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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 N, transmit and N, receive antennas, where
we assume N; = N,.. 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
N, (where N, < N,), then one or two, or three, up to N, transmit antennas can be
activated simultaneously. Then, the total number of possible active transmit antenna
combinations in this scheme is ZZ‘;(?), where () 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 g = 2* active antenna combinations will be consi-
dered, where k; is the number of bits transmitted per spatial symbol which is given by

Ng

k, = |10g, Z(];,lt) , (1)

n=1

where |a| denotes the greatest integer less than or equal to a. For the case when
N, = N, Eq. (1) becomes
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N¢
N
b= [tog2 | ) ()
n=1
= |log,(2"—1)| =N, -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 N;, the number of bits transmitted per spatial symbol in the proposed VA-
GSM increases with increasing N, and N,. The total number of bits that can be
transmitted using VA-GSM is given by

ke =k + ks, 3
where k; = log,(M) and M is the constellation size.

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

Bits . I m Xy Bits . m Xy

mapping ’ mapping ’
0000 1 1 [s;000]"] 1000 5 1 [s; s; 00]"
0001 1 2 [s,000]"] 1001 5 2 [sy s, 00]7
0010 2 1 [0s,00]"| 1010 6 1 [s; 0s; 0]7
0011 2 2 [0s,00]"| 1011 6 2 [s, 0s, 0]7
0100 3 1 [00s; 01| 1100 7 1 [s; 00 s]7
0101 3 2 [00s,0]"|] 1101 7 2 [s, 00 s,]7
0110 4 1 [000s]7] 1110 8 1 [0s; s 0]7
9#1;1: 4 2 [000 s, 1%%?} 8 2 [0sys, 0

The transmitter divides the incoming data into blocks of k, bits. The first k bits
are mapped to a symbol s,,, € {s4, S, ..., Sy} in the constellation while the next k; bits
are used to select a set of active antenna combinations which is denoted here by the
set I, L € {1,2,-- g}. The set of active transmitting antennas I'; transmit the same
complex symbol s, while the other antennas transmit zeros. Then the received vector
y € c"*1 is given by

y=Hx,+w, %)
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Table 2. Comparing VA-GSM, GSM, and SM in term of number of available antenna
combinations (assuming N, = 4).

N; Scheme N,=1 N, =2 N, =3 N, =4
SM g =22

4 GSM g=2% g=2? g=2? ,
iy g=20 g=2 g=28 972
SM g=28

g GSM g=28 =2* =25 g—Zj
XSM g=23 =25 = 26 g 2
SM g=2*

16 GSM g=2* =26 =2° g=212
oy g=2 g=2 g=22 97°¢
SM g =2°

64 OSM g=20 g=210 g=215 g=21
Z?' g =26 g=21  g=215 g=2"

M

where x;,, € cVt*! denotes the transmitted vector, H € c"r*Nt is the channel re-
sponse between the transmitter and receiver, and w is the zero-mean Gaussian noise
vector with variance 62 = N,/2. Table 1 shows the mapping process at the transmit-
ter in the proposed scheme for the case of four transmit antennas (N; = 4), one or two
active antennas at a time (N, = 2), and Binary Phase shift keying (BPSK) modulation
(M = 2). As shown in the last highlighted row of the table, the first bit (ky=1) is
mapped to a symbol in the BPSK constellation s, € {s;,s,}, while the next three bits
(since in this case, k; = |log, (Z%zl(z))J = 3 which gives g = 2% = 8) are used to
select active antenna combinations I';,l € {1,2,--- 8}. Therefore, the antenna selec-
tion in VA-GSM is based on the second part, k;, of the incoming bit stream. For ex-
ample, if we choose [0111] from Table 1, the first bit 1 is mapped to a symbol s,
(m = 2) in the BPSK constellation while the next three bits 011 select the fourth
transmit antenna combination (I = 4) which means the fourth antenna is activated to
transmit the symbol s, while the other antennas transmit zeros as described by the
transmitted vector X;, = X4, = [0 0 0 s,]7. If we choose 1111, the transmitted
vector is X, = Xg, = [0 s, 5, 0]7 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 s,. The received signal at
each receiving antenna can be described as

y] = hj_lSm + W} ,j = 1, 2;"';er (5)

where hy ; = Yier, hj; is the summation of channel responses from all active transmit

antennas ['; used at the current transmission instant to the j-th receiving antenna, and
w; 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 N, = 64 which is the
same as GSM because we limit the number of activated transmit antennas N, in this
illustration to N, < N, = 4. If we increase N,, 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

[f, T’fl] =arg min {||y - HXl,m”i-}

me{1,2,..M}
1€{1,2,..g9}
Ny
. 2
=arg, oin,, 1) = sl ©

1€{1,2,.,g9} Jj=1

where ||. ||r denotes the Frobenius norm while I, i denote the indices of the estimated
set of activated transmit antennas and the transmitted complex symbol respectively. If
the complex symbol s, is transmitted over the antenna combination I';, then the cor-
rect decision is obtained when [ = [ and /i = m.

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

1 dy (Xum %10 )E{PT (X1 m = Xi0)}
ABER SWZ;Z; . , (7

where dy (xl,m, xi,m) is the Hamming distance between the transmitted symbol x; ,,,
and the estimated symbol x;5 and Pr (x;,, = X;) denotes pairwise error probabili-
ty when estimating x; 5 while x, ,, is transmitted which is given by

Pr(xim = %) = Pr{ly = Hxymlly > lly — Hxi ]l ]
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yI[H8]|?
= T 8
Q > (@)
where 8 = (Xj5 — X;m) and y = Eg/N, = 1/0? is the SNR between the transmitter
and the receiver, and E; = E {”Hxl‘m”z} = 1. Using the alternative integral expres-

sion for the Q-function we get

1 (™2 IHs]|?
Pr(xl‘m d xlA‘m) = Ef exp —m de. (9)
0

3.2 Complexity Analysis

The receiver complexity is estimated in terms of the number of real multiplicative
operations required by the ML detector. Note that computing the Euclidian distance
| Yi — hyjSm |2 requires 2 complex multiplications, where each complex multiplication
requires 4 real multiplications. Thus, from Eq. (6), the computational complexity of
VA-GSM receiver is given by

C = 8N, g2™, (10)

which is the same as SM and GSM if we assume that the same number of bits are
transmitted in these schemes at a time.

MATLAB
Tx and Rx DSP

4' 1GB Ethernet Switch |<7

| Y chammer Y]
v LY 27 Y]
Hardware j z Hardware
| Y A

Fig. 1. Block diagram of test-bed setup for the experiment.
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| Tx-RF Ports Rx-RF Ports

Transmitter e
Fig. 2. WARP v3 Kits used in the hardware experiment.

4 Experimental Setup

Fig. 1 shows the block diagram of the software and hardware test-bed setup used in
the experiment. As shown in this figure, the transmitted and received data are
processed using MATLAB installed on a PC. The PC and the two hardware radio
devices used are connected through a 1GB Ethernet Switch.

Fig. 3. Experimental setup for VA-GSM.

In our experimental work we used the WARP v3 Kit which is shown in Fig.
2.WARP v3 Kit is a software defined radio (SDR) platform developed by Rice Uni-
versity and Mango Communications. It is built on a Xilinx Virtex-6 LX240T FPGA
with four programmable RF interfaces operating at 2.4 and 5 GHz with a 40 MHz
bandwidth. The WARP v3 Kit was selected to be used with the platform due to its
accessibility and ease of interface with MATLAB. The transmitted waveforms are
sent directly to the transmit buffers and the received waveforms are extracted from the
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receive buffer using MATLAB. Synchronization, Modulation, coding, channel esti-
mation, and equalization are performed in MATLAB. The physical layout of the ex-
perimental test-bed is shown in Fig. 3.

X (Amplitude in mV)

Fig. 4. CDFs for each of the fast-fading coefficients hj; of all channel paths in the experiment.

[/ —
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——— Analytical SM (N=4, k=4)
— - — - Simulation SM (N =4, k =4)

3

10°H O Experemintal SM (N =4, k=1)

———— Analtical VA-GSM (N=4, N =2k =1)

H — - — - Simulation VA-GSM (N=4,N =2k =4)

| O Esperemintal VAGSM (N =4, N=2k=4)
4 I T
0 5 10 15 20 25
SNR (dB)

10

Fig. 5. ABER of VA-GSM compared with SM in the test-bed setup with N, = 4, N, = 2 and
N,. = 4. BPSK modulation is used for VA-GSM while 4QAM modulation is used for SM. The
simulation and analytical results are obtained with K=28dB to match the experimental Rician

channel.
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1 —g— Simulation SM (N=8, k=9)
| —4— Simulation GSM (N;=8, N =4, k=9)
—5— Simulation VA-GSM [Nt=8' Na=4, k=9)

ABER
=

i
0 5 10 15 20 25
SNR (dB)
Fig. 6. ABER for the same k; = 9 in VA-GSM, GSM and SM employing the same transmit
antennas N, = 8 in Rayleigh fading channel.

5 Validation Results from Hardware Setup

It is clear from the implementation layout in Fig. 3 that the fading between the trans-
mitter and receiver is a Rician fading because the transmitter and receiver have clear
line-of-sight (LoS). Rician fading is typically characterized by the K-factor, which
denotes the ratio of the power of the LoS component to the power of the scattered
components. We need to estimate the K-factor of the practical Rician channel be-
tween the transmitter and the receiver, in order to compare the experimental results
with the analysis and simulations. Fig. 4 shows the CDFs of the channel fading coef-
ficients hj; for the sixteen paths between the transmitter and the receiver in the expe-
riment. This figure demonstrates that the channels between the transmitter and the
receiver follow fast fading, and that the fading are Rician distributed with different
mean for each path. Hence different K-factor exist for each path. The Rician K-factors
for all the paths are estimated separately for the collected data using a maximum-
likelihood estimation. The K- factor obtained ranges between 27dB and 30 dB in this
experiment.

Fig. 5 shows the ABER of VA-GSM compared with the conventional SM in 4x4
MIMO system. As shown in the figure, the experimental and simulation results agree
closely, and are upper-bounded by the analytical expressions in Egs. (7)-(9). Because
we use 4 transmit antennas, the number of available antenna combinations for VA-
GSM is g = 2% = 8, and for SM is g = 4 as shown in Table 2. Therefore, the num-
ber of bits per spatial symbol k; = 3 for VA-GSM while k; = 2 for SM. To get the
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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 (k, = 1) and QPSK for SM (ks = 2). It is
clear from the figure that for the same transmitted bits k, = k; + kg = 4, VA-GSM
performs about 1.7 dB better than SM at ABER = 10™*.

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 N, = 8, and the same
transmitted bits k, = 9. To achieve k; = 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 N, = 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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