The 2012 International Conference on Advanced Technologies for Communications (ATC 2012)

High-rate Space-Time Block Coded Spatial
Modulation

Minh-Tuan Le and Vu-Duc Ngo
UVISION Technologies JSC.
5th Floor, VG-Building, 235 Nguyen Trai Str.,
Thanh Xuan Dist., Hanoi, Vietnam
Email: tuan@uvision.vn, duc@uvision.vn

Abstract—This paper presents high-rate Space-Time Block
Coded Spatial Modulation (STBC-SM) schemes for 4 and 6 trans-
mit antennas. In these schemes, transmit codeword matrices are
divided into two separate matrices, namely, Spatial Constellation
(SC) matrix and Space-Time Block Code (STBC) matrix. The
introduction of SC matrix makes it convenient in the design
of STBC-SM codewords and signal detection. Simulation results
are provided to demonstrate BER performance and hardware
complexity in comparison with the STBC-SM in [1].

I. INTRODUCTION

The use of multiple transmit and receive antennas (i.e.,
MIMO systems) has been theoretically shown to significantly
improve spectral efficiency of wireless communication sys-
tems [2]-[3]. Since then, numerous researchers concentrate
on the development of two main MIMO transmission strate-
gies, namely, space-time block coding (STBC) and spatial
multiplexing. The aim of STBC is improve Bit Error Rate
(BER) performance of a wireless system by means of transmit
diversity, whereas that of spatial multiplexing is to increase
spectral efficiency, and thus data rate.

One attractive method for realizing transmit diversity is
to employ orthogonal space-time block coding (O-STBC)
because of their full diversity and their simple decoding
algorithms [4]-[5]. Unfortunately, rate-one full diversity O-
STBC exists only for the case of 2 transmit antennas. The
symbol rate of O-STBC is upper bounded by 3/4 symbol per
channel use for more than 2 transmit antennas [5].

In contrast to O-STBCs, spatial multiplexing is developed
due to the increasing demand for high data rates in modern
wireless communication systems. A well-known spatial mul-
tiplexing scheme is the Vertical Bell Layered Space Time (V-
BLAST) system [6]. In this system, independent co-channel
signals are transmitted simultaneously from transmit antennas,
hence creating a high level of inter-channel interference (ICI)
at the receiver. This phenomenon causes the complexity of
optimal maximum likelihood (ML) decoder to grow exponen-
tially with the number of transmit antennas. The use of sub-
optimal decoder, such as zero forcing (ZF) or the minimum
mean square error (MMSE) decoder, allows low detection
complexity at the expense of significant BER performance
degradation.

In recent publication, Mesleh et al. introduced a novel
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concept called spatial modulation (SM), which enables high
transmission rate without facing ICI problem [7]. In SM trans-
mission schemes, the information data is conveyed by both the
conventional amplitude/phase modulation (APM) techniques
and antenna indices. Here, ICI interference is completely
eliminated by activating only one transmit antenna during each
transmission interval. Similar to V-BLAST systems, the SM
systems aim at exploiting of multiplexing gain of multiple
transmit antennas without taking the transmit diversity of
MIMO systems into consideration.

Very recently, Basar ef al. introduced Space-Time Block
Coded Spatial Modulation (STBC-SM), which is designed to
take advantage of SM as well as STBC [1]. In a STBC-
SM system, both STBC symbols and the indices of transmit
antennas, from which these STBC symbols are transmitted,
bear information. Due to its simplicity in detection and spectral
efficiency, Alamouti’s STBC has been chosen to be the core
STBC. Accordingly, at each symbol period, two (among nr)
transmit antennas are activated for signal transmission. As
a consequence, the total number of STBC-SM codewords is
nr
2 »
the resulting spectral efhzciency of the STBC-SM scheme is
m = % logy ¢ + logy M (bits/s/Hz), where M is the constel-
lation size [1]. That is, an increase of %log2 c (bits/s/Hz) in
the spectral efficiency is obtained as compared to Alamouti’s
scheme.

In this paper, we introduce the concept of spatial constella-
tion (SC) codeword matrices. Similar to [1], we also use Alam-
outi’s STBC as the core STBC. Then, the resulting STBC-SM
codewords are obtained simply by multiplying SC codewords
matrices with Alamouti’s codewords matrices. The problem
of designing STBC-SM codewords becomes that of designing
SM codewords so that a diversity order of 2ngr, where ng
is the number of received antennas, is achieved. Thanks to
the concept of SC codewords, the design and the detection of
STBC-SM schemes become easier. Furthermore, the increase
in spectral efficiency is no longer limited to % log,, ¢ (bits/s/Hz)
as in [1]. The more number of SC codewords we can design,
the higher spectral efficiency we can get.

For the purpose of illustration, we propose two STBC-
SM schemes for 4 and 6 transmit antennas. The first scheme

equal to ¢ = , where p is a positive integer, and
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(4 transmit antennas) has a total of 8 SC codewords, while
the second one has a total of 16 codewords. Consequently,
spectral efficiency of the proposed schemes increases by 1.5
and 2 bits/s/Hz, respectively, compared to Alamouti’ scheme.
Whereas, an increase of 0.5 bits/s/Hz is achieved compared
to STBC-SM schemes in [1] for the same number of trans-
mit antennas. Simulation results are provided to verify BER
performance of proposed STBC-SM schemes.

The rest of the paper is organized as follows. Section 11
presents system model and the concept of SC codewords. In
section 111, the proposed SC codewords for 4 and 6 transmit
antennas are shown. We analyze performance of proposed
schemes using union bound in Section IV. Section V provides
simulation results and performance comparison. The final
section concludes this paper.

II. SYSTEM MODEL AND SPATIAL CONSTELLATION
CONCEPT

A. System Model

Consider a multiple antenna system with n7 transmit and
ng receive antennas, referred to as (nr,ng) system, in the
presence of a quasi-static Rayleigh fading MIMO channel.
With the 2 x 2 Alamouti’s STBC codewords X € Qx as
the core STBC, whose entries are drawn from M-QAM or
M-PSK constelation €2, the received nr x 2 signal matrix
Y is given by:

Y = /7HC + N
— /FHSX + N (1)

where H and N respectively denote nr X nr channel matrix
and nr X 2 noise matrix. The entries of H and N are
assumed to be independent and identically distributed (i.i.d.)
complex Gaussian random variables with zero mean and unit
variance. Besides, H is assumed to remain constant within
a codeword of 2 symbol periods and changes independently
from one codeword to another. C = SX and S denote np x 2
STBC-SM codeword matrix and np x 2 SC codeword matrix,
respectively. The transmit codeword C is normalized such that
the ensemble average of the trace of CHC is equal to 2,
i.e., E{tr(CHC)} = 2. 7 is the average SNR at each receive
antenna.

B. Concept of Spatial Constellation

Let H = HS be the ny x 2 equivalent channel matrix. Then,
for different matrices S, and for a given channel H, we obtain
different realizations of equivalent channel H. This amounts
to selecting different combinations of transmit antenna pair to
create different equivalent channel matrices H as proposed in
[1]. Therefore, besides the information bits carried by Alam-
outi’s codewords, additional bits can be obtained by existence
of matrices S in the signal space Qg. Clearly, a matrix S
can be considered as a signal point within the signal space
Qg. Hence, S and €)g are referred to as Spatial Constellation
codewords and Spatial Constellation, respectively. Now the
problem of designing STBC-SM codewords becomes that of
designing SC matrices.

II1. PROPOSED STBC-SM SCHEMES AND SIGNAL
DETECTION

A. Design of SC codeword matrices

As explained above, STBC-SM codewords are obtained by
multiplying the SC codewords with the core STBC ones. Thus,
what we have to do is to design suitable SC codewords.

Let si, and s} be 2 x 1 vectors of the forms

ejka
« 0
Sk = _e—jka

where k£ is some integer number and « is an angle to be
determined.

The spatial constellation Qg for np = 4 transmit antennas
consists of KX = 8 SC codewords as follows:

(€9

3)

where 0 is the 2 x 1 zero vector; T denotes matrix transpose;
@ is another angle to be determined.

Similarly, the spatial constellation Qg for n = 6 transmit
antennas consists of the following K = 16 SC codewords:

T

1021
ot
I
N N N /N /N /S /N

082

i
So:16 = €’”S1:8

Based on the rank and determinant criteria [8] and using
exhaustive computer search, we find the optimal values for o
and 6 as in Table I, where 0,,;, is the minimum determinant
given by:

Omin = Cmin det <(Ck = Cl)H(Ck S Cl))

£7#Ci

4)

where H denotes Hermitian transpose of a matrix. Cy, and C;
are two different STBC-SM codewords.

B. Optimal ML Detection of the proposed STBC-SM schemes

Assuming that perfect channel state information is available
at the receiver. An optimal ML decoder for the proposed
STBC-SM schemes exhaustively search over all codewords S
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TABLE I
ANGLE VALUES OF SC CODEWORDS FOR DIFFERENT QAM
CONSTELLATIONS

ny | M & 0 Omin
4 2 1323 | 0.844 1.8
4 0.963 1318 399

8 0.963 1318 399

16 0.75 1318 397

6 2 0.785 1.178 121
4 1.178 1408 1.68

8 1.178 136 1.04

16 1.178 | 0.948 044

in spatial constellation {25 and codewords X in the Alamout’s
codeword space 2x and chooses the pair of matrices (S, X)
that satisfies the following ML decoding rule:

(8,X) = arg VYHSX |

min

. I -
€Ns,XeNx

(5)
For a given matrix S;, € Qg,k = Ilgoac ,K, we have a

corresponding np x 2 equivalent matrix Hy, = HSy,, then the

system in (1) becomes the well-known Alamouti system:

Y = AH;X+N (©)
Equation (6) can be reorganized as [9]:
= 7Hk | TP+ (7
Y =7tk s
where H;, is of the form
[ lel,k Bp,k 1
hiow Mgk
hay haa,
Hi=| M2k ~hak | =[hip hay ] (8
Zlnnl,k ilzzg?,k
L Mmook —lnpie

Due to the orthogonality of the two columns hy ; and hy ;. of
Hpi, 1 and x2 can be detected independently. The decoding
process can be summarized as follows.

« For each matrix #, and for each signal pair (21, T2,m)

in the transmit constellation, compute the following Eu-
clidean distances:

- dr =y - > form=1,---, M.
—dmk:Hy‘ > form=1,---, M.
« Find d’f‘;hn among M values of di’ and & #% corresponding
tO dmln
Lk
o Find dg};cﬂ among M values of d3", and 4 corresponding
to dyi?

. Calculate dp =dPi* + d‘;;;l, fork=1,--- K.

« Find index k correspondmg to the minimum distance
din among K values of d.

e The estimated SC matrix and transmitted symbols are
given by: § = Si, (&1, 82) = (&F,25).

IV. PERFORMANCE EVALUATION OF THE PROPOSED
STBC-SM SYSTEMS

In this section, we analyze error performance of the pro-
posed STBC-SM schemes by evaluating their pairwise error
probability (PEP) and providing an upper bound for the bit
error probability.

The PEP P(C; — C;) is the probability of deciding STBC-
SM matrix C; given that matrix C; is transmitted. The PEP,
conditioned on the channel H, is given by [8]:

Q( %dQ(CZ,C])>

where Q(y) = \/_ f e~ 2% dz is the Gaussian tail probabil-

ity, and d*(C;, C;) is the modified Euclidean distance between
C; and C;. In slow fading channel (as assumed in this paper),
d*(C;, C;) is given by [8], [10]:

P(Cz — C]|H) = (9)

*(Ci,C) =3 (10)
k=11=1

where A;, & = 1,--- ,nr denotes the eigenvalues of the
codeword distance matrix Cp = (CZ-—Cj)H(C —Cj). Bry’s
are independent complex Gaussian random variables with a
zero mean and unit variance. Since Cx is nonnegative-definite
Hermitian matrix [8], Ay > 0.

Using the alternative form of Q(x) by Craig, we can write
[10]

1 (/2 ~d%(C;, C;
_ /”/Qﬁﬁe)\p{ YAk Br.a|? }d@
0 jiied 4sin% 6
(11)

where r is the number of non-zero eigenvalues among nr
eigenvalues of Ca. Averaging (11) over the channel matrix
H, or equivalently over 2 with chi-square distribution,
we obtain the PEP as [10]:

1 T/2 T
_;/0 1_[1{1+

k

oy

PG = Cj) 4sin% 6

lm a9 (12)

Assuming b information bits are transmitted using one
of a total N = KM? STBC-SM codeword matrices
C.,Cy, -+ ,Cp, ie., b = logy N. Then, using the PEP in
(12), an upper bound for the average bit error probability
(BEP) of the proposed STBC-SM systems is given by [11]:

1 P(C; — Cjw;
NZZ_:#

where w; ; is the number of error bits, caused by detecting
C; when C; is transmitted. In fact, w; ; is Hamming distance
between the two codewords C; and C;.

(13)
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Since P(CZ — CJ> = P(CJ — Ci),wi’j = Wj,i, and
w;,; = 0, the upper bound in (13) reduces to:

14

V. SIMULATION RESULTS AND DISCUSSIONS

In this section, we use Monte Carlo simulations to verify
BER performance of the proposed STBC-SM schemes and
make comparisons with various existing MIMO systems. We
assume the channel state information is perfectly known by
the receiver.

Shown in Fig. 1 are the BER performance curves of the two
proposed STBC-SM scheme with 2 and 4 receive antennas
using 4-QAM and 8-QAM modulations in comparison with
the upper bound given in (14). We can see from Fig. 1 that as
the number of receive antenna increases, the upper bounds are
getting tighter in the high SNR regions. Consequently, one
can use (14) as a tool to evaluate BER performance of the
proposed STBC-SM schemes when the SNR is high enough.

——n= 6, n, =2, 8-QAM, Theory

R

—a—n;= 6, g = 4, 8-QAM, Theory
—n,= 6, g = 2, 8-QAM, Simul
—— n.= 6, g = 4, 8-QAM, Simul
—e—n,= 4, e = 2, 4-QAM, Theory
—k—n = 4, g = 4, 4-QAM, Theory
——n, = 4, e = 2, 4-QAM, Simul
—¢—n;=4,ng =4, 4-QAM, Simul

BER

|
12 15 18 21 24
SNR (dB)

Fig. 1. Theoretical upper bounds and simulation results of BER performance
of the proposed STBC-SM schemes for different numbers of receive antennas
and different modulation techniques.

In Fig. 2, we compare BER performance of our proposed
STBC-SM with those of Basar’s STBC-SM and Orthogonal
STBC (OSTBC). In the simulation, we use our proposed
scheme for nr = 4 transmit antennas with 8 SC codewords
and 8-QAM modulation, Basar’s STBC-SM for 6 transmit
antennas and 8-Q AM modulation, and OSTBC for 4 transmit
antennas, code rate of 0.75 symbols per channel use and 64-
QAM. All there systems deliver the same spectral efficiency
of 4.5 bits/s/Hz. It can be seen from Fig. 2 that the proposed
scheme significantly outperforms OSTBC for both np = 2
and ny = 4 received antennas. Specifically, at BER = 1072,
the proposed scheme improves approximately 5dB and 10dB

in average SNR as compared to the OSTBC for nr = 2 and
ngr = 4, respectively.

—¢— OSTBC, n = 4,n_ =2, 64-QAM
—o— OSTBC, n_ =4, n_ =4, 64-QAM
—— Basar, nT=6, ng = 2, 8-QAM

—— Basar, n.= 6, g = 4, 8-QAM
—#— Proposed, n.= 4, e = 2, 8-QAM
—A— Proposed, n.= 4, R = 4, 8-QAM

BER

I |
0 3 6 9 12 15 18 21 24 27 30
SNR (dB)

Fig. 2. BER curve of the proposed STBC-SM in comparison with those of
Basar’s STBC-SM, Orthogonal STBC; 4.5 bits/s/Hz.

Fig. 3 illustrates BER performances of the proposed STBC-
SM, Basar’s STBC-SM, VBLAST, and Alamouti’s schemes.
The proposed scheme uses 6 transmit antennas, 16 SC code-
words and 4-QAM modulation. The Basar’s STBC-SMs are
with 4 transmit antennas and 8-Q AM, and 8 transmit antennas
and 4-QAM modulated symbols. The VBLAST utilizes 4
transmit antennas with BPSK modulation. The signal detection
in the VBLAST system is maximum likelihood based on the
QMLD decoder [12]. All 5 system are equipped with ng = 4
receive antennas and have a spectral efficiency of 4 bits/s/Hz.

_ o Basar, n.= 4, ng= 4, 8-QAM
—¢— Basar, n.= 8, ng= 4, 4-QAM

] —o— VBLAST, n = 4,n =4, BPSK

_f —— Alamouti, ne= 2, ng = 4,16-QAM

—%— Proposed, ne= 6, ng = 4, 4-QAM

BER

9
SNR (dB)

Fig. 3. BER curve of the proposed STBC-SM in comparison with those of
Bagsar’s STBC-SM, VBLAST, and Alamouti’s STBC; 4 bits/s/Hz.

Simulation results clearly proves that our proposed scheme
provides higher BER performance than Basar’s STBC-SM
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with np = 4, VBLAST, and Alamouti’s schemes. At BER =
1072, the proposed system gains about 2.5dB, 4dB and 5dB in
SNR compared to Bagar’s STBC-SM with np = 4, Alamouti’s
and VBLAST schemes, respectively.

As presented above, the proposed schemes with np = 4
and nr = 6 have the corresponding spectral efficiencies
of (1.5 + log, M) and (2 + log, M) bits/s/Hz. Clearly, the
proposed schemes can save 2 transmit antennas, i.e., lower
hardware complexity, while delivering the same spectral effi-
ciencies as do Basar’s STBC-SMs with np = 6 and np = 8
[1], respectively. However, from both Fig. 2 and Fig. 3, we can
see that, the smaller number of transmit antennas is achieved
at the cost of insignificant degradation in BER performance.

VI. CONCLUSION

In this paper, we have introduced the concept of spatial
constellation and spatial constellation codewords. Using this
concept, the problem of designing a STBC-SM scheme be-
comes that of designing a spatial constellation containing a
number of SC codewords. By combining the SC codewords
with Alamouti’s codewords, we are able to have a STBC-SM
system with a diversity order of 2nr and with an increase
in spectral efficiency. The additional spectral efficiency is
determined by the number of SC codewords we can design.

For the purpose of illustrating the concept, we proposed two
STBC-SM schemes with two SC constellations for np = 4
and npr = 6. It has been shown via computer simulations
and theoretical upper bounds that the proposed STBC-SM of-
fers significant improvements in BER performance compared
to rate 3/4 OSTBC, Alamouti’s and VBLAST systems. In
addition, the proposed schemes allows us to save a number
of transmit antennas while maintaining the same spectral
efficiency, yet at the cost of small degradation in BER perfor-
mance. In the future work, we will concentrate on designing
new SC constellations to improve spectral efficiencies and
BER performance as well.
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