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Abstract

Spatial modulation is a novel technique for the transmission of signals through a system of multiple antennas known
as Multiple Input-Multiple Output (MIMO), where the index of the transmit antenna is used as an additional source
of information to improve the overall spectral efficiency. In this paper, we use space shift keying (SSK), which
is the simplest form of spatial modulation, to present a comparative performance analysis against the existing
and well-known method of quadrature amplitude modulation (QAM). In order to carry out this analysis, this paper
compares the bit error rate (BER) performance between SSK and QAM transmission schemes and computes their
detection complexity at the receiver in terms of floating point operations (flops). Simulations results show that SSK
achieves BER performance gains of up to 7 dB compared to QAM. In terms of detection complexity, SSK has a
reduction of up to 33 % for the analyzed cases.
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1. Introduction demodulated signal on the receiver side [1]. Among

the well-known modulation techniques implemented for
Digital modulation is a process that prints a digital sym-  transmission of information in current systems without
bol on a suitable signal for transmission through a wired  the use of multiple antennas are Quadrature Phase Shift
or wireless medium in order to receive an error free  Keying (QPSK) and Quadrature Amplitude Modulation
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Figure 1. The MIMO transmission system.

(QAM) modulation techniques, which have also been
proposed to be used in the fourth generation of long
term evolution (4G-LTE) and WiFi networks. On the
other hand, modern networks consider the use of multi-
ple input-multiple output (MIMO) systems to increase the
capacity and their overall performance. The term MIMO
refers to a communication system with multiple trans-
mit (Tx) and receive (Rx) antennas. Fig. 1 shows the
conceptual transmission/reception scheme of a MIMO
system.

As an emerging MIMO technology, spatial modulation
(SM) has shown the potential of improving the perfor-
mance as compared to the conventional modulation
techniques [2] [3]. The most basic SM scheme, called
space shift keying (SSK), carries information by only
using the indices of the Tx antennas. In SSK, only one
Tx antenna is activated to transmit a signal at a time,
while the rest of the Tx antennas remains off. Recently,
SM and SSK systems have been considered part of the
so called “index modulation” (IM) techniques [4]. The
main difference between SM and SSK schemes is that
in SM the Tx antenna is activated using a QAM symbol
while in SSK the Tx antenna is activated using only the
RF signal [5] [6].

Recently, new transmission schemes based on
SM/SSK have been proposed. In [7], maximum combi-
nation spatial modulation (MCSM) scheme is used to
optimally determine the required number of active Tx an-
tennas. As a result, the BER performance is improved.
More importantly, some of the current potential applica-
tions of SM based transmission schemes include visible
light communication (VLC) [8] and vehicle to vehicle
(V2V) communication systems [9].

In order to evaluate the performance the of spatial
constellation, in this paper a comparison between SSK

and QAM modulation techniques is presented in terms
of BER and detection complexity. Simulations results
show that SSK achieves BER performance gains of up to
7dB compared to QAM. In terms of detection complexity,
SSK has a reduction of up to 33.

The rest of the paper is organized as follows; Section
2 briefly describes a general MIMO system model. In
Section 3, the SSK transmission scheme is described.
An analysis of detection complexity for M-QAM and
M-SSK techniques is carried out in section 4. The com-
parative performance in terms of BER is presented in
section 5. Finally, section 6 concludes the paper.

2. MIMO system model

In general, the mathematical model for MIMO systems
is defined as

y = vpHx +n, (1)
where x € CV!is the transmitted signal vector, y €

CN~1 is the received signal vector, H is the channel
matrix of size N, x N; defined as

hii hia hiz hin,
ho1r hyp  hn hit

H=|h hn h3y3 : 2)
hn,1 o hy,2 hn,N,

with N; as the number of Tx antennas, N, as the number
of Rx antennas and p is the signal to noise ratio (SNR)
at the receiver. Without loss of generality, a Rayleigh
flat fading channel is assumed which has independent
Gaussian inputs with zero mean and unit variance. The
vector n € CN™1 is the additive white Gaussian (AWGN)
noise at the receiver.

2.1. Modulation techniques

Two of the the most used modulation techniques in con-
ventional MIMO wireless communications are quater-
nary phase shift keying (QPSK) and quadrature ampli-
tude modulation (QAM) [10]. QPSK is a type of angu-
lar, constant-amplitude digital modulation. With QPSK,
four output phases are possible for a single carrier fre-
quency. Since there are four different output phases,
there must be four different entry conditions. In this way,
m = log,(4) = 2 bits are required to encode the output.
Consequently, in the QPSK, the input binary data are
combined in groups of two bits, i.e. {00, 01, 10, 11}.
Each combination generates one of the four possible
output phases. On the other hand, QAM modulation
scheme can be seen as a generalization of QPSK.
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Figure 2. 4-QAM Constellation.

It is based on the amplitude and phase symbols ma-
nipulation in order to modulate an input signal. The
more basic M—ary QAM communication scheme is the
4—QAM, which is a rotated version of a QPSK constel-
lation. Fig. 2 shows the corresponding constellation
diagram for 4-QAM. The output 4—QAM symbols are
defined in Table 1.

Table 1. 4-QAM modulation.

Input bits Symbols 4-QAM Symbols
1 L
00 S] +? + ?]
01 Sz —? + ?‘]
10 S3 —? - ?‘]
11 Sy +% - $J

2.2. Optimal ML detection

As the transmitted signal reaches the receiver, it recov-
ers the signal using a detection algorithm. In this paper,
the optimal criterion of maximum likelihood (ML) is con-
sidered for detection [9]. This detector performs a brute
force search comparing the received signal with a lattice
of all possibilities in each Rx antenna. The ML detector
criterion is defined as

= argmin ly — VPHx;1". 3)
where x; € CV*! = {5;,5,,--- , sy,} is @ combination of
all possible M-QAM transmitted signals.
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Figure 3. 4-SSK Constellation, m = 2.

3. M-SSK System model

The basic idea of SSK is to consider an array of Tx
antennas as an spatial constellation where each Tx
antenna is independently activated to select one of the
spatial constellation points. In SSK, the transmission of
bits emitted by a binary source are divided into blocks.
Each block contains m = log,(N;) bits. The modulation
M-SSK requires that Ny = M [5]. Fig. 3 shows an
example of SSK with an array of N; = 4 antennas. As
shown in Table 2, the transmission vector x” has only
one position different from the zero vector in the 16-SSK
constellation. The SSK mechanism can be seen as a
channel selector in the transmission.

Table 2. SSK Mapping example with m = 4.

a= [al,az,a3,a4] index XT = [xl,x2,~-- ,.X16]
0000 1 [1000000000000000]
0001 2 [0100000000000000]
0010 3 [0010000000000000]
0011 4 [0001000000000000]
0100 5 [0000100000000000]
0101 6 [0000010000000000]
0110 7 [0000001000000000]
0111 8 [0000000100000000]
1000 9 [0000000010000000]
1001 10 [0000000001000000]
1010 11 [0000000000100000]
1011 12 [0000000000010000]
1100 13 [0000000000001000]
1101 14 [0000000000000100]
1110 15 [0000000000000010]
1111 16 [0000000000000001]
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The general MIMO system model in (1) is modified
for the SSK scheme as follows

Yssk = Vphj+n, 4)

where h; = Hx is the j-th column of the channel ma-
trix H, assuming the transmission of symbol j from the
spatial constellation.

3.1. Optimal ML detection for SSK

The received signal in SSK is the channel corresponding
to the active Tx antenna. Therefore, the ML criterion for
SSK becomes

h= argmjinllySSK — \phjl, )

where h is the more likely used channel for all possibili-
tiesinh;for j=1,2,--- N,

4. Complexity analysis

The complexity y of the detection algorithm is measured
using the total number of floating point operations (flops)
[11]. For complex additions and multiplications, 2 and 6
flops are carried out respectively, while for subtractions
and divisions take the same value in flops as addition
and multiplication respectively. Table 3 summarizes the
value in flops for different operations between numbers
with real and complex values.

Table 3. Complexity of basic operations.

Operation flops

R +R
R xR
R+C
C+C
Cx*R
CxC

QNN ===

4.1. Detection complexity of the conventional

MIMO system

In a MIMO array of N; transmit antennas and N, receive
antennas, any M-QAM symbol can be transmitted, then,
alattice £ ={l;,15,--- , 1y} of size M for all possible
combination of the channel and the transmitted signal

can be generated in the reception. For the i-th receive
antenna, the elements /, in the lattice .£ are defined as

J=N;

=

ji=1 k=1

~

-M
hi js. (6)

~

Results for each receive antenna are combined us-
ing maximum ratio (MRC) in the receptor in order to
guarantee the best estimation.

Considering only one Rx antenna in (3), the product
Hx; requires MMN:(8N, - 2) flops. Multiplying by \p re-
quires 2M" flops. The differences add 2M": flops. The
operation || - ||?, requires multiplications of complex num-
bers which use 6M": flops. The MRC adds the results of
all Rx antennas using 2M"(N, — 1) flops. Finally, finding
the minimum value takes (M" — 1) flops. Then, the
complexity of the conventional MIMO-QAM detector is

Ymimo-oam = Ny(MM (8N, — 2) — 10M™)

7
+2MN (N, = 1)+ MY - 1). @

Table 4 summarizes the results of complexity for each
step in the detection process.

The receiver complexity y for a single Tx antenna in
the QAM system can be approximated as

Y0oAM = ISMNr (8)

4.2. Complexity of the M-SSK system

In SSK, only one Tx antenna is activated at a time,
whereas the other Tx antennas of the system will be off
during one symbol transmission[2]. Then, the lattice in
this case is made up of the channel values. Considering
for example the first Rx antenna the lattice is

L =plhi1,hi2,-+- , hy,}. ©)]

Since p is a real number, based on Table 3, the products
pH use 2N, flops for each Rx antenna. The differences

Table 4. Complexity for MIMO M-QAM.

Operation flops

Hx; MN8N, —2)

VPHX; 2MN:

y - \/ﬁHXj 2MN

- 17 oM™

MRC N.(MM (8N, = 2) + 10MN) + 2MN (N, — 1)

N.(MM (8N, = 2) + 10MN) + 2MN(N, — 1)
+(MN - 1)

argmin | - |
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Figure 4. Complexity comparison for M-QAM and M-SSK with M = Figure 5. BER Performance comparison for QAM modulation and SSK
16, 64 and 256. modulation with m = 4 bpcu.
between the Rx signal and the lattice y — pH as well as 10°

its square argminll-ll2 ,use 2N, and 6N, flops respectively.
Considering N, Rx antennas requires to use the MRC
which uses 2N;(N, — 1) flops. Finally, minimum-value 10|
search result uses (N; — 1). Then, the total detection
complexity for SSK is

—4A— QAM-64

SSK-64

BER
=

ymimo-ssk = N:(10N;) + 2Ni(N, — 1) + (N; = 1). (10)

Table 5 summarizes the used operations for SSK com-
plexity evaluation. Adding the three first terms we obtain 107
10N, flops plus N, for the arg min operation, the receiver
complexity of SSK system can be approximated as

20 25 30 35

YSSK = 12N,N;. (11) 0 ° 10 gNR (dB)
Figure 6. BER Performance comparison for QAM modulation and SSK
Table 5. Complexity for MIMO-SSK. modulation with m = 6 bpcu.
Operations flops
5. BER Performance results
vPH 2N; . . . .
y— vpH 2N, In this section, simulations are used to compare BER
- IR 6N, performance of the spatial constellation and the conven-
MRC N,(10N) + 2N,(N, — 1) tional amplitude-phase constellation. For the conven-
r r . . .
argmin |- |2 N,(10N,) + 2N,(N, — 1) + (N, — 1) tional M-QAM, N; = 1 is considered whereas N, = 2

Table 6. Complexity comparison.

Considering only one Tx antenna for QAM and one Rx

antenna for both schemes, QAM has 54 % more com-

plexity than SSK. Fig. 4 shows a comparison of detec- Scheme /y M=16, N,=2 M=64, N,=4 M=128, N,=8

tion complexity of QAM and SSK modulation schemes
for M = 4, 16, 64 and 256. Table 6 shows a complexity

. . : M-QAM 576 4,608 18,432
comparison for different scenarios.

M-SSK 384 3,072 12,288
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Figure 7. BER Performance comparison for QAM modulation and SSK
modulation with m = 8 bpcu.

is considered for both, the M-QAM and the M-SSK
schemes. We analyze the following three cases: m =
4,6, and 8 bits per channel use (bpcu).

Fig. 5 shows results of BER performance for a spec-
tral efficiency of m = 4 bpcu. The SSK scheme has 2 dB
gain considering an error rate of 1073. The simulation
results for a spectral efficiency of m = 6 bpcu are pre-
sented in Fig. 6. It can be seen that SSK has 4 dB gain
approximately considering an error rate of 1073, Finally,
Fig. 7 presents the comparison of BER performance for
a spectral efficiency of m = 8 bpcu. In this case, the
SSK scheme has 7 dB gain approximately for the target
error rate of 1073,

6. Conclusion

In this paper, a comparative analysis in BER perfor-
mance and detection complexity for M-QAM and M-
SSK schemes has been presented. Results show that
SSK has considerable advantages over the conven-
tional QAM scheme. Simulations results show that
SSKachieves BER performance gains of up to 7 dB
compared to QAM. In terms of detection complexity,
SSK has areduction of up to 33 %. The main drawback
of SSK, is the number of Tx antennas required for large
constellations, however, it must be taken into account
that in SSK, only one Tx antenna is active at a time.
Also, SSK can be implemented on the novel MIMO mas-
sive systems, where the number of Tx antennas is not
limited. Another consideration to take into account is
the switching required in the transmitter side of SSK sys-
tems. Although this requirement supposes an additional
complexity in the SSK transmitter, it allows receivers

with lower complexity which is more critical in practical
systems implementation.
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