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Abstract— Space-time convolutional code (STCC) is a
technique that combines transmit diversity and coding to
improve reliability in wireless fading channels. In this pa-
per, we demonstrate a technique to design MQAM STCCs
with high spectral efficiencies utilizing QPSK STCC as com-
ponent code. The approach is based on a unique construc-
tion of M-QAM signal from several QPSK signals. The up-
per bound on the pairwise block error probability of the
new scheme is derived. Simulation result demonstrates that
the new technique outperforms existing M-QAM STCC de-
sign for M = 16.

I. INTRODUCTION

Space-time code [1] has demonstrated remarkable per-
formance by combining the capabilities of transmit spatial
diversity with coding. In its original design, the space-
time code required multiple transmit antennas in order
to transmit encoded symbols simultaneously from differ-
ent transmit antennas. In this paper, we present a tech-
nique that allows us to employ STCC to systems with
only a single transmit antenna and multiple receiver an-
tennas. The idea is to transmit more than one symbol
from a single transmit antenna. We first present a tech-
nique that combines multiple symbols required to trans-
mit in space-time code by superimposing them on each
other. In order to combine these symbols at the transmit-
ter and be able to separate them at the receiver, we mul-
tiply each symbol by different values that is known at the
receiver, and then combine them. Therefore, many sym-
bols can be sent out from a single transmit antenna in one
symbol time period. This approach can be interpreted as
creating additional transmit antennas, called virtual anten-
nas. These virtual antennas create statistically dependent

IV-173

channels between virtual transmit antennas and each re-
ceive antenna that we call virtual paths. Once we show
that one can transmit multiple symbols generated from the
output of the STCC encoder using a single transmit an-
tenna, we then demonstrate that a multiple-input multiple-
output (MIMO) nt X ng system can be modeled equiva-
lently with ny distinct 1 X n g single-input multiple-output
(SIMO) systems and apply STCC for each of 1 X ng
SIMO systems.
STCCs as component codes and create STCCs with ar-
bitrary high spectral efficiencies.

It has been shown in [2], [3], [4] that any M-QAM
symbols with square constellation can be constructed with
log,

TM QPSK symbols. This unique construction of M-

QAM symbols is obtained by rotation and scaling of

This aproach allows us to use QPSK

QPSK symbols using different scaling factors. In this pa-
per, we construct M-QAM STCC utilizing QPSK STCC
as component codes. This construction will allow us
to have any M-QAM STCC constellation with a single
QPSK STCC encoder.

The remainder of the paper is organized as follows. In
section II, the basic system model and assumptions are
presented. The construction of M-QAM symbol from
QPSK symbols are described briefly in section III. In
section IV, we present our approach and derive the upper
bound on the pairwise block error probability. Simulation
results and conclusion are presented in sections V and VI
respectively.

II. SYSTEM MODEL

We consider a wireless communication system utiliz-
ing np transmit and ng receive antennas. A block error
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occurs when the decoded data sequence

e=ciel...eiTesel...en” . .efef ... €T

is different from the transmit data sequence

c=cici...cTeyey. . BT . ... )T
where [ is the number of symbols in one block. The chan-
nel path gain from antenna i to receive antenna j is denoted
by h; ;. These path gains are constant during a frame and
change independently from one frame to another. The re-
ceived data r{ at antenna j and time t, can be written as

nr
rl = " hijci\/Es +ni, 1<j<ng (1)
i=1
where ¢! is the complex transmit symbol with unit aver-
age power sent from antenna i at time t, n{ is the additive
white Gaussian noise sample with zero mean and variance
%Q per dimension, and FEj is the signal constellation con-
traction factor.
The conditional pairwise block error probablity has the
upper bound [1]

Plc—e|hij,1<i<nr,1<j<ng)<

exp ( d*(c,e) 5\;0) (2)

where d?(c, e) is given by

This upper bound on the pairwise block error probability
can be written in matrix format as

Plc—e|hij1<i<ny,1<j<ng)<

nr E
exp | Y 9 AQMNO . @
j=1

where Q; = [hij,.-- ,hny ] and Afc,e) =
B(c,e)B*(c, e). The matrix B(c, e) is defined as

doc ... e—d
B(c,e) =
erllT — c’fT e e?T — C?T

It is easy to show that the matrix A(c,e) is a Hermitian
matrix. Therefore, there is a unitary matrix V' and a real

diagonal matrix D such that A(c,e) = V*DV. The diag-

onal elements of D are the eigenvalues of A(c, ) denoted
as)\i,l SZS’IIT
Define a vector 3y j,. . .

np
= AilBigl*
=1

|B;,;] has a Rayleigh or Rician distribution depending on

7/8nT,j = QJV*, then

QAQ;

whether the channel paths have zero or non-zero mean dis-
tribution.

In the case of Rayleigh fading, the upper bound on
the pairwise error probability of each block is further ex-
pressed as [1]

nr 1 nR
P(c—e) < ( 7) %)
Uz

In this paper, we assume that all the physical channel
path gains are statistically independent with Rayleigh fad-
ing distribution. The extention of this work to Rician fad-
ing distribution is straightforward.

III. CONSTRUCTION OF M-QAM SIGNAL
CONSTELLATION FROM QPSK SIGNALS

The construction of M-QAM signal (M = 2™) from
multiple QPSK (z;) signals can be obtained using the fol-
lowing equation [2], [3].

™ al
xzeXp(J 1<% S;

M — QAM = Zz’ V2 7

(6)

The QPSK modulation is realized by choosing z; from
the following set, {+1,47,—1,—j}.
we use 5+ QPSK signals to construct an M-QAM sym-
bol. Each M-QAM signal that is constructed based on
(6) utilizes the QPSK symbols that are from the output
of the STCC encoder. For example, if we want to create
a 16-QAM signal constellation from QPSK symbols, we

choose n1 = 4 in (6). In the first operation to construct

In this equation,

a 16-QAM signal, we apply to the two QPSK signals z
and z; arotation and a scaling factor by multipliying them
by exp(j %) and 4 For the second operation, a scaling
factor of 20 is applied to ¢ and 2! to ;. The third and
final operation is a summation of the new scaled z( and
z1 constellations as shown in figure 1.
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Fig. 1.  Construction of a 16-QAM signal constellation from two

QPSK symbols

IV. PROBLEM FORMULATION

We will derive the upper bound pairwise block error
probability to evaluate the performance of this system and
compare that with the performance of the original STCC
design. The search space for STCCs increases exponen-
tially with the increase in the constellation size. However,
utilizing QPSK STCC as component code, we can de-
sign STCC with large constellation size without any need
for such search. We will first compute the diversity and
coding gain with only a single transmit antenna by cre-
ating virtual path gains as long as we have multiple re-
ceive antennas. The construction of M-QAM STTCs with
high spectral efficiencies will be done using QPSK STCC
based on (6).

Assuming the number nr of transmit antennas equals
to 1, (1) can be written as

r{ = hy ;Ci\/ Eg + n{

The coefficients h; ; are modeled as independent sam-

1<j<ng ()

ples of complex Gaussian random variables with zero
complex mean and variance 0.5 per dimension. We pro-
pose to modify the transmit signal C; using (6).

ny
Cr=>) 2" ”fcteXp G

4) (®)
=1

ny is the number of statistically dependent virtual path
gains created between the transmit antenna and each re-

ceive antenna. Combining (7) and (8) leads to

Zh Ct\/_+nt7

I<j<ng )

where

i (10)

i1
hi ;= ha,;2" 1

V2 .
9 exp (j
is called a virtual path gain.

We have created a MIMO (ny X ng) system from a
SIMO (1 x ng) system. The actual number of physical
channel path gains are n g, therefore, the rank of the new
channel matrix is unchanged. d?(c, e) is now given by

2
. SN 22’ e 0
j=1t=1
Equivalently, it can be written as
nR
e) =Y |hi I’ A'lc,e), (12)
7j=1
where
l ny . \/i ) . 2
=Y 222—17(4 —él) (13)
t=1 |i=1

The conditional pairwise block error probablity can be
upper bounded as

P(c—e|hi;1<j<ng)<
nr

Es
jl:[lexp( lhij|* A (e, e)4N )

By averaging (14) with respect to independent Rayleigh

(14)

distribution of |h1,j|2, we get

Plc > e) < (1 +A'(c, e)) (15)

This result clearly demonstrates that in order to reduce the
upper bound on the pairwise block error probability, we
need to maximize the minimum Euclidean distance of the
STCC. There are several techniques in literature to design
STCC that maximizes the minimum Euclidean distance

[51, [6], [7].

V. SIMULATION RESULTS

For this particular example, each STCC encoder con-
tains 130 symbols which is equivalent of 520 bits per
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frame. The channel is Rayleigh fading channel and it is
constant during each frame of 130 symbols and changes
independently from one frame to another. A coherent
detection is assumed at the receiver that requires perfect
knowledge of the channel.

Figure 2 shows that in the case of SIMO 1 X 2 and 1 X 5
systems, the coding gain is much less than MIMO 2 x 2
and 2 x 5 systems respectively, which is expected because

the virtual channels are statistically dependent.
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Fig. 2. Frame error rate performance of QPSK STCC 4-State 2 x 2
and 2 X 5 systems from [5] is compared with the 1 x 2 and 1 x 5
systems using the new scheme.

Figure 3 demonstrates the frame error rate performance
of 2x 3 and 2x 5 MIMO systems utilizing 16-QAM STCC
of [1] and the new scheme combining 2 QPSK STCCs
of [5]. The simulation result demonstrates that the new
scheme outperforms the existing 16-QAM STCC of [1]
by as much as 2 dB.

VI. CONCLUSION

‘We have shown that a 16-QAM STCC constellation can
be built from 2 QPSK STCCs. Higher QAM constellation
can also be generated by using (6). This approach recom-
mends to model a MIMO nr X ng system as equivalent
of ny distinct 1 X nr SIMO systems. Then, STCC is ap-
plied to each 1 X nr SIMO system. Our derivation for
the upper bound on the pairwise block error probability
demonstrates that this upper bound will be minimized if
STCC is designed considering maximum Euclidean dis-
tance of the code similar to the design of [5]. Therefore,
the QPSK STCC component code were selected from [5].

frame error rate
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Q
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Fig. 3. Frame error rate performance of a 16-QAM STCC 2 x 3
and 2 X 5 systems from [1] are compared with the new scheme using
16-QAM constellation constructed from two STCC QPSK of [5].
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