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Abstract—I n spatial modulation (SM) system, the infor mation bits
can be transmitted through two ways, the selection of both the
transmit antenna and the constellation symbol. However,
conventional bit-to-symbol mapping scheme in SM system only
sdlects the transmit antenna or the constellation symbol
independently. With the consideration of the similarity among the
transmit antennas and the joint selection of the transmit antenna
and the constellation symbol, cosine similarity based bit to
symbol-and-antenna mapping scheme is proposed in this paper to
reduce the hamming distance between adjacent symbols and
achieve better system performance. Simulation results and
perfor mance analysis show that the proposed scheme can improve
the system average bit error rate (BER) effectively compared with
the conventional bit-to-symbol mapping scheme.

Keywords—spatial modulation; cosine similarity; hamming distance;
bit error rate.

I INTRODUCTION

In wireless communications, multiple-input multiple-output
(MIMO) transmission technology plays a pivotal role in
improving the spectral efficiency and system performance [1].
Spatial modulation (SM), as an extension of MIM O technol ogy,
is a new three-dimension (3D) modulation technology, which
exploresthe characteristics of MIMO technology and solves the
common problems in MIMO system, such as the inter-channel
interference (ICl), inter antenna synchronization (IAS), and so
on, by activating only one transmit antenna [2]-[4] in one
communication process. For conventional SM systems, the
information bits are carried by both antenna index and
conventional two-dimension (2D) signal constellation.

For the conventiona 2D signa congtellation, the
bit-to-symbol mapping scheme has significant effects on the
system average bit error ratio (BER) performance [5]. In order
to decrease the average BER for the SM systems, severd
bit-to-symbol mapping schemes have been investigated in
[6]-[8]. M. Maleki, et al in [6] investigated the design of the
amplitude phase modulation (APM) scheme for the SM system
by constructing and solving the optimization problem, where
the simulation results show that the symbol error rate (SER) of
the SM system with the APM is superior to that of the QAM or
PSK based SM system. J. Chio proposed a signal dependent
antenna (SDA) mapping scheme for SM system [7], which

This research was supported in part by International Science &
Technology Cooperation Program of China (No. 2015DFG12580),
National Science Foundation of China (No. 61771291 and 61471180), the
Fundamental Research Funds of Shandong University (No. 2016JC010),
and the National Research Foundation of Korea-Grant funded by the
Korean Government (Ministry of Science, ICT and Future
Planning)-NRF-2014K 1A3A 1A20034987),. * Corresponding author.

ISBN 979-11-88428-00-7

associates the antenna selection with the modulated symbol
based on the two key design criteria to improve the system
performance and obtain better SNR gains. A jointly mapped
spatial modulation (JIM-SM) scheme was investigated in [8],
where the information bits are mapped to the 3D constellation
symbols and an efficient 3D JM-SM constellation search
algorithm has been designed to reduce the system average BER.

Conventional bit-to-symbol mapping scheme maps the
congtellation symbol and the transmit antennaindependently. In
order to exploit the benefits of the joint design, a hybrid
bit-to-symbol mapping scheme for SM was studied in [9],
which increases the hamming distance between the symbol pair
of the same transmit antenna and simultaneously reduces the
average hamming distance between the symbol pair of the
different transmit antennas. S. Althinobat, et al in [10] proposed
a bit-to-symbol mapping scheme with partial channel state
information (CSI) at the transmitter, which minimizes the
hamming distance between the adjacent symbols and reduces
the average BER of the SM systems. Since the mapped symbol
is transmitted to the receiver through the activated antenna,
similarity among the antennas will influence the detection
performance directly. Cosine similarity of the channel vectorsis
an effective means to measure the difference of the antennas
[11]. Based on the aforementioned literatures, we take the
cosine similarity into consideration and propose a hit to
symbol-and-antenna mapping for SM systemsin this paper.

The rest of this paper is organized as follows. In Section I,
the SM system model and its BER performance analysis have
been presented. Cosine similarity based bit to
symbol-and-antenna mapping scheme in SM system and its
realization process are proposed in Section Ill. Section 1V
provides the simulation results and performance analysis of the
proposed scheme. Finally, Section V concludes this paper.

Il.  SYSTEM M ODEL

In this paper, we consider atypical SM system consisting of
one transmitter with N=2" transmit antennas and one receiver
with N; (N >1) receive antennas, asillustrated in Figure 1. It is
assumed that the perfect CSI can be obtained at the receiver by
the training sequence. At the transmitter, ablock of r=logz(N:M)
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Figure1l. Theblock diagram of SM system

information bits are grouped into two parts, the first n=logaN;
bits are used to select the transmit antenna and the following
m=log:M bits are utilized to select the constellation symbol.
Then, the symbol is transmitted to the receiver through the
activated antenna. With the same notation in the common SM
system, the transmitted symbol vector with unit energy E[x"x] =
1 can be expressed as

x=[0,0,...,0, X,
T
nt"coordinate

where n isthe activated antennaindex and xn isthe M-ary phase
shift keying (M-PSK) symbol with unit energy.

,0,..,0]", @]

The received signal vector ye C™* can be given by
y=Hx+w=hx, +w, 2
where h e C"* is the n" column of the channel matrix
H=[h, h, --- hy ] and each element follows the independent

and identical complex Gaussian distribution with mean 0 and
variance 1, marked as CN(0,1). w is the Nyx1 complex additive
white Gaussian noise (AWGN) vector and can be modeled as
CN(0, No) with noise spectral density No/2 per dimension.

At thereceiver side, the maximum likelihood (ML) detection
is carried out to recover the activated antennaindex fi and the
constellation symbol X, which can be expressed as

[, %,]=agminly—h,x, . ©

The average BER for the SM system can be evaluated using
the union- bounded method formulated as[12]

ABER<ZZZZ Snm’%nl\nl M(Sﬂmlsﬁﬁw) , (4)

n=1 m=1 A=1 m=1

where s,m denotes the m" symbol transmitted by the nt transmit
antenna, D(s,,,,S;,) isthe Hamming distance between the two

symbols sim and s, , and P(s,,,S,) IS the pairwise error

probability when sim is transmitted and erroneously detected as
Siir» @nd it can be expressed as

k

j . ®

1— g VNN, —1+K) (14 4
P S )=| —« — o
(S ) [ 5 j 2 5
where u = and p=1s? represents the

pl%l +x[)
ol il )+
signal to noise ratio (SNR).
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I1l. COSINE SIMILARITY BASEDBIT TO
SYMBOL-AND-ANTENNA M APPING SCHEME

The conventional bit-to-symbol mapping scheme in Section
Il selects the transmit antenna and the constellation symbol
independently, which ignores the similarity among the different
transmit antennas and the benefits obtained by the joint
selection of the transmit antenna and the constellation symbol.
To employ the cosine similarity of the channel vectors is an
effective way to measure the difference of the transmit antennas.
For any two column vectors h, and hy, their cosine similarity is
defined as

cosé,,

TR (6)
P, IIthIF

where ||| and || denote the Frobenius-norm and magnitude

operators, respectively. cosdn and 6y indicate the similarity and
the angle between the two column vectors. The higher the
cosine similarity between the two column vectors, the more the
detection errors will happen.

Therequired CSI of each transmit antenna can be represented
by two parameters denoted as an and S, which can be
computed based on a reference transmit antenna k with the
maximum vector norm. ank provides the similarity between the
n" transmit antenna and the reference antenna, while Sk
represents the angle between the n transmit antenna and the
reference antenna. The index of the reference transmit antenna
isgiven by

=arg, g . -

Based on (6), we can get the cosine similarity and the angle
between h, and hy. ank is arranged by the order of the cosine
similarity starting from the lowest value and we have aw=1. In
another word, an=i+1 if the n'" antenna has the i™" minimum
cosine similarity to the reference transmit antenna k, where 1 <i
<Niandi #k.

For S, it is computed as

_ |— nk
ﬁnk 2 /M
where [ -] denotes rounding to the nearest integer. For (8), the
value of B ranges from 1 to M and represents the angle
between the n" antenna and the reference antenna k as a
multiple of 2a/M with Si=1.

J+1, (8)

A. Bit to Symbol-and-antenna Mapping Procedure

After the acquisition of the values of an and Sk, the proposed
bit to symbol-and-antenna mapping procedure can be

performed as follows. The bit block [bl B,,.... By, N,M):| ,

which can be divided into two parts, the transmit antenna
selection b|ts[bl hogle] and the constellation symbol

selection bits| By, s By vy |,
For each s\, its transmit antenna selection bits are obtained as

1My

is mapped to symbol sm.
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(bbb, | =G™ (@), €)

where G® denotes the Gray code for PSK with modulation
order x. The corresponding symbol selection bits for each sim
are achieved by

G (m-B8,+), iff,<m

= . (10
[bmogz Dl J”’“ {G(M)(M +m-f, +1), if g, >m (10)
With joint consideration of the bits mapped through (9) and
(10), the bit block corresponding to the symbol s\m can be
finally recovered and the overall mapping table during the
transmission can be constructed.

B. Realization of the Bit to Symbol-and-antenna Mapping
Scheme

Itisassumed that thereisa SM system with single transmitter
(Ni=4 transmit antennas) and single receiver (N;=2 receive
antennas) and 4PSK modulation (M=4) is employed. The
channel matrix H is denoted

0.3535-i0.1917 -1.1473i0.0081 0.8492+0.7461 0.8235+0.2069
0.3986—i04919 0.6809-0.3843 0.1554+0.3265 O.6984+i0.3)97}

for a specific transmission time dot. For the conventional
bit-to-symbol mapping scheme, the antenna selection bits are
naturally mapped [2], e.g., 00 is used to select the first transmit
antennaand 01 is for the second transmit antenna, and so on.

e

TABLE 1.
THE PROPOSED MAPPING SCHEME OF THE CONSIDERED EXAMPLE
Trans. Bitblock | Bitblock | Nearest HD with nearest
Symbol Conv. Prop. symbol sym. Conv./Prop.
S 0000 0110 S 211
Si2 0001 0100 Su2 211
Si3 0011 0101 Su3 211
S 0010 0111 Sua 2/11
S 0100 0000 S12 211
S» 0101 0001 Si3 211
S23 0111 0011 S 2/11
Soa 0110 0010 Su 2/11
Sa1 1000 1010 Soa 3/1
Sz2 1001 1000 S 3/1
Sz3 1011 1001 S» 3/1
Sz 1010 1011 S23 31
Su1 1100 1110 S 211
Si2 1101 1100 S12 211
Su3 1111 1101 Si3 211
Su 1110 1111 Sia 211

While for the proposed cosine similarity based bit to
symbol-and-antenna mapping scheme, the symbol selection bits
are mapped according to the rule of Gray code. Following the
proposed mapping scheme, the index of the reference antenna
with the maximum Frobenius-norm is the secondly selected

ISBN 979-11-88428-00-7

transmit antenna. Therefore, we have k=2, a2>=1 and f»=1. By
computing the cosine similarity and the angle between the
vectors hy, and hy, the values of an and Snk can be obtained as
a={2,1,4,3} and p={2, 1, 2, 2}. Since the Gray code for 4PSK
is denoted as G®¥={00, 01, 11, 10}, one part of the bit block
used for the selection of the first transmit antenna is given by
G¥(012)=G¥(a(1))=G"(2)=01. While the other part of the bit
block used for the selection of the first symbol transmitted by
the firgt transmit antenna is obtained as G@W(M+m-fu+1)=
G¥(4+1-2+1)=G“(4)=10. Then, the whole bit block for
symbol si; is denoted as 0110. Following the same way, the
whole mapping table for the proposed mapping scheme can be
congtructed. The whole bit block for each symbol based on the
conventional mapping scheme and the proposed mapping
scheme are shown in Table .

In Tablel, the second column and the third column represent
the conventional mapping scheme and the proposed cosine
similarity based bit to symbol-and-antenna mapping scheme,
respectively. The last two columns show the nearest symbol for
the mapped symbol sy and the corresponding hamming
distance. From Table I, it is obvioudly seen that the proposed
scheme can reduce the hamming distance compared with the
conventional mapping scheme. Based on (4), the average BER
performance can be improved directly through the decrease of
the hamming distance between the adjacent symbols.

Different from the other mapping scheme that designs the
mapping rules through the optimization of the average BER [§],
the proposed hit to symbol-and-antenna mapping scheme only
needs some multiplications. For the proposed mapping scheme,
the antenna with maximum channel gainis selected firstly. Then,
the main complexity of the proposed mapping scheme focus on
computing the cosine similarity cosfn and the angle G
Therefore, the total computation complexity for the proposed
mapping scheme can be written as

C=N,N, +(N, -D(3N, +2). (12)

V. SIMULATION RESULTSAND ANALYSIS

In this section, we present the simulation results about the
average BER performance of the cosine similarity based bit to
symbol-and-antenna mapping scheme for SM systems
considering different system parameters and SNR.

Figure 2 depicts the average BER performance of the
conventional and the proposed mapping scheme with N=2,
Nr=2, and M=2, 4, 8, 16. These simulation results show that the
average BER of the proposed bit to symbol-and-antenna scheme
isless than the conventional scheme. When the average BER is
102, the proposed mapping scheme can achieve about 0.02dB,
0.18dB, 0.8dB, and 1.5 dB gains, compared with the
conventional mapping scheme, with the modulation order being
2, 4, 8 and 16, respectively. The performance improvement
becomes larger and larger with the increase of the modulation
order. However, the system performance of the proposed
mapping scheme deceases with the increase of the modulation
level, which is caused by the shorter Euclidean distance of the
modulated symbols with higher modulation order.
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Figure3. Theaverage BER versus SNR for the conventional mapping, the
mapping schemein [9], and the proposed mapping scheme with Ni=4, Ni=2,
and M=2, 8, 16.

The average BER performance versus SNR for the
conventional mapping scheme, the mapping schemein [9], and
the proposed scheme with Ni=4, N;=2, and M=2, 8, 16 are
shown in Figure 3. In the case of Ni=4, N;=2, and M=2, the
conventional mapping scheme gets the worst performance
while the mapping scheme in [9] achieves the best BER
performance. The performance of the three mapping schemes
are similar and their difference becomes marginal, especially
with the increase of the SNR. Considering Ni=4, N;=2, and M=8,
or 16, our proposed mapping scheme outperforms the
conventional mapping scheme and the mapping scheme in [9]
over all the SNR region. In condition of Ni=4, N;=2, M=8, when
the BER is 102, the proposed mapping scheme can obtain about
0.52dB and 1.06dB gains, compared with the conventional
mapping scheme and the mapping scheme in [9], respectively.
These results confirm that the proposed mapping scheme can
achieve better system performance with the increase of the
modulation level.
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The average BER performance of conventional mapping
scheme, the mapping scheme in [9], and the proposed scheme
with N=4 and M=8, considering the different humber of the
receive antennas, are shown in Figure 4. It is seen that the
proposed mapping scheme obtains the best average BER
compared with the other two mapping scheme. What's more,
the BER performance of the three mapping schemes becomes
better and better with the increase of the receive antennas. This
is because that more and more receive antennas can bring more
receive diversity gains.

V. CONCLUSION

In this paper, a cosine similarity based bit to
symbol-and-antenna mapping scheme for SM system is
proposed to improve the system performance. The detailed
mapping procedure and the realization process are presented to
show that the proposed scheme can reduce the Hamming
distance between adjacent symbols. The simulation results also
verify that the proposed mapping scheme can improve the
system performance significantly compared with the other
mapping schemes for al the considered scenarios with the
increase of the modulation order.
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