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Abstract— Joint source-coding, channel-coding and modu- ing the transmitted signal with the complex-valued Channel Impulse
lation schemes based on Variable Length Codes (VLCs), Trellis Response (CIR) where the | (or Q) component of the received signal
Coded Modulation (TCM), Turbo TCM (TTCM), Bit-Interleaved becomes dependent on both the | and Q components of the transmit-
Coded Modulation (BICM) and iteratively decoded BICM (BICM-  ted signals. The technique of invoking separate | and Q interleav-
ID) schemes are proposed. A significant coding gain is achieved ing and optimally rotating the constellation in order to increase the
without bandwidth expansion, when exchanging information be- achievable diversity gain was first proposed in [9]. This type of diver-
tween the VLC and the coded modulation decoders with the ad- sity was referred to as modulation diversity or signal-space diversity
vent of iterative decoding. With the aid of using independent in- in [10], where a significant performance improvement was achieved
terleavers for the In-phase and Quadrature phase components of in the context of both an uncoded system [10] as well as in a TCM
the complex-valued constellation, further diversity gain may be scheme [8]. Recently, a new approach which amalgamates Space-
achieved. The performance of the proposed schemes is evalu- Time Block Coding (STBC) [11] with IQ-interleaved CM (STBC-IQ-
ated when communicating over both AWGN and Rayleigh fading CM) schemes using no constellation rotation was proposed, which
channels. Explicitly, at BER=10"° most of the proposed schemes is suitable for transmission over both AWGN as well as Rayleigh
have BER curves around 2 dBs away from the channel capacity fading channels imposing I/Q cross-coupling [12, 13]. The diver-
limit. sity achieved with the advent of I1Q-interleaving without constellation
rotation was referred to as 1Q-diversity in [12, 13]. It was shown
in [12] that the STBC-IQ-based TCM/TTCM scheme is capable of
quadrupling the achievable diversity potential of conventional single-
transmitter based symbol-interleaved TCM/TTCM, when communi-
cating over narrowband uncorrelated Rayleigh fading charwis

t compromising the coding gain attainable over AWGN channels.

1. INTRODUCTION

Trellis Coded Modulation (TCM) [1, 2] and Turbo TCM (TTCM)
[2, 3] constitute bandwidth-efficient joint channel coding and modu
lation schemes, which were originally designed for transmission ov .
Additive White Gaussian Noise (AWGN) channels. Set Partitionin ;thherrfr)tc_)re,fthe SlTB_Ct-IQI-BI(_:M-ID _schime of |[13_] IS itlsot_capgble
(SP) based phasor constellation labelling was used in these sche e%ene iting from |Q-interleaving owing to employing iterative de-

in order to increase the minimum Euclidean distance between the efc"°" and SP-bgsed phasor constellation Iabelllng_. )
Lossless Variable Length Codes (VLCs) constitute a family of

coded information bits in the signal-space. A symbol-based turt:lo loxi . h | d loit th
interleaver and a symbol-based channel interleaver were utilised fQV-COMPlexity source compression schemes. In order to exploit the

the sake of achieving time diversity, when communicating over Ra esidual redundancy of VLCs, numerous trellis-based VLC decoding

leigh fading channels. Another powerful Coded Modulation (CM}echniques have been proposed, such as the joint source/channel cod
scheme utilising bit-based channel interleaving in conjunction witf!d Scheme of [14], where the VLC decoder uses the bit-based trellis

Gray signal labelling, which is referred to as Bit-Interleaved Codegt'ucture of [15]. Explicitly, in [14] a reversible VLC [16] was in-
Modulation (BICM), was proposed in [4, 5]. It combines conven-YOked as the outer code and a gonvolutlonal code was utilised as the
tional non-systematic convolutional codes with several independelfi?er code. However, the explicit knowledge of the number of VLC

bit interleavers. The number of parallel bit-interleavers used equaf&!tPut bits per transmission frame is required for the VLC's bit-based

rellis decoding, which has to be signalled to the decoder, reducing

the number of channel coded bits in a symbol [2, 4]. Recently, iteriD hth . ffici dth i
tively decoded BICM using SP based signal labelling, referred to th the compression efficiency and the error resilience.

BICM-ID has also been proposed [6]. ~ In order to improve the bandwidth and power efficiency of the
In an effort to increase the achievable time diversity, a multidil®int source/channel coding scheme contrived in [Idhis contri-
mensional TCM scheme utilising a symbol interleaver and two erution we proposed the novel concept of amalgamated source-coding,

coders was proposed in [7], where the individual encoders gener&tg@nnel-coding and modulationThe performance benefits of the

the In-phase (1) and Quadrature-phase (Q) components of the coigheme will be demonstrated in the context of a range of CM arrange-
plex transmitted signal, respectively. Another TCM scheme using€nts, namely TCM-VLC, TTCM-VLC, BICM-VLC and BICM-ID-

constellation rotation was proposed in [8], which utilised two separaté-C» Which invokes TCM, TTCM, BICM and BICM-ID coded mod-

channel interleavers for interleaving the | and Q components of tHgation as the inner constituent code. Note that unlike the iterative

complex transmitted signals, but assumed the absence afrtg- 5/CM-ID scheme, the non-iterative BICM scheme of [13] does not
coupling when communicating over Rayleigh fading channels. gxpenefit from 1Q-interleaving. Therefore, in our investigations we will
plicitly, I/Q cross-coupling is the phenomenon imposed by convoh2!S0 invoke the 1Q-TCM, IQ-TTCM and 1Q-BICM-ID scheme of [13]
as the inner constituent code for the sake of attaining additional 1Q-
The financial support of both the EPSRC, Swindon UK and the EU unddliversity, when communicating over Rayleigh fading channels. Note
the auspices of the Phoenix project is gratefully acknowledged. that the signal-space diversity or IQ-diversity has also been incorpo-
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Figure 1: Block diagram of the CM-VLC scheme. The notatiansi, b, x, y andn, denote the vectors of the source symbols, the estimates
of the source symbols, the VLC coded bits, the CM coded symbols, the received symbols and the bit interleaver, respectively.

n Bittime n+1 representing the VLC output bits, dummy bits and side information
bits are treated as input bits of the CM encoder, which has a coding

rate of Rcr, = n:il and employs @™ *!-level modulation scheme.

The tree structure of the VLC = {00, 11,010, 101,0110} used
in our investigations is shown at the left of Figure 2, where the nodes
in the tree are subdivided into a so-called root-node (R), internal nodes
(I) and terminal nodes (T) according to [15]. A section of the corre-
sponding trellis diagram between the bit time instamtandn + 1
is illustrated at the right of Figure 2. Explicitly, there is a single root
state which corresponds to the root node R of the code tree and a num-
ber of further states, that are labelled by the internal nodes.|15
of the tree. All terminal nodes lead again to the root state R=T of
Figure 2. This is a relatively simple and time-invariant trellis struc-
ture. For a VLC sequence, which consistsMfhits, the trellis can
be terminated afteN sections. Since the trellis describing the VLC
Figure 2: Code-tree and trellis for the VLCO  — Source co?e c;n be gorllqsid.ered ?s thﬁz\g?”ri\s %f abchar(;nlal cgde, which

. consists of code words having a length/éf the bit-based Maximum

{00, 11,010, 101, 0110}{15] ©IEEE, 1997, Balakirsky. Aposteriori Probability (MAP) [2] algorithm can be used for comput-

rated into the BICM-ID scheme of [17] where an un-rotated 16-levdNd thea posteriori probability for each bit value and then fed back
Quadrature Amplitude Modulation (16QAM) constellation and a halft® the coded modulation decoder.
rate non-systematic convolutional code were employed for communi- The novel decoder structure of the (IQ-)TTCM-VLC scheme is
cating over uncorrelated Rayleigh fading channels imposing no I/fdustrated in Figure 3, where there are three constituent decoders,
cross-coupling. each labelled with a round-bracketed index. Symbol-based and bit-
based MAP algorithms [2] operating in the logarithmic-domain are
employed by the TCM decoders and by the VLC decoder, respec-
2. SYSTEM OVERVIEW tively. The notationsP, S, A and E denote the logarithmic-domain
probabilities of the parity information, the systematic information,
We employ the reversible VLC codes from [16], where the codewordbiea priori information and thextrinsic information, respectively.
areC' = {00, 11,010,101,0110} associated with the source symbol The notationd ,, L. and L; denote the Logarithmic-Likelihood Ra-
sequence of. = {0,1, 2, 3,4}. Specifically, the longest VLC code- tio (LLR) of thea posteriori, extrinsic andintrinsic information,
word length id...... = 4. The associated entrophy2si4 bits/symbol respectively. The probabilities or LLRs associated with one of the
and the average codeword length2id6 bits, giving a coding rate three constituent decoders having a label of. 3 are differentiated
of Ry = 2.14/2.46 = 0.87. The VLC outer encoder of Fig- by the superscript of ... 3. The logarithmic-domain symbol prob-
ure 1 maps the source symhoto a variable-length codeword, which abilities of the IQ-interleaved or symbol-interleaved TTCM-coded
can be represented as a binary bit sequdmce {b1,b2,...,b;}  symbols are computed by the demodulator based on the approach
of lengthl, wherel < I,,.., at each encoding instance. However,of [12]. There ar&™"! probabilities associated with &m» + 1)-
we fix the VLC encoder’s total bit sequence lengthlig,, in the bit TTCM-coded symbol, which have to be determined for the MAP
range of(2048m — lmaz) < (Lpit + Lsige) < 2048m, where decoder [2]. These probabilities are input to the TTCM MAP de-
m is the number of original VLC-encoded bits per CM coded symeoder as P&S], which indicates the inseparable nature of the par-
bol, I,z is the longest VLC codeword length aiid; 4. is the num- ity and systematic information [2, 3]. The posteriori informa-
ber of bits required for conveying the side information related to théon of them-bit systematic part of am{ + 1)-bit TTCM symbol at
number of VLC output bits per transmission frame to the VLC dethe output of a constituent TCM decoder can be separated into two
coder. FurthermoreLgummy Number of zero-valued dummy bits components (Section 9.4 [2] and [3]): 1) the inseparable-insic
are concatenated to the VLC output bit sequence, such that we harel systematic componefft& S] also referred to as thiutrinsic
Lyit + Laummy + Lsisze = 2048m bits. In an effort to render our component, which is generated by one of the constituent TCM de-
investigations as realistic as possible, the side information related doders, and 2) the priori componentA, which is provided by the
the number of VLC output bits per transmission frame conveying thether constituent TCM decoder. However, in our proposed scheme the
VLCs is explicitly signalled to the decoder by repeating the bits three priori componentA comprises also the additionattrinsic infor-
times for the sake of majority logic based detection and then furthenation provided by the constituent VLC decoder, naméfy as we
protected by the CM scheme. The resultadt8m number of bits can see from Figure 3. Explicitly, we havé?) = [E&S]*D +E3,
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Figure 3: Block diagram of the (IQ-)TTCM-VLC scheme. The notatiaqs) andw(’slw denote the interleaver and deinterleaver, while the

subscripts or b denote the symbol-based or bit-based nature of the interleaver, respectively. Furth&remdé, ' denote LLR-to-symbol
and symbol-to-LLR probability conversion, whifeandQ~! denote the addition and deletion of the LLRs of the side information and dummy
bits.
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Figure 4: Block diagram of the (IQ-)BICM-ID-VLC scheme. The notatiensandm, denote the BICM scheme’s independent parallel bit
interleavers and the VLC scheme’s bit interleaver, respectively, whiledenotes bit deinterleaver. Furthermoteand¥ ~! denote serial-to-
parallel and parallel-to-serial conversion, whileandQ2~! denote the addition and deletion of the LLRs of the side information and dummy
bits.

where the extrinsic componeft® contributing toA? is the symbol-  Only the extrinsic LLR L2 is passed back to the TTCM decoder.
interleaved version aE® contributing toA®. Thea posteriori infor-  The VLC decoder’s extrinsic LLRL? is concatenated with the LLRs
mation of them-bit systematic part of amg + 1)-bit TTCM symbol  of the side information, where the latter component is represented by
provided by the second TCM decoder is then symbol-deinterleave@ros in the LLR-domain, since the corresponding probabilities are
and converted to LLRs. assumed to be 0.5. Furthermore, the LLRs of the dummy zero bits are
At the commencement of VLC decoding, the side informatioffoncatenated as large negative LLR values. Finally, LLR-to-symbol
conveying the number of VLC output bits in the transmission fram@robability conversion is invoked fOfgenefat'E@- Atthe final ogut_er
has to be extracted. Hence, based on the side information segmeni@ftion, a maximum likelihood sequence estimation based;pis
the TTCM decoded: posteriori LLRs, the number of dummy bits invoked for yielding the original uncoded mformatlpn l:_)lts_. By the
and the number of VLC output bits has to be calculated. Then only tR&Me token, an (IQ-)TCM-VLC decoder structure is similar to that
a posteriori LLRs associated with the VLC bit sequence are passe®f Figure 3, with the simplification that the second TCM decoder is
on to the VLC decoder. The priori LLR of a VLC-coded bit is _removed and the posteriori information of the_f!rst TCM decoder
constituted by the sum of thetrinsic LLRs of both TCM decoders, 1S Passed directly to the symbol-to-LLR probability converter.
which is shown in Figure 3 a62 = L} + L?. Based on.2 and on Let us now consider the novel decoder structure of the (IQ-) BICM-
the calculated number of VLC output bits, the bit-based VLC MARD-VLC scheme of Figure 4, which consists of three components and
decoder computes theposteriori LLR as Lf; = L3+ L} + L?. eachis labelled with a round-bracketed index. Bit-based MAP algo-
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Figure 5: BER versu&, /N, performance of the proposed 16QAM- Figure 6: BER versug, /Ny performance of the proposed 16QAM-
based CM-VLC schemes and VLC 8PSK, when communicating ovéased (IQ-)CM-VLC schemes and VLC 8PSK, when communicating
AWGN channels All of these schemes have an effective throughpubver Rayleigh fading channels All of these schemes have an effec-
of 2.61 BPS. tive throughput o2.61 BPS.

rithms [2] operating in the logarithmic-domain are employed by the  The Bit Error Ratio (BER) versus signal to noise ratio per bit,
BICM decoders and by the VLC decoder. The notatiét(e) and  namelyE;, /Ny, performance of the proposed schemes having an ef-
P(u) denote the LLRs of then + 1 coded bits and the: uncoded  fective throughput of 2.61 BPS and communicating over AWGN chan-
information bits of the BICM scheme, respectively. The subscriptgels is shown in Figure 5. As illustrated in Figure 5, all the CM-
of p, e, a andi denote thes posteriori, extrinsic, a priori and  VL.C schemes attain an iteration gain, when the number of outer iter-
intrinsic nature of the LLR, respectively. Again, the superscripts ojtions is increased from one to four. During the first iteration, before
1...3represent the associated constituent components having a lahgy feedback is provided by the VLC decoder, the best performer at
of 1...3. Note that if a systematic convolutional code is employe®BER=10""° is BICM-ID-VLC, followed by TTCM-VLC, TCM-VLC

by the BICM encoder, we havg(u) = P?(u) + P.(u), where and BICM-VLC. Owing to the different code structure of the various
P7(u) denotes theéntrinsic LLRs of the uncoded information bits cM schemes, the iteration gain of each CM-VLC scheme is differ-
representing thex¢rinsic information provided by the decoder itself ent. Therefore, after the fourth iteration, the best to poorest perfor-
and the systematic information obtained from the systematic part gfance order has changed to TCM-VLC, TTCM-VLC, BICM-VLC

P (c). By contrast, for a BICM scheme employing a non-systematignd BICM-ID-VLC. The same performance trends can also be ob-
convolutional code, we havé; (u) = P?(u) + P?(u), since no sys- served in the context of the Symbol Error Ratio (SER) measured in
tematic information accrues from. (). However, the computation terms of the Levenshtein distance [18], which is defined as the min-
of P?(u) is still dependent orP! (c). Similarly, the computation of jmum number of insertions, deletions or substitutions required for
PZ(c) is also dependent oR; (u). The LLR probabilities of the IQ-  transforming one symbol sequence into another. However, the SER

BICM-ID and BICM-ID are computed by the demodulator based operformance curves were not shown here for reasons of space econ-
the approach of [12]. On the other hand, the BICM-VLC decodepmy.

structure is similar to that of Figure 4, with the simplification that
there is no internal iteration between the demodulator and the BICML
decoder.

The BER versugz, /Ny performance of the proposed (IQ-)CM-
C schemes having an effective throughput of 2.61 BPS and com-
municating over uncorrelated Rayleigh fading channels is shown in
Figure 6. At BER=07° the best performer during the first iteration is
ID-VLC, BICM-VLC, IQ-TCM-VLC and TCM-VLC. Again, all sche-

We evaluated the performance of the proposed schemes using-bot/"€S benefit fr_om ir_1voking the outer iterative d_ecoding loop. Af-
level Quadrature AF\)mpIitude Modulatiopn (EQAM) and-level QA%/I ter the fourth iteration, the performance order is TTCM-VLC, 1Q-
(16QAM) in the context of the 64-state TCM scheme of [1], the 4] TCM-VLC, BICM-VLC, BICM-ID-VLC, IQ-BICM-ID-VLC, IQ-

state BICM scheme of [4] as well as invoking an iterative 8-statg CM-VLC and TCM-VLC.

TTCM arrangement using four decoding iterations [3] and an 8-state Note in Figure 6 that during the first iteration, all IQ-CM-VLC
BICM-ID arrangement employing eight decoding iterations [6]. Thesschemes exhibit a better performance than their CM-VLC counter-
CM parameters were chosen for the sake of maintaining a similar dearts, which is an added benefit of their IQ-diversity gains. However,
coding complexity, since the total number of trellis-stages was identihe 1Q-diversity gain advantage of IQ-TTCM-VLC and IQ-BICM-
cal [12]. We also set the maximum number of outer iterations betweéb-VLC gradually eroded, as the number of outer iterations was in-
the CM decoder and the VLC decoder to four, where an outer iterareased from one to four, since a near-Gaussian performance was at-
tion is constituted by one CM decoding and one VLC decoding opetained. Nonetheless, as seen in Figure 6, the BER floor of IQ-TTCM-
ation. The effective throughput of the system ig R,;. = 0.87and VLC and IQ-BICM-ID-VLC is still lower than that of their non-1Q-

3 X Ry = 2.61 Bit Per Symbol (BPS), when 4QAM and 16QAM interleaved counterparts, exhibiting a BER beldd". As shown
CM-VLC schemes are employed, respectively. in Figure 6, the TCM-based 16QAM scheme exhibits an error floor
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