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Abstract: The field of Space-Time Coded Modulation 
(STCM) has recently attracted interest as a means of im- 
proving link reliability in mobile environments. It has 
been shown that these space-time multiple-antenna systems 
provide very high capacity when compared to single an- 
tenna systems in a Rayleigh fading environment. Specif- 
ically for the forward-link, space-time coded transmit di- 
versity should be incorporated into the wireless communi- 
cation system in order to take full advantage of the com- 
bined space- (multiple-transmit antennas) and time- (for- 
ward error correction coding) diversity scheme. In this pa- 
per, we adopt a heuristic approach to the design and eval- 
uation of diagonally layered STCM schemes by utilising 
classical Multiple-Trellis Coded-Modulation (MTCM) tech- 
niques. We will focus mainly on the construction of simple 
4-state diagonally layered space-time convolutionally coded 
systems. The designed STCM systems will be used in a com- 
parative performance investigation with the originally pro- 
posed STCM codes. Computer simulations are used to eval- 
uate the performance of the code designs on flat Rayleigh 
fading channels. 

I .  INTRODUCTION A N D  BACKGROUND 

An important new area of diversity combining is space-time 
processing. Previous works [ 1, 21 have established the impor- 
tance of spatial diversity and the impact on the capacity of wire- 
less communication systems. The latter has focused mainly on 
the reverse link channel (mobile-to-base). Bearing in mind the 
strict complexity requirements of handsets, and the character- 
istics of the forward link channel, a brute-force application of 
advanced detectors with multiple receiving antennas is not seen 
as the desired solution to the forward link capacity problem. 
Alternative solutions have been proposed suggesting that multi- 
ple transmit antennas (or transmit diversity) at the base station 
will increase forward link capacity with only minor increase in 
mobile handset implementation. 

In this paper we focus on the construction of diagonally lay- 
ered space-time convolutional codes to TDMA systems. Specif- 
ically, a TDMA system similar, but not identical, to the IS-136 
US cellular standard is considered. The gain from space time 
coding comes from the antenna diversity as well as the use of 
coding between signals transmitted in parallel from antennas. 
The symbols from the coded information words are transmitted 
simultaneously (applying a block orthogonalisation scheme), or 
with known time offsets, from the ntz possible transmit antenna 
elements. A code symbol is now defined by an antenna element 

and a symbol constellation point. A code sequence is defined 
by a series of code symbols constraint by current data and pre- 
vious inputs in a convolutional coding manner. By maximiz- 
ing the distance between the code symbols, the technique can 
achieve a coding gain in a manner similar to conventional cod- 
ing schemes. 

Recall, the appropriate criterion for designing good TCM 
schemes for the AWGN channel is to maximise the minimum 
Euclidean Distance (ED) between any two distinct information 
sequences of the coded sequences. Several papers 13, 41 have 
showed that the error rate performance of Trellis-Coded Mod- 
ulation (TCM) schemes over fading channels can be strongly 
influenced by the effective or shortest Error Event Path (EEP), 
Lmin and the minimum product distance, XL along that error 
event path. These parameters play a more important role than 
the minimum ED. For this reason Multiple Trellis-Coded Mod- 
ulation (MTCM) codes have been designed in order to achieve 
superior performance on the fading channel, compared to that 
achievable by conventional Trellis-Coded Modulation (TCM) 
of the same throughput and decoder complexity. 

In this paper, we adopt a heuristic approach to the design and 
evaluation of diagonally layered STCM schemes by employ- 
ing classical (MTCM) techniques. The advantage of the lat- 
ter approach is that it provides an unified design procedure for 
these STCM systems, including the design of multi-level, multi- 
dimensional and asymmetric coded modulation schemes. In 1.51, 
Tarokh et a1 proposed two design criteria, namely the "Rank" 
and "Determinant" criteria, for the design of STCM systems. 
In addition they have presented two design rules for the con- 
struction of these codes assuming a phase-modulated system. 
We will introduce design criteria, more closely related to the 
MTCM code construction process, to design these STCM sys- 
tems. Using this insight, we will define the so-called Layered 
Sqaured Euclidean Distance (LSED) and Layered Squared Eu- 
clidean Distance Product (LSEDP) of the STCM system. The 
applicability of the latter MTCM design approach will be eval- 
uated against the design criteria proposed in 1.51. 

The paper is organised as follows: The general system model 
for multiple antenna systems and space-time codes is revis- 
ited in Section 2. We introduce the MTCM code design tech- 
niques and a framework for evaluation the effectiveness of the 
designed coded systems. In Section 3, we present the design 
of 4-state convolutionally encoded STCM systems. In Section 
4 the Bit Error Rate (BER) performance evaluation of the de- 
signed STCM systems under flat Rayleigh fading channel con- 
ditions is considered. A comparative performance evaluation 
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between codes designed with the proposed MTCM design ap- 
proach and the originally proposed design criteria for STCM 
codes is carried out. In Section 5 ,  we present a discussion on 
the effectiveness and penalties associated with employing the 
proposed MTCM based design criteria. 

11. SPACE-TIME CODED SYSTEM MODEL 

The block diagram of the space-time coded system under in- 
vestigation is shown in Fig. 1. The input binary stream is first 
passed through the space-time encoder and signal-point mapper. 
After mapping successive blocks of b bits into the M-ary PSK 
constellation, the encoded symbols are passed through a block 
symbol interleaver. 

/s 
V 

time t 
t i m e t +  T, 

Fig. 1. Transmitter block diagram of space-time coded system. 

SO 31 
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In the space-time block orthogonalisation module the sym- 
bols are encoded to maintain orthogonality (full-rank) and mul- 
tiplexed into the nt,-antenna streams. Specifically, follow- 
ing Alamouti's scheme [6 ] ,  this encoding and multiplexing for 
ntz = 2 results in the following transmit diversity sequence (T, 
is the symbol duration): 

I antenna O I antenna 1 

varying from one to the other. Thus, the fading is constant 
across two consecutive symbols under these (quasi-static) con- 
ditions and we have hi(t)  = hi(t + T,) = hi, i = 1 , 2 .  

/J 

RF mmr 

Fig. 2. Space-time coded system receiver block diagram. 

Figure 2 shows the structure of the space-time coded receiver 
where it is assumed that only a single antenna is utilised at the 
receiver. The received signal is coherently demodulated with 
a locally generated carrier reference, assuming perfect carrier 
and time synchronisation. The demodulated and low-pass fil- 
tered complex signals, entering the space-time block combina- 
tion module, are given by 

In the above, 70 and 71 are complex random variables as a result 
of receiver noise and interference, modeled as independent zero 
mean white Gaussian noise processes. 

The space-time block combination module, performs a de- 
orthogonalisation procedure, resulting in the combined signals, 
Si, expressed as 

In the case of perfect channel estimation, the Channel State In- 
formation (CSI) vector, described in terms of the channel re- 
sponse vectors h,(t) ,  is completely known at the receiver. In  
practice, the inserted header symbols are utilised in the chan- 
nel estimator to derive an estimate of the fading amplitude and 
phase over the header interval. This estimate is used as non- 
perfect CSI in the space-time decoder, and is constantly updated 
by extraction of the fade estimate. 

It is important to note that even if perfect fading estimation 
(ideal CSI) is available, the channel can never be compensated 
to a degree to achieve AWGN-like performance. This is because 
the demodulation system with CSI is carried out with regard to 
the received signal, which consists of the faded original signal 
plus an additional noise component. 

During the decoding process, the space-time decoder takes 
into account the state of the fading channel by means of CSI 
based metric weighting functions. This scheme assumes the 
channel to be unreliable when deeply faded and gives lower 
weights to branch metrics computed during such intervals. Af- 
ter decoding and decision making the decoded bit stream is re- 
covered and delivered to the output. 

111. SPACE-TIME CODE DESIGN 

In its most general form, MTCM is implemented by an encoder 
with b binary input bits and s binary output bits that are mapped 
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into k M-PSK symbols in each transmission interval. The pa- 
rameter k is referred to as the multiplicity of the code, since 
it represents the number of M-PSK symbols allocated to each 
branch in the trellis diagram ( I C  = 1 corresponds to conventional 
TCM). To produce such a result, the s binary encoder output bits 
are partitioned into k groups containing ml ,7722,  . . . , m k  sym- 
bols. Each of these groups, through a suitable mapping func- 
tion, results in a M-PSK output symbol. 

Recall that with conventional trellis coding (i.e., one symbol 
per trellis branch), the length Lmin of the shortest EEP is equal 
to the number of trellis branches along that path. A trellis dia- 
gram with parallel paths is constrained to have a shortest EEP of 
one branch, Lmin = 1. This implies that the asymptotic region 
of the graph of average bit error probability will vary inverse 
linearly with Z / N ,  or E,/N,, since E, = E, [9]. Therefore, 
from an error probability viewpoint it is undesirable to design 
conventional TCM codes to have parallel paths in their trellis 
diagrams. 

When the MTCM appraoch is employed for space-time code 
designs, the option of designing a trellis diagram with parallel 
paths may again be considered. since it offers more flexibility 
in selecting higher effective code lengths (or error event paths). 
The reason behind this lies in the fact that even if parallel paths 
exist in the trellis, it is now possible to have more than one 
coded symbol with non-zero ED associated with an EEP branch 
of length, L,,, = 1. 

In the design of the space-time codes a procedure similar to 
that presented in [9], known as the Ungerboeck: From Root-to- 
Leafapproach, has been followed. The set partitioning method, 
makes use of k-fold Cartesian products of the sets found in 
Ungerboeck’s original set-partitioning method for conventional 
trellis codes [ 101. The set-partitioning procedure is started with 
a k-fold Cartesian product of the complete M-PSK signal set. 

The latter multiplicity factor is the most important parame- 
ter in the space-time coding design procedure. In general, the 
design criteria do not include any direct considerations on the 
choice of multiplicity factor, k ,  as a function of the channel 
parameters. In [ 111, we have shown how the general design cri- 
teria for MTCM codes for fading channels, can be augmented 
by including an analysis of the lengths of burst errors. For the 
space-time transmission system under consideration the choice 
of IC is naturally determined by the number of available transmit 
antennas, ntx. 

A. Ungerboeck Set Partitioning: 

Considering the code design for nt, = 2, the first step is to 
partition A0 @ A0 into M signal sets defined by the ordered 
Cartesian product (A0 @ Bi} , i = 0 ,1 , .  . . , M - 1. The sec- 
ond element { j z }  of Bi is defined by nj + i mod M .  In terms 
of the space-time mapping it  is appropriate to define a new de- 
sign parameter, which will be called the Layered Squared Eu- 
clidean Distance (LSED). Specifically, since the LSED between 
any pair of k = 2-tuples is the sum of the distances between cor- 
responding symbols in the 2-tuples, the set partitioning guaran- 
tees that the intradistance (i.e., distance between pairs within a 
specific set or partition) of all of the partitions A0 @ Bi is iden- 
tical. In addition, as a result of the possible existence of parallel 
paths in the decoding trellis, the minimum product of LSEDs 
must be maximized. We refer to this paramater as the LSEDP, 
which is given by n d:j. 

Therefore, for the generating set A0 @ Bo, the minimum 

Subset 

&@Bo 
Ao@& 

LSEDP over all pairs of 2-tuples must be maximized. This is 
done by choosing the odd integer multiplier, n such that it pro- 
duces the desired maximin solution. A computer search for pos- 
sible values of n, revealed the solution to be n = 1. The sets, 
A0 @ Bi, i = 1,. . . , M for ntx = IC = 2, are illustrated below 
for M-PSK with M = 4 (QPSK). 

Ao@Bo = [ 0  O 1 1 2 2 3 3 1  
Ao@B1 = [ 0  1 1 2 2 3 3 0 ]  
Ao@B2 = [ 0  2 1 3 2 0 3 1 1  
Ao@B3 = [ 0  3 1 O 2 1 3 2 1  

Note that each set has a minimum intradistance of 4Eb. The in- 
terdistances (i.e., minimum distances between pairs of 2-tuples 
from different sets), for these sets are summarised in Table 1. 

Distance Subset Distance 
- A0 @B1 4Eb 

8Eb Ao@Bs 4Eb 

Following tradition, the following steps in the set-partitioning 
procedure are to partition each of the M sets A0 @ B,, into two 
sets CO 8 Dzo and CO @ Dil ,  with the first containing the even 
elements ( j  = 0 , 2 , .  . . , M - 2) and the other containing the 
odd elements ( j  = 1,3, .  . . , M - 1). 

The sets, CO @ Di, , using the procedure described in the fore- 
going are illustrated below. 

CO@DOO = Co@D20= [ 0 0 2 2 3  
CO@’Ol = C o @ D 2 1 = [ 1  1 3 3 1  

COC3DDll = Co@D31=[ 1 3 3 1 J 
cO@DlO = CO@’30= [ 0 2 2 o ]  

Note that each set has a minimum intradistance of 8Eb and the 
interdistances for these sets are 8Eb. 

I v .  ENCODER A N D  DECODER IMPLEMENTATION 

A. Encoder Analytical code description. 

The Calderbank-Mazo analytic description of the trellis codes 
was developed for one dimensional modulation, and channel 
signals have to be real numbers for the analytic process. The 
output channel signals are directly expressed in terms of a slid- 
ing block of input bits, with the intermediate step of output 
coded bits being irrelevant for analytical described trellis codes 
[9, 121. 

When a trellis code is used to encode data at a rate of T bit 
per channel symbol, each channel input 2 will depend not only 
on the most recent block of IC bits that enter the encoder but will 
also depend on the v bits preceding this block. The output sym- 
bol may be determined by solving the set of equations resulting 
from all the input bit combinations 

Z(bi,b2,. . . ,b,)  
n n 
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or by solving its equivalent matrix equation, describing the en- 
coder function as follows 

where bi = 1 - 2 a i , X  is the channel signal matrix, B is the 
Hadamard matrix with elements fl and D the matrix of con- 
stants which determines the code. In order to calculate the coef- 
ficients of matrix D ,  the matrix of the channel symbols is calcu- 
lated from the trellis diagram and the solution for D is obtained 
from 

BTX 
2n D E -  (6) 

where X is the channel signal matrix, B is the Hadamard ma- 
trix with elements f l ,  and D is the matrix of constants to be 
determined. 

B. Design of 4-State Space-Time codes: 

In this sub-section a rate-2/4 space-time trellis code of multi- 
plicity IC = 2, is designed. Two QPSK symbols are transmit- 
ted over the channel for every 2 bits accepted by the encoder. 
The inputloutputlstate connection diagram for this coding sys- 
tem is shown in Fig. 3 .  It defines the sliding block of source 
variables ( b l ,  b2, b:), b y ) ,  b p ) ,  bf)) .  Note that the output bits 

put from the antenna elements. 

(b3 (k) , b4 (k) ), IC = 1 , 2  are mapped into the QPSK symbols out- 

Fig. 3. Space-Time encoder input/output/state connection diagram 

The code structure for the half-connected rate-2/4 space-time 
code is presented in Fig. 4, for a cardinality of 2. The number 
of branches associated with each state (i.e., emanating from or 
terminating in a node) equals 22 = 4. 

Fig. 4. Trellis diagram of 4-state space-time code (nt, = 2) 

Substituting the coder output code words for the M-PSK 
code words, and by using the Calderbank-Mazo algorithm, the 

following solutions for the D ( k ) ,  IC = 1 , 2  matrices are obtained 

Substituting (7) into (5) for 72 = 4, the analytical description of 
the encoder is given by 

2bl - b13 XU) 

x(2) = - h 2 4  f 231234 (8) 

where X(k) denotes the QPSK symbol output from the ( I C -  1)th 
antenna. 

In the following section, the performance of this code will be 
benchmarked against the rate-2/4 space-time trellis code pre- 
sented by Tarokh [5]  (For the trellis diagram the reader is ref- 
ered to Fig. 4 of this paper). Following the procedures described 
in the foregoing, the analytical description of this space-time 
encoder is given by 

X(l) = 2b4 - b34 

X(2) = 2b2 - b12 (9) 

Note that the analytical representation of the trellis encoders 
encapsulates the combined modulatiodcoding process without 
the necessity of separating it  into its component parts. 

V. PERFORMANCE EVALUATION 

This section presents computer simulation results of the un- 
coded and coded QPSK communication system, operating at 
2.0 bits/s/Hz. For all the simulations, a frame length N of 200 
symbols, header length LH of 8 symbols, and sub-frame length 
LN of 8 symbols were assumed. N was also taken as the de- 
coding depth of the Viterbi decoder. The effect of varying N 
and LN is left for further study. A vehicle speed of 120 k d t ,  
and a carrier frequency of 2 GHz were assumed. 

Rayleigh Fading Channel 
106' 

V 

1 o-2 . 
0 . 
n E 10-3 

1 o - ~  

m 
Ti 

1 o - ~  
0 1 2  3 4 5 6 7 8 9 10 

Eb/No (dB) 

lJncoded.n= 1 
Rote-1/2 (Repetition),n=Z 
Rote-2/4 (MTCM),n=l 
Rate-2/4 (Tarokh),n= 1 
Rate-2/4 (MTCM),n=Z 
Rate-2/4 (Tarokh),n=2 

t x  
ransrnitter Antenna: n=n 

Fig. 5. QPSK BER results for uncoded and 4-state rate-2/4 space-time coded 
QPSK system operating on the AWGN channel, when nt, = 1 , 2  antennas are 
used at the transmitter. 

Fig. 5 and 6 depict the BER results of the rate-2/4 space- 
time coded QPSK systems, compared to the uncoded system 
performance under AWGN and fast Rayleigh fading conditions, 
respectively. For these performance curves transmit diversity 
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order of ntz = 1 and 2 have been assumed. In addition, the BER 
performance results of a QPSK system employing 2 transmit 
antennas and rate-1/2 repetition coding are also shown. For all 
the coded systems, a block symbol interleaver (pseudo-random) 
of size N has been utilised. 

Designed 

Rayleigh Fading Channel lo-’ 

Rate Code Eb/N, for Coding 
rate Ph < Gain (l) 

Uncoded,n= 1 
v Rate-1/2 (Repetition),n=Z 

1 0-2 .I Rote-2/4 (MTCM),n=l 
U Rate-2/4 (Tarokh),n=l 
m Rote-2/4 (MTCM),n=Z 
a Rote-2/4 (Torokh).n=2 

Transmitter Antenna n = n  

E 10-3 
m 

t x  

MTCM 
Tarokh 

t \ %\\ 

“I 

214 ntz = 2 13.5dB 16.5dB 
214 ntz = 2 18.5dB 12.5dB 

10-5 
0 5 10 15 20 25 30 

Eb/No (dB) 

Fig. 6 .  QPSK BER results for uncoded and 4-state rate-2/4 space-time coded 
QPSK system operating on the flat fading Rayleigh channel, when nt, = 1 , 2  
antennas are used at the transmitter. 

From these figures, the newly designed (MTCM based) 
space-time coded systems (ntz = 2) outperformed both the 
repetition code and the previously proposed space-time codes. 
It can be seen that for both the AWGN and Rayleigh channels 
coding gains, relative to both the uncoded and repetition coded 
systems, are obtained for the MTCM-based space-time codes. 

It is interesting to note that the originally proposed 4-state 
space-time code fails to significantly improve on the perfor- 
mance of rate- 1/2 repetition code for both channels considered. 
The latter can be attributed to the fact that the latter codes were 
designed by hand to maximise the coding advantage given by 
the determinant criterion. In this instance it is clear that the de- 
terminant criterion is approximate, since it does not take in into 
account the path multiplicity. 

The BER performance results for the Rayleigh fading chan- 
nel are summarized in Table 2. 

I . -  I 

1 MTCM 1 2/4 1 nt, = 1 I 20dB I 11dB 1 
Tarokh I 214 I ntz = 1 I 1 9 d B  1 1 2 d B  
ReDetition I 1 / 2  1 nt, = 2 I 18 dB I 13 dB 

VI. CONCLUSIONS 

The MTCM design criteria presented in the open literature 
[3, 4, 91 were utilised in the designs of new space-time trellis 
codes for M-PSK systems. In particular, to minimise the error 

probability, the code has to maximise LSED of symbols at non- 
zero E D  from the shortest EEP. The secondary objective is to 
maximise the LSEDP of the branch distances along the shortest 
EEP. The final objective then, is to maximise the free squared 
E D  of the code. This study did not render the design criteria pre- 
sented in [ 131 obsolete. In fact, there are many similarities when 
comparing the originally proposed rank criteria, with the LSED 
criteria, and the determinant criteria with the presented LSEDP 
criteria. Rather, this work has highlighted the existence of de- 
sign tools (readily available and well-understood) which can be 
used to assist in the design and evaluation of future space-time 
coded systems. 
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