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Most spatial modulation (SM) schemes in the literature use hard-output maximum-
likelihood (ML) antenna index detection. In trellis coded spatial modulation (TCSM) 
scheme, the detection should be also performed for the transmitted symbol, while the 
sequence decoding is performed using a hard-output Viterbi algorithm. We modified 
the hard-output ML-SM detector to determine a soft estimate of the transmit antenna 
index and a hard estimate of the transmitted symbol, and used it in conjunction with the 
logarithmic maximum a posteriori probability (log-MAP) sequence decoding algorithm. 
If at least four receive antennas are used, the soft-output and the less complex hybrid 
detectors offer a coding gain, over the hard-output detector, of at least 4 dB in Rician 
fading and 2 dB in spatially correlated (SC) fading channels. 

1. INTRODUCTION 

During the last decades, multiple-input multiple-output (MIMO) techniques 
emerged as high spectral efficiency solutions for wireless data transmissions. 
MIMO techniques, which perform a multiple-antenna transmission and reception, 
take advantage of the channel diversity in fading environments. However, a major 
drawback arising from this mechanism is the inter-channel interference (ICI), 
caused by the inter-antenna signals overlapping.  

Spatial modulation (SM) was proposed recently for eliminating the ICI in 
multiple-antenna transmitters [1, 2]. The principle of SM consists in restricting the 
multiple-antenna transmitter to use only one antenna for signal transmission over a 
data symbol interval. Because only one transmit antenna is active during a data 
symbol interval, results that the ICI does not exist. In fact, the information 
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sequence bits are used to select the transmit antenna. The information binary 
sequence is split into fixed length words that are used as address to select the 
transmit antenna. The SM concept is a generalization of space shift keying (SSK) 
modulation, where each selected transmit antenna issues the same unmodulated 
signal [3, 4].  

A very successful method of reducing power requirements without increasing 
bandwidth is trellis coded modulation (TCM) [5]. TCM allows highly efficient and 
reliable digital transmissions, without any sacrifice in bandwidth.  

In trellis coded spatial modulation (TCSM) schemes the key idea of TCM is 
applied to the antenna constellation points of SM [6, 7]. In TCSM schemes, the 
information address words of SM are convolutionally encoded. Moreover, the 
transmit antennas are partitioned into sub-sets, in such a way that the spatial 
spacing between antennas in the same sub-set is maximized. Therefore, even 
though only one transmit antenna is active, the coded SM can achieve both 
multiplexing and coding gains as compared to the conventional MIMO techniques, 
especially in correlated channel environments. This advantage is significant when 
considering portable devices with multiple antennas installed in compact space. 
Other solutions for efficient wireless coded transmissions using the TCM principle 
can be found in the literature [8]. In the receiving part, the transmit antenna index 
should be determined first. Most schemes presented in the literature use hard-
output maximum-likelihood (ML) detection for the antenna index identification 
[9]. In TCSM schemes, this detection should be also performed for the transmitted 
symbol. The ML detector for TCSM scheme jointly identifies the transmit antenna 
and symbol indexes. In the second step, the information sequence is reconstructed 
from the detected antenna and symbol indexes, employing a sequence decoding 
algorithm, such as the hard-output Viterbi algorithm. In [7] and [10] a soft-output 
ML-SM optimum detector is introduced, which estimates separately the log-
likelihood ratio (LLR) per bit for the antenna index and the symbol index.  

In this paper, we revised the well known hard-output ML-SM detector into a 
hybrid one. Thus, LLR values are determined only for the antenna indexes, while 
the symbol indexes are determined as hard estimates. We also used this hybrid 
LLR in conjunction with the logarithmic maximum a posteriori probability (log-
MAP) sequence decoding algorithm. As a result, a coding gain of at least 4 dB is 
noticed for TCSM transmissions in Rician fading channels and 2 dB in spatially 
correlated (SC) fading channels, when using at least four receive antennas. The 
considered SC channel model is presented in [11]. The bit error rate (BER) is 
estimated by simulations for QPSK-TCSM transmissions over stationary Rayleigh, 
Rician, and SC fading channels with additive white Gaussian noise (AWGN). 

The paper is organized as follows. Section 2 presents the TCSM system 
model. The ML-SM detectors are presented consecutively in Section 3. The 
simulated bit error rate (BER) is estimated in Section 4 for QPSK-TCSM 
transmissions over different fading channels. Finally, conclusions are drawn. 
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2. TCSM SYSTEM MODEL 

The TCSM system block scheme is presented in Fig. 1 [6, 7]. In the 
transmitter, the information bit sequence u(t) is first split into words of k+s bits. 
The first k bits form the vector u1(t), while the remaining s bits form the vector 
u2(t). Here, t denotes the time variable. The first vector u1(t) is encoded 
convolutionally by a rate k/(k + 1) trellis-coded modulation encoder and the 
resulted vector is denoted by v1(t). On the other hand, the s bits vector u2(t) is 
modulated into a 2s-ary two-dimensional modulation symbol, such as phase-shift 
keying (PSK), denoted by v2(t). Finally, in the SM mapper, the 2s-ary modulated 
symbol v2(t) is issued over a unique transmit antenna that is selected by the 
convolutional encoder output v1(t). This principle is named spatial modulation due 
to the fact that, at an instant, the information is used to select a unique transmit 
antenna from an antenna array. In fact, the transmit antenna index is obtained by 
converting the binary vector v1(t) into decimal. Let's denote by nT the number of 
transmit antennas, with nT = 2k+1, where k + 1 is the size of the vector v1(t). Similar 
to the classical TCM [5], TCSM partitions the transmit antennas from the antenna 
array into sub-sets, maximizing the spacing of antennas belonging to the same sub-
set [7]. 

In the receiver, several transmitted signal replicas are captured by nR receive 
antennas. It is important to note that for TCSM nR can take any value, but nT should 
be at least four, because TCSM is a technique that exploits the antenna encoded 
position in the antenna array. Next, the SM decoder estimates in a ML manner both 
the transmit antenna index, denoted as ṽ1(t), and the transmitted constellation point 
index, ṽ2(t). These estimates can be soft-output values or hard-output ones, 
depending on the SM decoding method. In the Section 3 several distinct SM 
decoding methods are presented. The vector of the estimated transmit antenna 
indexes is applied to a sequence decoding block that recovers the vector ũ1(t), 
which is an estimate of the convolutional encoder input u1(t) from the transmitter. 
For each estimated transmit antenna index at the input, the sequence decoder 
outputs a k bit vector. The sequence decoding algorithms considered in this paper 
are either the hard-input hard-output Viterbi algorithm, or the soft-input hard-
output log-MAP algorithm, depending on the SM decoder output, if it uses either 
hard estimation or a soft estimation, respectively. On the other hand, each 
estimated 2s-ary constellation point ṽ2(t) is demodulated into s bits vector ũ2(t). 
Finally, each k bits vector ũ1(t) and s bits vector ũ2(t) are joined into to a serial 
string, comprising the information sequence estimate ũ(t). 

The channel model assumes the presence of complex AWGN noise, denoted 
by n(t), and static flat fading denoted by an nR × nT matrix H(t) representing the 
path gains hij between transmit antenna j and receive antenna i, where i ∈ {0, 1, ..., 
nR} and j ∈ {0, 1, ..., nT}. 
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Fig. 1 – TCSM system block scheme. 

The values of matrix H(t) elements determine the channel type. In this paper, 
we considered three different channel models, as in [6] and [7]. The first channel 
model is a static fading Rayleigh channel that is flat for all frequency components. 
The complex path gains hij have a uniformly distributed phase and a Rayleigh 
distributed amplitude. If a line-of-sight (LOS) path exists between transmit and 
receive antennas, the channel amplitude gain is characterized by a Rician 
distribution. The Rician fading MIMO channel matrix can be modeled as: 

 

 )(
1

1)(
1

)(Rician t
K

t
K

Kt HΑH
+

+
+

= , (1) 

 

where K denotes the Rician factor, defined as the ratio between the LOS and the 
scatter power components, A(t) is a nR × nT-matrix with all elements being one, 
and H(t) is a Rayleigh fading matrix, corresponding to the scatter components, 
which is defined as for the first channel model.  

The third channel model takes into account the spatial correlation (SC) 
between the transmit antennas from the antenna array [7, 11]. Transmit antennas 
are considered to be equally spaced and linearly distributed into the antenna array. 
The channel correlation depends on both the environment and the spacing of the 
antenna elements. The correlated channel matrix is modeled as following [11]: 
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where H(t) is a Rayleigh fading matrix, while RRx and RTx are the spatial 
covariance matrices at the receiver and transmitter, respectively, expressing the 
correlation of the receive/transmit signals across the array elements. A closed-form 
expression for the coefficients of RRx and RTx is given in [11]. 

Considering all the notations above and the block scheme in Fig. 1, one can 
write the expression of the received signal, the nR-dimensional vector y(t): 
 

 )()()()( tttt nxHy += ρ , (3) 
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where ρ is the average signal-to-noise ratio (SNR) per receive antenna, n(t) is the 
nR – dimensional AWGN noise with an average power 2

nσ , and x(t) represents the 
nT – dimensional transmitted signal pattern, at any moment t. Considering that in 
the SM transmitter, a single transmit antenna with the index v1 is active at any 
moment t, issuing the 2s-ary constellation point v2 with the index u2, the nT – 
dimensional transmitted vector x is given by: 
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3. ML-SM DETECTORS 

As mentioned before, the SM detector is specific to all SM MIMO 
transmission techniques. A ML algorithm is used to identify the most probable 
transmit antenna index and transmitted symbol from the received signal replicas. In 
this section, three different ML algorithms are presented. The conventional hard-
output ML-SM optimum detector is presented first. Then, our proposed hybrid 
ML-SM optimum detector is defined. Finally, the soft-output per bit ML-SM 
optimum detector is introduced. 

3.1. ML OPTIMUM DETECTOR WITH HARD-OUTPUT  

The hard-output optimum ML detector for TCSM scheme that jointly 
identifies the transmit antenna index ṽ1(t) and the transmitted symbol ṽ2(t) was 
introduced in [9]. For the sake of conciseness, the time variable denoted by t will 
be eliminated, starting with this section. The joint estimation is made as following: 
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where 2
F.  denotes the Frobenius norm, Re(.)  is the real part of a complex 

number, H(.)  denotes the Hermitian of a vector or a matrix, and 2, 121
vhz vvv =  

represents the received vector when transmitting the 2s-ary symbol v2 from the 
antenna with the index v1; 1vh is the channel path gains vector from the transmit 
antenna with index v1 to all nR receive antennas. The probability density function 
(pdf) of y conditioned on transmitted vector x and channel matrix H is given by: 
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The vector of the hard decision transmit antenna indexes ṽ1 is applied to a 
hard-input hard-output Viterbi algorithm that recovers the vector ũ1, which is an 
estimate of the convolutional encoder input u1 from the transmitter.  

3.2. HYBRID ML OPTIMUM DETECTOR  

In this subsection, a modified hybrid version of the ML optimum detector 
with hard-output, from subsection 3.1, is introduced. Instead of taking the hard 
decision for both the transmit antenna index and the transmitted symbol as in (5), 
we kept the hard decision only for the transmitted symbol ṽ2, as follows:  

 
 [ ]
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where ( )
212121 ,

2

F,, Re2 vvvvvv zyzZ H−ρ=  is an nT × 2s decision matrix and all 

notations are identical to those introduced in subsection 3.1. Then, the decided 
transmitted symbol ṽ2 from (7) is used to select the ṽ2 column from the 
matrix

21, vvZ . Let's denote the ṽ2 column from the matrix 
21, vvZ as

212
~,~ vvv ZZ = . 

Hence, the vector 
2

~vZ contains nT elements that represent soft estimates of the 

transmit antenna indexes ṽ1. Finally, we introduce the values of 
2

~vZ , with the 

opposite sign, as decision metrics for the soft-input log-MAP algorithm. It will be 
shown in Section 4 that this detection separation, i.e., first a hard-output decision 
for the transmitted symbol, and then a soft-output decision for the antenna index, in 
conjunction with a soft-input sequence decoding algorithm, is offering a BER 
improvement over hard-output ML detector in Rician and SC fading channels. 

3.3. ML OPTIMUM PER BIT JOINT DETECTOR WITH SOFT-OUTPUT  

A soft-output ML-SM optimum detector, which estimates separately the log-
likelihood ratio (LLR) per bit for the antenna index and the symbol index was 
proposed in [7]. The sequence of detected antenna indexes is then used as input for 
a hard-input Viterbi decoding algorithm. The BER simulation results in Section 4 
will show some improvements over the hard-output ML detector. 
The soft estimates of the transmit antenna index ṽ1 and the transmitted 
constellation symbol index ũ2 are computed as log-likelihood ratios (LLRs) per 
binary representation element. The calculation of the LLR for the i-th bit of the 
transmit antenna index binary representation is as follows: 
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where iv1  represents the i-th bit from the binary representation of the transmit 
antenna index v1, with 1,1 += ki , and all notations were kept as in subsection 3.1. 
Similarly, the LLR of the j-th bit in the binary representation of the transmitted 
constellation symbol index is as follows: 
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where ju2  represents the j-th bit from binary representation of transmitted 
constellation symbol index v2, with sj ,1= . V1 and V2 denote the sets of all possible 
2n transmit antennas indexes and 2s constellation symbols, respectively. i

1,1V  and 
i
0,1V  represent subsets from the set of transmit antennas indexes V1, which have “1” 

and “0” at the i-th bit; j
1,2U and j

0,2U  represent subsets from the set of signal 
constellation symbols V2, which have “1” and “0” at the j-th bit. 

4. TCSM SYSTEM PERFORMANCES ANALYSIS 

The TCSM scheme presented in Section 2 using the ML-SM detectors in 
Section 3 were considered for simulations. The BER is estimated as a function of 
the average SNR per receive antenna using the Monte-Carlo method. For all 
simulations, we considered four transmit antennas (nT = 4) and a variable number 
of receive antennas ( 4,1=Rn ). It is assumed that all antennas, both at transmitter 
and receiver, are equally spaced on a vertical line. The transmitted signal is 
considered as QPSK (s = 2). The rate 1/2 convolutional encoder from [7], with the 
generator polynomials written in an octal form as [2, 5], was considered for 
encoding the transmit antenna index in a TCM manner. In order to implement the 
TCM principle over the transmit antenna position (or index), antennas one and 
three form a set and antennas two and four form the other set [7]. Therefore, for a 
spectral efficiency of 3 b/s/Hz three bits are processed in parallel by the TCSM 
transmitter, as follows: one bit (k = 1) enters the rate 1/2 TCM encoder, the other 
two bits select the transmitted signal symbol from the QPSK constellation (s = 2). 
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The pair of bits from the TCM encoder output select the transmit antenna during 
the current symbol interval. The three channel models presented in Section 2 are 
used for simulations. In all simulations with Rician fading, the Rician factor is set 
to K = 3, and in all simulations with SC channel, the distance between transmit 
antennas is fixed to 0.1λ, while the distance between receive antennas is 0.5λ [7]. 

The BER performances as a function of SNR per receive antenna for the 
TCSM transmission over a static Rayleigh fading channel are depicted in Fig. 2. 

 
Fig. 2 – BER performances for QPSK-TCSM  

schemes over Rayleigh fading channel. 

This is the case of the ideal channel conditions, because the channel paths are 
uncorrelated. All three SM detectors presented in Section 3 are considered. It is 
obvious from Fig. 2 that the BER performances for all combinations of SM 
detection and sequence decoding techniques overlap. For the sake of intelligibility, 
we considered in Fig. 2 only one hard-output SM receiver and only soft-output SM 
receiver, respectively. Hence, no matter what the number of receive antennas is, the 
BER performances for all three SM detection methods are identical.  

In Fig. 3, the BER performances of the TCSM transmission over a static 
Rician fading channel are presented. As a general note, the soft-output SM 
detectors outperform the hard-output one. In fact, the coding gain of both soft-
output receivers depends on the number of receive antennas, too.  Also, for a small 
number of receive antennas, the joint per bit SM detector performs better than the 
hybrid SM detector. To be more specific, the coding gain of the joint per bit SM 
detector over the hard-output detector is of about 4 dB for all nR values. However, 
the hybrid SM detector performs the same as the soft-output joint per bit SM 
detector only for at least four receive antennas. To be more specific, the coding 
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gain of the joint per bit SM detector over the SM detector of antenna index is of 
about 0.2 dB for nR = 3, 0.5 dB for nR = 2, and 2 dB for nR = 1.  

The performances of the TCSM system over a SC fading channel are 
presented in Fig. 4. These plots show a similar relation between different SM 
detectors, as in the case of Rician fading channel. Hence, the coding gain of the 
joint per bit SM detector over the hard-output detector is of about 2 dB for nR = 4, 
1.5 dB for nR = 3, 1 dB for nR = 2. For nR = 1 there is no coding gain. The coding 
gain of the joint per bit SM detector over the hybrid SM detector is of about 0.2 dB 
for nR = 4, 0.3 dB for nR = 3, 1 dB for nR = 2, and 1.7 dB for nR = 1. Similar to the 
Rician fading case, the SM detector of antenna index performs the same as the soft-
output joint per bit SM detector for at least four receive antennas.  

 
Fig. 3 – BER performances for QPSK-TCSM schemes  

over Rician fading channel. 

 
Fig. 4 – BER performances for QPSK-TCSM schemes  

over SC fading channel. 



392 Călin Vlădeanu, Safwan El Assad 10 
 

 

On the other hand, the soft-output SM detector of antenna index is less 
complex than the joint per bit SM detector because uses a soft-output estimation 
only for the antenna index, while the constellation symbol detection is a hard-
output operation. The receiver diversity is an important requirement for a high data 
rate TCSM transmission. For such systems, the hybrid SM detector of antenna 
index offers a simpler solution, having the same performances as a more complex 
but fully soft-output detection method. 

5. CONCLUSION 

A hybrid ML-SM detector was proposed, which determines the soft estimate 
of transmit antenna index and the hard estimate of the transmitted symbol. The 
simulations proved that this hybrid detector performs better than the hard-output 
one and almost as the fully soft-output one. In fact, for high data rate MIMO-
TCSM transmissions, i.e., with a large number of receive antennas, the hybrid 
detector offers the same performances as the soft-output one. Nevertheless, the 
hybrid detector is less complex than a fully soft-output one. Also, we combined the 
soft-output detectors (including the hybrid one) with the soft-input hard-output log-
MAP sequence decoding instead of the usual hard-input hard-output Viterbi 
decoding. These operations determined significant coding gains of the soft-output 
receivers over the hard-output one in Rician and SC fading channels.  

In perspective, we intend to extend the performances analysis of the proposed 
hybrid SM detector used in conjunction with the log-MAP decoding to more 
complex channel models, as frequency-selective Nakagami fading channel.  
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