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ABSTRACT

Generalized space shift keying (GSSK) is a transmission scheme where only antenna
indices are used to send information from the transmitter to a receiver. This paper inves-
tigates the best symbol set selection problem in GSSK multiple-input-multiple-output
(MIMO) systems when the transmit antennas are correlated. Although multiple anten-
nas can increase data rate and signal quality without increasing the bandwidth, spa-
tial correlations among the antennas highly affect the performance of the system. The
idea here is to maximize the inter-symbol Euclidean distance to obtain the best symbol
set. Recently such an algorithm has been proposed for the visible light communication
(VLC) systems. This paper adopts this VLC algorithm for radio frequency (RF) com-
munication systems. The results show that the proposed symbol set design can provide
several dBs of gain in the symbol error rate (SER) performance over randomly selected
symbol sets in GSSK systems.

INTRODUCTION

In fading channels, MIMO systems can increase the data rate significantly over single-
input-single-output (SISO) systems while using the same bandwidth. Although there
are many advantages of MIMO systems, there are several challenges too. These include
increased signal processing and higher transmitter/receiver complexity due to multiple
radio frequency (RF) chains. Different techniques are developed to reduce multiple RF
chains. They include spatial modulation (SM), generalized spatial modulation (GSM)
and generalized space shift keying (GSSK) [1], [2]. In SM or GSM systems, the in-
formation is present in both the antenna indices and the modulated symbols that are
transmitted from the transmitter to the receiver. GSSK can reduce implementation com-
plexity because information is present only in the antenna indices, and therefore the
receiver workload reduces to identifying the active antenna indices only.

In GSSK systems, transmit bits are grouped together to choose the active antennas for
sending information. Consider a transmitter with Nt available antennas. If Na an-
tennas are activated out of Nt transmit antennas, then there are Mall = C(Nt, Na)
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possible combinations of transmit antennas, where C(n, k) = n!/(n − k)!k!. For M -
ary GSSK systems, we need M to be a power-of-two, and the highest possible M is
M = 2K , where K = blog2(Mall)c and b.c is the floor function. As an example,
consider Nt = 16 and Na = 3 giving C(16, 3) = 560 combinations of transmit anten-
nas. If the GSSK system is 16-ary, we have to choose the best 16 combinations from
N = C(560, 16) ≈ 3.60 × 1030 sets. If the antennas are correlated, selecting different
sets of M can significantly affect the performance of the GSSK system.

There are several papers that attempt to improve the performance of the GSSK systems.
Unequal rate encoding is proposed in [3] to utilize the excess symbols in GSSK systems.
Hamming code is used to select the active antennas in [4] where the number of active
antennas is variable. The authors in [2] suggest to choose largely varying combinations
of antennas to transmit information. This implies more number of transmit antennas
which will increase the value of N and also the transmitter’s overhead. When the value
of N increases then choosing the best M from N is even more computationally com-
plex. In [5], reconfigurable antennas are proposed where the actual physical positions
of the transmit antennas are changed.

We consider correlated transmit antennas. There are different types of correlation matrix
models that are used to study such systems. One is the uniform correlation matrix model
where all the antennas have the same correlation [6]. But this is the worst case estima-
tion of the correlation matrix because nearer antennas have higher correlations than the
farther antennas. Here we are considering the exponential correlation model which rep-
resents an increase in the spatial correlations between the antennas as the inter-antenna
distance decreases [7], [8]. Generally the correlation between two antennas can be more
than 0.5 when the antennas are less than half the wavelength apart [9].

In this paper, we study the design of GSSK symbols for RF systems using the algorithms
given in [10]. The authors in [10] develop clustering and distancing properties of the
symbols in VLC systems. While the channel used in VLC systems is deterministic, the
RF channels can vary randomly. Therefore, our study accommodates this randomness
by using the antenna correlation matrix in symbol distance calculation. The clustering
and distancing properties of the correlated active antennas are used to drastically reduce
the computational complexity in choosing the best M symbols.

SYSTEM MODEL

We consider a MIMO system with Nt transmit antennas and Nr receive antennas. The
transmit antennas can be arranged in a line or in a square of size

√
Nt ×

√
Nt. Only

Na antennas are activated out of Nt antennas during transmission. All the Nr receive
antennas are used. The transmit bits are first divided into groups of size log2M bits. The
GSSK mapper maps each bit group to a constellation vector x = [x1, x2, ....xNt]

T with
a power constraint of unity i.e., E[xHx] = 1, where E[·] denotes the expected value,
(·)H denotes conjugate transpose and (·)T denotes transpose. The vector x has non-zero
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components only at the places that correspond to the active antennas. The received sig-
nal is given by

y = Hx + n (1)

where y = [y1, y2, ....yNr]
T is the received signal vector, n is additive white Gaussian

noise (AWGN) vector with the elements of n being assumed to be independent and
identically distributed (i.i.d) with CN (0, σ2), and CN (m,σ2) denotes complex Gaus-
sian distribution with mean m and variance σ2. The channel matrix H is given by

H =


h11 h12 . . . h1Nt

h21 h22 . . . h2Nt

...
... . . . ...

hNr1 hNr2 . . . hNrNt

 (2)

where hij is the channel coefficient between the i-th receive antenna and the j-th trans-
mit antenna. According to [11], we can write the channel matrix H as H = HrCt, where
Hr is the Nr × Nt frequency-flat Rayleigh fading channel matrix with the elements of
Hr being i.i.d with CN (0, 1), Ct can be expressed as Ct = R1/2

t , and Rt is the trans-
mit correlation matrix. Rt is obtained from the correlation coefficients between various
transmit antenna pairs and can be expressed in terms of the correlation coefficient ρ be-
tween neighboring antenna elements. For example, if the transmit antennas are arranged
in a square with Nt = 4, then Rt is given by (3) below,

Rt =


1 ρ ρ ρ

√
2

ρ 1 ρ
√
2 ρ

ρ ρ
√
2 1 ρ

ρ
√
2 ρ ρ 1

 (3)

Figure 1: Correlation among the transmit antennas in a square.
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where (i,j)-th element of Rt is the correlation coefficient between the i-th and the j-th
transmit antennas.
We use maximum likelihood (ML) method to detect the active transmit antenna indices
as

x̂ = argmin
x

|| y−Hx ||2 (4)

where x̂ is the detected transmit signal vector.

BEST SYMBOL SET SEARCH

An exhaustive search for an optimal symbol set requires searching over C(Mall,M)
combinations. This is numerically too complex. For visible light communication (VLC)
systems, the authors in [10] propose to consider only those symbols that involve active
LEDs that are close neighbors. This drastically reduces the search space for the best
symbol set. The best symbol set search algorithm is shown in Fig. 2, and it has three
stages as described below.
Stage 1: The first stage considers only those symbols that involve active antennas within
a cluster radius of Rc from a specific antenna, called the cluster center. Each antenna
can be a cluster center. To implement this idea, consider each antenna as the cluster
center, and choose a group of Na antennas (including the cluster center) that are within
a distance of Rc from the cluster center. Care should be taken to remove the repeated
symbols. To see the complexity benefit, consider Nt = 16 transmit antennas arranged
in a square. If Na = 3 then Mall = C(16, 3) = 560 symbols are possible. However, if
we limit the symbols that contain active antennas within a physical distance of Rc = 1
from each antenna as the cluster center, there are only Mr = 52 symbols. If M = 8
then searching for a set of 8 best symbols out of 560 symbols is computationally way
more complex than searching for 8 best symbols out of 52 symbols. Thus the first stage
reduces the set of available symbols from Mall to Mr symbols.
Stage 2: SinceMr can still be too large, we need to reduce the set ofMr symbols to a set
ofMs symbols so thatMs <Mr. We calculate the inter-symbol Euclidean distance (ED)
between each pair of symbols in the set containing the Mr symbols. The ED between
two symbols xi and xj is calculated as Dij = uTRtu where u = xi − xj , i 6= j, i,j =
1,....Mr. Next, find the minimum valueD(min) = min

i 6=j
Dij , and identify the symbols that

have the largest number of neighbors at D(min) and remove them from the set. Repeat
this step until Ms symbols are left.
Stage 3: The last step is to get M symbols from the Ms symbols. For this, generate all
possible subsets ofM symbols from theMs symbols. This can be conveniently done us-
ing a tree structure as given in [10]. For each such subset, we compute the inter-symbol
distance Dij between each pair of symbols xi and xj in the subset and the corresponding
average number of neighbors. Select the subset that has the largest D(min). If multi-
ple subsets have the same largest D(min), select the subset that has the smallest average
number of neighbors at D(min). This is repeated for other low EDs [10]. If multiple
subsets are left, select any one of these subsets since the performance of any of these
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subsets at this stage is similar.

Stage 1 Stage 2 Stage 3

Search for symbols
with active antennas
within a radius Rc

from each possible
cluster center.

Remove symbols
that have large

number of
neighbors at

low D.

Tree search to
select the best
M symbols.

Mr symbols Ms symbols M symbols

Figure 2: Three stages of the best symbol set search algorithm.

NUMERICAL RESULTS

Our numerical results use Nt = 16 transmit antennas. The signal-to-noise ratio (SNR)
is defined as Pt/σ

2, where Pt is the transmit signal power. For example, if E[xHx] = 1,
then Pt = 1. We use M = 8 in our results. In all the figures, the proposed symbol set
design results are compared with the random set results that are obtained by averaging
the SER values over 15 random symbol sets. Two different values of ρ, i.e., ρ = 0.8 and ρ
= 0.2, are considered to show the benefits of symbol design for high and low correlation
scenarios respectively.

Figures 3 and 4 show the SER performance for a MIMO system with the transmit anten-
nas arranged in a square and a line respectively. We use Nr = 4. Figure 3 uses Mr = 52
and Fig. 4 uses Mr = 14. For both cases we select Ms = 14. Figure 3 shows that the de-
sign set has gains of nearly 3.5 dB and 2.5 dB respectively for high and low correlation
cases. Considering the averaged value of || Hx ||22, the design symbol set has a power
advantage of 0.5 dB over the random sets when the correlation between the transmit
antennas is 0.8. Hence, for ρ = 0.8, the effective gain of the symbol design is about 3.5
dB - 0.5 dB = 3 dB. Similarly, we get about 2.5 dB - 0.2 dB = 2.3 dB of effective gain
from the proposed design over the random symbols when ρ = 0.2. Both the square and
the linearly arranged antennas are found to give similar SER performance gains.

In Fig. 5, we show the SER performance when the number of receive antennas is in-
creased to Nr = 10. Comparing Fig. 5 with Fig. 4, we observe that the performance of
both the random and the proposed design sets improve as Nr increases. However, the
gap between the random set and the proposed set nearly stays the same.
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Figure 3: SER performance for Nt=16, Nr=4 and Na=3 when the transmit antennas are arranged
in a square.
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Figure 4: SER performance for Nt=16, Nr=4, and Na=3 when the transmit antennas are ar-
ranged in a line.
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Figure 5: SER performance for Nt=16, Nr=10 and Na=3 when the transmit antennas are ar-
ranged in a line.

0 2 4 6 8 10 12 14 16 18 20 22 24
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

S
E

R

 

 
Random Symbol Set (ρ = 0.8)
Design Symbol Set (ρ = 0.8)
Random Symbol Set (ρ = 0.2)
Design Symbol Set (ρ = 0.2)

Figure 6: SER performance for Nt=16, Nr=4, and Na=2 when the transmit antennas are ar-
ranged in a square.

Figure 6 shows the effect of changing Na. We use Na = 2. The values of the algorithm
parameters are Mr = 24 and Ms = 14. A comparison with Fig. 3 shows that decreasing
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the number of active antennas from 3 to 2 increases the overall SER performance of the
GSSK system but the gap between the random sets and the proposed design set nearly
remains the same.

Finally, Fig. 7 shows the performance of the GSSK system when there is error in the
channel estimation at the receiver. In this study, the channel H in (4) is replaced with
the estimated channel H − H′, where each element in H′ is i.i.d. with CN (0, σ2

h). We
use Mr = 52 and Ms = 14. The figure shows that the benefit from the proposed design
decreases when there is high error in the channel estimation at the receiver.

−30 −25 −20 −15 −10
10

−4

10
−3

10
−2

10
−1

Channel error variance (dB)

S
E

R

 

 
Random Symbol Set (ρ = 0.8)
Design Symbol Set (ρ = 0.8)
Random Symbol Set (ρ = 0.2)
Design Symbol Set (ρ = 0.2)

Figure 7: Effect of channel estimation error in a GSSK system with Nt=16, Nr=4, Na=3, SNR
= 12 dB and the transmit antennas are arranged in a square.

CONCLUSION

We study GSSK symbol set design for correlated transmit antennas. The proposed de-
sign is based on the VLC symbol design given in [10]. It is observed that the proposed
symbol set design gives significant gain for highly correlated transmit antennas. Nearly
3 dB of effective gain is obtained from the proposed symbol set design over a random
symbol set when the antenna correlation coefficient is 0.8. The gain is about 2 dB when
the antenna correlation coefficient is 0.2.
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