2 : Letr = 2, m = 4 and 2 = {1,0}* with the mapping described in {2) and
{Aq, Az, &g, Ag}={1,2,2,4}. The resultant code is a rate 1/2 convolutional code. Consider

two cases : (a) ¥ = 2 and (b) ¥ = 4. The generator matrices are respectively given by

GE:(O 3 3 2)"md GE=(0 2 7 7)'
33 21 7 5 7 2
The free distance, dye., is at least 12 if A > 5 for case (a) and at least 16 if A > 9 for case (b).
O

A suboptimum decoding which only needs the trellis of C can be designed [1,3). Let y(t)
be the received symbol which is the possibly error-corrupted form of z(t). For the t-th time
unit, we calculate the bit metric for v;(t) based on the received y(t + 7;} and the previously
recovered code bit, v;(¢ — (§ ~ i}A), 1 < < j. Then, the bit metrics for 1 (2}, - - -, vm(t) are
summed up to form the branch metric for (¢}, With the branch metrics for all the possible
o{t — 1), 1 > 0, the Viterbi decoder of C can recover &(t — A+ 1) and &(t — A + 1), where A is

also used as the truncation length of decoding. The decoding delay is mA ~ 1 time units.

III Trellis Coding Using Multiple Pairs of Delay Proces-
sors and Signal Mappers

As indicated in [1, 3], we observe that a delay processor and a signal mapper following the

encoder of a convolutional code C' can result in a convolutional code C' of a large free distance.
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It is natural to consider once again applying a delay processor and é signal mapper to the
output of the convolutional code C” to achieve a possibly larger free distance.

Consider a trellis code with its encoder given in Fig. 2. The input message sequence 4 is first
converted to a sequence 7! through an encoder of a convolutional code C. The sequence 7! is
then repeatedly processed by L pairs of delay processors (denoted as @V, - - -, Q) respectively
in Fig. 2) and signal mappers with mapping functions of w(¥, - .. wiL) respectively to produce
the output symbol sequence z. Let 8@ = (..., 5(0), 4 (1),-- -} be the input sequence for
QY and 59 = (..., 59(0), 59(1),- - -) be the output sequence for Q©, where 1 < # < L. The

£-th signal mapper maps the binary m-tuple 5 (1) = (sgﬂ (£),---,s9(t)) to
a0 =w(3001)) for1<e<I. (5)

For1 < £ < L, 39() = (vgt)(t),---_,ﬂ,{,?(t)) is a binary m-tuple, while. 5{Z+1(t) = 2(¢) =
wB(3W)(¢)) € Q is the output symbol which may be a binary m-tuple or a signal point of a

signal constellation. The relation between 3 9(¢) and v( )(t) is given by
O =070 (=) =t~ for1<i<misges<L, (6)

& _

where ;7 = (m — j)/\w. Suppose that the mapping function w!® is linear and invertible for

1 <¢<L—1. Then w'9 can be represented by an m x m nonsingular matrix K®. That is
D) = 59K for1<f<L -1 (7)

The mapping function w®) can also be represented by a nonsingular matrix X&) if Q@ = {0, 1}™
and w') is linear and invertible.
Let C™P) be the collection of 72 resultant from all the possible %. By Theorem 1, Ay, of

the trellis code shown in Fig. 2 is lower bounded by

m ALy
App(CH MBI AL ) A ]
12 D= ooy 2 %0 ®)

It is difficult to calculate the lower bound of the A, based on (8). Hence, we will resort to

another approach to calculate the lower bound. In the following, we will assume M9 > mAté-1)

3



for2<£< L. Let 5;-1'} = .{SJ-, 1 < 7 <m. Define

dO(00) =Y o989 for1<e<L, (9)
7=1
and
5 = mind# D (@O(E@)) for1<L< L1, (10)

where the minimization is over all the possible 5(8) with 55;0 #£ 0 and SEE) = O for ¢ < j. With the
initially given {5{“, .-, 811} we can recursively calculate {552), 88 foré=L 1,1, 1,
From Appendix A, we have the following theorem.

Theorem 2 If A0 > mA® for 1 < £ < L, then Aygp,. of the trellis code shown in Fig. 2 is

lower bounded by

Al oy AMU_1 m
A 5y = - V(0 () = - Wps (11
ra(C, A7, 977) 0GB g w (0710 s eC o )0 g ;v’ ©47. (1)

O

For arbitrarily chosen nonsingular matrices K@, 1 < £ < L — 1, it is not necessarily true -

that 5}1) > A, for all j. In this project, we use the following design procedure to choose K,

Step 1 Let I = {1,2,---,m} be the index set. Suppose that 61-:1[‘) = J.Efil == JE;LL <
L L L L L L L L

50 = 8 = oo = o0, < 60 = 8 = e = 6, < P = o = = 2 <

55:‘) = fﬂl = ... =00 where J = {i1, --,i} Cland 1 =4, < < - <ig <M.

For a nonzero m-tuple, 9 = (vy,- -+, v,), define R(?) to be the largest index 7 such that

v; # 0. Let Y51 pe the code generated by the last (m — j + 1) rows of a nonsingular
m

matrix X&-1), We choose K&~} such that (a) for 3, < j < tp41, 2 =1,2,---,4,

min  R(9) > i,
#E cf;;" A28

where i, € J and i1 = m + 1; (b) there is at least one j such that the minimum

Hamming distance of C}f’,,:l) is at least 2. Note that (9) and (10} imply

™
J;L_l) = min S Y, (12)
ﬁecf;;‘),ﬂ#ﬁ i=1

6



From condition (a), we have J;L_l} > JJEL} for1<j<mand 60 < stV < -1,

With the additional condition (b), we further have 53(-1”1) > 6§L) for at least one j.

Step 2 Choose K®, =L —2,---,1 in a way similar to Step 1. Then we have 64583 > JJ.{;H”
foré{=L—2---,1and 1 < § < m. Hence 6§1) > A4A;forl <j<mand 5§1}>&j for at

least one j.

Step 3 For a given C, we compute the lower bound of Ay, according to (11). This can
be done in & way similar to the computation of the free distance of C' except that the

weighting factors, 6(1) ,65,1?_1 and 641} must be considered.
Using the above procedure, we can construct trellis codes with large free distances.

Example 3 : Let C be a rate 2/3 binary convolutional code, L = 2 and 2 be the 8PSK
signal set [2] with {A), Ay, A3}={0.586,2,4}. Choose
100
EW=1110
111
The resultant code is a TCM for which its coding rate is 2 bits per 8PSK signal point. We have
(612,62 5} = {0.586,2, 4}. From (12), we have {8", 85", 5{"} = {0.586,2.586,6.586}. We
consider two cases : (a) ¥ =2 and (b) » = 4. The associated generator matrices are the same
as those used in Example 1. From (11}, we can calculate the squared free distance, D7, of

this TCM. For case (a), D%, is at least 7.52 if M) > 12 and A® > 36. For case (b), D%, is
at least 10.69 if A > 25 and A®) > 75. O

Example 4 : Let C be a rate 2/4 binary convolutional code, L = 2 and Q = {0,1}*. Let

K@ be the same as the matrix K given in (2). Then, {A1, Ay, As, Ay}={1,2,2,4}. Choose
1000 )
1010
1100
1111 /

KU =




The resultant code is a rate 1/2 binary convolutional code. We have {6{2},632),53},5&2]} =
{1,2,2,4}. From (12), we have (61, 680 s 6 = {1,3,3,9}. Consider two cases : (a)
v =2 and (b) » = 4. The associated generator matrices are the same as those used in Example
2. The free distance, dre., of the constructed binary trellis code is at least 17 if A > 5 and
A > 20 for case (a) and is at least 24 if A{D > 10 and A® > 40 for case (b). O
A suboptimum decoding for the trellis code can be implemented as follows. In the following,
we illustrate the decoding method in the AWGN channel. The decoding method in the fading
channel is similar to that in the AWGN channel. Let [l — z||? represent the squared Euclidean
distance between symbol y and symbol z. If 3 or z is a binary m-tuple, then a bit “0” must be
replaced by “-1” and a bit “1” remains to be “1”. Let y(t) = 5*@+1(2) be the received symbol
that is the possibly error-corrupted form of z() = 9¥*(). For £ = L,---,1, 1 < j < m,
define the log-likelihood-ratio 1} for bit 'ujw(t) by
D+ ) ) = 1)
p(8* ¢ (¢ + 7,70, (2) = 0)

. “ﬁ..(z-;-l)(t + T_,E!]) — w®(z)|? . H@=(z+1) (t+ Tjif}) — wO(z)|2
~ min — mil

TeAg NO €A N, 0

£
ur =

, (13)

where 90 (p) = (D (p), -, WED(p) for £ = L—1,--,1 and 4; = {wO(s7(t +7;7),

--,s&?l(t +T}£}),i,$j+1,‘--,$m) |z, € {0,1} for j < ¢ < m} for i = 0,1. Let ) = Q,
7@ = Y1 and A® > mAal-1 for £ > 2. Note that A® > A 4 5@, Since MO > A 4@
implies that AED > M8 4 79 > A0 4+ n® 4 7O = A0 4 gl then A® > AN + 7@ for
¢ > 2. Assume that 49(¢ — 1) has been correctly recovered for { > MY and 1 < € < L. The

suboptimum decoding can be implemented as follows.

Step 1 For £ = L,---,1, we use (13} to calculate ,uéﬂ (t +n®) for fug-ﬂ (t + n¥}). Note that for

1<p<j s+ 79+ 79} = v (t — ( — p)AY + ) has already been recovered since
(7 — p)XE 2 AW 49D,

Step 2 Using p,g-l)(t) = pﬁ;l] (t+ 1}, = 1,---,m, we calculate the branch metrics for all the

possible ©(t), which are fed to the Viterbi decoder of C' to recover a(t — A + 1) and

8



80 (t — A + 1), where A1) is used as the truncation length of the Viterbi decoder of C.

Step 3 The recovered 4 (t — A 4 1) is used to recover 3(¢ — A1) + 1) which is then used
to recover 8(8(t — A + 1) and 3¢ — A1 + 1) for £ = 2,..., L. Then we increase ¢ by

1 and go to step 1.

The error performance of the suboptimum decoding can be further improved by using SOVA
[5], since the assumption of correct recovery of 99(t — I) is not always true. Let the log-
likelihood-ratio obtained by SOVA for sfr-f] (t) be denoted by A(ng} (t}). Then, the parameter
,uf} (t} given in (13) is modified to be

~x(£+1) (£) 3] 2 F-1
YR || (t+77) —w9)|? 1 @) @y 0 &
() = iIéHBI:{ oA 2;[231 (E+77) — AT (¢ +7,7)))(14)
|0+ 71 — WO ()j2 1472 @ ® ® 0
_ — 2% 724! @y _ ( {
min{ e 3 2267+ 77) — AGS (7)),

where B; = {w®@(s?(t +'rjw), e, 8 ge)l(t + Tm) b Tja1,0 0, Em) | SE(E+ ’J";z}) € {0,1} for 1 <
g < j,zq € {0,1} for j < ¢ < m} for i = 0,1. The total decoding delay is A + np&+1) — 1 time
units. If AY = mAlD for £ > 2, then AV 4 pi+1) _ 1 = miall — 1.

IV  Trellis Coding Using a Convolutional Processor and
a Signal Mapper

The trellis coding shown in Fig. 2 can be described in a different way. Let D represent the
operator of one unit time delay. Define an m x m diagonal matrix QE,? for 1 < ¢ < L, for which
the entry at the ¢-th row and the i-th column is D" The function of the delay processor Q{9
can be represented by 59(t) = 3@ (#)QWY for 1 < £ < L. Then, we have

$90) = dB0QY = DKV =

= WHQYKNQY ... k-1l — sy P, (15)



where P = QW KWQY ... KE-1VQXE We may regard P as the transfer function matrix for
a rate 1 convolutional code with input sequence %! and output sequence 3%}, This suggests
a new class of trellis coding with encoding configuration shown in Fig. 3, in which an input
message sequence % is fed into the encoder of a convolutional code C followed by a convolutional
processor and a signal mapper to produce the output symbol sequence z. The convolutional
processor is the encoder of a rate 1 convolutional code with transfer function matrix P.

In the following, we will consider a special design of the convolutional processor P such that
the (7 + 1)-th level input bit will affect only the (7 + 1)-th and the j-th level cutput bits. Then
F; ;, the entry at the i-th row and the j-th column of the m x m matrix P, will be zero except

for the diagonal elements and P; ., ;, where j =1,2,---,m—1. Forj = 1,2, .-,m, set

andfor j =1,2,---,m — 1, set
0 ifé;41 =0,
Pit = ’ (17)
(D(ﬁj—l}l S D(ﬁi_e.f+1)}') if £;11 > 0.
Then, we have
Sm(t) = vt — B A), (18)
and for =1,2,---,m—1,
'Llj(t han ﬁ_.,)t) if £j+1 = 0(19
vt = BiX) @ vt — (B — DA & - D vt — (B — L41)A)  if 41> 0.

To insure that v,4.1(t), 7 < m, can affect £;;; + 1 different output symbols, we must have

s;(t) =

B; — Bjx1 2 €41 + 1. If it is desired that the pairwise distance measure between sequences 2z

and z’ is lower bounded by
-1

ﬁLB((T_J, 't_}'), A, (ﬂ: + EjAj_l) Z Z 'U_», GB v (f (:ﬁj + Ejf_\j..l}, (20)

J=11=0

we require that §,=0andforj=m-1,---,1,

B; — Bix1 = jp1 + (1 + 1, (21)
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where (;41 > 0 is an integer for which the constraint will be given in Theorem 3. The relation

between § and 7 = (0, --,0,5(¢),0,- - -,0) is illustrated in Fig. 4.

Example 5: Let £, =0,8,=1,43=0,{3=0,{a =1 and (; = 0. It follows from (21) that
B3 =0,8; =1, 5 =4. Hence by (16) and (17), we have

D™ o 0
P=| p> pD* o
0 0 1

We have 5,(t) = v(t — 42) & vt — 3A), s2{t) = we(t — A), and s3(t) = wv3(t) by (18) and
(19). The relation between 5 and @ is shown in Fig. 5. Suppose that ©(t) = 9'(¢) for £ < 0 and
5(0) # ©'(0). We see that A(z(0), 2'(0)) 2 (vs(0)®v5(0))As, A(2(A), 2'(A)) 2 (v2(0) B(0)}A,,
A(2(34),7'(34)) 2 (v2(0)8v3(0)) A1 and A(2(24), 2(22))+A(2(42), 2/ (4A)) 2 (n(0)@v1(0))A,
if Ay > A,. Hence (20) is satisfied. O

From Appendix B, we have the following theorem.

Theorem 3 Let £; < [A;/A; 1], If & 2> o1+ £y for £, > 0 (and & = 0 for £, = 0), then
A pree Of the proposed trellis code is lower bounded by

m A—-1
Apg(CoA (A + 44;0)) = min 33 w(8)(A; + 44;-1), (22)
#€C3(0)#0 ;=1 ¢=o

where A0 =0 and £, = 0. O
For this scheme, we use the following design procedure to construct trellis codes.

Step 1 Select #1,---,4n and (3, -+, {n which are subject to the constraint given in Theorem

3. Calculate By, - -, B by (21). Then we have P with entries described by (16) and (17).

Step 2 For a given C, we compute the lower bound of Ay, according to (22). This can be
done in a way similar to the computation of free distance of C except that the weighting

factors, (&g + £ Aq) = Ay, -+, (Am + €nfAn—1) must be considered.
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For this scheme, increasing £; may result in increased A free 85 Indicated in (22}. However,
increasing £; may not necessarily yield improved error performance. This may result from the
increased error coefficient. Moreover, decoding delay is also increased. Hence, a large £; is not

necessarily desired.

Example 6 : Let r = 2, m = 3 and 0 be the SPSK signal set {2] with {41, Ag, Ag}=
{0.586,2,4}. Let P be the matrix used in Example 5. Let d; denote Yadu(t) fori = 1,2, 3.
The squared free distance of the constructed TCM is Diree > Mige e sy eo{d1-B1 + do-(Ay +
A1) +ds-Az}. Consider two cases : (a) v = 2 and (b} » = 4. The associated generator matrices
are the same as those used in Example 1. We have Dfee 2 7.7 i X 2 11 for case {a) and
D% e > 9.52 i A > 23 for case (b). O

We can modify Example 6 by using €,=1 instead of £3=0. In this way, a larger lower bound

on free distance can be achieved. However, the error performance remains similar.,

Example 7 : Let r =2 m =4 and @ = {1,0}* with the mapping described in (2) and
{AI: Az,ﬂ;j, A‘I}:‘ {1, 2921 4} LEt 84 = O} ES = 1: f? = 1! gl = 01 C4 = 0) C3 = 2> CE = 1: Cl = 0.

We have
(D™ o o g)

DTA DS). 0 0
D DY p*
\ 0 0 0 1 J

Then, we have a rate 1/2 binary trellis code with free distance dg.. > MiNge 50y {1y +
by (Ao+Ar)+ds-(Aa+Ay)+dy-Ay}. Consider two cases (a) ¥ =2 and (b) ¥ = 4. The associated
generator mafrices are the same as those used in Example 2. Then, we have 4 tree = 141X > 5
for case (a) and dj., > 20 if A > 7 for case {(b). a

With the special design of P, the analyzed trellis code can be suboptimally decoded by
using the trellis of C. As an illustration, we describe the decoding procedure for Example 6
as follows. In the following, we illustrate the decoding methed in the AWGN channel. The

T.

decoding method in the fading channe) is similar to that in the AWGN channel. We assume
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that #(¢ — I) has been correctly recovered for [ > A.

Step 1 For j € {0,1}, we calculate the bit metric for v,(¢}) = j. From Fig. 5, we see that
s1(t +4X) = v1(t) ® va(t + A) contains the information of ¥, (¢). The bit v3(t + A) is not
yet recovered and also appears in $(¢ + 22), where s1(t + 2)) = v, (t = 2\) @ we{t — X) is
already recovered at earlier time units. Hence, v;(¢) can be estimated from the received

symbols y(t + 4X) and y{¢ + 2)). The bit metric for v;(¢) = j is calculated to be

e 0 Al 43 = (B + ONIP + Iyt +22) = w(3(t + 20)I}

where §(t + 4A) = (j @ 21, 23, L4), (2 + 20) = (v1(t — 2X) D vt — A), 71, 22), and
1 = vt +A) € {0,1}, 22 = v3(t +2)2) € {0,1}, 23 = vo(t + 3X) € {0, 1}, T4 = va(t + 4))
€ {0,1} (since wa(t + A), vs(t + 24), va(t + 3A) and w3(f + 4A) are not yet recovered).

Step 2 For j € {0,1}, we calculate the bit metric for v2(t) = j. We see that s;(t + ) =
va(t} and s;(¢ + 3A) = v1(t — A) & v2(t) contain the information of vy(t), where v (t — A)
is already recovered. Hence, va(t) can be estimated by received symbols y(z + A} and

y{t + 3A). The bit metric for u5(t} = j is calculated to be

Juin {{|y(€ +2) —w(s( + N} + sin (ly(t +32) — w(s(t + )]s

where §(t + )\) = ('Ul(t - 3/\) & '-'.-'g(t - 2)\),}, 371), §(t + 3}.) = (‘Ul(t — )k) EB'j,:‘L‘g,.‘L‘aj], and
zy =vs(t+ A) € {0,1}, 2o = va(t + 2X) € {0,1}, 23 = va{t + 3)) € {0,1}.

Step 3 For j € {0,1}, the bit metric for v3(t) = j is calculated to be ming {||y(t) —w(3(t))|*},
where §(t) = (v1(t — 43) ® v (t — 3A), ot — A), §).

Step 4 Calculate the metric for §(¢) as the sum of bit metrics for v,(t), v2(t) and v3(f).

Step 5 With the branch metric for #(t — ¢}, i > 0, we use the Viterbi decoder with truncation
length A for the convolutional code C to recover @(t — A+ 1) and 4(¢t — A+ 1). Then we

increase ¢ by 1 and proceed to step 1. The decoding delay is 5A — 1 time units.

13



In the general case, the decoding is similar to that of Example 6. Suppose that for a
nonnegative integer i, sp(t + ¢A) contains the information of v;(¢). That means sy(t + iA) is
the sum of v;(t), vy (¢ + ¢'A) and some other bits. Then, the received symbol y(t + iA) needs
to be used in the estimation of v;(t). If ¥ > 0, and sy (t ++ ")) contains the information of
vy (¢ +4'A), then the received symbol y(t + ")) also needs to be used in the estimation of v;{f).
If sy (£ +1%"A} is the sum of vy (t + i'X), vpn(t +i"A) and some other bits, where i > 0, then
more received symbols need to be used in the estimation of v;(£). The bit metrics used in the
above mentioned decoding can be modified by introducing log-likelihood ratios obtained by

SOVA in a way similar to that described in section II1.

V Performance Evaluation

Using trellis coding schemes with additional processing units, we can construct trellis codes
with large free distances. However, the suboptimum decoding for each scheme may vield a
laxge error coefficient. Therefore, simulation is needed to verify the error performance. In [1],
interleaving is used. However, we do not use interleaving here, since large interleaving size
requires large decoding delay. In the following, we provide simulation results of trellis codes
with additional processing units in the AWGN channel, independent Rayleigh fading channel
and correlated Rayleigh fading channel. The data related to the simulation for Examples 1, 2,

3, 4, 6 and 7 are listed in Table 1.

V.1 Performance over the AWGN channel

Simulation results over the AWGN channel for Examples 3, 4, 6 and 7 using the suboptimuin
decoding (with and without SOVA) are given in Fig. 6, 7, 8 and 9 respectively. Simulation
results for trellis codes constructed from Hellstern’s scheme (Examples 1 and 2) and the G4-
state conventional binary convolutional code and the 16-state Ungerboeck TCM are also given

in these figures.
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The numbers of additions and comparisons per symbol (add,comp) can be used as one
measure of decoding complexity. In Table 1, (add, comp) are computed based on the suboptimal
decoding using hard feedback, i.e., without SOVA. If SOVA is used, the sum of add and comp
will be about twice of that of not using SOVA. From Fig. 8 and Table 1, we see that Example 6b
has similar complexity and better error performance as compared to Example 1b. In addition to
(add, comp), the number of trellis states can serve as another measure of decoding complexity.
For a high-speed Viterbi decod-er using many parallel processors, the number of trellis states
will be a dominant factor of complexity[6]. In this case, either Example 3b or 6b has similar
complexity and better error performance as compared to Example 1b. Similar comparison
can be made between other examples such as Examples 3a and 1a, Examples 2a and 4a, - - -,
etc. We can conclude that either of the analyzed schemes yields error performance better than
Hellstern’s scheme based on the same C (or similar decoding complexity). We note that either
the 4-state Example 3a or 4-state Example 6a requires lower F;/N, (to achieve BER=10"%)
than that required by the 16-state Ungerboeck’s TCM. Moreover, the 4-state Example 4a or
4-state Example Ta requires lower E,/N, (to achieve BER=107%) than that required by the
64-state conventional binary convolutional code. Hence, we can conclude that either of the
analyzed schemes has better error performance and lower decoding coniple:cjty as compared to
the conventional trellis code. According to Table 1, we see that the decoding delay of either of
the analyzed schemes is longer than that of Hellstern's scheme.

Also included in Fig. 7 and Fig. 9 are the simulation results of a conventional convolutional
code with a 2b6-states trellis. If a BER of 107° is needed in the communication design, 16-state
Examples 4b and 7b require a similar E;/N, and a longer decoding delay but are with a much
lower decoding complexity as compared to the conventional 256-state convolutional code.

Also included in Fig. 7 and Fig. 2 are the simulation results of a rate 1/2 turbo code using
Log-MAP decoding with interleaving size of 512 message bits and » = 2 [7]. The number
of iteration is 6 and a random interleaver is considered. Although the error performance of

4-states Examples 4a and 7a is worse than that of this turbo code, the decoding complexity
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and decoding delay of 4-states Examples 4a and 7a are much lower than those of this 4-states
turbo code.

Finally, by comparing Examples 6 and 7 with Examples 3 and 4, we see that if the same
is used, using the second scheme we can achieve similar error performance with less decoding
delay as compared to using the first scheme, even though using the first scheme can achieve a

larger lower bound on free distance.

V.2 Performance over independent Rayleigh fading

For a coding system in the independent Rayleigh fading channel, a large symbol distance is
highly desired [10]. For a binary convolutional code using BPSK modulation, its free distance is
the same as its symbol distance. We have already demonstrated that using trellis coding scheme
with additional processing units, we can construct binary convolutional codes with large free
distances. For a TCM, its symbol distance is different from its free distance. In the conventional
TCM, one branch, #(t) = (v1{f),*+, vm(t}) of C will affect one output symbol of the signal
mapper. In Hellstern’s scheme, the delay processor enables each code bit v;(t),7 = 1,---,m,
of C to affect one cutput symbol of the signal mapper. Hence, the introduction of the delay
processor in Hellstern’s scheme can increase the symbol distance of the trellis code. In the
analyzed schemes, the multiple delay processors or the convolutional processor enable each
code bit v;{t),7 = 1,---,m, of C to affect more than one output symbol in some occasions.
Hence, the introduction of multiple delay processors or the convolutional processor can further
increase the symbol distance of the trellis code. However, the error coefficient can significantly
affect the BER of a coding system in the independent Rayleigh fading channel. Hence, it
is interesting to see the error performances of codes given in Examples 1-4 and 6-7 over the
independent Rayleigh fading channel. Simulation results over the independent Rayleigh fading
channel with perfect channel state information for Examples 1, 3, 6 and Examples 2, 4, 7 using
the suboptimum decoding (with SOVA) are given in Fig. 10 and 11 respectively.

Also included in Fig. 11 are the simulation results of a conventional convolutional code with
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a 256-states trellis. If a BER of 107° is needed in the communication design, 16-state Example
4b requires a similar £;,/N, and a longer decoding delay but with a much lower decoding
complexity as compared to the conventional 256-state convolutional code.

Also included in Fig. 11 are the simulation results of a rate 1/2 turbo code using Log-MAP
decoding with interleaving size of 512 message bits and v = 2 [7]. The number of iteration is 6
and a random interleaver is considered. Although the error performance of Examples 4 and 7
is worse than that of this turbo code, the decoding complexity and decoding delay of Examples
4 and 7 are lower than that of this turbo code.

Finally, by comparing Examples 6 and 7 with Examples 3 and 4, we see that if the same ¢
is used, using the first scheme we can achieve better error performance at low BER with longer

decoding delay as compared to using the second scheme.

V.3 Performance over correlated Rayleigh fading

Often, successive fading amplitudes are correlated in the narrowband cellular mobile radio [13].
In this section, we evaluate the error performance of trellis coding with additional processing
units when correlated fading is assumed and no interleaving is employed. We assume the power

spectral density of the faded amplitude due to the Doppler shift is
_ 1
2wy I3 — f?

if |f| < |fp| and V(f) = 0, otherwise. The autocorrelation function Ry (0; At) can be written

V() (23)

as
where Jp(x) is the zero-order Bessel function of the first kind. In our simulations, we have
assumed a vehicle speed of 60mi/h, a carrier frequency f. = 900 MHz and a symbol rate of
8000 symbols/s. This results in a fade rate fpT, = 0.01. We also assume that we have perfect

channel state information.
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Simulation results over the correlated Rayleigh fading chénnel for Examples 1, 3, 6, and
Examples 2, 4, 7 using the suboptimum decoding (with SOVA) are given in Fig. 12 and 13
respectively. Compared to the simulation results of Examples 1, 3 and 6 (TCM) in the inde-
pendent Rayleigh fading channel, the correlation between successive received symbols results
in severe degradation in the error performance of Examples 1, 3 and 6 (TCM). Hernce a channel
interleaver is still needed for Examples 1, 3 and 6 (TCM). Compared to the simulation results
of Examples 2, 4 and 7 (binary codes) in the independent Rayleigh fading channel, the corre-
lation between successive received symbols does not result in severe degradation in the error
performance of Examples 2, 4 and 7. Hence a channel interleaver is not needed for Examples
2, 4 and 7 (binary codes) if the decoding delay is an important consideration.

Also included in Fig. 13 are the simulation results of a conventional convolutional code with
a 266-states trellis. The superior error performance of Examples 2, 4 and 7 over the conventional
convolutional code may be due to that the delay processor and the convolutional processor can
serve a kind of interleaver. Hence the effect of correlation between successive received symbols
can be reduced by the delay processor or the convolutional processor.

Also included in Fig. 13 are the simulation results of a rate 1/2 turbo code using Log-MAP
decoding with interleaving size of 512 message bits and ¥ = 2 [7]. The number of iteration is 6
and a random interleaver is considered. 4-state Example 4a can achieve a coding gain of 2.2 dB
at a BER of 107 over this 4-state turbo code. Note that the decoding complexity of 4-state
Example 4a is much lower than that of this 4-state turbo code.

Finally, by comparing Examples 6 and 7 with Examples 3 and 4, we see that if the same C
is used, using the first scheme we can achieve better error performance at low BER with longer

decoding delay as compared to using the second scheme.
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VI Remarks

In this part, we concentrate on analyzing two kind of trellis codes with large constraint lengths.
We apply these trellis coding schemes with proposed suboptimum decoding in the additive white
Gaussian noise (AWGN) channel, independent fading channel and correlated fading channel and
good error performance is observed. We also analyze the decoding delay and decoding complex-
ity for the used decoding. With these results, trellis coding with additional processing units can
achieve comparable and sometimes better error performance in the considered channels with
moderate decoding complexity and moderate decoding delay as compared to the conventional

trellis code and turbo code.

Appendix— Proofs of Theorem 2 and 3

A. Proof of Theorem 2

-

Consider the righthand side of (8). The condition of AZ) — 1 > mA-1 — 1 implies that

M1 m AE) 1 mAlL-1}_q
Y @A = T dPEPE) > S dBeE ), (A-1)
=0 j=1 =0 £=0

Let t = 71"V + p = (m — )XZ=1 4 p. Then the summation index ¢ for 0 < ¢ < mA®=D _ 1

can be replaced by (p,5) for 0 < p < M1, 1 < j <m. Fori < j, we have t ~ 70°"") =

p—(j— A1 < 0, Since 5-V(p) = 0 for p < 0, then v{* "V (t — £¥™Y) = 0. Hence s{* V' (2)

= (. It follows from (10) that

dP (P (#)) = dP (wEDEED @) 2 V@D = oD (p)sE . (A2)
Then,
AMLI_1 AL-D_ m AE-D_ g
Y 2uPma > T Tt = 3 d D). (A-3)
t=0 j=1 =0 i=1 t=0

We can similarly derive that nga)‘l it v}m (t)A; > 2?35‘1 dO(6@()) for =L -2,..-,1.

. M .
Then, Agree > As(CH, AP, A7) 2 mingayec 50020 Tieo 431 (3D(8)). a
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B. Proof of Theorem 3
Consider the sequence 7 with #(0) # 0 and #(t) = 0 for < 0. We may divide the sequence
7 into A disjoint subsequences, #(0), #(1),---, T{A — 1), where 4(h) = {---, 9(—A + A), ¥(h),
WA+ h), -}, h=0,1,---,A— 1. Let 5§ and Z be the corresponding sequences for 7. We
then divide each of 3 and Z into A subsequences similarly. The subsequence Z(A) will only
depend on #(h) among all the A subsequences of 7. Now we will consider the distance property
related to subsequences #(0),5(0) and Z(0). Let z = w(0) and Z; = {---, 29, 20, - - -}. We will
prove that A({Z(0), Z), which is the distance measure between Z(0) and Z, is lower bounded by
1 v3(0)(A; +£;4A;_1). Then, we can similarly show that the distance measure between Z(f)
and Z, is lower bounded by 7L, v;(h)(A; + £;A;-1). Then, it is easy to see that the bound
given in (22) is true. In the following, we first assume £; > 0 for 2 < 7 < m. The case for
¢; = 0 will be considered later. Let oy = 8; — a1 for 1 <j<m -1, a0 =5 +1 and o, = 0.

It can be checked that ;1 = 8; + G+ 1 for 1 < 7 < m. It is evident that

2
Az(0),20) > D A(2(EA), 20)

t=0
Qm-1—1 om-a—1 ag—1

= Y Alz(tA),z2)+ D Alz(th), c4 Y A ). (B-1)
t=cm t=oen 1 t=a

Consider oy < t < i for 2 < j < m. Since £ < ay_, then ¢ — §; <t—(Bi-1)<
<t —(Bi—biy1) =t —o; < 0fori< j. Since 9(p) = 0 for p < 0, from (19), we have
5:(8A) = wi(t — BB v ((t— (B — 1NN & - @ v ((f — ;)A) =0 for 1 <7 < j. Hence
A(z(tA), z0) > 8;(¢A)A; for 2 < j < m. Moreover, it is clear that A(z(t)), zp) > s1(tA}A, for
o] <t <y Let
aj1-1

;= 3 si(#MA; forl1 <j<m. (B-2)

t=oj
Then, (B-1) implies A(Z(0),2) > Y + Yooy +-- -+ 11,
For p € {0,1}, and ¢, ¢, -+, ¢ € {0,1}, if £ < £;, the condition of A&; > £;A;_; implies

pﬂj + ql.&j_l + q’z.&j_]_ + -+ qk&j_l 2 (p@ ql)A_.,-_l R o (p & q&:)Aj—-l- MOI‘E‘OVEI‘, it can

20



be checked that for p;, g; € {0,1}, if k < A, then
A k k
Zpi‘ﬁj +) o @d 2 Sa®pi®piao- - D p) Aoy, (B-3)
i=1 i=1 i=1

where I = max{i ~ ({; — 1),1}. Note that each p; appears in the summation of the right-hand

side of (B-3) at most #; times.
G

Let Wy = Y Yiand Y] =3 v;(iA)A; for 1 < j < m. From (18) and B, = 0, we have
i=j i=1
Gn—1—1 Em
Wan=Yn= Y sm(NAn=> tu{tAN)A, = v.(0A,, + Y. (B-4)
t=am t=0

Then, W1 = Yo + Yoy = v (0)A, + Y, + Y,._1. From (B-3) and the condition of ¢, >

Cn-1+8&m = Gm—1+ Bm_1l — Om_1 = (am—2 - 1) — Q-1, We have

Vit Yt = S umENAn + amfj_l 1 (EN Ay
t=1 t=am_1( m | o
= Sp_t(@m_1A) Aoy + gvm(tk)am + ; sm-1({@m-1 + )X)Any
> holpme1 +A1Am 0+ Bt Bmoy, (B-5)
where
hg = sp_1{am_1}), (B-6)
and for 1 <& < £, + {1,
by = $pm_1{(Qm-1 + 2)A) B v (EA) B v ((E — DN B - - - B v (I4), (B-7)

where [ = max{¢ — (£, — 1), 1}. It follows from (19} that
Sm-1{(0m—1 +DA) = vm_i((mo1 +1— Bn-1) ) ®
Um((a'm—l +1— (ﬁm-l - 1)))\) DB 'l-’m((a'm—l +1i— ﬂ’m—l))\)

'Um(i-)\) D---D 'Um((i - (Em - 1))}\') & vm&—l(("'i - Em}}\) (B_S)

Since #{p) = 0 for p < 0, from (B-6), {(B-7) and (B-8) we have

vm(0) fori=0,1, -+, £ — 1,
hi = (B-9)
U’m"'l((?: - Em)/\) for 1 = Em: Tt 1f€m + Cm—l-
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Therefore,

Cm—l

Y+ Y1 2 (fnvm(0) + vme1(0)Am_1 + 3 vp_1(tA) A

t=1

= (lnUm(0) + -1 (0))Am1 + Y, . (B-10)
In general, we can replace m in equations {B-5)}-(B-9) by j for 2 < § < m to yield
Yi+ Yo 2 (6v;(0) + 921 (0) 8y + Yy (B-11)
Thus,

W, = Yp+Yu +---+h 2 Um(D)Am+Y,;I+Y_1+"'+Y1

Y

1 (0) A + oyt (0) + U1 (O A + Y+ Y+ -+ 1

v

U (A + (£t (0) + a1 (0N A g1 + - - - + (Lav2(0) + 01 (0D A,

U (0} (& + €nBm-1) + -+ + 22(0) (A2 + £A1) + v1(0)A,. (B-12)

Note that in the above proof, we assume £; > 0 for 2 < 7 < m. If £, = 0 for some j,
2 < j <m, then {; =0 and s;_,(t} = vj_1(t — B;-1A}. We have a;_1 = f;_1 — &; = B;_; and
Q2 = ﬁj_g - Ej—l = ﬁj_l + cj—l -+ 1. Hence,

Gy Bi—1+G—1

Y +Yo = D2 uliNA+ X simi(iNAL
i=1 i=f;-1
Ci-1
= 0+ 41 (0D = 11008, + Yi (B-13)
i=0
Hence equations (B-11}, (B-12) still hold. Therefore, A(2(0), Z) is lower bounded by > v;{0)-
i=1
(A; +£;A;_1). Then, Ay, is lower bounded by (22). a
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Figure 1: Encoding structure of trellis codes in [1] and [3].
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Figure 2: Encoding of a trellis code using multiple pairs of delay processors and signal mappers.
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Figure 3: Encoding structure of a trellis code with a convolutional processor.
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Figure 4: Relation between sequences § and ¥ = (- -+,0,0,%(t), 0,

where &y = ﬁj - Ej+1.
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Bit Err Rate

Figure 6: Simulation results for Examples 1 and 3 iﬁ the AWGN channel. {A): 3a, without
SOVA, v = 2, A1V = 30, A® = 90. (B): 3a, with SOVA, v = 2, AV = 30, A®? =90. (C): 3b,
without SOVA, v = 4, A) = 60, A® = 180. (D): 3b, with SOVA, v = 4, AU =60, X2 =180.
(E): 1a, without SOVA, v = 2, A = 20. (F): la, with SOVA, » = 2, X = 20. (G): 1b, without
SOVA, v = 4, XA = 40. (H): 1b, with SOVA, » = 4, A = 40. (I): Ungerboeck’s TCM, » = 4,

A= 24
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Figure 7: Simulation results for Examples 2 and 4 in the AWGN channel. (A): 4a, without
SOVA, v = 2, A1) = 20, X® = 80. (B): 4a, with SOVA, v = 2, X1} = 20, A® = 80. (C):
4b, without SOVA, v = 4, XY = 40, X@ = 160. (D): 4b, with SOVA, v = 4, XU = 4o,
A2 = 160. (E): 2a, without SOVA, v = 2, A = 20. (F): 2a, with SOVA, v = 2, A = 20.
(G): 2b, without SOVA, v = 4, A = 40. (H): 2b, with SOVA, v = 4, A = 40. (I): rate 1/2
conventional convolutional code, v = 6, X = 36. (J): rate 1/2 conventional convolutional code,
v =28, A=45. (K): rate 1/2 turbo code, with Log-MAP, v = 2, interleaver size: 512, iteration

number: 6.
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Figure 8: Simulation results for Examples 1 and 6 in the AWGN channel. (A): 6a, without
SOVA, v = 2, A = 40. (B): 6a, with SOVA, v = 2, A = 40. (C): 6b, without SOVA, v = 4,
A = 80. (D): 6b, with SOVA, v = 4, A = 80. (E): 1a, without SOVA, v = 2, A = 20. (F):
la, with SOVA, v = 2, A = 20. (G): 1b, without SOVA, v = 4, A = 40. (H): 1b, with SOVA,
v =4, A =40. (I): Ungerboeck’s TCM, v =4, A = 24,
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Figure 9: Simulation results for Examples 2 and 7 in the AWGN channel. (A): 7a, without
SOVA, v = 2, A = 20. (B): 7a, with SOVA, v = 2,-)\ = 20. (C): Tb, without SOVA, v =4,
X = 40. (D): b, with SOVA, » = 4, X = 40. (E): 2a, without SOVA, v = 2, A = 20. (F): 2a,
with SOVA, v = 2, A = 20. {G): 2b, without SOVA, v =4, A = 40. (H}): 2b, with SOVA, v = 4,
A = 40. (I): rate 1/2 conventional convolutional code, ¥ = 6, A = 36. (J): rate 1/2 conventional

convolutional code, v = 8, A = 45. (K}: rate 1/2 turbo code, with Log-MAP, v = 2, interleaver

size: 512, iteration number: 6.
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Figure 10: Simulation results for Examples 1, 3 and 6 in the independent Rayleigh fading
channel. (A): 3a, with SOVA, v = 2, A = 30,02 = 90. (B): 3b, with SOVA, v = 4,
A = 60, A® = 180. (C): 6a, with SOVA, v = 2, A = 40. (D): 6b, with SOVA, v =4, A =80.
(E): la, with SOVA, » = 2, A = 20. (F): 1b, with SOVA, v = 4, A = 40.
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Figure 11: Simulation results for Examples 2, 4 and 7 in the independent Rayleigh fading
channel. (A): 4a, with SOVA, v = 2, A = 20, X2 = 80. (B): 4b, with SOVA, v = 4,
A = 40, 2@ = 160. (C): 7a, with SOVA, » = 2, A = 20. (D): b, with SOVA, v = 4,
A =40, (E): 2a, with SOVA, v = 2, A = 20. (F): 2b, with SOVA, v = 4, A = 40. (G): rate
1/2 conventional convolutional code, » = 8, A = 45. (H): rate 1/2 turbo code, with Log-MAP,

v = 2, interleaver size: 512, iteration number: 6.
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Figure 12: Simulation results for Examples 1, 3 and 6 in the correlated Rayleigh fading channel.
(A): 3a, with SOVA, v = 2, XY = 30,23 = 90. (B): 3b, with SOVA, v = 4, AV =60, A2 =
180. {C): 6a, with SOVA, v = 2, A = 40. (D): 6b, with SOVA, v = 4, A = 80. (E): la, with
SOVA, v =2, A = 20. (F): 1b, with SOVA, v = 4, A = 40.
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Figure 13: Simulation results for Examples 2, 4 and 7 in the correlated Rayleigh fading channel.
(A): 4a, with SOVA, v = 2, XM = 20, A = 80. (B): 4b, with SOVA, v = 4, A1} = 40, A\@ =
160. (C): Ta, with SOVA, » = 2, A = 20, (D): 7b, with SOVA, v = 4, XA = 40. (E): 2a,
with SOVA, v = 2, A = 20. (F): 2b, with SOVA, v = 4, A = 40. (G): rate 1/2 conventional
convolutional code, 1 = 8, A = 45. (H): rate 1/2 turbo code, with Log-MAP, v = 2, interleaver

size: 512, iteration number: 6.
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Table 1: Data of the trellis codes given in Examples 1, 2, 3, 4, 6 and 7.

- {add, comp dela A delay
Example | 2| 0| v | Ars (without SOV}A) (time uiits) (A | (message b

la 8PSK [ 2 ]2] 6.34 (32, 20) 33 ~-1 20 118
3a 8PSK | £ 2] 7.52 (48, 28) 9A — 1 30 538
62 8PSK | 2 |2] 717 (38, 30) 5A—1 40 398
1b 8PSK | 14 893 (80, 56) 33 —1 40 238
3b 8PSK | £ | 41069 (96, 64) 9All — 1 60 1078
6b 8PSK | 2 [ 4] 9.52 (86, 66) 5A—1 80 798
2a {o,1}¥ | 22| 12 (64, 34) dd-1 20 158
4a {o,13* | 2 [2] 17 (112, 56) 16A0 —1 20 638
7a 0,1 [ 2 [2] 14 (78, 70) 9x—1 20 358
2b {0,1}*1 2[4 16 (112, 70) 4% —1 40 318
4b {0,1}* ] 2 [ 4] 24 (160, 92) 1640 1 40 1278
7b {0,134 2[4 20 (126, 106) 9x —1 40 718
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AR ZRATHEAT ZHBHN  TH AT RERF52 256 @k
A5 BE 2 0 e 2% B dh g (turbo code) R v LS53R R E MY AE /) - B
56 Ak B @RS ARERBE S A A TR R THILAARMMME
Ao RS A 4% A B AR (iterative) X R ARG &ﬁi#ﬁ%&&ﬁﬁ%&%ﬂ#&ﬁ
B A KM Ao o

AN A RMCEFasH A ERAESZIHBMEBERUR
EMEFR LHCARMI M EREARRRESZEMBERD
AWGN i# 1% + 45 3L % %1% 1 (Independent fading channel) & 48 il 3% M@ #
(correlated fading channel)  th 4§ 4 2 8 58 55 BB $555 Bo7 7T L BLZ $4 3%
BERRS  AFERREBLZEMBEHEE MRS HESHZEE &
LR SREBHF LR AEFEZMB B TRBSE - ML
#1145 #) B FPGA (Field -Programmable Gate Array ) Ra&iE -~ &itdb &
WA 2 B LR E R -

%% —453t3)42 > f4742 8 FPGA (Field-Programmable Gate Array )
REXA—BHER=2A 2 LFARREEERUAEZ - LREHA4-
£ 3rdlaE BIMER FPGA R A —EHE R=24 2 A FEER
WEAERHEAS KBRS 16 AR —FhEfitEPLany
KARBAEXER TR - AR ZF3 8T > KPR KX F#(soft
feedback) Y F X R TR A ESE =4 2 R F OB AT RIS BRER
RESA 16 AL AR THE - ARADRZEF TR KIVEHRA
# K-35 5 BE4S vk 3 7% (SOVAsoft-output Viterb algorithm) [2-5]
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AHEZEA AT ViR VLESGTHEE - RFR=TRAHIEZ
B Va4 THES - REFRBHEXEA MV, A4 THEE
NFREHEZEL -
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@V, Exn:

B30T T EV=vO 2 At EM YT ARE LasTE—
BB ZFRBHELEAUR — it R RERETE - £
HAKE TN, B~ FRRH E 2 EAURE FRRY T
e +8) - wEE D) AR EH L BR L TR E R T
Bl 2 FE - FREI FLEAUNRRFR B B
[P+ 6D -wEE+6| » BIBEHBGERF AEREZTHOKAE
BE ol RREZFRBGE2EAUBB TR A&
[FC 43~ wE 3 - KAk AR F B EH B RARRAUKEY,
Z F R K et & o

@® )V,Ex:

B 311 BT T E =m0 2 At MRl RasTE— 3
R R EFRBHBZEAUR LB LRBERSTE - RIE
KB EMR L R ERZN R AR TRAL SR Y~ FRRIE
ZEARBETFRBIF-[P+TD)-wGe+ TN - BAKEI G EH L Fo
CRRZEAPOUAERMEL $RE-_FRAH F2 R A XBIT TR
Gt E- [P+ S -wEC SN » BB RHGERA L BREZ TR
BARKEL Pl B E=TFRRH 2L ARKATREHE
e +28) - w2 R BAVIS LT B B B RA LR REY,
Z L E) M AL AL F -
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0
(a)
2F L 2F 15 15 2 15 2ZF . 15
g4 = q3 a4 q3
2R 't ¥ v ¥ ¥
ADD ADD ADD ADD
> COM |- -l COM |=
Y ¥
= MUX = - MUX |-
I T
2P 15 15 27
g2 g2
vy v ¢ + ¥ vy ¥
ADD ADD ADD ADD
1 Comp. = = COM |=
¥ ¥
1 MUX |- > MUX -
1 I
27, 15 15 27,
vy ' I oy
ADD ADD ADD ADD
» COM [= = COM |=
¥ Y
1 MUX = =1 MUX [=
¥ ¥
{1 4,
(b}
H36 Z-FRMzHTONE
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0 0 o | o)
[20
N1 ©
i
l D
\KI
0 0 1(0) 2
: s;f-'f)(})
(@
2F  2F 15 15 2F 15 2F . 15 2F 27 15 15 2F . 15 2F, 15
74 g3 g4 a3 72 aqf 32 gl
y + 4 |2 SR 2 SR 2K 2NN 2 SN B 2K A
ADD ADD ADD ADD ADD ADD ADD ADD
COoM ' CoM COM COM
_ ¥ ¥ ¥ ¥
MUX MUX MUX MUX
[ Il
¥ ¥ ¥ ¥
ADD ADD ADD ADD
Lvd Lvf AT Ll
, } ¥ oy :
ADD ADD ADD ADD
—» ! COM |+ —>| COM |<+—
¥
L | MUX |+ | MUX |+«

l Iy (1Y} I I

B 37 Z_FRGZHENOHE
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MM Ly Mast M L MaxiM M.t L, MaM b,y L,

ADD ADD ADD ADD

coM pymey
¥ 4
MUX MUX

I—+ - z ]

ADD ADD
t: COM j
MUX

v /u

B 38 B=FREZIENHE

MaBaMD Ly Mutd, M) L MauM My <, MM, ME) Ly

1 3 3 3 I ] 1
ADD ADD ADD ADD
COM coM :‘
Y h A
MUX MUX
e T 4
ADD ADD
':COM -
MUX |«
v fu

3.8(b) F=FRBR2ZIEMHIHE

8O



0 o 0(1) oy € (0,1}
16!0
1
o, € {0,1} ;
1{0) 1D 41
5,=0(1) 5;=0(1) 8 € {0,1}
(a}
A A B A
i + £ oL L
S app | H app | H apbp | 3 aDpD
L z 1 Z Ed
COM COM
¥ ¥
MUX MUX
v s 28l 4 1T 1er 5% 4
ADD ADD ADD ADD
COM |+ Ll COM
Y = 2
MUX e Ll MUX
v vt &) L
ADD ADD
——» COM [«
¥
» MUX
‘L 15
ADD
+
lao
(b}

B39 FwFRKzitgsii
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N

15 13 2%’: zﬁ?s 2};?1 15 15 2';’?3
Y ¥ 5 Y . v ¥ . Y v
ADD ] ADD | ADD > ADD
L, L, g
—» COM |« > COM |«
¥ ' ¥
~»1 MUX |« = MUX &
v U5 2R T 7 15 1
ADD ADD ADD ADD
COM COM
¥ ¥
MUX MUX
¥ ¢‘£’ -L;J' ¥
ADD ADD
le—— COM |«
¥
» MUX |
A 4 pi‘l
ADD
v
141

B394 FomfBazitgaiti
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® V:;En:

B 3127 T3 A=) 20 A SO FRE £ a4 T2 —4
FTREH EXLEARR Bk B S LB RIS B8 M7
PUERLAHORA DR Le ol BB B =T B $2 8 2l
RFRRBAE-J(+40) - wSE+ D)+ F M8 KB R EHF fo 85
ZEMGRX GBI fo L, ke B =T 8 BHE2BAUBETRER
I D - W@+ L] B RITE LT B B A Ao R
KV Z R F AL A E -

@V, EA:

B 31208 T Eve=v(D 2 At S A m - THFEmFRAR
HEZE - AAVEAAUE TR A SRR 2 F R X 4848 L,
Li, fo Li, ZEEOMTRAA B2 EAUNKETFRAY B
P - wEEf + MR Vi E -

ATRERY, Vo Vi VAW AMABTER Y RHEH
6 HTREZ bmg > =+ > brys © Rk » KAV K 16 B TR 2 H %3t Gt
Iod -t - RFET -
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>

a

IIU

_..M

— M|,

B3.10 V,Ex:itEviziuastE

B4

- -4
~ ADD
Y= Metric for —> ¥
?m_.. sublevel 1 COM
N “ITTT ] ApD L
"l ADD
- Y
COM
P z | AaDD 2
F o 00 e
431 ]
F Metric for
AC3+ sublevel 2
Ca ! )
[cf—b- 21 ] ADD v
COM
7] ApD 3
~ -
| ADD
?fl-—b- B g :
?f ‘_._ Metric for COM
J* | sublevel 3 > A
7 , ] ADD
if. If, 31



Fbl_’ [10 -fb/’"; ADD oM MOX J_ —> ADD » M
sz—i* Metric for P o > 20
¥y, — P sublevel 1 an
- ¥/l
Ty ™ 0 P g ] i g > ADD {—>
e fa ADD
—
;d’ . Metric for ' y Y
?d“+ sublevel 2 coM | MUX
da i
Id, — 21 i ADD L A
F oo
5 . > ADD : 3
?g 2__'_ Metric for COM MUX
?g’ sublevel 3 Y ¥
g L, ADD
lgdg, ]

311 V,EAL SR,z E
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AEI_.- !20 L )'—; ADD [ ——¥
S o . == | cou |»{ sx
27 | Metrie for | | “7 uop
¥, —» > —A—k
~°* | sublevel 2 o=
¥ e4_h , - ADD X
- — | coM Pl MUX
e I 21 -!q,—: ADD
? —
R ]
?h . . Ly - ADD |—» M,
5 3_.__ Metric for
?h1—> sublevel 3
Ra i ADD }—» M
Ih Ik, —> H 3
(a)

ri :+

F, —» o[ My

N ‘+ Metric for

?" 3_’_ sublevel 4

. Fe i.4 "41 M41
li /12113-*
(b)

3.12 V3$ﬂ Vs E—?‘C : ‘5}5'1'5"'?—1’3%“1’41&;5%1'%

86



32.2 jmiB-tbi-EiE (ACS) £

ACS MR A MBI B AT EAREHE kBB
BHE O BERFLERE - RAHTHHNBA 0 £EAN |
PEERN B KAOHFHE - FEBRBREAREH LLR 4 - 2555
TARBREBERFINAFARGEEEE ACSEA - o RBA X B e F
ARTABSLAES  MAE2Z ACS EH B E ENKEDLE - F
b RABRBERRESBNFS  2ERERALE  RAMAGSK
BRAELEEHL - R2 > FRAKE-F 7K (state-sequential) % -
A AR ZRES FFoM(C BN IREH L AMSE AN - 2
AREARERRRIG  EHToEHNE LA GRS B s KL EHREA
ARG REEFHAO] [10] - kRN BHH/ CHERT 16 @K
BZBEGW AMEEE 16 MACS RS  URAHNESAES
2 ACSU 81 ACSy» ACS; * ACSy* ....» ACS)s- iEh ACS REE %48
0 BISbBRMALRRRT] ACS, B4 - bl 3.13 THIKERRTAALE
& Smy > H 4 pmaxg[0)fn pmax,[1] 8 38 55 B BE AKX 88 X673 E B) 2 77 55 3%
& EBBEEEET & SMU MBS ERARLT - BT RES— 4
RO EAERR 8 2 LLR 4 » £ ACS EABRMAER BB — Mk Y
EoRGAEBHESm BEFHRXEABRBL LIR 4" = TS g

B RZIFTEBAR pseco[0)Fv psecy[1] = ¥t LLR 1 & psecy[0]F= pseco[ 114§
HAN SOVA AHEHBREMEZIHRNTIRAE - B4 ABATAZIHAEE
BoHEAARREXIYFETRATAAZ LA BB T
RERERBAFNEFARNBM/ BN ERATERGHEER  HERER
( normalization ) & F £4) - 4£[11]# » Shung » Ungerboeck #= Thapar 3% |
TRANFRRLOHTEZ - ATHERRL  ANRATEABA T L
CHREMAGELEBHENY AT  BAAETHBRENER
TFOAH-—BEELE  HBAHRATURSBWBRAAEEEF T EIFREA
(signbit) EFHMIMBR 1 HEERANHRUCARTR - £H 31332
nmy Bp & 7 ACSy 2 # 3R it -
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323 #FREEECM)ET

HAMBLRER 2 EEFFOBER T ARBEC o RERE
Y o AW IE B — X (Register-Exchange) #v & 1% & 3
(Trace-Back) #3[12] - [13] -2 F &8 H—HRE LG R LHH - ¥
HBERBFER-BBASRMELE S A —EEH 0 B
ARHMBESR (VLSD 2T RBFHABANAFHTEEADH-AM
HAEGRHMEERS OKERF LTS —ERKABGHLE - AL
i A SOVA BB S Faul i R Rfimdais
B THESGHR RIRBSHERTEREFREETM - &8 2.5
ZHEMBAMTURES > B AOKRER AXAHABANT — 1
LA RERErGEBEZEMN pRRAARFZFEBLETR (S, - A
AT AR B EE YR B

(ar—labt-l)=yr(S¢) (3 1)

B3.14 % SMU By h AR - XEEH LD 0 RBRALELEANE
B BEEHREAMASHETR —ABERETHZIEE  ©AH2
B 16 ARk EnzHATHREATR R  FEREEREEMNE 2 4
Foo B—BREBZORERTE  CAG—E 24 ARHTHE 2
A6 25 TREKR -2 HARBTHRGEASKETME - LI AT
BhTBEFURELOBRETN HRBRERZMKENE po -
Di Do Pis B 16 EM B2 BETH  Bd 40 B2 AR BHAS
R TREREZZHMAQMAL fod, REBRT -
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smy, bm, sm, bm6 sm, bm” sm, me
13& 13i 13¢ 13i ila ilS 13 iIB
ADD ADD ADD ADD
COM COM
| I - { |
L Jpamh ‘J +pa,_, P"’i—m "pb"h <J
MUX -l MUX MUX = MUX
MUX 9 PonacolO]
¥ ¥ u—-i -
COM P + P pmu:r.ﬂ[l]
| yon ™ CcoM e —
Pro = (P o P!
MUX |« vy ¢ . "
> MUX [e—{>c p_ =07y
p 2 .2 Rea=Bon}
y * MUX ‘J P, =1
COM ] p
dl'l-l —
3 Pq. =0 Pea =B B}
P
MUX -J “ ol o —=on| "
[ N o
sec_merricl + 4 Prn= o}
SUB LACTH
Diff_mearic[6..0] ¢ ¢
nm, sm[11..0]

0

B 3.13 AviB-tbds-:%42 8 T
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B P By Py 2, b
I 4 ]
Laich Latch
) 1)
Latch MUX
Latch Latch
R 1
=) 1)
Latch MUX
Latch Latch
3 4 1
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324 SOVA R4S

B ACUS ' SMU B &AM THoBEREEANEFRRAT R
EZEAERRAAMBERRRAUBREIREM L, » FELEEN
SOVA A5 % » R - AE LB TR A - B AR SOVA
REEZSTUWBRGIBEAAARER  LEFXEHEABERS N E
HAVE R E PR SOVA B B[7TIR KR SOVAEE 2 -

B 315 AT REFRSOVA B R FHE - £5ML+D > &
ACUS s SMU B i h ey LsaBREZ M Y, ~ JFEREP, - BBTEE
A RAKERS AT — BB 2 b B AR R B 8! 32 A SOVA g S -

3AS AR B S P - WEEH B D Fi(stage) ¢ 7 AR IS 55 1
(latency) % 2D« K -F B FI 55 & - LSRR (S, to S.,) FiE%%
(P to Py, ) BHMMEMLA(D, to by ) HE-Faf(L_ to £_,)
BAETEEMA, to 4,.,,) "

SOVA B8 B2 THBIER M4 T : £ERE 1+ IR ILRIEIE 8
RERHS, > BSLREBHE P FEHE  PTRAEMEEZR
WAy Fu, Bp AR BB LS BRI Ry, BT EHRERT—
B BR EEE A S, - £FFFE > v, BRI, 8 Bdod,, = v, BIRLE &
LLR {44 L =min(L, _;,A,_ ) < FEOFPI RS +1 0 BPT4R B0 A, R EAE
Z LLR{EL,, o
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L
-
1]

y
-

= = = L=11

o [~ ) o U
A &

TR

_ £
F sclces sccond £ Shift TRU
hand debd=.. Jamggh. ... .-

3.16 M T2 SOVABERHTHLE

BI3I6HETT4EREL2Z#ME T2 SOVARBEHTRE-
AEEAMMAR LRGSR IR ERER LR RA B 32 RE 33X
FRE - WERESGHFHMETHEARS  WEWAEARLIRS 2850
TURAFREATRBZMAOMG REASOTRAARBECER
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ZEH  BTRAY0BBF RSN BE 322V~ Vi AHE - FRIZFK
ARARHE 2T A SNWEAF RSB HE ACS;~ ACS;s 4 A -
LR FK % 2 SMU & SOVA 25 S -
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% v9 §p
HR R AL B o b 3R,

AEAER  BERSEEEn TRt RGeS T 2 R0
BEERERARBERFE ERFZAEERT M TUEBLFOAZRER
8 o FEBR R o

4.1 BIHBRZNE

41.1 #BEEHF

Bimas T X e @ B TR EEEFoF !

1) 48 Altera x MAX+PLUSIT T2 A, B & 45 & $L a8 1 B 48 23t fo
B E (M) -

2) 4/ Altera FPGA B84 - TR ERGGE A S 7T F#x . pof
R AETHAFEMZ snf % -

3) HrEEFFARAR IR -

4) TF# E Altera FPGA -
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412 MpERHAaEgzE4

ATHFEERMRI RMEAPC L2 CETREL B AESRE
Hieh T Z AR BEZHRMAGE R EEL GBI MK - T4
BT ZhBEBBR=242RECHHBE - OHRATSfE R
RBATEN - BMS T X HBEBHRAR AR EEL RS &
HMAMB BN BN SR EHNE  EEEMNEEHMAHE - g
BRI RLBBRNRER Az dtuple» AP BT 4 2 78HES2
W FRAVDAE  ERTEHRBCZHBEZHEHET (code word)
2 ALK BT W 8 4 #z BPSK ML L - SR
EARWAE > AR ANAAA R HiEHE R MM (signal to noise ratio )
% 4dB 2 AWGN 838  ffh » {2408 RIS 25 — 18 05 R B AT i )
ZEBERIANEEEFLBETILAR QMEER  LRAR log,Q A%k
AR - B A ogQ MAZEN (4 Bz BiMbsS) ALK REH4
BEHEAS T Z e b A Bathon LM AANRE Y - L2 HILE
BUNETHOBRYLEEATERL - B4 APEESEERA RS
AARTHREAMEIRNZOEN SLETHAGRBABEL  LRAERC
BEREARAE BB AMAA RN — T H £ HAEFRERO
ZREBHEURBEZSAMBEEARAEBAT EY ThaykiE - B4
o FEFMEFSNMBEERFGHEE T EARBLEN ST EME
g -

4.1.3 MEBZRRER

B 4.1 B T &g T 3 b A SR - 4 RIIBE
B % # Maxplus I 53%i8 2 S8 TR £ b F #8848 (download cable or
byteblester) F#ZE FPGA L+ kit Ao PC &4 2 £ 1L 65 B 34
AT H AR A K £ & (pattern generator) L ZHMAR T LR AHAE T
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i H] (hexadecimal) ¥9# % - F I BIVERBE R LB byt 2
#&ii&ﬁ%#ﬁ'iﬁ; (logic analyzer } 484t LA BTk b#f 2 BREEH - 12
EAMBEREO0(S) XFFHEH FURABESAHBER L E AR
EERATENENNEELRERTHREATE AR -2 & &
4 FPGA~ BES WAk AL B2 /H T® 243k (grounding) &
HERA - RUERBRREMMAR -

KJP\.

Logic Analyzer Pattern Generator
(HP 16702A) (HP 16702A)
Diagostic Pad FPGA Download H/'W
r r
FPGA

B 4.1 RS AEERE

ARFEERERAETREABFZIERERZSL  RITVEHEK
REBESHBLEHFRAZPC ZTHHETEMBMLETH  HMEACE
TEE ARG IEARTSHARMTAILE LI - B LHERES
BHEZPUERFIRRA - 2 & IR RMAT RGO THRERMY » B
R EREE AN ERES (%E S RAM 4) Z A HA (setup
time)r EFHAFEHMY B KBS EREFHREHN T H A FBRE
HABER I MBARIRETHSeRRBEREL 2 ERELBE -
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421 BBBZRREXR

£ EHZBRBET » KRITHAMRETHENS 2 HHBA CETH
RZAHHALE  FRARE 2B RZ2BYE - H R B & FEHGEAK
R E A LHSHE  AITERAE 4 Bk RL 20N T 2 248 R 6k
B BT IAEE] 20MHz RS EREBREE 2 BERMA B
BARA A8k B2 s T 2 W45 R e MRE % B RATAT I3t 09 2
T T A% 2] 40MHz; % 16 MK B 25 2 @348 T 2 #2048 B 4 RAFIAF 283
IR TToAE 2 20MHz ; @ 16 3k B2 @#% 4% T = SOVA J 1
BRSS9 BH T R Tk 3 SMHz -

422 3%

SE25Th R4BERAEEFERYRSZ 4 ERERQEHE
BTHREILRBBLTEGMBLE > R AR BREENIRLZ 6448
RER @3RG -5 THMEBTR  AMNEAELEHO=82F1
BRECTELIBRTHZA AR  FRELE KBV REE 2 Mg
TR 2RAHZ 64 EKEI D EBRL + KAV A8 5 2 M s
REMEH B E TR -

A RAIBERTERE T Z RACRESEH2 64 EKRED
2ARBGEFBURE L2 AP REPRAGBRATESRAS
ARRHBER - HNBER=12  m=60=8 2 @nBHZ
EERIOBUARKATHEREH F HO=82 A 4B OHAF Sl
RHEBX 4 EKRERHERBE T HRELBEZHR -

BAERAARGEE B RS RS EEAE LR
FRIZEBEIEFRMEFBIL - BR 412 A A4 BT
MAREZEFWN - BMITURERNEWMS T 288 BT 200 alen
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A LRS- A9 BELZ R R VLSI & H - A0 AR A58
TZREMCREZHFRBETLBRE > TXAHLLEACSUERTZ 4
BAREBHGEN B AIBHLAABELAHBERTEE A EA
HE BB TARIEROREEH LM AR - & H
PAERELS RS THRECEEST T AEATERBIoMmER
REnRAREZEY -

m=2.R=2/4]| m=6.R=1/2
a‘ b. c* aﬁ b* c*
4 46
5 34
6 18
ADD (-
8 32 3 4
9 32 11048 | B 128 | 1036
5 16
& 14
coM [7 3
R 2
9 12 316 3 64 512
2 ]|192
4 18
5 14
MUX 6 24 1 | 2048
7 4 2 64
8 14 810 | 64 1 2624
FLIP- =128
FLOP 9 4 1 | 2048
121192 ] 2532 | 8 64 2560

a“: fr ok, b* o EEL o ML

41 BWMETZRECHREZHEG BRER2EHHEORES
BAESANSEE 2 b
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HE 211 To B4R ERAERLERHAR 2 (6 MKRERGE
W46 T e RAEIAE B A T E ST LT IRE RN RS2 256
ERER 2 RIS - EAHTHRUEBRA AMSEREMLARKO=162
FRERFILELLIMMTEIAR - KATREE Q=16 2 G5
T RAA 42 256 Mk L BE 6 @M FBAR L - AT B ARAS B2 4o S8R R {5 B
KA E 2 AN -

Fh o BAEE B VLSI & R B E R @5 T2 kiR S
MR EHRE SARAAAACSUREZR 16 BMARENEL - M
BHZ S BBEE TR 256 HAES ARASSFEYHERITY
BT EHEMAKREE m EXHFLERF RTS8 - BL 256 A%
REAEZRENESLABSEETRARE—FANXOFXRETR 28
R LB EERERBNIFT - HR 16 T8 X A6 B5 o B AS T eh=R4E4b
HHBEMT ANERF RS R THRAGBATZSEER
TRz HbAEREEE LA mExES -

RAB@HRBEEREB B4R E R o905 45 7o k42 feit
BMELATESWMLE » A a8 RE2ERA 1S4 64 Bk EXE 2 @5%
HmomaE 34 HEBEL AR IABABRA B HANSRRENEA
BABETX - ATHETHRL  SMRAEFLEHO=16 2 FLS
REMEELEBMTEZIIR - BRI RATTA S S 2 M ws i
T EREFAEEH SR AR RGBS B2 AL Eiy
BEEHE2FAMN -

A RA2BARTERETZ R AR EEZRARXGHEFAfE
WA T 2R EILABRBHRAS AR TN RS P2 o8 B
FHEER SOVA F X R RSN LR mitamEs .

#H SOVA X\ w7 A0 B A& BMU £ A po b sk X8 1515
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BAYGIER > AN ACSU EAEEEN S —Keya iR - R
L SOVA & > MR 2 R R R XA 4R%7 -

m=2 + R=2/4 M=2 » R=2/4 with SOVA
Bit | Total Total bits Bit | Total Total bits
4 46 5 40
5 34 6 10
6 18 7 2
- ADD 7 6 10 72
8 32 11 32
9 32 12 16
1048 12 16 1746
5 16 6 14
6 14 7 2
COoM 7 4 8 1
8 2 10 28
9 12 316 14 20 666
4 18 6 14
5 14 7 2
MUX 6 24 8 1
7 4 10 28
8 14 426 14 32 834
2 96 2 132
FLIP 9 4 3 22
FLOP 12 | 192 2532 8 300 2730

£42 BMBTZSOVARGERAROHRRERLMBEBHRAR
AERLAHEBE L2 LR
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% B &
AR 2 A H

FLAM I T M FPGA R e Al # i T ey R4E /A28 B eyt
FRm s R fmes T £ — B R=2/4 2 {8 4%39% % (case(a): m=2"
case (b): m = 4 » case(c):m=4(SOVA)) » 14 @ik % — 18 4 B 2 @5k A1 Fvo
—EERHEESHEas - BaERERs C ZESHEM0—LE@3RT
o AEEEMS T TUMRAE0EE - AEHLERME2 T SEE
ME T HEN—EEABRANLBSCERB AR ERSE Lt —
18 B F R A6 ] R EZ 8BRS -case ()X @3/ CH—@R=2/4m=
2 BAREHR=(03): g1=C3) ' &=01 =12 s
#omcase ()2 @EECH—MBR=2/4 m=4> B4 K F¥g=(07)"
g1=025% ' &= g =722 F4#0%% - §H 2.5 T 48K
B2 s T HRECHREELETEHRBLE > B4t Rfgn
Bz 64 EREI 2 @HRE - A5 BE 2.11 T4 16 BERERLGE
MRS T oy RAECAREE B A ¥ 2 S MM L R AR EEMNF 42 256
Bk R 2 @Y% i 3.4 T4oo 16 KB EE 0y #EM4E T 4% A SOVA
BER AuAMRREN AR R A 6 ERERSEMSET-

B case ()2 @HEH CAK 4 HAKKL > M case (b)z W3esE C 2
K 16 Ak AESs > case(c) 2@ E C L RA 16 Ek G > RoppEimas T
ZREMBEBETBEBASIREBEAFARKA - Héeny 256 MRS
DR ELBSLAES ey ACSUR Ak ARE- 7 X F AR
¥R ANEE 256 AANES > ALt ETRakeedR
BE AR e > EXAELRTEILE - Bk 256 BAREIE AR B
HIEREBRTRARE-FAXGTARTR 2 dEXARERS
EEIAEE  H 16 BAA BT HBMSE TS EERR T  dH AR
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FIGAKES &M THALHRAESHERRTAZ  AURERAS
R R aE 256 RERMB LA R EREZASE c HR 4
HERERZBMD T HRECBRBE  ARAZBEBHRE R TINEE
40Mbit/s » #1716 MR BT 2 Eimas T aRIEIEBB SR LR AZRH
3% % 5T s03E 8] 20Mbit/s - #7 16 1Bk B R 2 ek T o) SOVA 55
B Az ik 2T LA ig B SMbit/s - A BAMERZ GBS > B
B T2 RBILRESEEMEREFBBERELHRABAZITR - @
kA SOVA MEE  RURITRA T ENRARR QBT X 24L&
BAERERBERBHENEE - kA SOVA BB B 2 16 BB
Bmis o RALESHEY 0 RILA—key SOVA MBIEHR - H 16 KL
4 78 #548(Turbo Code), Bl b, » #% /8 SOVA A% B ¥ A % i & 72 & 2 B/t
R A e A LR AR o) K R IBTE A 2 R SR R BATRE T BB IRARTE -

B o B2 B K B4 Altera 2 FLEX10K200 FPGA E »
B H 4dB 2z AWGN Fi# - BERMNRERERT 4@ 16 KSR
BE THREICEER LB RATIHRBREELIREEN -
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S EX
55
-
&%
AL A FPGA K RME 4 MK R 16 MK B
FERARE 2 B ERE TS - QRARARXEEF X o HHA

FPGA 3% 313 SOVA FE 2 RHORRIERZ 2 16 BRA B2 HME
B ER -

BRAZEA R AR OERESREREAS > LREHLSIE 4
Fu 16 HEME LIRS HEE 64 Fv 256 BULERZ B SR
H B EMEE - Mk SOVA R A e R ERIIRHEAES
Z 16 Wk AE R AR AS > HA RIKA —Rey SOVAFE » thRBBBAE
A Hkx SOVA ik LR REA BN S XIBENSEE- - #
HERTR > AMEHRAERRE S EmSa b Fsz 256 18
RS @B B E A R L8 BRETANE=ZNRTH
B G REEHTF -
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Conclusion

In this project, we not only do the performance analysis but also
consider the practical implementation of trellis codes with additional
processing units. In Part A, we apply these trellis coding schemes with
proposed suboptimum decoding in the additive white Gaussian noise (AWGN)
channel, independent fading channel and correlated fading channel.
Simulation shows that trellis coding with additional processing units can
achieve comparable and sometimes better error performance in these channels
with moderate decoding complexity and moderate decoding delay as
compared to the conventional trellis code and turbo code. In Part B, we use
FPGA to implement convolutional codes with a convolutional processor for
which its decoding trellis has only 4 or 16 states.With the circuit design, we
verify that convolutional coding with a convolutional processor does have the
advantage of low complexity in circuit implementation. Based on the result of
this project, trellis coding with additional processing units can achieve high
transmission reliability and low complexity of implementation and hence can
be served as a candidate in the third generation wireless mobile system in
addition to the conventional convolutional code and turbo code.
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