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Abstract—This paper presents a family of concatenated two- metric turbo-coded modulation scheme was investigated in
state trellis-coded modulation (CT-TCM) schemes. Compared [14] using the EXIT chart technique [15].

with the existing turbo-type bandwidth-ef_ﬁ_cient coded modulation _ For a trellis code with a spectral efficiency of bits per
schemes, the proposed codes have significantly reduced complexity bol . . | llati f size*! and
without sacrificing performance. A joint design strategy for all symbol, using a signal constellation of si2z€™" and a state

component codes is established. This leads to so-called asymhumber of less tha@™, the trellis diagram would inevitably
metrical and time-varying trellis structures, which possess good contain parallel branches that are likely to be detrimental to
Hamming and Euclidean distance distributions. The performance performance. Therefore, for higher spectral efficiency, more
of the proposed codes is demonstrated by simulation results. complex component codes have to be used (e.g., at least 16-state

Index Terms—Error-correction codes, graph codes, iterative codes for 32-QAM). This implies that decoding complexity
decoding, parallel concatenated codes, trellis-coded modulation will increase rapidly with constellation size.

(TCM), turbo codes. . . .
In this paper, we present a family of very-low-complexity

concatenated two-state trellis-coded modulation (TCM)

|. INTRODUCTION (CT-TCM) schemes with near-capacity performance. A

INCE the advent of turbo codes [1], various bandwidth(-:T'_TCM code consists of multiple two—st_ate component codes
@/pmally more than two), concatenated in parallel by symbol-

codes with iterative decoding have been investigated [2]-[168jte7leavers. A notable feature of the CT-TCM codes is that
The bit-interleaver-based schemes considered in [2], [4], (6} design strategy is based on asymmetrical and time-varying
involve converting between symbol and bit likelihood Va|ue.(elllses with pgrallel branch.es. Several useful parameters are
They generally demonstrate good error floor performance. THEroduced which characterize CT-TCM codes: namely, the
symbol-interleaver-based schemes presented in [3], [5] aviinimum divergence degree, pairwise remerging probability,
symbol-bit conversions. They have lower decoding complexi@fd diverging length. Compared with existing turbo-type
and generally demonstrate good performance in the waterfgded-modulation schemes [2]-[6], CT-TCM codes offer a
region. Alternative methods include the multilevel codes pré@w-cost alternative with comparable performance. A com-
sented in [7] and the low-density parity-check (LDPC) cod@lexity analysis is provided in the Appendix, which shows that
based schemes presented in [8]-[10]. An overview of banile cost saving factor is substantial (for example, twelve times
width-efficient coded modulation schemes can be found in [11pwer than the 16-state codes used in [4], [3]).
[12]. The paper is organized as follows. In Section Il, we intro-
The standard turbo-type code designs, including those fdice the basic principles of binary two-state trellis codes and
coded modulation [2]-[5], employ a symmetrical structur€T-TCM schemes. Sections Ill and IV are concerned with the
using two identical generator polynomials. Recently, it hadesign criteria for CT-TCM codes based on Hamming and Eu-
been demonstrated that asymmetrical codes (i.e., codes wglidean distances, respectively. In Section V, design examples
two different component generator polynomials) have sonage presented which demonstrate the performance of CT-TCM
interesting advantages over symmetrical codes [13]. An asyaodes. Finally, Section VI presents conclusions.

fficient coded modulation schemes based on turbo-li
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information coded modulated  C. |terative Decoder
symbols binary symbols signal symbols ) o
_ 1| encoder _ mapper | x, The CT-TCM decoder structure is based on a multidi-
d,=(dy g5 3 di ) ¢, =(d,.q;) k . . .
: ! mensional turbo decoder incorporating the Bahl-Cocke—-Je-
Fig. 1. The component encoder structure for the CT-TCM scheme. Ilnek—R_avw (B_CJR)_ aIgonthr_n, as deta"ed in [16] A_b”ef_
discussion on iterative decoding and its complexity is given in
the Appendix.

I1l. DESIGN OF THEUNDERLYING BINARY CODES

Let ¢ and ¢ be two unmodulated codewords generated by
the information wordsl andd, respectively. Denote by the
all-zero codeword. Thesymbol Hamming distancbetween
¢ and ¢, denoted byDg (e, ¢), is the number of symbols by
which they differ. Thesymbol Hamming weigldf ¢ is defined
asWp(e) = Dmu(e, ¢). Theinformation Hamming distance
betweerc andc¢ is defined ad D(¢, ¢) = Dy (d, d). Theinfor-

Fig. 2. A two-state trellis diagram with"+! branches in the section. (In this mation Hamming weightf ¢ is defined ad W (¢) = Wg(d).
examplen = 2.) A common design rule for TCM codes is to optimize the dis-
tribution of Euclidean distances [17], which is a complicated

In this paper, we assume that the binary encoder in Fig. 1tsk. We now consider a suboptimal procedure that uses the
characterized by the two-state trellis in Fig. 2 (similar to the tré&&mbol Hamming distance as the design criterion. The ratio-

encoder in [16]). The parity-check hjt, is generated by nale is as follows. We assume that a one-to-one mapping is es-
tablished between th2**! branches in a trellis section (see
k Fig. 2) and the"*! signal points in the constellation. Consider
Gk = Q-1+ dr - g5, = Zdi -g; mod2, k>0 (1) candéagain. Anonzerocontribution to their Euclidean distance
i=0 will be made if their encoding paths are different in a section.
Thus, a large symbol Hamming distance between the unmodu-
with g, = do - go. Here,g, = (9x,0,9k.1,- - 9kn—1)" IS @N  Jated codewords will be very likely to result in a large Euclidean
indicator vector defined by distance between the modulated codewords.
It is convenient to adopt the symbol Hamming weight as a
Gos = { 1, if dy; participates in parity check (2) design criterion, since it is a linear metric for the underlying bi-
7 0, otherwise. nary code. According to the analysis in [18], the performance of

o = _ turbo-type codes is dominated by the codewords With(c) <
The code in Fig. 2 is completely specified by }. For obvious 9 |t is reasonable to expect that the performance of CT-TCM
reasons, we will refer to a trellis branch (i.e., a state transitiopydes will behave similarly. Motivated by this, we will concen-
corresponding td.-g;, = 0 as a horizontal branch, and a branclyate on codewords wittii'(¢) < 2 for code optimization. It

corresponding td;, - g, = 1 as a cross branch. turns out that some very good codes can be designed in this way.
B. The Global Encoder of CT-TCM Scheme A. State Equations in Matrix Form
Fig. 3 depicts a global CT-TCM scheme, wherecompo- For convenience, we first assume trivial interleavers

nent encoders are concatenated in paralleVbgymbol-inter- {7(™) (k) = k, V k} for all m. We will consider the impact of
leavers. Modulad/ interleavers satisfying the following con-interleavers in Section IlI-E. Refer to Fig. 3. Define
straints are assumed in this paper:

Gk = [g](co) - glgm) 92]\1—1)] (48.)
w(m)(k) mod M = k mod M, form=0,1,...M — 1. q. = [q,(co) q,(cm) q,(CM_l)] (4b)

3)

In order to increase spectral efficiency, we puncture all tivehereg\™ and¢.™ are thekth indicator vector and théth
modulated symbols in theth component code, except those astate variable for thexth component code, respectively. From
position{k|k mod M = m}. This, together with the constraint(1) and (4), we have a matrix-form state equation
in (3), ensures that one and only one modulated symbol carrying k
the samal,, is transmitted, and that the punctured symbols are . _ _ ~ . _
uniformly distributed in each component code. When= 2, 2%~ k=1 TG =) G, withgy = diGo. (5)
the above modula¥ interleaving—puncturing rule is equivalent
to that used in [3]. We will always assume that a signal constel-
lation of size2"t1 is used. This yields a spectral efficiency o8- Divergence Degree
n bits per symbol. Without confusion, we will still ugeandz Definition 1: The number ofi’s in the binary vectod, Gy,
to denote unmodulated and modulated codewords, respectiviycalled thedivergence degreef the pair(dx, Gi.) and will be
in the concatenated code. denoted byDiv (dy, Gk).

=0
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output
e

___ﬂmput ‘ symbol interleaver 7 M 2-state encoderH signal mapper }——»\

’ symbol interleaver 7" HZ-state encoder ~—>’ signal mapper }-——»

puncturer

| symbol interleaver 7 -“J—»‘ 2-state encoder }—»l signal mapper ’———»

Fig. 3. A global CT-TCM encoder structure.

Comparing Definition 1 with the discussion in Section II-A,
Div (dx, G},) represents the number of cross transitions (out of , -
M component codes) caused by a nonzabrat thekth trellis
section. The following analogy provides a convenient way to
designG,, with a required divergence degree distribution. m=1

Remark 1: Supposing tha€d,, is used as the generator ma-
trix of a linear block codeZ, thenDiv (dj, Gy) is the weight

of the codeword irC generated by an information wodyg . Let =2
Ar = ming, 20 Div(dy, Gi). Then ), is the minimum Ham-
ming distance oC. m=3

We will use\,;, to denote the minimum,, considering all
k and all possible,, which is a useful parameter for CT-TCM _ _ _ _ ,
codes. For example, using the generator matrix of a singJfh & 4n Iustater of & femergng svent (1 The bod inee re
parity-check (SPC) code for eve§;, we havel,in = 2, horizontal line.
so anye(# ¢) will diverge from ¢ in at least two component
codes.

We now consider the codewords whei@ (¢) = 1. Letdy-
be the only nonzero symbol in an information wakdThen

the only two nonzero symbols éh From (5), the state variables
attimek > k = max(k’, k") will always be

= r = 7 ’ 1 1" / "
4 = qp = dw Gy, for k > I’ (6) qk—qk—dk G, +di Gy, fOkamaX(k',k' ) @)

(assuming an all-zero initial state for all component coded, % # 0. (7) will result in a large Hamming weight with a
Equation (6) indicates that there are exadiyv (dy, Gy ) high probability, which is the preferred situation. However, it is

component encoding paths (i.e., the trellis paths: @f the usually impossible to ensugg, # 0 for e}rbitrary (”O”Z?Foa‘k'
individual component codes) diverging frog at the &’th andd;., Gy andG},». We thus treat this as a probability event

trellis section, and they will remain separate frgmafterwards below.

(sincelW (e) = 1). This is likely to result in a large Hamming  Definition 2: The pairwise remerging probabilitydenoted
weight. It is thus desirable to have large divergence degregsy,,,, is the occurrence probability of the following event:
for all (dy, Gy) pairs and, in particular, to avoid,;, = 0.

It can be verified that\, > 0 if and only if G}, is row-lin- di Gy +dp G =0 (8)
early-independent, and this implies that the column&jnare

not all identical. It also implies that < M, sinceG}, is an over all possible values @i (# 0), di. (# 0), G/, andGy,.
n x M matrix. Recall that each column i@} contains the
encoding information in a component code. Thus, nonidenti%
G}, columns imply different encoding methods in different

component codes, and such a code is said @syenmetrical values independently and with equal probability from an input

Some other general observations can also be madereFhe :
~ alphabet of siz&". Let S(G}) be the vector space over GF
ative divergence degrdeetween(dy, G) and(dy, Gy) is de- b ; (G) i dimS(Gkg) _
. 1 spanned bYG,. The size ofS(G}) is 2 . DenoteV
fined as the number dfs in (d;. — di.) - G\, whered,, andd,. S(Gy) N S(Gy). Then
are two information symbols. Since the Hamming distanceisa '

For example, Fig. 4 shows a remerging event for a code with
|ur component codes.
Consider the calculation of,,,. Assume that everg, takes

linear metric, the distribution of relative divergence degrees is odimV

completely determined by the distribution®fv (dy,, Gy). For PridvGr €V} = sqis@n

example, the encoding pathsdxfandd;, will diverge fromeach and

other in at leash ,,;, component codes after the first symbol at gdimV

whichd;, andd, differ. Pri{di Gy € V} = sqrsany

C. Remerging Probability In GF(Z), (8) is equivalent tal, Gy = di» Gy . Note that

We now proceed to consider codewords witlV (¢) = 2. 1
Again we only consider trivial interleavers. Lét: anddy be Pr{di G = din Gy |dy Gy € V,dynGror € V') = 2dim V'
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With the early assumption thdf, andd;. are independent of 5‘1
each other, and using Bayes’ rule, we have A
AN
Pr{dk/le = dk”Gk”} / \
= Pr{dlek/ = dk//Gk/l|dlek/ S ‘/,dk//Gku € V} CAZ C"; <‘\:!> BO B]
: Pr{dszk/d.E :7/} Pr{di Gy € V} ,/ \\ / \
_ 9dim é C(') 6'2 q C;
2dim S(Gyr) w 2dim S(Gyrr) 0
This, together with th_e condition in (8) thdt: # 0 anddy # Fig. 5. Assignment of signal point sets to parallel branch sets.
0, leads to the following remark.
Remark 2: GivenG), andG},», for randomly selected,, # E. The Impact of Interleavers
0 anddy # 0 From Remark 3, we can see that the modidointerleavers
Pr{dy Gy + dp'Grv = 0} {x(™)(k),0 < m < M} defined in (3) will not affect\ i,
9dim(8(G)NS(Gyr)) _ | and-y,,,. However, they will have an important impact on the

= (205G 1) (20m 5@ 1) C) diverging. length, as discussed below. Consjder again a code-
word ¢ with TW(e) = 2 generated byl. Again letd;: # 0
In generalyy,,, can be calculated by averaging the condition@nddi» # 0 in d, anddy Gy + div G = 0. After inter-

probability in (9) over all possibléG}., Gy ) pairs in the code. leaving, at leashni, component encoding paths efdiverge
from ¢ between sections ™) (k') and (™) (k"). If the mth

D. Time-Varying Encoder Structure component encoding path diverges frgmthe diverging part

Following the preceding discussions, we have a useful des@ver/’(m) = | (k") — 70 (k)] + 1 sections for which
)" = 1, contributing a Hamming weight ¢f™). Hence,

rule.
im:?zlélde L Amin should be maximized, ang,., should be min- Wa(e) = %—:1 p(m) (12)

m=0
p(m) =1

From Remark 2y,,, can be made small by reducing the inter- (m) (m) (m) ) ]
section between the vector spaces spanned by différerthis Wherep'™ = dy.g_ ., .. We refer top'™) as thediverging
implies that a good CT-TCM code should ti@e varying(i.e., lengthof themth component code. When interleaving is trivial,
it should have differen, for different). However, except for i-€., {m(™ (k) = k, V k} for all m, (11) reduces to
very sh(_)rt_codes, i_t is inevitable that one must use repdaied Wi(e) = (k" — K| + 1) - Div(di, Gi/). (12)
due to limited choices.

In this paper, we consider the followinggeriodically time-
varyingcode structure. We select an initial subset

In this case, the minimum value of the diverging length is the
dominant factor.

On the other hand, with random interleavers, the

A={Gy,k=0,1,...,.M -1} Div (dy, G,) nonzero values in{p(™, 0<m<M} can

from all possible{ G} }. Repeating the subsdtfor k > M gen- be regarded as independent random variables uniformly dis-
erates the overall code. The selection&afin A are based on tributed in[2, L], wherel is the interleaver size. The probability
Rule 1. When the two requirements in Rule 1 cannot be satibat W (¢) is very small reduces rapidly asiv (dy., G) or
fied simultaneously, we make a tradeoff between them by coh-increases. (We see here again the advantage of maximizing

sidering the diverging length (to be defined in Section I1I-E). Amin-) This effect is similar to the interleaving gain discussed
useful property is as follows. for turbo codes in [18] and it also applies to codewords with

. - . . IW(e) > 2.
Remark 3: Using the periodically time-varying structure and
moduloM interleavers defined in (3), we always hagf,ﬁ) =
gfr’(’fz)(k), VY k. Thus, the encoding method for evaldy is the
same with and without interleaving, and %g;, and~,,, are

not affected by modula interleaving.

IV. MAPPING RULES

We now consider the design of the signal mapper in Fig. 1.
Following Ungerboeck’s principle of mapping by set parti-
tioning [19], we partition the original constellatiod of size

When all{G} contain linearly independent rows, we have"+! into four subsets(Cy,C:,C>,C3). These subsets are
dim S(G}.) = n, ¥ k. With the above periodically time-varying assigned to the four sets of parallel branches in a two-state
structure, the average pairwise remerging probability can be aaéllis section, as shown in Fig. 5 (i.e., the signal point€in
culated from (9) as follows Note G, andG, can take any are assigned to the branches@t). The Euclidean distance
values in the initial sef.) between the parallel transitions is maximized in this way.

1 MZIM-1odim (S(GONS(G)) _ To further partitionC;, we consider the relative Euclidean
Yo = M Z @ 1)@ 1) (10) dist:_:mce be_:t_ween eac_h pai_r of codewords. At the starting and
i=0 j=0 ending positions of a diverging span, the two codewords always
1The size of the initial sed can be different fromdZ,, but we will not consider have different input symbols. Large Euclidean distances should
it in this paper. be assigned to the coded symbol pairs corresponding to small
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relative divergence degrees at these two positions since the in- (?H)

terleaving gain is relatively weak in this case. A good balance el

between Euclidean distance (related to signal points) and in- (?:’8) s e, (8?’})

terleaving gain (related to relative divergence degree) can be Y N

achieved using the following Rule 2. The application of Rule 11,0 o . 00,0

2 is explained in the 16-QAM design example in Section V. (01,0)*, / (00.0)
Rule 2. A larger Euclidean distance should be assigned to 11 e 100

a coded symbol pair i possessing a smaller relative diver- ©o.1) 1' (10.0)

gence degree. (10,1)

Specifically, we continue to PartitiO'C.'i_ into p2i and Fig.6. Mapping of the CT-TCM code for 8-PSK. The signal points are labeled
D5, 1. Both Dy; and D4, 1 have larger minimum intrasubsetby the values ofd, g, ). The labels on top are far, = [1 1]” and those in

Euclidean distance tha6’;. We partition C; into D,; and bracketsarefog, =[1 0]".
Dy; 1, having smaller intrasubset relative divergence degree. ]
We assignD»; and Da;4; to Ds; and Do 1, respectively. In has comparable performance to the codes in [3]=[3dwever,

this way, Rule 2 is satisfied. This process can be continued® analyzed in the Appendix, the complexity of this CT-TCM
necessary. code is about six times lower than the code in [3] and about

twelve times lower than those in [4], [5].
To illustrate the impact of the asymmetric and time-varying
] . ] principles, the bit-error rate (BER) curves for different 8-PSK
In this section, some design examples of CT-TCM cod@ST-TCM codes (withM = 4) using best effort searching are
are provided, which involve handcrafted tradeoff among diiso compared in Fig. 7, and it is seen that the ATV structure
vergence degrees, pairwise remerging probabilities, divergipg|ds a noticeable improvement. In addition to the ATV code

lengths, and constellation mapping. Good performances Wikfined earlier, other codes are subsequently defined. Gince
be demonstrated. In all simulations, we assume additive whitethe nonzero columns i@}, are selected from

Gaussian noise (AWGN) channels with zero mean and variance 1 1 0
Ny/2 per dimension. Pseudorandom modilb4interleaving a= L} , b= [0} and c¢= L]
and puncturing are always used.

V. EXAMPLES AND NUMERICAL RESULTS

¢ For the symmetric time-invariant (STI) code
A. CT-TCM Codes for 8-PSK G.=[a a a a for all k
Consider a CT-TCM code for 8-PSK modulation withaspec- )\ . — . and-y,,, = 1/3.
We adopt the initial subséiG,k = 0,1, 2, 3} as follows: and~,., = 1, and
Ao 0 11 01 al A:{Goz[aaaa],Glz[cccc],
11 10)\1]]1 1 Gzz[aaaa]7G3:[bbbb]}.
G G « For the asymmetric time-invariant (ATI) code
G.=[a ¢ a b for all k
11 1] 0 1 1 0|1 R o B
L1 i R I (13) Amin = 2, andyp, = 1/3.
o o B. CT-TCM Codes for 16-QAM

With periodic repetition ofA, an asymmetric time-varying Consider 16-QAM CT-TCM schemes with=3 and M =4.
(ATV) CT-TCM code is obtained. This code has,;, = 2 and EachGy isa3 x 4 matrix over GF(2). The maximum achievable

on _q 4 1 8 5 Amin IS 2 USing the generator matrix of an SPC code, e.g.,
T = e 16 T @ 17 16 36 1111
When the reference codewordgdis A\ min = 2 is related to only Gspc=|(1 0 1 0
one type of codeword withi¥ (¢) = 2, i.e., the two nonzero in- 0 1 10

formation symbols ard), = dj.;4; = (11), with j any nonzero oy a fixed length, the SPC code is unique. If we want to make
integer. The diverging lengths of such codewords are at!bas'[/\nlin = 2, the corresponding,,, = 1/7 is relatively small

so they have re_latively large Hamming weights. All other. codgﬂ-nces(gk) = S(Gspc), V k. Such a code can be realized
words have a divergence degreedoOnly two types of sections ysing an ATl structure. To increase,.,, we can construct

(the circled ones in (13)) are unpunctured. The mapping rulgs ATV structure using th&, in (14), which is obtained by
for these unpunctured sections are shown in Fig. 6.

The performance of this code is shown in Fig. 7 (Iabeled b 2A reviewer pointed out that the performance of the scheme in [3] might be
i%proved with an optimized interleaver, and a bit-interleaved coded modulation

CT-TCM ATV)' The results of [3]-{5] are also plotted in Fig. 7scheme using LDPC codes can achieve a similar performance as that shown in
for comparison. It can be seen that the proposed CT-TCM coele. 7 with a similar complexity.
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1.0E-01
- -+ - -CT-TCM, STI
- - & - -CT-TCM, STV
1.0E-02
- - 4 - -CT-TCM, ATI
—a—CT-
1.0E-03 CT-TCM, ATV
—O—TTCM in [3], 8-state
g 1.0E-04 —0—PCTCM in [4], 16-state
: —24—PCTCM in [5], 16-state
1.0E-05 : ; R S - R
LOE-06 |-\t e e
1.0E-07 i i
3 35 4 45 5 55 6

E,INg (dB)

Fig. 7. BER performance of different 8-PSK CT-TCM schemeE ‘tepresents interleaver size (in symbols). Spectral efficieacy?2 bits/symbol.
Constrained-capacity 2.9 dB [20]. All the results are produced using 18 iterations except those cited from [4] (8 iterations) and [5] (15 iterations).

reversing a column itGspc. Then )y = 1. The initial set 1010 0010 0110 111.0
{Gy,k = 0,1,2,3} is given below, wheréd;, G», andG3 . . . .
are obtained by cyclic shifting afy so that),,;, = \x = 1, 011,1 111,1 101,1 001,1
0<k<3

n . n .
100,0 000,0 010,0 110,0

A L[]y o fofir
001 1 1 1001 1 Fig. 8. Mapping of the CT-TCM code for 16-QAM. Four subsets of signal
~ /N ~ points are distinguished by different marks. They fof6l,, C,,C>,C3} as
Gy G1 discussed in Section IV.
Lo j1 1 L1 01 to the scheme in [6] (lower than that of [3]). Overall, the ATV
L1110 0 1 11 (14 cT-7CM code represents a good compromise between com-
L 1]0] 1 L1 110 plexity and performance.
G- Gs C. A CT-TCM Code for 32-QAM
For this code, Next we consider a 32-QAM ATV CT-TCM scheme with
3 3 1 7 n =4 andM = 5. The initial set{G,k = 0,1,2,3,4} is
Tow =3 X 75 3 X 75 = 4/49. {Gi. ’ }
We consider the application of Rule 2 in Section IV. It can be 1111 Lt 11
verified that the only input symbol with;, = 1 (relative A= 1100 01 110
to @) is d;, = (111), which produces;, = (111,0). When 1010 01101
IW(e) = 2andd;, = (111), aremerging event takes place only 01110 0111
whendy,4; = (111), with j any nonzero integer. The related o o
diverging length i(™) > 4,0 < m < M. Other codewords
have divergence degrees of at leastVe adopt the mapping in 1 1 (1] 1 1 1 1 1 (1] 1
Fig. 8 for the unpunctured section wigh = [1 1 0]7 (the 0 0 1] 1 1 1 0 0 |1] 1
circled ones in (14)). A large Euclidean distance is assigned to 1 011l 1 0 0 1 01| 1
every pair of coded symbols, ande¢; with a relative diver- 1 010/ 1 1 1 1 0 lol 1
gence degree df, i.e.,e; — €, = (111,0) (such ag100, 1) and ~ - ~ -
(011, 1), etc.). G: Gs
This ATV CT-TCM code is compared in Fig. 9 (marked by 11110
“A™) with the ATI CT-TCM code (based oli7spc and marked 11001
by “B”) and the eight-state 16-QAM scheme from [3] and the Lol ol (15)
four-state (for both inner and outer codes) 16-QAM scheme 111 0 lo

from [6]. The ATV code shows improved performance over the
ATl one. The ATV CT-TCM scheme has a complexity similar

o,
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1.0E-01 3 3 i 3 3 ~=—crion
—O—TTCM in [3],
1.0E-02 8-state
—2&—SCTCM in [6],
4-state
1.0E-03
i 1.08-04 gL f f : ! JSSURRS S
4] . ' \ |
1LOE-05 povoomoeeob A M NN
LOE-06 |onmrmmmemmreeeehee b NG e
1.0E-07
4 5 6 7 8 9 10 11 12

E,IN, (dB)

Fig. 9. BER performance of CT-TCM schemes for different modulatiofi$.represents interleaver size (in symbols). The spectral efficiencies for 16-QAM,
32-QAM, and 64-QAM are 3, 4, and 5 bits/symbol, respectively. The corresponding constrained-capacity limits are 4.5, 6.8, and 9.2 dB, re3pkiivéhe[
results are produced using 18 iterations except those cited from [6] (8 iterations).

o L] o

00000 11011 1010,0 00011 Equivalently, we expurgate the corresponding branches in the

decoding trellis; thus, the decoding cost is greatly reduced.

001 ﬁ] 010-0,() 1081,1 11-]0,0 0;)01’1 0:)10,() For a code with a constellation of si2zé*!, a simple imple-

o . 5 . o . mentation of the above principle is to encode ohnliits using
1011,1 1100,0 0111,1 0110,0 1100,1 1011,0 an appropriate two-state trellis code and le@ve- 7) bits un-

o . o . o . coded for each information symbol. The coded bits are used to
1111,1 1000,0 0010,1 0011,0 1000,1 1111,0 define the signal subsets and the uncoded bits are used to se-

o o o o o o lect signal points from a subset. The valuenois determined
0110,1 0001,0 1010,1 1101,0 0000,1 0111,0 according to the operating SNR and the Euclidean distances be-

. ° . o tween2” " signal points within a subset.
0101,0 1110,1 1001,0 0100,1 Consider a CT-TCM code for 64-QAM with 5 bits/symbol. In

this case, the channel capacityfis/ Ny = 16.2 dB. According

to [3], the intrasubset error probability 13, < 10~ after three
levels of Ungerboeck-type set partitioning. As a result, we adopt
which is Obtained, in a similar fashion to the 16'QAM deSIerL = 3and emp|0y the previous design for 16-QAM in (14) The
by reversing a column in the generator matrix of a leng8PC  performance of this code is shown in Fig. 9.

code. It has\,;, = 1 and

Fig. 10. Mapping of the CT-TCM code for 32-QAM.

VI. CONCLUSION

3 1 15

X — + = x —= = 27/1125.
152 5 152

4
T = g In this paper, we proposed a family of concatenated two-state
. . TCM codes using symbol interleavers. The proposed codes are
Using ¢ as the referencé\min = 1 only for one type of input characterized by asymmetrical and time-varying trellis struc-
pattern W'thdk = diy5; = (0111), and all other cpdgworgjs tures. A joint design strategy considering all component codes
have a divergence degree of at leasthe mapping is given in is established. Compared with existing turbo-type coded mod-

i i v _ T
Fig. 10 for the unpunctured section wgh = [1 1 1 0] ulation schemes, the proposed codes have significantly reduced

(the circled ones in (15)). See Fig. 9 for performance. complexity without compromising performance.
) , For future work, a general analysis of the CT-TCM schemes
D. CT-TCM Codes for Higher Order Constellations is necessary, but it is a complicated task involving specific

Following [3], for a larger signal constellation, the operatinguncturing patterns, mapping rules, and interleaver design.
signal-to-noise ratio (SNR) is usually very high. At a certaiffherefore, the existing methods (such as [21]) for performance
point of the set-partitioning chain, the intrasubset Euclidean danalysis of turbo-TCM codes are not directly applicable here.
tances may be sufficient to guarantee a very small error rate Rasearch in this direction offers interesting prospects. The
this situation, given a received symbgl, the probability that codes given in Section V are mostly handcrafted and are not
x) IS a constellation point outside a preset distance threshalptimized. A systematic design strategy or an optimization
from g, is very small and we will simply ignore this possibility. procedure may offer another interesting avenue for future work.
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Output
DEC-0 [—%»-——» DEC-m [—p——— DEC-(M-1) >

L(a'"> (m)

i

I

Fig. 11. The global decoderT™ for delay of one iteration andx” for interleaving.

APPENDIX L Thea posterioriLL values for all information sym-
ITERATIVE DECODER ANDITS COMPLEXITY - bols after decoding thexth component code.
A. Local Decoder Based on the BCJR Algorithm L, The LL Values{logp(nyk)} based on individual
i ) . channel observations of theth component code.
Consider a general trellis code. let= {d}.} be the informa- Its elementg L. ,(m)} are calculated as

tion symbol sequence. It is encoded into a modulated symbol
sequencer = {z;}. Lety = {y;} be the received sequence, (m) _ {Ing(yk|37k)7 for unpunctured symbols (A5)
wherey;, is the noisy observation af;, if z;, is not punctured; ok 0, for punctured symbols.
otherwise, set;, = * (implying no observation obtained). m) L . )

Let s, be the encoder state at tinke (Note For CT-TCM, La Thea priori LL values for all information symbols
sy = qu, see Fig. 2.) A branch at théth section in the for the mth component code. It is initialized to ze-

corresponding trellis diagram can be specified by = | roes, implying naa priori information.
(s—1.dx, 75, s%), where d; and z; are the information L, The extrinsic information produced by theth com-

and modulated symbols associated with the state transition ponent code, defined by

sp—1 — si. The branch metric of is defined and calculated as L™ — m _ m)
6(b) =p(di, Yy, sklsk—1)
P(dy) ity = The M local decoders operate successivé]ﬁ/.“) contains
= { p(ykklx7k) Py othngi se the accumulated extrinsic information generated by all the local

decoders except DE@,
Denote byB(si_1, sk) the set of all the parallel branches .

connectings,_; ands,. The BCJR algorithm is summarizedL{™ = {ngﬂ) + L LM 1)1

as follows [22] [24] from the prc?rrious iteration

+LO 4+ LV 4. 4 LMD (AB)

’V(Skfl-/ Sk) = E 6([)) (Al) from the current iteration
beEB(Sk—1,5k)
Forward recursion :

Combining branch metrics :

It is used together with channel observatidbﬁgl) in the next
APP decoding of thexth component code. A discussion on this

alsk) =Y Y(sk-1, sk)a(sk-1). (A2)  global decoder can also be found in [16].
Sk—1
Backward recursion : C. Complexity Analysis
B(sk-1) Z'y Sk—1,8k)B(8k)- (A3) For convenience, we count costs in the probability domain.
sk Let S be the number of trellis states andhe number of infor-
Output : mation bits in an input symbol. For a BCJR decoder, normal-
P(dy, = ily) Z §(b)ou(sx—1)B(sr). (A4) izing one ofS state metrics to unity can reduce the decoding
bedy =i cost. This is particularly beneficial whe$i = 2. Let us nor-

malizea(s, = 0) andf(s; = 0) to 1 for everyk. The mul-
tiplications associated with(sy_; = 0) and§(sx = 0) in
B. Global Decoder (A2)—(A4) can be eliminated. For the output stage, we first find
The global decoder operating in the log domain for a(si—1 = 1)8(sx = 1) and then multiply it by every associated
CT-TCM code is shown in Fig. 11. It consists 6f locala branch metric. In this way, the total number of multiplications
posterioriprobability (APP) decoders, one for each componengéquired in (A4) is2”+! x % + 1.
code. The variables involved in Fig. 11 are the log-likelihood For (Al), additions are needed for the decoder of a two-state
(LL) values, as detailed as follows. code to combine individual branch metrics. The addition
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TABLE |
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THE COMPUTATIONAL COST OF THEBCJR ALGORITHM FOR TWO-STATE AND S-STATE TRELLIS CODES (UNIT: OPERATIONS PER
TRELLIS SECTION PER COMPONENT CODE PER ITERATION)

Case-1 Case-II

S-state without parallel branches 2-state with parallel branches
Operation additions multiplications additions multiplications
Branch metric 0 | " 1 | R
computation 7 2 2 'Z)X(HH) 27 <2
Forward Q"-DS+S8 2"S+S 2 3
recursion
Backward Q"-DS+S 2"S+8 2 3
recursion
Output stage 2"S 2"S 2 o3
Total 3x2"S ~3x2"S ~2x2" (3 o
(for large M) 2%

number is(2"*! — 4) for an unpunctured section, a@* — 2) REFERENCES

for a punctured one. (For a punctured sectigi, 0) = v(1,1)

(1]
andv(0,1) = (1, 0).) Recall that for the code in Fig. 3, every
(M — 1) trellis sections out of\/ trellis sections are punctured.
The average addition number is 2]
Mx(2"+1—4)+M]V;1><(2”—2):MA}_IX(Z"—Z). 13]

(4]

The average multiplication number required in (Al)ﬁip X
2"+ including the generation af(b).

Table | summarizes the decoding costs involved in (A1)—(A4) 5]
for a two-state and afi-state(S > 4) code, respectively, with
normalization costs included. Note that the cost saving due to[G]
normalization also applies to trellises wigh> 4, but the benefit
becomes marginal &increases. For simplicity, such saving is

only considered for Case-Il in Table N¢te normalization is  [7]
always necessary to prevent overflow.) From Table I, the de-
coding cost of a two-state trellis code is abbI&S times lower  [g]
than that of arS-state(S > 4) one without parallel branches.
This ratio should be adjusted considerity For example, the
complexity of the CT-TCM code defined in (13) witlf = 4 is [9]
about six times lower than that of the eight-state,= 2 code

in [3], and twelve times lower than that of the 16-stdté = 2 110]

codes in [4], [5].

The preceding discussion is in the probability domain. In
practice, all of the operations can be carried out in the log dom1]
main. We store all variables using their log values. &g&rb, we
actually evaluatéog(a) +log(b) and fora + b, we actually eval-
uatemax(log(a), log(b)) + exp(1 + | log(a) —log(b)|). Inthis  [12]
way, there is no conversion between log and probability values
sinceexp(1 + |log(a) — log(b)|) can be implemented using a 13]
lookup table. With some modifications, Table | can still be useo[

for comparison purposes.
[14]
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