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Abstract—In this paper, a new multiple-input multiple-output
(MIMO) transmission technique, which is called double spatial
modulation (DSM), is proposed as a new high-rate generalized
spatial modulation (SM) scheme. DSM scheme aims to improve
the spectral efficiency of classical SM by increasing the number
of active transmit antennas. In the DSM scheme, incoming
data bits determine two modulated symbols as well as their
corresponding activated transmit antenna indices. One of the
modulated symbols is directly transmitted over its corresponding
activated transmit antenna, while the other one is transmitted
with a rotation angle, which is optimized for M-ary quadrature
amplitude modulation (M/-QAM) signal constellation, over the
second activated transmit antenna. The error performance of the
proposed DSM scheme is compared with the recently proposed
emerging SM schemes such as quadrature SM (QSM) and
enhanced SM (ESM). Our computer simulations show that the
DSM scheme provides considerably better error performance
than QSM and ESM schemes for different spectral efficiency
values. In addition, the pairwise error probability (PEP) of DSM
is derived and the average bit error probability (ABEP) over
uncorrelated Rayleigh fading channels is obtained for different
M-QAM constellations.

Index Terms—MIMO systems, spatial modulation (SM), index
modulation, quadrature SM, enhanced SM.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) transmission tech-
nology has achieved a significant breakthrough in the reliabil-
ity and capacity of wireless communication systems compared
to single-input single-output (SISO) systems. To satisfy the
increasing demand for higher data rates in wireless networks,
traditional MIMO transmission techniques such as spatial mul-
tiplexing and space-time block codes (STBC) have been de-
veloped in order to achieve spatial multiplexing and diversity
gains, respectively. STBCs [1], [2] aim to transmit multiple
copies of the data symbols to the receive antennas in different
time slots in order to achieve transmit diversity. One of the
typical spatial multiplexing techniques is the Vertical Bell
Labs layered space-time (V-BLAST) architecture [3], which
linearly improves the spectral efficiency with the number of
transmit antennas. In V-BLAST, all available transmit antennas
are activated and they simultaneously transmit their own infor-
mation, that results in severe inter-channel interference (ICI)
and receiver complexity. The high receiver complexity and
energy consumption of the traditional MIMO systems lead the
researchers to develop new MIMO transmission techniques.

Index modulation (IM) techniques have recently received
considerable attention as possible candidates for next genera-
tion wireless systems [4]. IM improves the spectral efficiency
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of a considered MIMO system by conveying extra information
bits through the fundamental components of the considered
MIMO transmission scheme. Spatial modulation (SM) [5] is
a promising IM scheme for MIMO systems, in which the IM
technique is used for the transmit antenna indices to transmit
additional information bits. SM scheme is proposed to be
an energy efficient implementation of MIMO systems, which
avoids ICI by using only one radio frequency (RF) chain at the
transmitter. In SM, extra information bits are used to determine
the active transmit antenna index besides the M-ary constel-
lation symbol, where M denotes the modulation order of the
M -ary quadrature amplitude modulation or phase shift keying
(M-QAM/PSK) constellations. In the SM scheme, only one of
the available transmit antennas is activated through which the
corresponding M -ary symbol is transmitted. In terms of the
spectral efficiency, though SM achieves a significant increase,
it cannot still compete with the V-BLAST technique. For
this reason, in order to improve the spectral efficiency of the
conventional SM, researchers have proposed variety of SM
techniques.

Generalized spatial modulation (GSM) systems are pro-
posed to further improve the spectral efficiency of SM by
increasing the number of active transmit antennas in each time
slot. Unlike SM, in GSM systems, a group of transmit antennas
are activated to simultaneously transmit the same symbol [6]
or multiple independent M-ary constellation symbols [7]. In
GSM, the information bits select a combination of transmit
antennas, in which each combination consists of at least two
active transmit antennas. The remainder bits select M-ary
constellation symbol(s) for the activated transmit antennas.

Quadrature spatial modulation (QSM) is one of the recently
proposed SM schemes [8], which provides a considerable
improvement in the spectral efficiency compared to classical
SM by increasing the number of active transmit antennas.
In QSM, the total number of transmitted information bits is
logy, M + 2log, Ny and log, M bits of which determine the
complex constellation symbol, where /N; denotes the number
of the transmit antennas, which should be an integer power
of two. This complex symbol is decomposed into its in-
phase and quadrature components. In QSM, SM technique is
independently applied to those in-phase and quadrature parts
i.e., each component is transmitted through a specific antenna
whose index is determined by log, N, bits. Since the in-phase
and quadrature parts of the data symbol are orthogonal to each
other, ICI is avoided at the receiver of the QSM system.
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Fig. 1. System Model of DSM scheme

Enhanced spatial modulation (ESM) is one of the most
recent SM techniques [9], which combines conventional SM
with generalized SM schemes. In ESM, incoming information
bits not only determine active antenna indices but also select
the transmitted data symbols and their corresponding M -ary
constellation diagrams. The active transmit antenna combi-
nations of the ESM scheme are constructed for one or two
active transmit antenna indices. In the ESM scheme, when
single transmit antenna is activated, primary constellation is
used, and when two transmit antennas are activated, secondary
constellations are used. In order to transmit the same number
of information bits in each antenna combination, the size of
the secondary constellations is selected as half of the size of
the primary constellation.

The aim of this paper is to introduce a new high-rate
SM scheme, called double spatial modulation (DSM), which
provides two-fold spectral efficiency compared to classical
SM. In DSM, two independent SM transmission vectors are
superimposed using constellation rotation. In other words,
the DSM transmitter independently constructs two SM trans-
mission vectors. It selects one of the [V; available transmit
antennas and an M-QAM data symbol for each SM trans-
mission vector and constructs the overall transmission vector
by superimposition of these two SM transmission vectors. In
order to distinguish the two different data symbols from each
other, we determine a rotation angle, which is optimized for
M-QAM constellations. One of the data symbols is directly
transmitted through its corresponding activated transmit an-
tenna, while the other one is rotated with an optimum angle
before the transmission. For different spectral efficiencies
and constellations, the bit error rate (BER) performance of
DSM is compared to QSM and ESM schemes. Simulation
results show that DSM exhibits better error performance than
the reference MIMO transmission structures. Additionally,
analytical bit error probability (ABEP) of the DSM system is
obtained and it is validated using Monte Carlo simulations for
uncorrelated Rayleigh fading channels and different M/-QAM
constellations.

The remaining parts of this paper are organized as follows.
In Section II, the system model of the DSM scheme is given.

In Section III, performance analysis of the proposed system is
performed. Monte Carlo simulation results are given in Section
IV and the paper is concluded in Section V.

II1.

The system model of the DSM scheme is shown in Fig.1.
An N, x Ny MIMO configuration is considered where N.,.
and N; denote the number of receive and transmit antennas,
respectively.

Let arbitrary m = log, N2M? incoming data bits are to be
transmitted at any particular time instance. Then, m is split
into two equal parts, which contains log, N, M bits. Each
part determines its own data symbol and the corresponding
active transmit antenna index. Each data symbol is modulated
by log, M bits and each active transmit antenna index is
determined by log, IV; bits. The first data symbol z; is directly
transmitted through active transmit antenna with the index [y,
and the second data symbol zo is rotated with an angle 6
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before transmission through the second active antenna index
lo in order to be distinguishable from data symbol x;. This
rotation angle is optimized for M-QAM signal constellations
to minimize the BER. In Fig. 2, the optimum rotation angles
are determined for different constellations by performing a
search between 0° —180° at certain signal to noise ratio (SNR)
values. The angle which gives the best error performance is
determined as the optimum rotation angle of data symbol 5.
The optimum rotation angle 6 is respectively found as 90°,
45° and 30° for BPSK, 4-QAM and 8-QAM constellations.
For BPSK and 4-QAM, the SNR is taken as 14 dB, while
it is taken as 20 dB for 8-QAM constellation. Therefore, the
transmission vector x € CN¢*! of the DSM scheme can be
given as

x=[0-

0 21 0---0 z9¢?% 0--.0]T 1)
~ =~

15 l2

where 1,15 € {1,2,..., N;} stand for the positions of x1 and
z2e7?, respectively. It should be noted that it is possible to
have [; = [y for the DSM scheme, while due to the use of
a rotation angle, the corresponding two data symbols can be
distunguished at the receiver.

Assume that we want to transmit the following bit sequence
{011101} for a given time instance using a 4 x 4 MIMO
system with BPSK modulation, where m = 6. The first
log, M bit {0} modulates a BPSK symbol (z; = —1) and
the following log, IV, bits {1 1} determine the active transmit
antenna index [; = 4 for the transmission of z; , whose
resulting transmission vector is s; = [0 00 1].TIn the same
way, the first log, M bit of the remaining bits, which is
{1}, modulates a second BPSK symbol (z3 = 1) and the last
log, Ny bits {01} determine a second active antenna index
lo = 2. Before the transmission through the transmit antenna
with the index lo, x is rotated by the optimum BPSK rotation
angle 90° as given in Fig. 2, which results in the second
transmission vector S = [0 70 0] .TThe overall transmission
vector is constructed by the superimposition of s; and ss
vectors as X = sq + Sa.

x is transmitted over a wireless MIMO channel, which is
characterized by H with N, x N; dimensions while experi-
encing additive white Gaussian noise (AWGN) n € CNrx1,
The channel entries are assumed to be independent and
identically distributed (i.i.d), circularly symmetric, complex
Gaussian random variables with zero mean and unit variance.
Similarly, the entries of the complex Gaussian noise vector
n are assumed to be i.i.d with zero mean and N, variance.
Therefore, the received signal vector y € CVr*1 is given as

y=Hx+n
=h,x + hl2x26j9 +n. 2)

where h;, and h,;, denote the /;th and l»th column vectors of
H, respectively.

At the receiver side, maximum likelihood (ML) detector is
used to obtain the optimum BER performance for the DSM

scheme with the assumption of perfect channel state informa-
tion (P-CSI). ML detector considers all possible realizations
of the antenna indices [; and [, and M-QAM constellatiop
symbols x; and x5 to jointly decide the antenna indices [y
and Iy along with the data symbols z; and 25 by calculating
NZM? decision metrics. For this purpose, the ML detector
considers

R N A A . . 2
{961,1‘2,51752} =arg min |y = (hy 1 + hy,z0e??) |
1,L2,01,502
3)

where ||-|| shows vector norm.

III. DOUBLE SPATIAL MODULATION PERFORMANCE
ANALYSIS

In this section, theoretical BER analysis of the proposed
DSM system is performed. We first calculate the conditional
pairwise error probability (CPEP) of the DSM system, and
by averaging CPEP over all realizations of the complex
channel coefficients, we evaluate the unconditional pairwise
error probability (UPEP) and then obtain an upper bound for
the ABEP of the system.

When x is transmitted and it is erroneously detected as X,
the CPEP is calculated as

P (x — %|H)
— P(ly - Hx|* > |y - H|)
= P(|Hx|? ~ [H&[? - 28 {y" (Hx - HZ)} > 0)
— P(D > 0). 4)

where D is a Gaussian distributed random variable
whose mean and variance values are respectively given as
— |H(x — %)||* and 2N, |H(x — %)||*. Therefore we obtain

I (x - %)|”

P(x — x[H) = Q N

&)

In (5), Q(z) denotes the Q-function, which can be alterna-
tively shown as Q(z) = 2 foﬂ/Z exp (—2?/sin® @) df and in

this case, CPEP can be calculated as

R 1 (% H(x — %)|°

UPEP is calculated by averaging (6) over the channel matrix
H using a moment generating function (MGF)-based approach

as
N,
z 2
0
P(x—%)=— =7 | . %)
who | g, X=X
4N,

The closed form expression of (7) is given in [10] as

el () ()

k=0
®)
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Fig. 3. Analytical and simulatated BER performance of 2 x 4 DSM with
BPSK, 4 x 4 DSM with 4-QAM and 8-QAM
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Fig. 4. BER performance of 4 x 4 DSM, QSM and ESM systems for
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After evaluating the UPEP, by considering well-known
upper bounding technique, ABEP of the DSM system can be
obtained by

where ¢ =

1 . -
Py~ poorvs Z Z P(x — X)e(x,X) ©)
ﬁ;cﬁx
where m is total number of bits for each transmitted DSM

vector x and e(x,X) is the total number of bit errors for the
corresponding pairwise error event P(x — X).
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Fig. 5. BER performance of 4 X 4 DSM, QSM and ESM systems for
m = 8 bpcu spectral efficiency
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Fig. 6. BER performance of 8 x 8 DSM and QSM systems for

m = 10 bpcu spectral efficiency

IV. SIMULATION RESULTS

In this section, for different spectral efficiency values,
analytical BER performance of the proposed DSM system is
analyzed and verified through Monte Carlo simulation results.
In addition, the BER performance of the DSM scheme is com-
pared with QSM and ESM MIMO transmission schemes for
different spectral efficiency values. BER results are depicted
as a function of v, where + is defined as the received SNR at
each received antenna. We consider natural mapping for IM
and M-QAM symbols.

In Fig. 3, ABEP of the DSM system is analytically analyzed
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for different MIMO configurations and constellations. We
obtain the analytical BER performance of 2 x 4 DSM with
BPSK, 4 x 4 DSM with 4-QAM and 4 x 4 DSM with 8-QAM
systems, which achieve spectral efficiencies m = 4, 8 and 10
bits per channel use (bpcu), respectively. The comparisons
with the Monte Carlo simulations indicate that, analytical
results show consistency with simulation results at high SNR
values.

In Fig. 4, for 4 x 4 MIMO configuration, DSM technique
is compared with the QSM and ESM systems. In order to
achieve m = 6 bpcu spectral efficiency, DSM uses BPSK,
QSM uses 4-QAM and ESM uses 4-QAM as the primary
constellation and two BPSK constellations (+1,+j) as the
secondary constellations. The simulation results show that
DSM and QSM systems exhibit exactly the same BER per-
formance, which is considerably better than the ESM scheme.
For the DSM scheme, since the optimum rotation angle of
BPSK is 90°, the second transmission data symbol is (+7),
while the first data symbol, which is a plain BPSK symbol
(£1), and superimposition of these two symbol gives 4-QAM
constellation as (+1 £ j). Similarly, in QSM with 4-QAM, the
conventional SM scheme is independently applied to the real
and imaginary parts of a 4-QAM symbol. Therefore, the BER
performance of the DSM with BPSK and QSM with 4-QAM
are identical.

In Fig. 5, BER performance comparison of DSM with QSM
and ESM is given for a 4 x 4 MIMO configuration and
m = 8 bpcu spectral efficiency. In this case, 4-QAM, 16-QAM
and 16-QAM primary constellation with 4-QAM secondary
constellations are respectively used by DSM, QSM and ESM
schemes. DSM exhibits 1 dB better error performance than
ESM while it is 2 dB better than QSM scheme.

In Fig. 6, a 8 x 8 MIMO configuration is used and DSM
system is only compared with QSM, since ESM [9] does not
have any realizations for 8 x 8 MIMO system. In order to
achieve m = 10 bpcu spectral efficiency, DSM and QSM
use 4-QAM and 16-QAM constellations, respectively. It is
clear from Fig. 6 that, DSM exhibits significantly better error
performance than QSM scheme.

It is important to note that, these improvements in spectral
efficiency and error performance of DSM scheme cost higher

receiver complexity than compared MIMO schemes.

V. CONCLUSION

In this paper, a new high-rate index modulation scheme
called DSM is proposed, whose spectral efficiency doubles
as that of the conventional SM. The DSM is based on the
application of double independent SM techniques, which can
be differentiated from each other by a rotation angle optimiz-
ing for M-QAM constellations. In this paper, the theoretical
analysis of the DSM system has been derived and the ABEP
of the system has been depicted for different M/-QAM constel-
lation orders and spectral efficiencies. In addition, it has been
shown by computer simulations that the BER of the proposed
DSM system exhibits considerably better performance than the
newly proposed reference SM techniques QSM and ESM for
the same spectral efficiency values.
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