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Abstract— Bandwidth efficient parallel-concatenated Turbo Trelis BICM scheme was designed in [10] and was analysed in [11]
Coded Modulation (TTCM) schemes were designed for communating  when communicating over Rayleigh fading channels, wherne
over uncorrelated Rayleigh fading channels. A symbol-baskunion bound error floor is attained as a benefit of having a higher minimum
was derived for analysing the error floor of the proposed TTCMschemes. . . . .
A pair of In-phase (I) and Quadrature-phase (Q) interleavers were Hamming distance. However, bit-interleaved turbo codiogesnes
employed for interleaving the | and Q components of the TTCM oded have a poorer decoding convergence [12] compared to theibsly
symbols, in order to attain an increased diversity gain. Thedecoding interleaved counterparts due to the associated informédigs, when
convergence of the 1Q-TTCM schemes was analysed using syntbo jnyoking a bit-to-symbol probability conversion duringobadecoding

based EXtrinsic Information Transfer (EXIT) charts. The best TTCM . . o . .
component codes were selected with the aid of both the symbbhsed iteration [13]. Hence, it is desirable to reduce the erroorflaithout

union bound and non-binary EXIT charts for the sake of desiging USing a bit-based interleaver in order to retain the goode@ence
capacity-approaching IQ-TTCM schemes in the context of 8PK, 16QAM  properties of symbol-interleaved turbo coding schemes.

and 32QAM signal sets. It will be shown that our TTCM design iscapable . : oo iy
of approaching the channel capacity within 0.5 dB at a througput More specifically, apart from using bit interleavers, theedsity

of 4 bit/s/Hz, when communicating over uncorrelated Raylejh fading order of a C.Odelcan be !ncreased With the. aid of 5patia! Fﬁyers
channels using 32QAM. frequency diversity and signal space diversity [14]. Moxeliitly,

signal space diversity is obtained by employing two indejeen
channel interleavers for separately interleaving theHase (l) and
I. INTRODUCTION Quadrature-phase (Q) components of the complex-valueddedc
signals, combined with constellation rotation. A TCM scleente-
signed with signal space diversity was proposed in [15]. i@nather
hand, it was shown in [16] that a diversity gain may also baia¢d

communications [2][4], since it accommodates all the tpabits using I1Q interleaving alone — i.e. without constellgtiomglb)n - inl
by expanding the signal constellation, rather than inéngashe the context of TCM and TTCM schemes. The diversity assodiate

bandwidth requirement. Turbo Trellis Coded Modulation M) With 1Q interleaving alone was referred to as |1Q-diversit6]
[5] is a more recent joint coding and modulation scheme thet hwhere the error floor of the 1Q-diversity assisted TTCM (1QaM)

a structure similar to that of the family of power-efficieninary SCheémes was lower than that of conventional TTCM schemes [16
turbo codes [6], but employs two identical parallel conoated TCM Hence, we will design new TTCM schemes employing symboedas
schemes as component codes. A symbol-based turbo interléav turbo interleavers for attaining an early decoding coreeog as well

used between the two TCM encoders and the encoded symbol?diSeparate | and Q channel interleavers for achieving a foor e
each component code are punctured alternatively for the sdk floor-
achieving a higher bandwidth efficiency as detailed in [3], [The Note that turbo codes exhibit low a Bit Error Ratio (BER) ireth
design of the TTCM scheme outlined in [5] was based on theckeadow to medium Signal to Noise Ratio (SNR) region due to their
for the best component TCM codes using the so-called ‘puedtu €arly decoding convergence. The asymptotic BER performanfia
minimal distance criterion, where the constituent TCM eotaving code at high SNR is mainly dominated by its minimum distance.
the maximal ‘punctured’ minimal distance were sought. Have However, the overall BER performance of a code is influencetd n
the TTCM schemes designed for AWGN channels in [5] woul@nly by the minimum distance, but by several distance spkectr
exhibit a high error floor, when communicating over Raylefgting components, in particular in the medium SNR region [17]4[19
channels, if any information bits are unprotected by thestiarent Hence, the accurate Distance Spectrum [20] analysis hasniider
component codes [8]. Hence, a different TTCM design is needeseveral distance spectral lines, when designing a tugde-sbde.
when communicating over Rayleigh fading channels. Note further that the overall BER performance of a code isreined

It was shown in [2] that the maximisation of the minimumpPy Poth the effective Hamming distance and the effectivedpeo

Hamming distance measured in terms of the number of differeStance, when communicating over uncorrelated Rayleighing
symbols between any two transmitted symbol sequences is fifgannels [2]. Hence, a two-Dimensional (2D) distance spett
key design criterion for TCM schemes contrived for uncamed Constituted by both the Hamming distance and product distéas
Rayleigh fading channels, where the fading coefficientsngha t© P€ evaluated [21]. Recently, a TTCM scheme employingatted
independently from one symbol to another. More specificaig-  (Urbo interleavers was proposed and analysed in [21], whteze
Interleaved Coded Modulation (BICM) [9] employing bit-legsin- c_orrespondlng union bound of the BER was derived basz_ed_ ofbkhe
terleavers was designed for increasing the achievablesiyerder ~diStance spectrum. However, the convergence of the lsitiesved
to the binary Hamming distance of a code for transmissionr ov& | €M of [21] was again inferior compared to the symbol-ifgered

uncorrelated Rayleigh fading channels. A parallel-coemated Turbo 11 CM design, despite having a lower error floor. We will derthe
BER union bound for TTCM schemes employing symbol-basdabtur
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Trellis Coded Modulation (TCM) [1] was originally proposéar
transmission over Additive White Gaussian Noise (AWGN) reha
nels, but later it was further developed for applicationsninbile



tools, when analysing the convergence properties of iterdecoding and
schemes. They have been invoked for analysing both coratatén @ @ @) @) (2 (2 @)
binary coding schemes [22] and non-binary coding schem&} [2 X = [2077 @57 2057 247 @p” a0 -], ®)
[24]. As a result, near-capacity codes have been succlysdésigned respectively. The notation0 denotes the punctured TCM symbol,
by applying an EXIT chart based technique in [25], [ZBhe novel \where the parity bit is set to zero.
contribution of this paper is that we will employ the low-qaexity
symbol-based EXIT charts proposed in [24] and the correspmn
BER union bound of the TTCM schemes in order to design new,
near-capacity symbol-interleaved TTCM schembglare specifically, Let us define the encoded symbol sequence and the erro-
new generator polynomials are sought for the TCM componentously detected symbol sequenceNdfsymbol durations ax =
codes, based on their decoding convergence and on the evoor flz; zo ... z; ... zn]andx = [£1 &2 ... ¢ ... &n], respectively.
performance of the TTCM decoder, rather than on the ‘puediur When communicating over uncorrelated Rayleigh fading nk&m
minimal distance criterion of the TCM component codes definehe Pair-Wise Error Probability (PWEP) of erroneously detg the
in [5]. sequencex instead of sequence can be upper bounded by the
following exact-polynomial bound [27, Eq. (35)]:

Il. SYSTEM MODEL 2Ag — 1 B\ 2H 1
o < Es
Ppwepx — %) < <AH . ) (No) (Ap)™ (4

Il1. SYMBOL-BASEDUNION BOUNDS

u® | RSC Encoder (1)] x® Selector
m | 2"+_ary Mapper 2 ¥ x
—=0 -

Upper TCM Encoder

which is tighter than the Chernoff bound of [2]. More expligi
Es/Ny is the channel SNRAg is referred to as theeffective
Hamming distancewhich quantifies the diversity order of the code

[ﬂ u=[u up ... oup .. unl; and A p is termed as theffective product distancevhich quantifies
Lower TCM Encoder =2 2 e L W, the coding advantage of a code. More specifically, the pitoduc
u® [ RSC Encoder (2)] x® @ _ .2 (2 @ @n. distance of a TCM code is defined as:
o X x®) =[xy oz ay )
m |2 ary Mapper [ 2w o) o o) 1) Ap = Ap(x %) = [[ oo — | 5)

ten

wheren represents the set of symbol indigesatisfying the condition
. . . . f o 24, for 1 < t < N, while the number of elements in the
In this paper, we consider only two-dimensional TCM and TTCl\geU; i?gi\jen byAn — Am(x,%), which quantifies the number of

schemgs, W,Qirle the coding rate_ is given Ry = m/(m + 1), . erroneous symbol in the sequentewhen compared to the correct
employing 2" -ary PSK/QAM signal sets. Hence the eﬁecnvesequencec

throughput ism bit per modulated symbol. A TCM encoder consists ) ,
of a Recursive Systematic Convolutional (RSC) encoder asigral For the parallel concatenated TTCM scheme, the ‘punctured
mapper. An IQ-interleaved TTCM encoder employing two TCMancoded 1symbol gequences of the upper and_ lower TCM enc_oders
component schemes is shown in Fig. 1. THiesymbol uncoded and namglyx( : a.ndx(. ' of Egs. (2) and (3), respectively, are transmitted
encoded symbol sequences are denoted asdx, respectively. The at different time instants and hgnce they are independergaoh
superscriptg1) and (2) are used for differentiating the uncoded andthers: Therefore, the product distance between the TTGtdde
encoded sequences belonging to the upper and lower TCM em;odsymbol sequences andx is given by the product of the individual
respectively. The | and Q channel interleavers, namelyand 7o, product distances of the upper and lower TCM-encoded symbol
are used for independently interleaving the | and Q compisneh sequences as follows:

the complex-valued encoded symbol sequexce Ap = AD. AP (6)

Note that a TTCM scheme employs an Odd-Even Separation (OES) ) () <() )
based symbol interleavet, as the turbo interleaver, where odd (evenj/Nere Ap' = Ap(x, %) for j € {1,2}. Furthermore, the
indexed symbols are mapped to another odd (even) positim afresulta_nt Hammlng distance of TTCM is given by the sum of the
interleaving. An OES symbol deinterleavet ' was also used at Hamming distances of the upper and lower TCM codes as:
the output of the lower TCM encoder. This ensures that after t Ag = ADLAD @)
alternative puncturing, which is performed by the ‘Sel€ctiock ) } ,
shown in Fig. 1, all even (odd) indexed symbols of the uppeWhereAgé) =AY %)) for j € {1,2}.

(lower) TCM component encoder are punctured [5]. Note that t The union bound of the average BER of a coding scheme commu-
information parts of each encoded symbol from the upper emetl nicating over uncorrelated Rayleigh fading channels cauldéved
TCM encoders before the ‘Selector’ block are identical. ¢¢grthe based on [28, p. 125] as:

information bits are transmitted once and only once, whére t 1

resultant TTCM encoded symbol sequence is given by: P < — ZZBAP,AHPPWEP7 (8)

Ap Ay
1 2 1 2 2

Fig. 1. Schematic of an IQ-TTCM encoder.

x=[z wherem is the number of information bits per symbol aBd ., A,

and the odd (even) position symbols are from the upper (lpwep the 2D distance spectrum of the code, given by:

TCM component encoder. Note that for simplicity we did not B . Z wog )
differentiate the sequences before and after the turbinfddeaver. ApAm T — N wAPAH

More explicitly, we may view the actual encoded symbol segas . . . v )

transmitted from the upper and lower TCM encoders as: wherew is the information weight denoting the number of erroneous

information bits in an encoded@-symbol sequence. Furthermore,
x® = [V 20" 2{ z0(V 2 zolM .. ], (2) Awap.a, is the three-dimensional Weight Enumerating Function

5



(WEF), quantifying the average number of sequence errontsvecomputing the union bound. We found that since most TCM and
having an information weight ofv, a product distance chp and a TTCM schemes are natrong-senseegular, applying tailing symbols
Hamming distance oA . for having a trellis terminated at stat@ at index N provides
a marginal performance improvement compared to having a non
terminated trellis, when communicating over uncorrelaRayleigh
fading channels. Furthermore, the union bound computedchan

Let us derive the WEFA,, A,,a,, for a TCM scheme having the exact-polynomial bound of Eq. (4) using the all-zeroceiec
a block length of NV encoded symbols and let the total number o$equence as the correct sequence turns out to be a very tightl b
trellis states bel/. We can define the State Input-Redundancy WEWhen approximating the BER performance of various TCM sasem

A. TCM Distance Spectrum

(SIRWEF) for a block ofN TCM-encoded symbols as: employing 8PSK, 16QAM and 32QAM, as we will demonstrate in
Section V.
A(N7S7M/7Y7Z) = ZZZAN,S,UJ,AP,AH'
w Ap Ag
WvYYy»ar z8u (10) B. TTCM Distance Spectrum

where A s.w,ap0,a, is the number of paths in the trellis entering Let us now derive the WERA, A A, introduced in Eq. (9)
state.S at symbol indexN, which have an information weight of for & TTCM scheme. Since a TTCM scheme employs two TCM
w, a product distance af» and a Hamming distance @kz. The constituent codes, where the parity bits of the upper angtWCM
notationsW, Y and Z represent dummy variables. For each symbd&ncoded symbols are punctured at the even and odd symboe#di
index ¢, the term A; s.,.Aa,.a, can be calculated recursively asrespectively, we have to compute two separate distancéragecthe
follows: two punctured TCM component codes. Let us denote the SIRWEF o
the upper and lower TCM component codesA$!) (N, S, W, Y, Z)
Avswapan = Y, Arrswapay s (1<E<SN) (1) and A®(N,S,W,Y, Z), respectively. Note that all the punctured
57,5 parity bits are considered to have a value of ‘0’ when cormauthe
where u; represents the specific input symbol that triggers tHwo SIRWEF terms. We also assume that no termination symbols
transition from states’ at index ¢ — 1) to stateS at indext, while are used since their performance benefits were found to beshod

the termsw, Ap and Ax can be formulated as: Hence both the trellises may be terminated in any of Xheossible
., trellis states. Then we may compute the WEF of the TTCM scheme
w o= w+i(S,9), (12)  from the WEF of the two punctured TCM component codes as:
. Ap-0(5,9), if ©(5',5)>0
Ar = { P, else (13) AwAp, Ay = A,(wl)A(l) A 'AS)A(z) AR P (16)
=p S H 2P S H

AH AIH +(I)(S/7S) ’ (14)

where Ap = Ap(x,%) and Ay = Ag(x,%) are defined in Egs
where w’, A% and A’; are the information weight, the product(6) and (7), respectively. The ter®Y"* in Eq (16) denotes the
distance and the Hamming distance, respectively, of tHistgaths probability of occurrence for all the associated error ¢évéravingw
entering stateS’ at index ¢ — 1). Furthermore,i(S’,S) is the information bit errors, when employing an OES symbol irgaver
information weight of symbol; that triggers the transition from having a length ofN symbols. Note that this term equals((fu’),
stateS’ to S, while ©(S’, S) = |z — &> and ®(S’,S) € {0,1} when a bit-based random interleaver of lengthscrambling 1-bit
are the squared Euclidean distance and Hamming distaneedret symbols is employed as the turbo interleaver, as in [31].
the encoded symbols; and z:, where 2, is the encoded symbol | et us now introduce the uniform OES symbol interleaver epic
corresponding to the trellis branch in the transition frai@esS’ to  which evolved from the uniform bit interleaver proposed BL]|
S and:ct is the actual transmitted encoded symbol at intldxet the More speciﬁca”y' an OES symb0| interleaver may be part&d)mto
encoding process commence from statat index0 and terminate two symbol interleavers, where the number of bits per synebolals
at any of theM possible states at indeX. Then the WEF used in the number of information bits per symbol, namely since we are

Eq. (9) is given by: only concerned with the information bit errors as in [31] €Tumiform
Awapay = ZAN,S,w,Ap,AH . (15) OES _sy_n.1bol |nterle§ver may be defined gs in Definition 1.
3 Definition 1: A uniform OES symbol interleaver of lengttVv

symbols is a probabilistic device, which maps a given ingaiugnce
of length N symbols having an information weight a@f bits into
all possible combinations in the odd and even partitions haf t
interleaver, with equal probability aPX* given by:

Note that for linear codes [29] or the so-callgttong-senseegular
TCM schemes of [30], the distance profile of the code is inddpat
of which particular encoded symbol sequence is considerdée the
correct sequence. Hence, for the sake of simplicity, we csurae
that the all-zero encoded symbol sequence is transmitthdreathe Nw [N/2],wo  pLN/2),we
union bound of a strong-sense regular TCM scheme [30] can be Poc - Z P P ) an
computed based on Eq (8) using both the PWEP of Eq (4) and the (o e =)
2D distance spectrum of Eq (9). By contrast, for TCM SCheme\?/herewo

\r']Vh'Ch do nOt.Zat'Sf)lll thestrpbr;g-senseegular deflnmc;n of ,[30] d\1/ve partitions of the OES symbol interleaver and the tePjy? denotes
dgve to consider all possible correct sslqu.enceds (I)r g.elhlgar € the probability of occurrence for the error event havinigpformation
istance spectrum. Hence a more sophisticated algoritieh as bit errors when employing a uniform symbol interleaver afdgth L

that prpposed inf_ [30]his needed. . Hovgevera thfe hobjective IﬁT?S mbols, wherel. € {[N/2], | N/2]} andm is the number of bits
paper is not to find the exact union bound of the general F{ﬁr symbol. More explicitly, we have:

or TTCM schemes, but to use the ‘approximate’ union bound to
design near-capacity TTCM schemes. Hence, we will only idens pLy 1 (18)

Wo=w

and w. are the number of bit errors in the odd and even

the all-zero encoded symbol sequence as the correct segjuehen > ex(ym) WE

z



where the sei(y,m) consists of all possible combinations of the ! = ﬁ.@ TTem o
z number of symbol errors for a given number of bit errgrin a ! TN o [1124] |]
sequence of. symbols. 10 ’ — [J[1324]s
102k | IQ-TTCM
IV. CODE SEARCHALGORITHM | (0) Eé;i]]s
A code-search algorithm designed for finding the TCM coustit T10° °
codes using the symbol-based EXIT charts of [24] was preseint 5 \
detail in [32]. Note that the best code selected based on ¥i& E w10 E
charts exhibits the best decoding convergence, but notseagky
the lowest error floor. Hence, we appropriately modified fgerithm 10° ¢
of [32] to search for the top 10 polynomials. Then, we chobgseone . g TcM
which exibits an error floor lower than the target error flgurssibly 07— simulation , A [1124]g
at the cost of a slightly worse decoding convergence condparéhe . Bound bu A [132 4]

10

best code found from the EXIT charts alone. 0 2 4 6 12 14 16 18 20

8 10

Eu/Ng [dB] —
V. RESULTS ANDDISCUSSIONS . .
Fig. 2. The BER and union bound performance of the 8PSK-ba&dd and
The TCM constituent codes found for IQ-TTCM schemes whefQ-)TTCM schemes when communicating over uncorrelatedégh fading

communicating over uncorrelated Rayleigh fading channedse channels using a block Iength oF = 1000 symbols. The product distance
spectrum used for generating the union bound was truncatdg-g, ., = 18

tabulated in Tab. | for 8PSK, 16QAM and 32QAM signal SetSor poth the TCM and TTCM schemes.
The EXIT chart based estimation and the simulation baSgdVo 1 —

threshold values marking the edge of the BER curve’s wdteefgion
were tabulated and compared to the channel capacity limitsthe
table. The simulation-based threshold corresponds teethlgNo-
values, for which a BERx 10~ is achieved using a block length 102k
of 100'000 symbols.

TCM
o [212410]
/\ [27 2 4 10]g

10°

T10°}
Modulation/ | Polynomial (Octal) || Thresholds (dB)| w m
States lgr g1 92 93] Est. | Acal | (dB) | (bit) e
m10 TTCM | 1 \\
8PSK/4 [7 2 4] 575 | 650 | 538 2 ‘ : W
O [212410] | i —" a

&

=1
I h S |

16QAM/16 272410 8.17 8.17 IO-TTCM :

20ams | [rrzatoz [[loos o0 foes| 4| wf QUM L e g

32QAM/32 412410 20 9.90 10.20 O 724 10]8 S Bound
8

8 10 12 14 16 18 20
Ex/No [dB] —

8PSK/8 1324~ 517 | 547 SO B ==
16QAM/B 112410 841 | 820 | 757] 3 10 [ L [ e %%E%

;

>

*

K

G

10°
TABLE | 0 2 4 6

IQ-TTCM CODE POLYNOMIALS FOR UNCORRELATEDRAYLEIGH FADING
CHANNELS. THE CODES USING POLYNOMIALS MARKED WITH* YIELD A

PERFORMANCE LESS THAND.5DB AWAY FROM THE CHANNEL CAPACITY. Fig. 3. The BER and union bound performance of the 16QAM-&3<EM

and (IQ-)TTCM schemes when communicating over uncorrel®ayleigh

fading channels using a block length 8f = 1000 symbols. The product
distance spectrum used for generating the union bound wmxdied at
Let us now compare the union bound and the actual BER peXp .« = 40 and Ap.x = 60 for the TCM and TTCM schemes,

formance of the various TCM and TTCM schemes. Note that wespectively.
computed a truncated union bound, where only Hamming distan
upto Agmax = 4 and Ay max = 6 are considered for the TCM different, when employing two different code polynomialdore
and TTCM schemes, respectively. Note that when cosideritayva explicitly, the 8PSK (IQ-)TTCM scheme performs one dB betie
number of Hamming distances, the truncated union boundHer ta BER of 10~°, when employing the proposed code polynomial of
TTCM scheme will become a lower bound that matches the BER3 2 4]s compared to the polynomial ¢f1 2 4]s adopted from [5].
error floor of the TTCM scheme. The number of turbo iteratitors We found that the octally represented polynonidl 2 4 10]s, which
the TTCM schemes was fixed to 16. As we can see from Figs. Bas designed for a 16QAM TTCM scheme based on the ‘punctured’
3 and 4, the estimated union bounds of the 8PSK, 16QAM amdinimal distance criterion of [5] was unable to achieve fidcoding
32QAM based TCM schemes exhibit a good match with respebito tconvergence due to having a closed tunnel in its EXIT chaendd,
corresponding BER curves. As shown in Figs. 2 to 4, the estidha the BER performance of the 16QAM TTCM scheme employing the
union bounds for the TTCM schemes are lower than the actu@M T proposed polynomial of27 2 4 10]s is significantly better than that
BER curves. However, the TTCM union bounds seemed to haveofithe benchmarkers, as it is evidenced in Fig 3.
gOOd match to the IQ-TTCM BER curves in the context of the 8PSK When we increased the block |ength to values h|gher tNap=
16QAM AND 32QAM modulation schemes considered. Hence, Wg)op symbols, the IQ-TTCM schemes exhibited lower error floors
can apply the TTCM union bound to generate a good measureof ghd a decoding convergence approaching the estimatechohdss
expected 1Q-TTCM error floor. summarised in Tab. | more closely than the scenario usingpekbl
As seen from Figs. 2 and 3, the BER performance curves leingth of N = 1000 symbols, as shown in Figs. 2 to 4. Hence,
the 8PSK and 16QAM based TCM schemes are identical, wheapacity-approaching TTCM schemes can be successfuligrass
employing two different code polynomials. By contrast, tBER based on the combined symbol-based EXIT-chart-aided aed th
performance curves of the (IQ-)TTCM schemes are signifiganttruncated union bounding assisted code design proposed.
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Fig. 4. The BER and union bound performance of the 32QAM-thd#8-
)TCM and (IQ-)TTCM schemes when communicating over fast &gl
fading channels using a block length 8f = 1000 symbols. The product
distance spectrum used for generating the union bound wexaied at
Apmax = 50 and Ap nax = 60 for the TCM and TTCM schemes, (18]
respectively.

VI. CONCLUSIONS
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We have designed near-capacity high-order modulation dbase
TTCM schemes by performing a search for good constituent TC
component codes with the aid of symbol-based EXIT charts and
truncated symbol-based union bounds. The prime desigerionit
of capacity-approaching TTCM schemes is that of finding aenop[21]
tunnel in the corresponding EXIT charts at the lowest pdasib
SNR values, while maintaining a sufficiently low error floaather
than maximising the ‘punctured’ minimal distance of the st@nent
codes [5]. Most of the good constituent codes found asssTIFCM
schemes in performing near the channel capacity. Furtherntoe
proposed technique may also be employed for designing §ymb@3]
interleaved space-time TTCM schemes for approaching tHepteu
input multiple-output channel capacity.
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