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Abstract. This paper presents experimental results on the performance of gene-
ralized spatial modulation scheme with variable active transmit antennas (VA-
GSM). In the VA-GSM scheme, one or more transmit antennas are activated 
simultaneously to transmit the same complex symbol. The indices of the set of 
activated transmit antennas at any time instant are then used to convey extra in-
formation in addition to the transmitted complex symbol. The average bit error 
rate performance of the proposed scheme is evaluated experimentally, and the 
results agree closely with simulation. We also compare the VA-GSM with ex-
isting SM and GSM schemes. 
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1 Introduction 

Spatial modulation (SM) is a new promising transmission technique that uses antenna 
indices, in a multiple antenna system, as avenues for data transmissions in addition to 
the transmitted modulated symbols. The principle of wireless transmissions in which 
the information is carried by both the indices of the active antennas and the symbol 
transmitted through these active antennas was first investigated by Mesleh et al. in [1, 
2] where only one antenna was activated at each time instant thereby avoiding inter-
carrier-interference (ICI) between the transmit antennas. Following that work, many 
variants of this idea were introduced such as the space shift keying (SSK) modulation 
that uses only the spatial modulation concept without transmitting any symbol. That 
scheme reduces the system complexity by cancelling the amplitude/phase modulation 
required at the transmitter and receiver sides, but at the expense of some degradation 
in the system’s spectral efficiency [3]. The idea of Trellis coded modulation (TCM) 
was applied to the spatial points available in SM in [4, 6]. That scheme, named Trellis 
Coded SM (SM–TCM), achieves both coding and diversity gains, and has a signifi-
cant performance enhancements over SM especially in the presence of realistic chan-
nel conditions such as Rician fading and spatial correlation. A combination of both 
SM and space-time block coding (STBC) that takes advantage of the benefits of both 
schemes was proposed in [6]. 
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In [7], SM system was generalized to multiple active transmitting antennas and low 
complexity detection MIMO system. In [8] receiver-side SM scheme for single user, 
called the Generalized Pre-Coding Aided SM (GPASM), was introduced.  Genera-
lized form of SSK (GSSK) was proposed in [9] where a set of transmit antennas were 
activated at a time, and all the active antennas transmit ones (i.e no symbols were 
transmitted). The scheme increases the spectrum efficiency compared to SSK. Gene-
ralized SM (GSM) in which a fixed set of transmit antennas were activated simulta-
neously, with all active antennas transmitting the same constellation symbol, was 
proposed in [10, 11]. Transmitting the same symbol from all active antennas keep the 
key advantages of SM which are: avoiding ICI, reducing complexity, and using only 
one radio frequency (RF) chain for hardware implementation. In [12], SSK with vari-
able number of active transmit antennas (VA-SSK) was introduced.  

In this paper, we propose GSM scheme in which a variable set of active transmit 
antennas are used. Unlike the GSM where a fixed number of transmit antennas are 
used at any time instant to transmit the same constellation symbol, the proposed 
scheme will vary the number of activated transmit antennas. Also unlike VA-SSK 
where no symbols are transmitted, the proposed scheme transmits symbols which 
increases the system’s spectral efficiency. 

2 System Model 

2.1 VA-GSM Modulator  

Consider a MIMO system equipped with ௧ܰ transmit and ௥ܰ receive antennas, where 
we assume ௧ܰ ൒ ௥ܰ. In this system, one or more transmit antennas are activated si-
multaneously at any time instant and all the activated antennas transmit the same con-
stellation symbol. If the maximum number of activated transmit antennas at a time is ௔ܰ (where ௔ܰ ൑ ௧ܰ), then one or two, or three, up to  ௔ܰ transmit antennas can be 
activated simultaneously. Then, the total number of possible active transmit antenna 
combinations in this scheme is ∑ ൫ே೟௡ ൯ேೌ௡ ୀଵ , where ൫..൯ denotes the binomial operation. 
These antenna combinations will be used to convey extra information. Because the 
number of active transmit antenna combinations that can be used for data transmis-
sion must be a power of two, only ݃ ൌ 2௞೗ active antenna combinations will be consi-
dered, where ݇௟ ݅ݏ the number of bits transmitted per spatial symbol which is given by 

݇௟ ൌ ቨ݈݃݋ଶ ቌ෍ ൬ ௧݊ܰ൰ேೌ
௡ୀଵ ቍቩ, (1) 

where ۂܽہ denotes the greatest integer less than or equal to ܽ. For the case when ௔ܰ ൌ ௧ܰ, Eq. (1) becomes 
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݇௟ ൌ ቨ݈݃݋ଶ ቌ෍ ൬ ௧݊ܰ൰ே೟
௡ୀଵ ቍቩ  

 

              ൌ ଶሺ2ே೟݃݋݈ہ   െ 1ሻۂ ൌ ௧ܰ െ 1 (2) 

Equations (1) and  (2) show that unlike SM in which the number of bits transmitted 
per spatial symbol increase logarithmically with increasing the number of transmit 
antennas ௧ܰ, the number of bits transmitted per spatial symbol in the proposed VA-
GSM increases with increasing ௧ܰ and ௔ܰ.  The total number of bits that can be 
transmitted using VA-GSM is given by 

݇௧ ൌ ݇௟ ൅ ݇௦, (3) 

where ݇௦ ൌ   .is the constellation size  ܯ and (ܯଶሺ݃݋݈

Table 1. Transmitted vector ࢓,࢒࢞ for different input bits in VA-GSM (assuming BPSK 
modulation). 

Bits 
mapping ݈ ݉ ࢞௟,௠ 

Bits  
mapping ݈ ݉ ࢞௟,௠ 000 0 1 1 ሾݏଵ  0  0 0ሿ் 100 0 5 1 ሾݏଵ ଵ  0  0ሿ் 000 1 1ݏ  2 ሾݏଶ  0  0 0ሿ் 100 1 5 2 ሾݏଶ ଶ  0  0ሿ் 001 0 2ݏ  1 ሾ0  ݏଵ  0 0ሿ் 101 0 6 1 ሾݏଵ ଵ  0ሿ் 001 1 2ݏ  0  2 ሾ0  ݏଶ  0 0ሿ் 101 1 6 2 ሾݏଶ ଶ  0ሿ் 010 0 3ݏ  0  1 ሾ0  0  ݏଵ 0ሿ் 110 0 7 1 ሾݏଵ ଵሿ் 010 1 3ݏ  0  0  2 ሾ0  0  ݏଶ 0ሿ் 110 1 7 2 ሾݏଶ ଶሿ் 011 0 4ݏ  0  0  1 ሾ0  0  0  ݏଵሿ் 111 0 8 1 ሾ0 ଵ  0ሿ் 011ต௞೗ݏ  ଵݏ 1ณ௞ೞ 4 2 ሾ0  0  0  ݏଶሿ் 111ต௞೗ 1ณ௞ೞ 8 2 ሾ0  ଶ  0ሿ்ݏ  ଶݏ

The transmitter divides the incoming data into blocks of ݇௧ bits. The first  ݇௦ bits 
are mapped to a symbol ݏ௠ א ሼݏଵ, ଶݏ … ,  ெሽ  in the constellation while the next ݇௟ bitsݏ
are used to select a set of active antenna combinations which is denoted here by the 
set Г௟, ݈ א  ሼ1,2, ڮ  ݃ሽ. The set of active transmitting antennas Г௟  transmit the same 
complex symbol ݏ௠ while the other antennas transmit zeros. Then the received vector  ࢟ א ঃேೝൈଵ is given by ࢟ ൌ ௟,௠࢞ࡴ ൅  (4) ,࢝
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Table 2. Comparing VA-GSM, GSM, and SM in term of number of available antenna 
combinations (assuming ࢘ࡺ ൌ ૝). 

 

where ࢞௟,௠ א ঃே೟ൈଵ denotes the transmitted vector, א ࡴ ঃேೝൈே೟ is the channel re-
sponse between the transmitter and receiver, and ࢝ is the zero-mean Gaussian noise 
vector with variance ߪଶ ൌ ଴ܰ/2. Table 1 shows the mapping process at the transmit-
ter in the proposed scheme for the case of four transmit antennas ( ௧ܰ ൌ 4), one or two 
active antennas at a time ( ௔ܰ ൌ 2), and Binary Phase shift keying (BPSK) modulation 
ܯ) ൌ 2). As shown in the last highlighted row of the table, the first bit (݇௦=1) is 
mapped to a symbol in the BPSK constellation ݏ௠ א ሼݏଵ,  ଶሽ,  while the next three bitsݏ
(since in this case, ݇௟ ൌ උ݈݃݋ଶ൫∑ ൫ସ௡൯ଶ௡ୀଵ ൯ඏ ൌ 3 which gives ݃ ൌ 2ଷ ൌ 8) are used to 
select active antenna combinations Г௟, ݈ א  ሼ1,2, ڮ  8ሽ. Therefore, the antenna selec-
tion in VA-GSM is based on the second part, ݇௟, of the incoming bit stream. For ex-
ample, if we choose [0111] from Table 1, the first bit 1 is mapped to a symbol ݏଶ 
(݉ ൌ 2) in the BPSK constellation while the next three bits 011 select the fourth 
transmit antenna combination (݈ ൌ 4) which means the fourth antenna is activated to 
transmit the symbol ݏଶ while the other antennas transmit zeros as described by the 
transmitted vector ࢞௟,௠ ൌ ସ,ଶ࢞ ൌ  ሾ0  0  0  ݏଶሿ் . If we choose 1111, the transmitted 
vector is  ࢞௟,௠ ൌ ଶ,଼࢞ ൌ ሾ0  ݏଶ  ݏଶ  0ሿ் which means the second symbol is transmitted 
through the eighth transmit antenna combination where the first and fourth antennas 
are selected to transmit the same copy of the BPSK symbol ݏଶ. The received signal at 
each receiving antenna can be described as  ݕ௝ ൌ ௝݄,௟ݏ௠ ൅ ௝ݓ , ݆ ൌ 1, 2, ڮ , ௥ܰ, (5) 

where ݄௟,௝ ൌ ∑ ௝݄,௜௜אГ೗  is the summation of channel responses from all active transmit 
antennas  Г௟  used at the current transmission instant to the j-th receiving antenna, and ݓ௝  is the Gaussian noise at the j-th receiving antenna.  
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Table 2 compares VA-GSM method with the conventional SM and the GSM ap-
proach proposed in [10]. It is clear from the table that the proposed VA-GSM pro-
vides more active transmit antenna combinations except for ௧ܰ ൌ 64 which is the 
same as GSM because we limit the number of activated transmit antennas ௔ܰ in this 
illustration to ௔ܰ ൑ ௥ܰ ൌ 4. If we increase ௔ܰ, VA-GSM will have more active an-
tenna combinations than the GSM for this case as will. 

2.2 Maximum Likelihood (ML) Detection   

At the receiver, ML optimum detector computes the Frobenius distances between the 
received signal and the set of possible transmitted vectors. Then, the ML detection 
operation can be expressed as ൣ መ݈, ෝ݉ ൧ ൌ arg min௠אሼଵ,ଶ,..,ெሽ௟אሼଵ,ଶ,..,௚ሽ ቄฮܡ െ ௟,௠ฮFଶቅܠ۶  

 

            ൌ arg min௠אሼଵ,ଶ,..,ெሽ௟אሼଵ,ଶ,..,௚ሽ ቐ෍หݕ௝ െ ݄௟,௝ݏ௠หଶேೝ
௝ୀଵ ቑ (6) 

where ԡ. ԡF denotes the Frobenius norm while መ݈, ෝ݉  denote the indices of the estimated 
set of activated transmit antennas and the transmitted complex symbol respectively. If 
the complex symbol ݏ௠ is transmitted over the antenna combination Г௟ , then the cor-
rect decision is obtained when መ݈ ൌ ݈ and ෝ݉ ൌ ݉. 

3 System Performance Analysis 

3.1 Upper Bound on the Average Bit Error Rate 

The average bit error rate (ABER) performance can be analytically estimated using 
the well-known union bounding technique [13]. The ABER in the proposed method 
can be upper bounded as 

ABER ൑ ݐ12݇ ෍ ෍ ෍ ෍ ݀ு൫ݔ௟,௠, ௟መ,௠ෝݔ ൯ܧ൛Pr൫ݔ௟,௠ ՜ ௟መ,௠ෝݔ ൯ൟ݇ݐ௠௟௠ෝ௟መ , (7) 

where ݀ு൫ݔ௟,௠, ௟መ,௠ෝݔ ൯ is the Hamming distance between the transmitted symbol ݔ௟,௠ 
and the estimated symbol ݔ௟መ,௠ෝ  and Pr ሺݔ௟,௠ ՜ ௟መ,௠ෝݔ ሻ denotes pairwise error  probabili-
ty when estimating ݔ௟መ,௠ෝ  while ݔ௟,௠ is transmitted which is given by Pr൫ݔ௟,௠ ՜ ௟መ,௠ෝݔ ൯ ൌ Pr ቂฮܡ െ ௟,௠ฮFଶܠ۶ ൐ ฮܡ െ ௟መ,௠ෝܠ۶ ฮFଶቃ  
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same transmitted bits at a time for both method, we used Binary Phase shift keying 
(BPSK) modulation for the proposed GSM (݇௦ ൌ 1) and QPSK for SM (݇௦ ൌ 2). It is 
clear from the figure that for the same transmitted bits ݇௧ ൌ ݇௟ ൅ ݇௦ ൌ 4, VA-GSM 
performs about 1.7 dB better than SM at ABER ൌ 10ିସ.  

Fig. 6 compares the ABER of VA-GSM with GSM and SM in Rayleigh channels 
by simulation when using the same number of transmit antennas ௧ܰ ൌ 8, and the same 
transmitted bits ݇௧ ൌ 9. To achieve ݇௧ ൌ 9 for each of these schemes, it was neces-
sary to use QPSK for VA-GSM, 8PSK for GSM, and 64QAM for SM. The number of 
active antennas ௔ܰ ൌ 4 which is fixed in GSM and variable (between 1 and 4) for the 
case of VA-GSM. As shown in the figure, for the same number of transmit antennas 
and the same transmitted bits at a time, VA-GSM has a better BER performance over 
both GSM and SM which can be attributed to the difference in the constellation size 
required to reach the same number of bits transmitted. 

6 Conclusion 

This work proposes generalized spatial modulation scheme using variable active 
transmit antennas (VA-GSM). The proposed scheme uses the variations in the active 
transmit antennas to increase the number of available spatial symbols and hence the 
number of transmitted spatial bits. The experimental results on the ABER perfor-
mance of the system confirm the analytical bound as well as the computer simula-
tions, for both the VA-GSM and Spatial modulation (SM) schemes. The simulation 
results shows that VA-GSM has better average bit error rate (ABER) performance 
over both the GSM and SM, when using the same number of transmit antennas and 
the same number of transmitted bits for the three schemes. 
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