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Abstract— A Variable Length Space Time Coded Mod- bits or symbols per transmission frame has to be conveyed to
ulation (VL-STCM) scheme capable of simultaneously pro- the receiver during each frame’s transmission. Hence, a VLC
viding coding, multiplexing and diversity gains is proposed. scheme that does not suffer from error propagation and does
The scheme advocated achieves its best performance fornot require the transmission of side information is desirable.
correlated sources, where the source symbols exhibit a non-
uniform probability of occurrence. The source symbols
are encoded using an optimal trellis encoder into variable-
length modulated signals and mapped to both the spatial
and time domains. More explicitly, the proposed VL-STCM
arrangement is a jointly designed source coding, channel
coding, modulation and spatial diversity/multiplexing scheme
Itis shown that the higher the source correlation, the higher
the achievable performance gain of the scheme. Further-
more, the performance of the VL-STCM scheme is about
6 dB better than that of the Fixed Length STCM (FL-STCM)
benchmarker at a source symbol error ratio of10~4.

The wireless communication systems of future generations
are required to provide reliable transmissions at high data rates
in order to offer a variety of multimedia services. Space time
coding schemes, which employ multiple transmitters and re-
ceivers, are among the most efficient techniques designed for
providing high data rates by exploiting the high channel ca-
pacity potential of Multiple-Input Multiple-Output (MIMO)
channels [5, 6]. More explicitly, Bell-lab’s LAyered Space-
Time architecture (BLAST) [7] was designed for providing
full transmitter-multiplexing gain, while Space-Time Trellis
Codes (STTC) [8] were designed for providing full transmitter-
diversity gain. Designing space-time coding schemes that are
capable of providing both high data rates by achieving a high
1. INTRODUCTION multiplexing gain, as well as reliable transmissions, with the

advent of a diversity gain is highly desirable.
Shannon’s separation theorem stated that source coding and ) o o )
channel coding is best carried out in isolation [1]. However, N this contribution, we proposed a jointly designed VLC

this theorem was formulated in the context of potentially infini@2d Space Time Coded Modulation (STCM) scheme, where
delay, lossless entropy-coding and infinite block length chafO dimensional (2D) non-binary VLCs are proposed and trans-
nel coding. In practice, real-time wireless audio/video comMitted by exploiting both the spatial and time domains. More

munications systems do not meet these ideal hypotheses. gRecifically, the number of activated transmit antennas equals
the number of non-binary symbols of the corresponding VLC

plicitly, the source encoded symbols often remain correlated, , X i )
despite the lossy source encoder’s efforts to remove all redufdeword in the spatial domain, where each VLC codeword is

dancy. Furthermore, they exhibit unequal error sensitivity. |He_1ns_m|tted during a S|_ngle symbol period. H_ence, the trans-
these circumstances, it is often more efficient to use jointly d&ission frame length is determined by the fixed number of
signed as well as optimised source and channel coders. VaiRurce symbols and therefore the proposed Variable Length
able Length Codes (VLCs) [2] belong to the family of low-STCM (VL-STCM) scheme QOes not exhlplt §ynchronlsqt|on
complexity source compression schemes, where the IengthFHPb'emS and does not require the transmission of side infor-
each VLC codeword is dependent on its probability of OC[nanon_. Add|t|pnally, the assomate_d source correlat|0n_|s con-
currence. VLCs are employed by most image coding Stae{grted into an !ncreaged product distance, hence re;ultmg inan
dards [3, 4], although they are very sensitive to channel errofacreased coding gain. Furthermore, the VL-STCM is capable
and to consequent loss of synchronisation due to their vaf! Providing both multiplexing and diversity gains with the aid
able length nature. Even a single bit error is likely to induce §f Multiple transmit antennas.
prolonged propagation errors and hence the data received after The rest of the paper is organised as follows. The overview
the bit error’s position becomes error-infested. Furthermoref the space time coding technique advocated is given in Sec-
side information regarding the total number of VLC encodedon 2, while the detailed description of the proposed VL-STCM
The financial support of the EPSRC, Swindon UK and the EU under th(SeCheme is presented in Section 3. In Section 4, the performance

auspices of the PHOENIX as well as NEWCOM and NEXWAY projects is0f VL-STCM is discussed and finally our conclusions are of-
gratefully acknowledged. fered in Section 5.




2. SPACE TIME CODING OVERVIEW 3. VARIABLE LENGTH SPACE TIME CODED

MODULATION
Let us consider a MIMO system employifi§ transmit anten-
nas andV,. receive antennas. The signal to be transmitted from vl cilt]
transmit antennaz, wherel < m < N,, at discrete time index ! Mapper b—»
t is denoted as,,,[t]. The received signal at receive antemna 02 ealt]
wherel < n < N,, and at time instantcan be modelled as: Non- | % [p | Mapper F»Q

3
t

|
N, st . v cslt]
rl] = VB S hamlfrnlf] +walf, (@) —= Binary DD Mapper
m=1 .
where E, is the average energy of the signal constellation, VLC N .
hn,m [t] denotes the flat-fading channel coefficient between trans- vt @ ._-C_Ntiﬂ
mit antennam and receive antenna at time instant, while e E Mapper
wy,[t] is the Additive White Gaussian Noise (AWGN) having

zero mean and a variance 8% /2 per dimension. The am- Figure 1: Block diagram of the VL-STCM encoder.

plitude of the modulation constellation points is scaled by a ) .
factor of \/E, so that the average energy of the constellation _| € Plock diagram of the VL-STCM scheme is |I|u§\;[:ated

H i — [1,,2 T
points becomes unity and the expected Signal-to-Noise RaffyFigure 1. Anon-binary VLC codeword; = [v; vj ... v;™']
(SNR) per receive antenna is givenby= N, E, /N, [9]. Let Is assigned to each of the source symbglgenerated by the
us denote the transmission frame lengtiasymbol periods

source at time instant, wheres; € {1,...,N,}, N, de-
and define the spacetime encoded codeword asvan(T)- notes the number of possible source symbols and each compo-
dimensional matrixC formed as:

nent of the VLC codeword; is represented by a non-binary
rather than binary symbol. The non-binary VLC codewetd

alll a2l ... all] is transmitted diagonally across the space-time grid with the
c - eoll] 2] ... e[I] @) aid of appropriate-length shift registers denoted’am Fig-
- : : : ’ ure 1. More specifically, the number of shift registers used for
en ] en, (2] en, [T transmit antennan, wherem = {1,2,...,N,}, is given by_
m — 1. Hence, the proposed VL-STCM scheme transmits a
where thetth columnc[t] = [c1t] coft]... cn,[t]]T is the non-binary two-dimensional (2D) VLC diagonally across the

spacetime signal transmitted at time instaahd themth row  space-time grid in order to achieve a transmitter-diversity or-

cm = [em[l] em[2]... em[T]] is the signal transmitted from der which is identical to the Hamming distance of the 2D VLC

antennam. The Pair-Wise Error Probability (PWEP) of er- plus a coding advantage quantified by the product distance of

roneously detectind instead ofC is upper bounded at high the 2D VLC as well as a multiplexing gain, when the number

SNRs by [8, 10]: of possible source symbol§; is higher than the number of
modulation leveld\!.

1/ B\ P
we-B) < 3(4e) @, ©
0 3.1. Code Design
where Ey is referred to as theffective Hamming distance
which quantifies the transmit diversity order afig is termed B
as theeffective product distangevhich quantifies the coding Cvic = v}
advantage of a spacetime code. It was shown in [11] that both Xx3201xxx201033200|
the Hamming distance and the product distance of a block codg, v?
can be preserved, when the block code is transmitted diago-—> | X OX3Xxx213x12001032| ‘=
nally across the space-time grid. The mechanism of the diago- v
nal transmission across the space-time grid will be exemplified Oxxx323121xx032212|H»
in Section 3.1 in the context of Figures 1 and 2. Hence, a full
transmitter-diversity STTC scheme can be realised, when the
Hamming distance of the block code equals to the number Gigure 2: TheN; = 18 possible VLC codewords of the
transmitters. Furthermore, the diagonal transmission of a bloéRdeword matrix in the non-binary 2D VLCy 1. employing
code also results in the minimum number of required trelli$PSK modulation, which signals thé; = 18 possible source
states [11], hence a full transmitter-diversity STTC schemgymbols with the aid of using/; = 3 transmit antennas.
having the minimum decoding complexity is attained. An example of the 2D non-binary VLC codeword matrix,
Let us now commence our detailed discourse on the pré+ ¢, is depicted in Figure 2 when there akg = 18 pos-
posed VL-STCM scheme in the following section. sible source symbols any; = 3 transmit antennas. More




explicitly, each column of the3(x 18)-dimensional matrix we haveL,,. = Z?’;l P(s)L(s) = 1.5208 for theCy 1,c ma-
Cy e corresponds to one codeword and the elements in thx of Figure 2, whereL(s) is the number of ‘active’ trans-
matrix represent the 4PSK symbols to be transmitted by thmitted symbols in the VLC codeword assigned to source sym-
different antennas, while ‘X’ represents ‘no transmission’. ‘Ndol s according to Figure 2. Hence, in this specific exam-
transmission’ implies that the corresponding transmitter ample a power saving o020log,,(A) = 2.9505 dB can be ob-
tenna sends no signal. The VLC codewerdcorresponding tained. Note however that the more correlated the source, the
to source symbob, = j, j = 1,2,...,18, at time instant  lower the average codeword length, and hence the higher the
is given by thejth column of the matrixCy . Hence, each power saving. In order to normalise the average energy of the
of the N; = 3 components ofy may assume one of the fol- multiple transmitter-based modulation constellations to unity,
lowing valuesv! € {x,0,1,2,3}, wherei € {1,2,...,N;} we have to scale the 4PSK constellation of each transmitters
when 4PSK modulation is employedNote that more trans- such that the radius of the 4PSK constellation becorhes
mission energy is saved, which may be reallocated to ‘activg’31.5208 = 1.4045.

symbols, when there are more ‘no transmission’ symbols in As We can see from Figures 1 and 2, each of the 18 non-
a VLC codewordv,. Therefore, the columns of the matrix binary VLC codewordsry = [v; v} v}]” is transmitted using

. = 3 transmitters, where theith element of each VLC
Cv ¢, Which are the VLC codewords, and the source symbo tdeword, forl < m < N, is delayed by — 1) shift

are specifically arranged, so that the more frequently occuiegister cells, before it is transmitted through théh trans-
ring source symbols are assigned to VLC codewords hav::}?It antenna. Hence, th&; number of components of each

‘ iscion’ i C codeword are transmitted on a diagonal of the spacetime
more ‘no transmission’ components, in order ve tran { ! :
ore ‘no transmission’ components, in order to save trans ctcl)_deword matrix of Equation 2. Since the VLC codewords

energy. are transmitted diagonally, the transmitted signal atstith
antenna, forl < m < N, at a particular time-instartt is

c=f(v) given byc,,[t] = f(vi™,,.1). Hence, for this specific case the
spacetime codeword matrix of Equation 2 can be written as:

f(“z}) f(”tl+1) f(“t1+Nt,1)
fi_y) f?) f(vt2+Nt—2)

® PR [CAGVINY B (OGNS ESPPR (C
c=A

It can be shown based on [11] that the minimum Hamming
distanceEy of the VL-STCM scheme is given by:

EH min — dgLCa (5)

o v=3

- »7._;»_."
C:A€j3ﬂ/4

where d%EC is the symbol-based minimum Hamming dis-

tance of the 2D VLC employed. Thambol-based Hamming

) i _ distance between any two VLC codewords, which are selected

Figure 3: The signal mapper of the VL-STCM encoder of Figfom the columns of the codeword matd% . of Figure 2,

ure2. _ is given by the number of different symbols - rather than bits
The signal mapper blocks of the VL-STCM scheme of Fig: peqyeen the two VLC codewords. For example, £heibol-

ure 1 are characterised in Figure 3. Note that the 'no ransmigaseq Hamming distance between the first and the last columns
sion symbol |s_actually represented by the origin of th_e Eugay Cv e shown in Figure 2 is three, where the ‘no transmis-
clidean space, i.e. we have= f(v = x) = 0, wheref(.)is  gjgpy symbol ‘X’ is included as the fifth symbol. On the other

the function mapping the 4PSK symbols to tNenumber of - ),y the minimum product distan&g of VL-STCM scheme
transmit antennas. Furthermore, the amount of energy savigg,, pe computed as [11]:

can be computed from:

Ny
)
Lave

1<s<3<N,
m

Bpmin = __min  J[If™) = f@m*, (6)
€§

A= (4)

_ where¢ is the set for transmit antenna indexwith v™ # o™
whereL,,. is the average codeword length of the VLC codefOr 1< m < N, while [v" ...v™|T and[3" ... 5™]" are two
word matrix Cyrc. As an example, we use th€, = 18 ;| ¢ codewords associated with the source symbodsid 3,

source symbol probabilities ¢f(s) = {0.1776, 0.158, 0.1548, respectively. Hence the design of the 2D non-binary VLC code

0.1188, 0.1162, 0.077, 0.0682, 0.0388, 0.0374, 0.0182, 0'Ojo?’Figure 2 is based on first designing a set of codeword matri-
0.0068, 0.0066, 0.002, 0.0016, 0.0007, 0.0002, 0.pOBENCE, og \Which have the maximum achievallg ... and Ep ..

1At this early phase of the research we set aside the related crest-faclUes a'F a giverN; and Ny _Combi_nation- The”_ we opt for
problems for future work. the specific codeword matrix, which has the highest number




of ‘no transmission’ symbols at the gively ,;, and Ep i, Of the 2D VLC. Nonetheless, both FL-STCM and VL-STCM

combination. achieve the same multiplexing gain due to having the same av-
In the example of Figure 2 we havgy i, = d%-“ = 2  erage throughput of 4.17 bps.

and Ep nin = 3.89, which were found to be the maximum

achievable values &V, = 18 and N, = 3 by our exhaustive 3 3. pecoding

computer search for the best solution. Furthermore, the effec-

tive throughput of the VL-STCM scheme is givenloy, (N,) = At the receiver, both the Viterbi and the MAP algorithms may

4.17 bits per symbol (bps), which is significantly higher tharpe used by the trellis-based decoder. The trellis states are de-

_ : . ; ined by the contents of the shift register cellsshown in Fig-
log,(4) = 2bps in the case of classic 4PSK modulation. Ther%re 1. Note that each shift register cell may hold five possible

fore, firstly a transmit d|v§r3|ty order &y min = 2 Was at- values, namelyx, 0, 1, 2, 3} for the VL-STCM and four 4PSK
tained. Secondly, a coding advantage directly related to the e for the FL-STCM scheme. However, not all consecutive
value of Ep min = 3.89 was achieved. Thirdly, a multiplexing state sequences are possible due to the constraint imposed by
gain can also be attained fof; > M, wherel is the number the 2D VLC of Figure 2 or by the FLC code of Figure 4. More

of modulation levels in the original modulation scheme. Addispecifically, there are 90 and 44 possible trellis states in the
tionally, the correlation of the source only affects the specifitrellis of the VL-STCM and FL-STCM schemes, respectively.
mapping of the different-probability source symbols to the 2blence, the decoding complexity of the VL-STCM based on the
VLC codewords of Figure 2, but not the design of the 2D VLC v r.c matrix of Figure 2 is about twice that of the FL-STCM
itself. Therefore, the higher the source correlation, the lowd¥ased on th€'rc matrix of Figure 4. The log-domain sym--
the average codeword length.... Hence, a higher power sav- bol metrics can be computed based on the PDF of the noise

ing can be obtained, when the source is more correlated, sirfte

the amount of energy saving is given by Equation 4, whére L Ny 2
is fixed. Pr(cf]lrlt]) = -5~ Dol = VES Y humenlt] ()
n=1 m=1
3.2. Benchmarker wherer[t] = [ri[t] ... rn,[t]] is the received signal vector
at time-instant, c[t] = [ci[t] ... cn,[t]] is the Ni;-element
space-time coded symbol ang,[t] = f(v]",,.1). When
Crrc = 1 the different source symbols’ probability of occurrenééd)

021111300022211133]1%~ is different, it can be used as taepriori probability for as-

sisting the trellis decoder. Hence, the log-domain trellis branch

St 001300121121121230 Ui transition metrics of the transition from th.e previous siite
to the current stat® may be computed as:

000013001301312301|"~ v(SHS8) = Pr(c[t]r]t]) + Pr(s), ®)

whereclt] ands are the associated codeword and source sym-
Figure 4: The codeword matrix of the non-binary 2D FLQbol for that trellis branch, whil&@r(c[t]|r[t]) is given by Equa-
Crrc employing 4PSK modulation, havin, = 18 num- tion 7 andPr(s) = In P(s) is the log-domain priori proba-
ber of possible source symbols and usiNg = 3 transmit bility of the source symbaoi.
antennas. It is worth mentioning that it is possible to design a VL-

In order to benchmark the proposed VL-STCM schem®TCM scheme, which has a higher minimum product distance,
of Figure 2, a Fixed-Length STCM (FL-STCM) benchmarker’r min, at the cost of a higher decoding complexity. More ex-
was created. The codeword matrix of the Fixed Length Coddicitly, the design of the proposed VL-STCM is based on the
(FLC) is shown in Figure 4, where again, 4PSK modulatio§€arch for an optimum non-binary 2D VLC mati¥% ¢, as
was employed in conjunction witlV, = 18 and N, = 3. In shown in Figure 2, and its trellis is based on the shift-registers
the FLC allN, transmit antennas are active at all time instant$hown in Figure 1. By contrast, a VL-STCM scheme having a
hence there are only/ = 4 phasors in the modulation con- higher Er iy can be designed based on the search of an op-
stellation and no power saving is achieved due to the abserf#8UM space-time codeword matri, given by Equation 2,
of ‘no transmission’ symbols. Similar to the VLC scheme otising a trellis that has a higher number of trellis states.

Figure 2, this was designed by exhaustive computer search,
evaluating Equations 5 and 6 for all possible combinations of 4. SIMULATION RESULTS
the 4PSK symbols.

At N, = 18, we haveEg i, = 1 and Epyin = 2, Let us now evaluate the performance of both the VL-STCM
which are the maximum achievable values for the FLC at and FL-STCM schemes in terms of their source Symbol Er-
given combination ofV, = 18 andN; = 3. However, these ror Ratio (SER) versus the Signal to Noise Ratio (SNR) per
values are significantly smaller than t#8; ,;, and Ep i bit, which is given byE, /Ny = ~/n, where~ is the SNR




per receive antenna amd= log,(18) = 4.17 is the effective 5. CONCLUSIONS
information throughput.
A variable length space time coded modulation design was pro-
posed, where a jointly designed optimal trellis codec was em-
ployed, instead of using a separate suboptimal source codec

£ VL-STCM and channel codec pair. The joint design of source-coding and
B Uncorrelated source: . . .

3 © FL-STOM space-time coded modulation was shown to achieve both spa-

\ ' X VL-STCM tial diversity and multiplexing gain, as well as coding gain at

the same time. The variable length structure of the individ-
ual codewords mapped to the maximuvp transmit antennas
imposes no synchronisation and error propagation problems.
Furthermore, it provides an efficient design that is capable of
increasing the effective product distance of the scheme, espe-
cially when the source is correlated. An overall performance
gain of 6 dB was attained by the VL-STCM scheme over the
FL-STCM benchmarker scheme at SER=*. The proposed
VL-STCM design may be employed for higher-order modula-
tion schemes by first designing a two-dimensional VLC map-
Figure 5: SER VerSUEb/NQ performance Of the VL-STCM plng 16-al’y or even high-order modu|ati0n COﬂSte"ationS to
and FL-STCM schemes, when communicating over uncoft€ V; transmit antennas. The proposed VL-STCM may also
related Rayleigh fading channels using 4PS%, = 3 and be employed as a constituent code in turbo equalisation sys-

0 seapsksergle

Correlated source:
47 FL-STCM

SER

10

10
—— Simulation .
Upper bound -

10 0 2 4 6 2 14 16 18 20

8 10 1
Ey/N, (dB)

N, =2,

tems or in parallel concatenated turbo coding architectures for

Figure 5 depicts the SER versi /N, performance of the sake of attaining further iteration gains.

the VL-STCM and FL-STCM schemes, when communicating
over uncorrelated Rayleigh fading channels using 4PSK, three
transmitters and two receivers. Note that when the source ig]
uncorrelated, we havé,,. = 2.1667 and A L]:’;S
1.38 for the VL-STCM scheme, hence the power saving of
VL-STCM is given by20log,,(A¢) = 1.4133 dB and the
effective product distance is given tYp i, = 1.92. By  [3]
contrast, the results for the correlated source investigated are
based on the source symbol probabilitié&) defined in Sec-  [4]
tion 3. The upper bounds of the PWEP defined in Equation 3
are also shown in Figure 5 for comparison with the simulation[5]
results. As we can see from Figure 5, the performance of VL-
STCM is about 1.7 dB better, when the source is correlated
as compared to when the source is uncorrelated. This is duUé
to the higher achievablE’» ,,,;,, value, when the source is cor-
related. Observe in Figure 5 that the PWEP upper bounds %
the VL-STCM are close to the simulation results. By contrast,
the performance of the FL-STCM is about 1.1 dB better, when
the source is correlated compared to the uncorrelated sourdgsj
This is because the branch transition metrics in Equation 8 ben-
efit from the different source symbol probabilities, when the
source is correlated. [9]

(2]

By comparing the simulation performance of VL-STCM
and FL-STCM at SER= 10—, the performance of VL-STCM [10]
is approximately 6 dB and 5.4 dB better than that of FL-STCM,
when employing correlated and uncorrelated sources, respec-
tively. Again, this coding gain is achieved at the cost of apf1]
proximately doubling the decoding complexity from 44 to 90
trellis states.
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