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Abstract—A binary space time variable length coding In practise, such long codewords are undesired due to real-
(STVLC) scheme is proposed for transmission of digital signals time delay constraints. Hence a joint source/channel coding

with non-uniform occurrence probability distributions in delay- approach is more practical. especially. in a delay-sensitive
sensitive wireless systems. The proposed STVLC scheme is bp P » €SP Y. y

a unified source coding, channel coding, and spatial diver- W|rele_ss multimedia communication system [6]. i
sity/multiplexing design. Specifically, two-dimensional variable ~ Variable length codes (VLCs) [6] belong to the family
length binary codewords in space-time domain are designed and of low-complexity source compression schemes, which were
modulated using binary phase shift keying (BPSK), and then adopted by most image coding standards [7], [8] in their en-
transmitted diagonally across the space-time grid using multiple tropy coding stage. In order to exploit the residual redundancy

antennas. As the number of bits per codeword is varying by . . .
the nature of variable length coding, the number of activated of VLCs, numerous trellis-based VLC decoding algorithms

transmit antennas, which equals the number of bits per variable have been proposed, such as the joint source/channel coding
length codeword, also varies. We show that our unified design scheme of [9], [10]. Recently joint detection of STC and
approach effectively exploits the coding gain, power saving, VLC schemes were studied in [11], where a near-capacity
diversity and multiplexing gain, and thus achieves good source e rformance was achieved. Note that all VLC related schemes
symbol error performance. L . . .

have to convey explicit side information regarding the total
number of VLC encoded bits or symbols per transmission
frame.

The future generations of wireless communication systemsin this paper, we propose a unified design of VLC and
are required to provide reliable transmissions at high de&xC, where two-dimensional (2D) binary VLCs are designed
rates in order to offer a variety of multimedia servicesand transmitted using the diagonal block space time structure
Motivated by the channel capacity potential of multi-inpuintroduced in [5]. Since one source symbol is transmitted
multi-output (MIMO) channels studied in [1], [2], significantduring one symbol period, the transmission frame length
research efforts have been invested in the design of spaepends on the number of source symbols rather than the
time transmission techniques, such as the Bell-lab layeredmber of VLC encoded bits. As a result, the proposed Space
space-time architecture (BLAST) [3] and space-time cod&me Variable Length Coding (STVLC) scheme does not
(STCs) [4]. The idea of transmitting a space-time codewotthve the synchronization problem of the ordinary time-domain
diagonally across the space-time grid first appeared in théCs.
diagonal BLAST scheme (DBLAST) [3]. More explicitly, Relevant work on the joint design of source coding and
DBLAST was designed for attaining multiplexing gain. In [5]space-time coding can be found in [12] and [13]. These studies
the diagonal transmission strategy was employed for attainisgnsidered analog source and used the end-to-end distortion
full transmit diversity gain. Compared with other codingas performance measure. In this paper, however, we assume
methods (e.g. hand-design and computer search), the diagalisdrete source or analog source that is already quantized into
block space-time coding [5] is systematic and enables efficiatiscrete format prior to our STVLC encoder. Our objective is
code design with high coding gain at minimum trellis stateius to minimize the error probability of source symbols.
for an arbitrary number of transmit antennas. Moreover, theThe paper is organized as follows. In Section II, we present
diagonal block framework in [5] provides a flexible tradeofthe STVLC design, while in Section IlI the trellis decoder of
between spatial diversity and multiplexing. STVLC is described. The simulation results are discussed in

At the time of writing, all space-time coding schemes wer8ection IV and finally the conclusion is drawn in Section V.
designed assuming equal-probable and memoryless sources
where Shannon’s separate source and channel coding approach Il. SYSTEM OVERVIEW
is applicable. Yet, this is seldom the case for image and videoLet us consider a point-to-point MIMO system equipped
sources. In addition, Shannon’s separation theorem is basgéth N, transmit antennas andl,. receive antennas, the same
upon the assumption of allowing infinitely long codewordsnodel adopted in [5]. The signal to be transmitted on antenna

I. INTRODUCTION



m, for 1 < m < Ny, at discrete time index is denoted as transmit antennas and with shift registers, denoted;afor
xm[t]. The received signal on antennafor 1 <n < N,.,at ¢ =0, 1 and 2 in Fig. 1. Note that the symbols of a VLC

time t is denoted by, [t] and modelled as: can have a more flexible arrangement when they are in a 2D
N domain, compared to the conventional one-dimensional (1D)
- VLC, where only the time domain is used. Hence, a higher
tl = Vv Fs R m[t]zm[t t| , 1 ! L : ! .
ralt] mz_:l nom{tlem[t] + walt] @ number of combinations of the VLCs can be attained in the

2D domain. In the proposed scheme, the variable nature of the

where E; represents the average energy of the signal constgliye s transpired in the spatial domain rather than the time
lation, h,,,,, denotes the channel coefficient between transmyj,ain The length of the space-domain codeword associated
antennam and receive antenna at time ¢ and wy,[t] iS it source symbold is given by L(d) = N; — Lx(d),

the additive complex white Gaussian noise with zero megp o Lx(d) is the number of “no transmission” symbol
and a va_riance_o’rNQ/Q. The amplitude of the modulation«» in the codeword of source symbal. Let us consider a
constellation points is scaled by a factor s, so that the \,_niform source, where the probabilities of occurrence for

average energy of the constellation points is unity and the, <, rce symbols are given Hy(d) = {0.2888, 0.2166

expected Signal-to-Noise Ratio (SNR) per receive antennaoi_s_LGZS, 0.1218, 0.0914, 0.0514, 0.0386, 0.0286spectively.

given by~ = N, E;/Ny [14]. By considering a transmissionjence ' the longest VLC codeword length is giveniby,.
frame length ofl" symbol periods, a space-time codeword cap;,

= 3 and the average VLC codeword length iig,. =

be defined as N~ p(d)L(d) = 1.4, for this 2D VLC CL ..
I 1] 1'1[2] oo I T]
zo|l] x2[2] ... ao|T
«_ 2.[ ] 2.[ ] . 2.[ ] | @ x = f(b)
The Pair-Wise Error Probability (PWEP) of erroneously de- i N i > N
. . . . — t — O T =+ t
tecting codewordE for C is upper bounded at high signal-to-* Love x Lave

noise ratios (SNR) by [4]:
Fig. 2. The mapper at each transmit antennas of the STVLC scheme in

—Ex-N, _

whereEy; is theeffective Hamming distanaehich quantifies  The signal mapper functiorfi(.) at each transmit antennas

the transmit diversity order and, is the effective product of the STVLC scheme in Fig. 1 is shown in Fig. 2. Note that

distancewhich quantifies the coding advantages, of a spagge transmission energy for= x is zero, i.e.z = f(x) = 0.

time code. The PWEP upper bound expression in (3) is suitaignce, power saving can be achieved when the number of

for both quasi-static fading and rapid fading channels. activated transmit antennas is less thén More specifically,

the average number of activated transmit antennas equals the

Clro= ) average codeword length of the 2D VLCs. Hence a power

X1x0x010 by saving of10log,((N;:/Lave) = 3.3 dB is attained in the ex-
ample STVLCEY,, .. Therefore, the variable length structure

2
Allxxox1100] " £0) 2l ofthe2D VLC is converted into power saving. For the sake of

B 2alt] normal@zing the resultant_transmitted energy fror_n the multiple
Oxx11x10]|}H i transmit antennas to unity, we need to re-assign this power
saving into the BPSK modulation constellation. Hence, the
transmission energy for bits 0 and 1 is given-by/N;/Laye
and—+/N;/ L., respectively, which is dependent on the total

The 2D VLC codebook can be represented byax N. number of transmit antennd€; as well as the average VLC
codeword lengthl, ..

matrix, whereN; is the size of source alphabet. Explicitly, the™™ _ . .

columns and rows of the 2D VLC represents the time domainS'nC(.e the \./LC codewords are transm!tted _d|agonally, the
and space domain, respectively. Fig. 1 illustrates an exemplgr‘vsm'tted Wsllgnal at thenth antenna aF time is given by .
block diagram of the proposed STVLC encoder. In Fig. 1, th%”[t] A t*mﬂ)' Hen.ce, the space-time codeword matrix
codebook is denoted &%, -, in which N, = 8, and notation of (2) can be written as:

“X" stands for “no transmission”. At each timethe source LY FOOL,) ... (b )

symbold;, whered; € {0,1,..., N; — 1}, is source-encoded f(th ) f(llt)g) f(b?rNt_l

to a spatial-domain codeword; = [b} b?... 62T, which x — |~ ! e

is the d;-th column of the matrixCY,; . Then the codeword : : : . :

is transmitted diagonally across the space-time grid uding S LAY I { (AL IR { (A

Fig. 1. Block diagram of the STVLC encoder employing cm’d@LC.



It can be shown based on [5] that the minimu); and xl1] = mift]zatleslt] 52515

minimum Ep of STVLC scheme are given by [Xx0,1x0,xx0,0x0,xx0,0x0,1x0,0x0]  0=x00
VLC xx1,1x1,xx1,0x1,xx1,0x1,1x1,0x1] 1=x01
EHmin = df'ree ) (4) [ ]

VLC L. . i [X%X, IXX, XXX, 0%X, XXX, 0%X, 1XX,0xX] 2 = XOx
where d is the minimum Hamming distance of the 2D

free : o9 ]
VLC code employed, with no transmission “x” included as an [*x0.1x0.xx0,0x0xx0,0x0.1x0,0x0] 3 =xx0
extra symbol, and [xx1,1x1,xx1,0x1,xx1,0x1,1x1,0x1] 4 =xx1 2
R L%
2 A\\\\‘\\\\\‘\\\\ m\&:’:’llll: S

EP in = min H ’f(bm) o f(l;m) ; (5) [, IXX, XXX, 0XX, XXX, 0%X, 1XX,0XX] 5 = XXX X (/,
W'y
<13 eV

0<d<d<N,-1 NNV e
== m [00,100,X00,000,00,000,100,000] 6 = Ox0 ‘\\\3\\‘\\\\{‘;}%945:
\ AN Q\\

WY
where( is the set for indexn with b™ # b for 1 < m < N, [x01,101,x01,001,x01,001,101,001] 7= 0x1
and [b*...b™] and [b'...b™] are the two VLC codewords
associated with source symbalsand d, respectively. In the
example of Fig 1, we have} Ll = 2. Therefore, a transmit ~[*010xx0.0x020:0001x0.0x0] 9=x10
diversity order ofEx min = 2 can be achieved at high SNRs. [XX1, 1XLxxL,0x 1 xx1,0XL, Ix1,0x1] 10= x11
Furthermore, the corresponding minimum product distance is
given by Ep min = (3/1.4)% = 4.59, which is higher than that D0 00000100] 112 x1x
of the BPSK modulation of 4. [x10,110,x10,010,x10,010,110,010] 12= 110
_In general, a 2D VLC having the greate&);’r";g would ot o1t 111.011) 13- 111
yield the highest performance gain. In the binary case, the
greatestd},“C results in the most elements in the set  [xbx11xxix0Loxlx0lx 1101 14=11x
of (5) and, accordingly, the greatestp,i,. Therefore, the 15 11010010x10,010.110010] 15= 1x0
binary 2D VLC designed with the greatesf %<’ for a given
La. and N, combination is the best 2D VLC code. It D1111x11011x11011,111011] 16= 1x1 5
was found through exhaustive search that the 2D VLC cod@ix,11xx1x,01x,x1x,01x,11x,01x] 17= 1xx V,,/,,,.;;

[x0x,10x,x0x,00x,x0x,00x,10x,00x] 8 = Oxx

A8 Y\ ‘
\\\‘ N

_,,;i\‘A//A‘)} =
: ; : Tt I RO O \\
Cy 1 employed in Fig. 1 has the greates{.C for a given VAT KSR \\
vic employ 9 9 ee 9 [x00,100,x00,000,x00,000,100,000] 18= 010 4/51,0/:’{/4/0),5,?:@ “\\\\\\W\
\
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L =3 and N, = 8. /»" KY YRS
mer ° VIO

[x01,101,x01,001,x01,001,101,001] 19=011 N7 '7111 KA SN RSN
Ill. TRELLIS-BASED JOINT DECODER %ﬂ'ﬁ,}"f:ﬁ%‘\\\
_ _[X0x,20%,X0x,00x XOx,00x,10,00x] 20= 01x ‘;”4’411’//'/?4“&‘ \ ’
The proposed STVLC scheme may be described by a trellis Z%"/','\\\ \
structure and thus an efficient trellis-based joint source/channéf?100x00,000x00,000,100,000] 21=000 ﬂ/’ P\ )
7/

decoding algorithm can be constructed. [X01,101,x01,001,x01,001,101,001] 22= 001
The trellis diagram of the STVLC scheme employifig; .

is computed based on the STVLC encoder in Fig. 1, and i

shown in Fig. 3. Note that each of the three shift registers, Fig. 3. Trellis diagram of STVLC using cod€l,, ..

which are denoted as$,, S; and S; in Fig. 1, can have

three possible contentgx,0,1}. Hence a total of3? = 27

combinations are possible for the three shift registers ihe |og-domain likelihood metric of source symbols can be

Fig. 1. However, not all combinations are legitimate due tgptained from

the constraint imposed by the 2D VLC code. As can be seen N N 9

from the resulting trellis diagram in Fig. 3, there are only 24 m(dlsxt]) = 1 ] — /B, Z b mamltl] - (6)

trellis states. Each of the trellis state represents one legitimate "’ n s e

shift register combination. As shown in Fig. 3, the trellis

state labeled) represents thq52 = X,5 = 0,5 = 0} whered' is the lth source symboll S {0, .., Ng — 1}, and

combination and the trellis state labeled represents the r[t] = [r1[t] ... rn.[t]] is the received signal vector at time

{Sy = 0,5, = 0,5, = x} combination. As we can see fromt. As the source symbol occurrence probabilRyd) is non-

Fig. 3, there are always eight diverging trellis branches frokthiform, not all branch transitions in Fig. 3 are equiprobable.

each states due to the eight possible source symbols. HowelAgmce, the source symbol occurrence probabiiityl) can be

the number of converging trellis paths may vary from one statélized as then priori probability for assisting the the trellis

to another due to the variable length structure of the spacétecoder. Hence, the log-domain trellis branch transition metric

time codewords. Explicitly, there are six and nine trellis patti(d = d') can be computed as

g?rz\éfggr]én(g)ftgigs'tzt'el and state2, respectively, in the trellis (d = d) = m(d’; x[t]) + Pr(d), @)
From the trellis diagram obtained in Fig. 3, the Viterbi awhere m(d';r[t]) is from (6) and Pr(d') is the log domain

MAP algorithm may be used for the trellis-based decoding.priori probability for symbold!, which is based orP(d).

éxOx,10x,x0x,00x,x0x,00x,10x,00x] 23=00x

n=1 m=1



Note that a more complex STVLC scheme having a higher1©’ 1
L . s ) STVLC-Cyic
minimum product distance can also be found from exhaustive O STVLC-CY e
search by using a trellis with a larger number of states. @ A VLC-VBLAST-CJ ¢
However, in this contribution we aim at introducing a new joint 0*
source and space time coding scheme rather than proposing®

the STVLC scheme that has the highest coding gain.

w102
10
n

IV. SIMULATION RESULTS s

In this section, we evaluate the performance of the proposed -
STVLC scheme when communicating over fast Rayleighig3
fading channels. The performance is measured insthace 5
Symbol Error Rate (SER) versus SNR per source-bit, namely ,
Ey/No = ~/n, where v is the average SNR per receive «
antennas ang is the transmission efficiency. The transmission  ° 2+ ¢ 8 I8 (325) 14 16 18 20 2
efficiency of STVLC is given byn = log,(N,) bit/s/Hz, o
where N is the size of the source alphabet. For the STVLCﬁg. 4. SER versu®;,/No performance of STVLC and VLC-VBLAST over
Cl.c scheme of Fig. 1, we have = 3. Evidently, when Rayleigh fading channels.

N, > M, with M being the constellation size of modulated

symbols and equal to 2 for BPSK modulation, the transmission

efficiency of the STVLC scheme is higher than the numb&s BPSK modulation are used for all schemes. As shown
of bits per modulated symbol, namelyg, (M ). Hence, the in the figure, an overall gain of approximately 5 and 14.5
binary STVLC scheme is capable of achieving multiplexingB is attained by STVLG=},; ., compared to STVLGY.

gain whenN, > 2. and VLC-VBLASTCY,, ., respectively, at SER ofil0—*.

A benchmarking scheme was created for the STVLUote that the VLC-VBLAST provides no transmit diversity
arrangements. More specifically, for the same non-uniforgain while the STVLCE?Y,, . exhibits no power saving gain.
source alphabet, we employ a Fixed Length Code (FLO)Yowever, the STVLCE], ;. scheme is capable of attaining
denoted agx"%.; , = {000,001,010,011,100,101,110,111}, both transmit-diversity and multiplexing gains as well as
in the proposed STVLC transmission structure. df}.; ., @ coding gain. Furthermore, the proposed STVLC scheme
N, = 3 transmit antennas are active at all time and it hamploys one trellis encoder to encode a source symbol directly
Ny =8, Love = 3, Efmin = d‘f/rjég =1 and Ep,, = 4. into a space-time codeword. By contrast, the VLC-VBLAST
The FLC based benchmarker also has the same transmissigieme employs a conventional VLC to encode/compress the
efficiency of n = log,(8) = 3 bit/s/Hz, as that of the source symbols into bits and then transmits the bits through
proposed STVLC. However, the STVLCY., .~ benchmarker the multiple transmit antennas. As we can see from Fig. 4
requires only 8 trellis states compared to 24 trellis states tine 8-state STVLGZY,, . outperforms the VLC-VBLAST by
the STVLCCY,, ~ scheme. Hence the decoding complexity aipproximately 9.5 dB, eventhough both schemes exhibit no
the proposed STVLG,, . is three times that of the STVLC- transmit diversity gain. This performance difference is partly
CY% . benchmarker. due to the employment of a maximum-likelihood detection

To further highlight the performance gain of the STVLGN the STVLCC?Y,; ~ scheme and the employment of a low
scheme, the VBLAST [15] scheme was serially concatenatedmplexity receiver with ordered successive interference sup-
with a conventional time-domain or 1D VLCY.; ., = {00, pression and cancelation in the VBLAST scheme. A further
11, 010, 101, 0110, 1001, 01110, 10§pwhich was designed 5 dB gain was attained by the STVLC{ . at the cost
based on the sami(d) of Cl.; , and it hasN; = 8, L,,. = Of three times higher decoding complexity compared to the
2.8 and a minimum free distance of two. The transmissioRTVLC-CY.; ~ benchmarker.
efficiency of VLC-VBLASTCY,, . is given byn = N; x
log, (M) x logy(Ny)/Lave = 3.2 bit/s/Hz, which is slightly V. CONCLUSIONS
higher than that of STVLC. At the receiver, after the VBLAST In this paper we introduced a unified source-coding and
detection, a bit-based VLC trellis decoder [9], [10] was usexpace-time channel coding design for a delay-sensitive wire-
for estimating the transmitted source symbol sequence. Perfiess communication system. This scheme is capable of, simul-
side information reception is assumed for the VLC-VBLASTaneously, achieving spatial diversity gain, multiplexing gain,
scheme regarding the number of VLC encoded bits. coding gain and power-saving. Hence, further research on joint

Fig. 4 illustrates the SER versus,/N, performance of source and space time coding design is very promising. More
STVLC using both the},; . andC%; . codes, in comparison specifically, the design of non-binary STVLC is of immediate
to VLC-VBLAST-CY,, . over fast Rayleigh fading channels.interest in order to further improve the transmission efficiency
The source alphabet input to the three transmission schemesitt the aid of high-level modulation schemes. Furthermore,
the same and has the same occurrence probability distributitire proposed STVLC scheme can also be employed as a
Three transmit antennas and three receive antennas as wefistituent code in turbo equalization for attaining further




iteration gains.
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