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Abstract—Space-time block coded spatial modulation (STBC-
SM), which employs space-time block coding (STBC) for 
spatial modulation (SM), is proposed as a new multiple-input 
multiple-output (MIMO) transmission scheme. In the STBC-
SM scheme, the transmitted information symbols are expanded 
not only to the space and time domains but also to the spatial 
(antenna) domain, therefore both core STBC and antenna 
indices carry information. A general framework is presented 
for the design of the STBC-SM scheme for any number of 
transmit antennas. The proposed scheme is optimized by 
deriving its diversity and coding gains to exploit the diversity 
advantage of STBC. A low-complexity maximum likelihood 
(ML) decoder is given for the new scheme. It is shown by 
computer simulations that STBC-SM provides approximately 
3-5 dB (depending on the spectral efficiency) better error 
performance than SM and V-BLAST systems. 

Keywords - Maximum likelihood decoding; MIMO systems; 
space-time block codes/coding; spatial modulation. 

I.  INTRODUCTION  
A novel concept known as spatial modulation (SM) has 

been introduced in [1,2] as an alternative to the V-BLAST 
(Vertical-Bell Lab Layered Space-Time) scheme [3]. The 
basic idea of SM is an extension of two dimensional signal 
constellations (such as ܯ-ary phase-shift keying (ܯ-PSK), ܯ-ary quadrature amplitude modulation (ܯ-QAM), where ܯ 
is the constellation size) to a third dimension, which is the 
spatial (antenna) dimension. Therefore, the information is 
conveyed by both amplitude/phase modulation (APM) tech-
niques and antenna indices. It has been shown in [4] that the 
error performance of the SM scheme [1] can be greatly 
improved by the use of an optimal detector and that SM 
provides better error performance than V-BLAST. A space 
shift keying (SSK) modulation scheme has been introduced 
for multiple-input multiple output (MIMO) channels in [5], 
in which APM is eliminated and only antenna indices are 
used to transmit information to obtain further simplification 
in system design and reduction in decoding complexity. 
However, SSK modulation does not provide any performan-
ce advantage compared to SM. In both of the SM and SSK 
modulation systems, only one transmit antenna is active 
during each transmission interval, and therefore inter-channel 
interference (ICI) is totally eliminated. Despite the fact that 
both the SM and SSK modulation systems have been con-
cerned with exploiting the multiplexing gain of multiple 
transmit antennas, the potential of the transmit diversity of 
MIMO systems is not explored by these two systems. This 
motivates the introduction in this paper of Space-Time Block 

Coded Spatial Modulation (STBC-SM), designed for taking 
advantage of both SM and STBC. 

In particular, in this paper, a new MIMO transmission 
scheme, called STBC-SM, is proposed, in which informa-
tion is conveyed with an STBC matrix that is transmitted 
from combinations of the transmit antennas of the corres-
ponding MIMO system. The Alamouti code [6] is chosen as 
the target STBC to exploit. As a source of information, we 
consider not only the two complex information symbols 
embedded in Alamouti’s STBC, but also the indices 
(positions) of the two transmit antennas employed for the 
transmission of the Alamouti’s STBC. A general framework 
is presented to construct the STBC-SM scheme for any 
number of transmit antennas. By considering the general 
STBC performance criteria [7], diversity and coding gain 
analyses are performed for the STBC-SM scheme to benefit 
the second order transmit diversity advantage of the Ala-
mouti code. A low complexity maximum likelihood (ML) 
decoder is derived for the proposed STBC-SM system, to 
decide on the transmitted symbols as well as on the indices 
of the two transmit antennas that are used in the STBC 
transmission. It is shown by computer simulations that the 
proposed STBC-SM scheme has significant performance 
advantages over the SM with optimal decoding and over V-
BLAST, due to its diversity advantage. 

The organization of the paper is as follows. In Section II, 
we introduce our STBC-SM transmission scheme via an 
example with four transmit antennas, give a general STBC-
SM design algorithm for ்݊ transmit antennas, and formu-
late the optimal STBC-SM ML detector. Simulation results 
and performance comparisons are presented in Section III. 
Finally, Section IV includes the main results and conclu-
sions of the paper. 

Notation: Bold lowercase and capital letters are used for 
column vectors and matrices, respectively. (.)* and (.)H 
denote complex conjugation and Hermitian transposition, 
respectively. For a complex variable ݔ  , Reሼݔሽ  denotes the 
real part of ݔ. ૙ሺ௠ൈ௡ሻ denotes the ݉ ൈ ݊ matrix with all-zero 
elements. ԡ·ԡ and detሺ·ሻ  stand for the Frobenius norm and 
determinant of a matrix, respectively. The union of sets ܣଵ  
through ܣ௡ is written as ڂ ௜௡௜ୀଵܣ . We use ൫௡௞൯, ۂݔہ and ۀݔڿ for 
the binomial coefficient, the largest integer less than or 
equal to ݔ, and the smallest integer larger than or equal to ݔ, 
respectively. We use ۂݔہଶ೛  for the largest integer less than or 
equal to ݔ that is an integer power of 2. ߛ denotes the set of 
complex signal constellations of size ܯ. 
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II. SPACE-TIME BLOCK CODED SPATIAL  
MODULATION (STBC-SM) 

In the STBC-SM scheme, both STBC symbols and the 
indices of the transmit antennas from which these symbols 
are transmitted, carry information. We choose Alamouti’s 
STBC, which transmits one symbol per channel use, as the 
core STBC due to its advantages in terms of spectral 
efficiency and simplified ML detection. In Alamouti’s 
STBC, two complex information symbols (ݔଵ and ݔଶ) drawn 
from an ܯ-PSK or ܯ-QAM constellation are transmitted by 
the codeword 

܆  ൌ ሺܠଵ ଶሻܠ ൌ ቀ ଵݔ כଶݔଶെݔ  ቁ  (1)כଵݔ

where columns and rows correspond to the transmit anten-
nas and symbol intervals, respectively. For the STBC-SM 
scheme we extend the matrix in (1) to the antenna domain. 
Let us introduce the concept of STBC-SM by the following 
simple example. Consider a MIMO system with four trans-
mit antennas which transmits the Alamouti’s STBC using 
one of the following four codewords ߯ଵ ൌ ሼ܆ଵଵ, ଵଶሽ܆ ൌ ൜൬ ଵݔ ଶݔ 0 0െݔଶכ כଵݔ 0 0൰ , ൬0 0 ଵݔ ଶ0ݔ 0 െݔଶכ  ൰ ൠכଵݔ

߯ଶ ൌ ሼ܆ଶଵ, ଶଶሽ܆ ൌ ൜൬0 ଵݔ ଶݔ 00 െݔଶכ כଵݔ 0൰ , ൬ݔଶ 0 0 כଵݔଵݔ 0 0 െݔଶכ൰ ൠ ݁௝ఏ 

                                 (2) 
where ߯௜, ݅ ൌ 1,2 are the STBC-SM codebooks each contain-
ing two STBC-SM codewords ܆௜௝, ݆ ൌ 1,2  which do not 
interfere to each other. The resulting STBC-SM code is ߯ ൌ ڂ  ߯ଶ௜ୀଵ ௜ . A non-interfering codeword group having a 
elements is defined as a group of codewords satisfying ܆௜௝܆௜௞ு ൌ ૙ଶൈଶ, ݆, ݇ ൌ 1,2, … , ܽ, ݆ ് ݇ , that is they have no 
overlapping columns. In (2), ߠ  is a rotation angle to be 
optimized to ensure maximum diversity and coding gain. 
Note that if ߠ  is not considered, overlapping columns of 
codeword pairs from different codebooks would reduce the 
transmit diversity order to one. Assume now that we have 
four information bits ሺݑଵ, ,ଶݑ ,ଷݑ  ସሻ  to be transmitted in twoݑ
consecutive symbol intervals by the STBC-SM technique. 
The mapping rule for 2 bits/s/Hz transmission is given by 
Table 1 for the codebooks of (2) and binary phase-shift 
keying (BPSK) modulation, where a realization of any code-
word is called as a transmission matrix. In Table 1, the first 
two information bits ሺݑଵ, ଶሻݑ  are used to determine the 
antenna-pair position while the last two ሺݑଷ,  ସሻ determineݑ
the BPSK symbol pair. 

A. STBC-SM System Design and Optimization 
In this subsection, we generalize the STBC-SM scheme 

for MIMO systems with ்݊  transmit antennas by giving a 
general design algorithm. We first give the following defini-
tions: 

The minimum coding gain distance (CGD) [8] between 
two STBC-SM codewords ܆௜௝  and ܆෡௜௝ , where ܆௜௝ is trans-
mitted and ܆෡௜௝ is erroneously detected, is defined as 

TABLE 1: STBC-SM MAPPING RULE FOR 2 BITS/S/HZ TRANSMISSION USING 
BPSK, FOUR TRANSMIT ANTENNAS AND ALAMOUTI’S STBC 

Input 
Bits 

Transmission 
Matrices 

Input 
Bits 

Transmission 
Matrices 0000 ቀ 1 1 0 0െ1 1 0 0ቁ 1000 ቀ0 1 1 00 െ1 1 0ቁ ݁௝ఏ 

0001 ቀ1 െ1 0 01 1 0 0ቁ 1001 ቀ0 1 െ1 00 1 1 0ቁ ݁௝ఏ 

0010 ቀെ1 1 0 0െ1 െ1 0 0ቁ 1010 ቀ0 െ1 1 00 െ1 െ1 0ቁ ݁௝ఏ 

0011 ቀെ1 െ1 0 01 െ1 0 0ቁ 1011 ቀ0 െ1 െ1 00 1 െ1 0ቁ ݁௝ఏ 

0100 ቀ0 0 1 10 0 െ1 1ቁ 1100 ቀ1 0 0 11 0 0 െ1ቁ ݁௝ఏ 

0101 ቀ0 0 1 െ10 0 1 1 ቁ 1101 ቀെ1 0 0 11 0 0 1ቁ ݁௝ఏ 

0110 ቀ0 0 െ1 10 0 െ1 െ1ቁ 1110 ቀ 1 0 0 െ1െ1 0 0 െ1ቁ ݁௝ఏ 

0111 ቀ0 0 െ1 െ10 0 1 െ1ቁ 1111 ቀെ1 0 0 െ1െ1 0 0 1 ቁ ݁௝ఏ 

,௜௝܆୫୧୬൫ߜ       ෡௜௝൯܆ ൌ min܆೔ೕ,܆෡೔ೕ det൫܆௜௝ െ ෡௜௝൯܆ ൫܆௜௝ െ  ෡௜௝൯ு.     (3)܆

The minimum CGD between two codebooks ߯௜  and ߯௝  is 
defined as 

,୫୧୬൫߯௜ߜ  ߯௝൯ ൌ min௞,௟ ,௜௞܆୫୧୬൫ߜ  ௝௟൯ (4)܆

and the minimum CGD of STBC-SM code is defined by 

୫୧୬ሺ߯ሻߜ  ൌ min௜,௝,௜ஷ௝ ,୫୧୬൫߯௜ߜ ߯௝൯. (5) 

Note that, ߜ୫୧୬ሺ߯ሻ corresponds to the determinant criterion 
given in [7] since the minimum CGD between non-
interfering codewords of the same codebook is always 
greater than or equal to the right hand side of (5) and is also 
equal to that of Alamouti’s STBC. 

Unlike in the SM scheme, the number of transmit an-
tennas in STBC-SM scheme need not to be an integer power 
of 2 , since the pairwise combinations are chosen from ்݊ 
available transmit antennas for STBC transmission. This 
provides design flexibility. However, the total number of 
codeword combinations considered should be an integer 
power of 2. In the following, we give an algorithm to design 
the STBC-SM scheme: 

1. Given the total number of transmit antennas ்݊, calcu-
late  the   number  of   possible antenna combinations  
for the transmission of Alamouti’s STBC, i.e., the total 
number of STBC-SM codewords from ܿ ൌ උ൫௡೅ଶ ൯ඏଶ೛. 

2. Calculate the number of codewords in each codebook ߯௜, ݅ ൌ 1,2, … , ݊ െ 1 from ܽ ൌ -and the total num ۂ2/்݊ہ
ber of codebooks from ݊ ൌ ۀܽ/ܿڿ . Note that the last 
codebook ߯௡ does not need to have ܽ codewords, i.e, 
its cardinality is ܽᇱ ൌ ܿ െ ܽሺ݊ െ 1ሻ. 

3. Start with the construction of  ߯ଵ which contains ܽ non-
interfering codewords as 
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߯ଵ ൌ ሼሺ܆ ૙ଶൈሺ௡೅ିଶሻሻ,            ሺ૙ଶൈଶ ܆ ૙ଶൈሺ௡೅ିସሻሻ,            ሺ૙ଶൈସ ܆ ૙ଶൈሺ௡೅ି଺ሻሻ                             ڭ           ሺ૙ଶൈଶሺ௔ିଵሻ ܆ ૙ଶൈሺ௡೅ିଶ௔ሻሻሽ
,  (6) 

 where ܆ is defined in (1). 
4. With a similar approach, construct ߯௜ for 2 ൑ ݅ ൑ ݊ by 

considering the following two important facts:  
 Every codebook must contain non-interfering code-

words chosen from pairwise combinations of ்݊ 
available transmit antennas. 

 Each codebook must be composed of codewords with 
antenna combinations that were never used in the 
construction of a previous codebook.  

5. Determine the rotation angles ߠ௜  for each ߯௜, 2 ൑ ݅ ൑ ݊, 
that maximize ߜ௠௜௡ሺ߯ሻ  in (5) for a given signal 
constellation and antenna configuration, that is ી௢௣௧ ൌ arg maxી ௠௜௡ሺ߯ሻ, where ીߜ ൌ ሺߠଶ, ,ଷߠ … ,   .௡ሻߠ

As long as the STBC-SM codewords are generated by the 
algorithm described above, the choice of other antenna 
combinations is also possible but this would not improve the 
overall system performance. Since we have c antenna combi-
nations, the resulting spectral efficiency of the STBC-SM 
scheme can be calculated as 

 ݉ ൌ ଵଶ logଶ ଶܯܿ ൌ ଵଶ logଶ ܿ ൅ logଶ  (7) [bits/s/Hz]    ܯ

where the factor 1/2 normalizes for the two channel uses 
spanned by the STBC-SM codewords. The block diagram of 
the STBC-SM transmitter is shown in Fig. 1 in which 2݉ 
bits ݑ ൌ ሺݑଵ, ,ଶݑ … , ୪୭୥మݑ ௖, ୪୭୥మݑ ௖ାଵ, … , ୪୭୥మݑ ௖ାଶ ୪୭୥మ ெሻ enter the 
STBC-SM transmitter during each two consecutive symbol 
intervals, where the first logଶ ܿ bits determine the antenna-
pair position ℓ ൌ ଵ2୪୭୥మݑ ௖ିଵ ൅ ଶ2୪୭୥మݑ ௖ିଶ ൅ ڮ ൅ ୪୭୥మݑ ௖2଴ 
which is associated with the corresponding antenna pair, 
while the last 2 logଶ ܯ  bits determine the symbol pair ሺݔଵ, ଶሻݔ א  ଶ. If we compare the spectral efficiency (7) of theߛ
STBC-SM scheme with that of Alamouti’s scheme (logଶ  ܯ
bits/s/Hz), we observe an increment of 0.5logଶ ܿ  bits/s/Hz 
provided by the antenna modulation. We consider two diffe-
rent cases for the optimization of the STBC-SM scheme. 

Case 1 - ்݊ ൑ 4: We have, in this case, two codebooks ߯ଵ  
and ߯ଶ, and only one non-zero angle, say ߠ, to be optimized. 
It can be seen that ߜ୫୧୬ሺ߯ଵ, ߯ଶሻ  is equal to the minimum 
CGD between any two interfering codewords. Assume that 
the interfering codewords are chosen as,  1݇܆ ൌ ሺ1ܠ 2ܠ ૙2ൈሺ݊ܶെ2ሻሻ2݈܆ ൌ ሺ૙2ൈ1 ො1ܠ ො2ܠ ૙2ൈሺ݊ܶെ3ሻሻ݆݁(8)              ߠ 

where ܆ଵ௞ א ߯ଵ is transmitted and ܆෡ଵ௞ ൌ ଶ௟܆ א ߯ଶ is 
erroneously detected. We calculate the minimum CGD bet-
ween  ܆ଵ௞ and  ܆෡ଵ௞ from (3) as 

1u

2u

2log cu

2log 1cu +

2log 2cu +

2 2log 2logc Mu +

1

2

Tn

( )1 2,x x

 
Fig. 1: Block diagram of the STBC-SM transmitter ߜ୫୧୬൫܆ଵ௞, ෡ଵ௞൯܆      ൌ min܆భೖ,܆෡భೖ det ቆ ଵݔ ଶݔ െ ݁௝ఏݔොଵ െ݁௝ఏݔොଶ ૙ଵൈሺ௡೅ିଷሻെݔଶכ כଵݔ ൅ ݁௝ఏݔොଶכ െ݁௝ఏݔොଵכ ૙ଵൈሺ௡೅ିଷሻቇ 

ൈ ۈۉ
ۇ כଵݔ െݔଶݔଶכ െ ݁ି௝ఏݔොଵכ ଵݔ ൅ ݁ି௝ఏݔොଶെ݁ି௝ఏݔොଶכ െ݁ି௝ఏݔොଵ૙ሺ௡೅ିଷሻൈଵ ૙ሺ௡೅ିଷሻൈଵ ۋی

ۊ
 

ൌ min܆భೖ,܆෡భೖ ቄ൫ߢ െ 2Re൛ݔොଵݔכଶ݁ି௝ఏൟ൯൫ߢ ൅ 2Re൛ݔଵݔොଶ݁כ௝ఏൟ൯ െ                         |ݔଵ|ଶ|ݔොଵ|ଶ െ ොଶ|ଶݔ|ଶ|ଶݔ| ൅ 2Re൛ݔଵݔොଵݔଶݔכොଶ݁כ௝ଶఏൟቅ (9) 

where ߢ ൌ ∑ ሺ|ݔ௜|ଶ ൅ ො௜|ଶሻଶ௜ୀଵݔ| . Although maximization of  ߜ୫୧୬൫܆ଵ௞,  is analytically possible for ߠ ෡ଵ௞൯ with respect to܆
BPSK and quadrature phase-shift keying (QPSK) constella-
tions, it becomes unmanageable for 16-QAM and 64-QAM. 
We compute ߜ୫୧୬൫܆ଵ௞, ߠ ෡ଵ௞൯ as a function of܆ א ሾ0,  2ሿ for/ߨ
BPSK, QPSK, 16-QAM and 64-QAM signal constellations 
by computer search and plot them in Fig. 2. These curves 
are denoted by ெ݂ሺߠሻ for ܯ ൌ 2,4,16 and 64, respectively. ߠ 
values maximizing these functions can be determined from 
Fig. 2 as follows: 

maxఏ ୫୧୬ሺ߯ሻߜ ൌ ۔ۖەۖ
maxఏۓ ଶ݂ሺߠሻ ൌ 12, for    ߠ ൌ 1.57 radmaxఏ ସ݂ሺߠሻ ൌ 11.45,   for    ߠ ൌ 0.61 radmaxఏ ଵ݂଺ሺߠሻ ൌ 9.05,   for    ߠ ൌ 0.75 radmaxఏ ଺݂ସሺߠሻ ൌ 8.23,   for    ߠ ൌ 0.54 rad. 

Case 2 - ்݊ ൐ 4 : In this case, the number of codebooks, ݊, is 
greater than 2. Let the corresponding rotation angles to be 
optimized be denoted in ascending order by ߠଵ ൌ 0 ൏ ଶߠ ൏ߠଷ ൏ ڮ ൏ ௡ߠ ൏ ݌ 2ሻ, where/ߨሺ݌ ൌ 2 for BPSK and ݌ ൌ 1 for 
QPSK. For BPSK and QPSK signaling, choosing 

௞ߠ  ൌ ൜ሺ݇ െ 1ሻߨ ݊⁄        for   ܯ ൌ 2ሺ݇ െ 1ሻߨ 2݊⁄      for   ܯ ൌ 4  (10) 

for 1 ൑ ݇ ൑ ݊ guarantees the maximization of the minimum 
CGD for the STBC-SM scheme. This could be explained as 
follows. For any ݊, we have to maximize  ߜ୫୧୬ሺ߯ሻ as max ୫୧୬ሺ߯ሻߜ ൌ max min௜,௝,௜ஷ௝ ,୫୧୬൫߯௜ߜ ߯௝൯ ൌ  
                               ൌ max min௜,௝,௜ஷ௝ ெ݂ሺߠ௝ െ  ௜ሻ           (11)ߠ
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Fig.2 : Variation of  ߜ୫୧୬ሺ߯ሻ given in (9) for BPSK, QPSK, 16-QAM and 64-QAM constellations 

where ߠ௝ ൐ ௜ߠ , for ݆ ൐ ݅  and the minimum CGD between 
codebooks ߯௜  and ߯௝  are directly determined by the differ-
rence between their rotation angles. The proof of (11) is 
omitted here because of space limitations. Then, to maximi-
ze ߜ୫୧୬ሺ߯ሻ, it is sufficient to maximize the minimum CGD 
between the consecutive codebooks ߯௜  and ߯௜ାଵ, ݅ ൌ1,2, … , ݊ െ 1. For QPSK signaling, this is accomplished by 
dividing the interval ሾ0,  2ሿ into n equal sub-intervals and/ߨ
choosing ߠ௜ାଵ െ ௜ߠ ൌ 2݊/ߨ  for  ݅ ൌ 1,2, … , ݊ െ 1 . The result-
ing maximum ߜ୫୧୬ሺ߯ሻ can be evaluated from (11) as 

 max ୫୧୬ሺ߯ሻߜ ൌ minሼ ସ݂ሺߠଶሻ, ସ݂ሺߠଷሻ, … , ସ݂ሺߠ௡ሻሽ    ൌ ସ݂ሺߠଶሻ ൌ ସ݂ሺ2݊/ߨሻ.  (12) 

Similar results are obtained for BPSK signaling except 
that 2݊/ߨ is replaced by ߨ/݊ in (12). We obtain the corres-
ponding maximum ߜ୫୧୬ሺ߯ሻ as ଶ݂ሺߠଶሻ ൌ ଶ݂ሺߨ/݊ሻ. On the other 
hand, for 16-QAM and 64-QAM signaling, the selection of ሼߠ௞ሽ’s in integer multiples of 2݊/ߨ would not guarantee to 
maximize ߜ୫୧୬ሺ߯ሻ since the behavior of the functions  ଵ݂଺ሺߠሻ 
and ଺݂ସሺߠሻ is very non-linear, having several zeros in ሾ0,  2ሿ. However, our extensive computer search has indicated/ߨ
that for 16-QAM with ݊ ൑ 6, the rotation angles chosen as ߠ௞ ൌ ሺ݇ െ 1ሻ2݊/ߨ  for 1 ൑ ݇ ൑ ݊  are still optimum. But for 16-QAM signaling with ݊ ൐ 6  as well as for 64-QAM 
signaling with ݊ ൐ 2 , the optimal ሼߠ௞ሽ ’s should be deter-
mined by an exhaustive computer search.   

In Table 2, we summarize the basic parameters of the 
STBC-SM system for 3 ൑ ்݊ ൑ 8. We observe that increas-
ing the number of transmit antennas results in increasing 
spectral efficiency achieved by the STBC-SM scheme. 
However, this requires a larger number of angles to be opti-
mized and causes some reduction in the minimum CGD. 

We now give an example for the codebook generation 
process by the STBC-SM design algorithm, presented 
above. 

TABLE 2: BASIC PARAMETERS OF THE STBC-SM SYSTEM FOR DIFFERENT 
NUMBER OF TRANSMIT ANTENNAS 

்݊ ܿ ܽ ݊ 
 ୫୧୬ሺ߯ሻ ݉ [bits/s/Hz]ߜ

M = 2 M = 4 M =16 3 2 1 2 12 11.45 9.05 0.5 ൅ logଶ 4ܯ 4 2 2 12 11.45 9.05 1 ൅ logଶ 5ܯ 8 2 4 4.69 4.87 4.87 1.5 ൅ logଶ 6ܯ 8 3 3 8.00 8.57 8.31 1.5 ൅ logଶ 7ܯ 16 3 6 2.14 2.18 2.18 2 ൅ logଶ 8ܯ 16 4 4 4.69 4.87 4.87 2 ൅ logଶ ܯ
 
Design Example: From Table 2, for ்݊ ൌ 6, we have ܿ ൌ 8, ܽ ൌ ݊ ൌ 3 and optimized angles are  ߠଶ ൌ ,3/ߨ ଷߠ  ൌ  for 3/ߨ2
BPSK and ߠଶ ൌ ,6/ߨ ଷߠ  ൌ  for QPSK and 16-QAM. The 3/ߨ
maximum of ߜ୫୧୬ሺ߯ሻ is calculated for BPSK, QPSK and 16-
QAM constellations  as 

max ୫୧୬ሺ߯ሻߜ ൌ ቐ ଶ݂ሺ3/ߨሻ ൌ 8.00       for   ܯ ൌ 2ସ݂ሺ6/ߨሻ ൌ 8.57       for   ܯ ൌ 4ଵ݂଺ሺ6/ߨሻ ൌ 8.31        for   ܯ ൌ 16. 
According to the design algorithm, the codebooks can be 
constructed as below, ߯ଵ ൌ ሼሺܠଵ ଶܠ ૙ ૙ ૙ ૙ሻ, ሺ૙ ૙ ଵܠ ଶܠ ૙ ૙ሻ,ሺ૙ ૙ ૙ ૙ ଵܠ ଶሻሽܠ  ߯ଶ ൌ ሼሺ૙ ଵܠ ଶܠ ૙ ૙ ૙ሻ݁௝ఏమ, ሺ૙ ૙ ૙ ଵܠ ଶܠ ૙ሻ݁௝ఏమ,ሺܠଶ ૙ ૙ ૙ ૙ ଵሻ݁௝ఏమሽܠ  ߯ଷ ൌ ൛ሺܠଵ ૙ ଶܠ ૙ ૙ ૙ሻ݁௝ఏయ, ሺ૙ ଵܠ ૙ ଶܠ ૙ ૙ሻ݁௝ఏయൟ 

where ૙  denotes the 2 ൈ 1  all-zero vector. Since there are ൫଺ଶ൯ ൌ 15  possible antenna combinations, 7  of them are 
discarded to obtain 8 codewords. Note that, the choice of 
other combinations does not affect ߜminሺ߯ሻ. In other words, 
the codebooks given above represent only one of the pos-
sible realizations of the STBC-SM scheme for six transmit 
antennas. 

B. Optimal ML Decoder for the STBC-SM Scheme 
In this subsection, we formulate the ML decoder for the 

STBC-SM scheme. The system with ்݊  transmit and ݊ோ 
receive antennas is considered in the presence of a quasi-
static Rayleigh fading MIMO channel. The received 2 ൈ ݊ோ 
signal matrix Y can be expressed as 

܇  ൌ ඥߩ ⁄ߤ ఞ۶܆ ൅  (13) ۼ

where ܆ఞ א ߯ is the 2 ൈ ்݊  STBC-SM transmission matrix, 
transmitted over two channel uses and ߤ is the normalization 
factor to ensure that ߩ is the average signal-to-noise ratio 
(SNR) at each receive antenna. H and N denote the ்݊ ൈ ݊ோ 
channel matrix and 2 ൈ ݊ோ  noise matrix, respectively. The 
entries of H and N are assumed to be independent and iden-
tically distributed (i.i.d.) complex Gaussian random vari-
ables with zero means and unit variances. We assume that H 
remains constant during the transmission of a codeword and 
takes independent values from one codeword to another as 
well as being known at the receiver, but not at the trans-
mitter. 
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Assuming ்݊  transmit antennas are employed, the 
STBC-SM code has ܿ codewords from which ܿܯଶ different 
transmission matrices can be constructed. An ML decoder 
must make an exhaustive search over all possible ܿܯଶ 
transmission matrices, and decides in favor of the matrix 
which minimizes the following metric: 

෡ఞ܆  ൌ arg min܆ഖאఞฮ܇ െ ඥߩ ⁄ߤ  ఞ۶ฮଶ. (14)܆

The minimization in (14) can be simplified due to the 
orthogonality of Alamouti’s STBC as follows. The decoder 
can extract the embedded information symbol vector from 
(13), and obtain the following equivalent channel model: 

ܡ  ൌ ඥߩ ⁄ߤ ऒఞ ቂݔଵݔଶቃ ൅  (15) ܖ

where  ऒఞ  is the  2݊ோ ൈ 2 equivalent  channel  matrix  [9]  
of the Alamouti coded SM scheme which has ܿ  different 
realizations denoted as ऒℓ, 0 ൑ ℓ ൑ ܿ െ 1  according to the 
STBC-SM codewords; ܡ and ܖ represent the 2݊ோ ൈ 1 equiva-
lent received signal and noise vectors, respectively. Due to 
the orthogonality of Alamouti’s STBC, the columns of ऒఞ 
are orthogonal to each other for all cases, and, consequently 
no ICI occurs in our scheme as in SM. For the ℓth combi-
nation, the receiver determines the ML estimates of ݔଵ and ݔଶ using the decomposition as follows [10], resulting from 
the orthogonality of  ܐℓ,ଵ and ܐℓ,ଶ: 

 
ොଵ,ℓݔ ൌ arg min௫భאఊฮܡ െ ඥߩ ⁄ߤ ොଶ,ℓݔଵฮଶݔℓ,ଵܐ ൌ arg min௫మאఊฮܡ െ ඥߩ ⁄ߤ  ଶฮଶ (16)ݔℓ,ଶܐ

where ऒℓ ൌ ሾܐℓ,ଵ ,ℓ,ଶሿܐ 0 ൑ ℓ ൑ ܿ െ 1, and ܐℓ,௝, ݆ ൌ 1,2, is a 2݊ோ ൈ 1 column vector. The associated minimum ML met-
rics ݉ଵ,ℓ and ݉ଶ,ℓ for ݔଵ and ݔଶ are 

 
݉ଵ,ℓ ൌ min௫భאఊฮܡ െ ඥߩ ⁄ߤ ଵฮଶ݉ଶ,ℓݔℓ,ଵܐ ൌ min௫మאఊฮܡ െ ඥߩ ⁄ߤ  ଶฮଶ (17)ݔℓ,ଶܐ

respectively. Since ݉ଵ,ℓ and ݉ଶ,ℓ  are calculated by the ML 
decoder for the ℓth  combination, their summation ݉ℓ ൌ݉ଵ,ℓ ൅ ݉ଶ,ℓ, 0 ൑ ℓ ൑ ܿ െ 1 gives the total ML metric for the ℓth combination. Finally, the receiver makes a decision by 
choosing the minimum antenna combination metric as ℓ෠ ൌ arg minℓ ݉ℓ  for which ሺݔො1, ො2ሻݔ ൌ ൫ݔො1,ℓ෠ ,  ,ො2,ℓ෠൯. As a resultݔ
the total number of ML metric calculations in (14) is 
reduced from ܿܯଶ to 2ܿܯ, yielding a linear decoding comp-
lexity as for the SM scheme with optimal decoding which 
requires ்݊ܯ  metric calculations. Obviously, since ܿ ൒ ்݊  
for ்݊ ൒ 4, there will be a linear increase in ML decoding 
complexity with STBC-SM as compared to the SM scheme. 
However, as we will show in the next section, this insigni-
ficant increase in decoding complexity is compensated by 
significant performance improvement provided by the 
STBC-SM over SM.  

The last step of the decoding process is the demapping 
operation based on the look-up table used at the transmitter, 
to recover the input bits from ℓ෠ and the information symbols ݔොଵ and ݔොଶ. The block  diagram  of  the ML decoder described 
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 Fig. 3: Block diagram of the STBC-SM ML receiver 

above is given in Fig. 3. 

III. SIMULATION RESULTS AND COMPARISONS 
In this section, we present simulation results for the 

STBC-SM system with different numbers of transmit anten-
nas and make comparisons with the SM, V-BLAST, rate-3/4 
orthogonal STBC (OSTBC) for four transmit antennas [8] 
and Alamouti’s STBC. The bit error rate (BER) performan-
ce of these systems was evaluated by Monte Carlo simulati-
ons for various spectral efficiencies as a function of the ave-
rage SNR per receive antenna (ߩ) and in all cases we assu-
med four receive antennas. All performance comparisons are 
made for a BER value of 10-5. The SM system uses the 
optimal decoder derived in [4]. The V-BLAST system uses 
minimum mean square error (MMSE) detection with order-
ed successive interference cancellation (SIC) decoding [11]. 

In Fig. 4, the BER curves of STBC-SM with nT = 4 and 
QPSK, SM with nT = 4 and BPSK, V-BLAST with nT = 3 and 
BPSK, OSTBC with 16-QAM, and Alamouti’s STBC with 
8-QAM are evaluated for 3 bits/s/Hz transmission. We 
observe that STBC-SM provides SNR gains of 3.8 dB, 5.1 
dB, 2.8 dB and 3.4 dB over SM, V-BLAST, OSTBC and 
Alamouti’s STBC, respectively. 

In Fig. 5, the BER curves of STBC-SM with nT = 8 and 
QPSK, SM with nT = 8 and BPSK, V-BLAST with nT = 2 and 
QPSK, OSTBC with 32-QAM, and Alamouti’s STBC with 
16-QAM are compared for 4 bits/s/Hz. It is seen that STBC-
SM provides SNR gains of 3.5 dB, 5 dB, 4.7 dB and 4.4 dB 
over, SM, V-BLAST, OSTBC and Alamouti’s STBC, 
respectively. 

In Fig. 6 we extend our simulation studies to 6 bits/s/Hz 
transmission. As seen from Fig. 6, STBC-SM with nT = 8 
and 16-QAM provides SNR gains of 3.4 dB, 3.7 dB, 8.6 dB 
and 5.4 dB over SM with nT = 8 and 8-QAM, V-BLAST 
with nT = 3 and QPSK, OSTBC with 256-QAM and 
Alamouti’s STBC with 64-QAM, respectively.   

By considering the BER curves in Figs. 4-6, we 
conclude that the BER performance gap between the STBC-
SM and SM or V-BLAST systems increases for high SNR 
values due to the second order transmit diversity advantage 
of the STBC-SM scheme. We also observe that although 
having a less diversity order, STBC-SM outperforms rate-
3/4 OSTBC due to its higher transmission rate.  
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IV.  CONCLUSIONS 
In this paper, we have introduced a novel high-rate, low 

complexity MIMO transmission scheme, called STBC-SM, 
as an alternative to existing techniques such as SM and V-
BLAST. The proposed new transmission scheme employs 
both APM techniques and antenna indices to convey 
information and exploits the transmit diversity potential of 
MIMO channels. A general algorithm has been presented for 
the construction of the STBC-SM scheme for any number of 
transmit antennas in which the STBC-SM scheme was opti-
mized by deriving its diversity and coding gains to reach 
optimal performance. It was shown by computer simulations 
that the STBC-SM offers significant improvements in BER 
performance compared to SM and V-BLAST systems 
(approximately 3-5 dB depending on the spectral efficiency) 
with an acceptable linear increase in decoding complexity. 
We conclude that the STBC-SM scheme can be useful for 
high-rate, low complexity, future wireless communication 
systems like LTE and WiMAX.  
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Fig 4: BER performance at 3 bits/s/Hz for STBC-SM, SM, V-BLAST, 

OSTBC and Alamouti’s STBC schemes 
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Fig 5: BER performance at 4 bits/s/Hz for STBC-SM, SM, V-

BLAST, OSTBC and Alamouti’s STBC schemes 
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Fig 6: BER performance at 6 bits/s/Hz for STBC-SM, SM, V-
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