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‡

∗

Electrical and Electronics Engineering Department, Istanbul Medeniyet University, Istanbul, Turkey
Electronics and Communication Engineering Department, Istanbul Technical University, Istanbul, Turkey.
‡
Electronics and Communication Engineering Department, Yıldız Technical University, Istanbul, Turkey
Email: cogenfatih@gmail.com, {erdogan.aydin, nihat.kabaoglu}@medeniyet.edu.tr, basarer@itu.edu.tr, ilhanh@yildiz.edu.tr
†

Abstract—In this paper, in order to increase data rate, error
performance and energy efficiency in wireless communication
systems, a new multiple-input multiple-output (MIMO) transmission scheme, called code index modulation and spatial modulation
(CIM-SM), is proposed over the Nakagami-m fading channel by
combining recently two promising modulation techniques, SM
and CIM. In the CIM-SM scheme, incoming data bits specify
activated transmit antenna indices, two modulated symbols as
well as their corresponding spreading code indices. Therefore,
the information bits are conveyed not only by the two modulated
symbols but also by the active antenna indices of SM as well
as the spreading code indices. Consequently, the proposed CIMSM scheme spends less transmission power while performing
faster data transmission compared with the conventional direct
sequence spread spectrum (DS-SS), SM and CIM-SS systems.
Our computer simulations show that CIM-SM scheme provides
considerably better error performance than DS-SS, SM and CIMSS systems. In addition, the performance analysis of the proposed
system is performed over the Nakagami-m fading channels for
BPSK modulation.
Keywords—Spatial modulation, code index modulation, MIMO
systems and direct sequance spread spectrum.

I. I NTRODUCTION
The demand for high data rates in wireless communication
systems, and therefore the need for a high spectrum efficiency,
has recently made the emergence of innovative transmission
systems compulsory. In this context, multiple-input multipleoutput (MIMO) transmission technologies have become the
focus of attention by researchers because MIMO systems
provide increased performance for wireless channels, which
deteriorate the performance due to multipath propagation [1].
Moreover, since MIMO systems use the antenna diversity
technique on both transmitter and receiver sides, reliable and
robust communication is established between transmitter and
receiver terminals. In addition, MIMO systems offer increase
in capacity and diversity gain for wireless networks [2].
In recent years, a new high data rate, low complexity
transmission technique, known as spatial modulation (SM),
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has attracted great interest from researchers and has recently
been involved in many studies [3]-[6]. In the SM technique,
both transmitter and receiver sides are equipped with multiple
antennas to obtain the spatial diversity of the rich scattering
environment. The SM scheme is introduced by researchers
as a low-complexity technique alternative to the conventional
MIMO systems since only one of the multiple transmission
antennas is always active in each transmission time slot [7].
Thus, SM technique provides higher data rate than traditional
single-input multiple-output (SIMO) systems, while reducing
complexity. In addition, inter-channel interference (ICI) is
completely avoided in SM scheme because this scheme does
not need the antenna synchronization due to its nature.
SM, which is a member of the index modulation (IM) is
a candidate for 5G and beyond wireless networks, and it is a
new generation communication system that researchers have
been working on in recent years [8],[9]. In the most general
way for the transmission of information in IM, indices of units
such as transmitting antennas, sub-carriers, time intervals,
spreading codes and pre-coding matrces etc. are considered
as an additional information. In this scheme, the indices
carry extra information. Thus, little or no energy is spent for
additional information carried in the indices. As a result, IM
provides both energy efficiency and spectral efficiency [10].
On the other hand, a new IM technique, called CIM-SS,
considers the indices of spreading codes to convey extra information in addition to the transmitted symbols. Specifically,
in CIM-SS scheme some of the information bits are used to
modulate the symbol to be transmitted, while others are used
to select the spreading code to be activated. Thus, additional
information is loaded into the indices of the spreading code. At
the receiver side, the spreading code is first detected to recover
the mapped bit, then the received symbol is demodulated. With
this rational order, just like the SM technique, only a part
of the bits are physically transmitted over the channel, while
the other part is loaded into the spreader code indices. For
this reason, the CIM-SS system increases the efficiency and
data rate of the communication system while reducing energy
consumption [11], [12].

Fig. 1. CIM-SM system model, (a) transmitter structure, (b) receiver structure.

In this study, we propose a new MIMO transmission system
with high energy-efficiency, high data rate and better error
performance, called CIM-SM, by combining SM and CIM
techniques, which are two promising techniques for next
generation communication systems. It has been shown via
computer simulation results that the proposed system provides
better error performance than DS-SS, SM and CIM-SS systems
while consumes less transmission energy. Performance analysis of the proposed CIM-SM is evaluated over Nakagami-m
fading channels since Nakagami-m distribution has become
the focus of attention due to the ability to model much
more extensive channel conditions, characterize the envelope
distribution and adapt experimental data.
The paper is organized as follows: In section II, we introduce the general CIM-SM scheme. In Section III, throughput,
data rate and energy efficiency are presented. Simulation
results and performance comparisons are given in Section IV.
Finally, Section V concludes the paper.
II. S YSTEM M ODEL
The general structure of the proposed CIM-SM scheme is
depicted in Fig. 1, where NT and NR are denote the number
of transmit and receive antennas at the transmitter and receiver
sides, respectively. Two different Walsh Hadamard spreading
codes, i.e., ci = [ci,1 , ci,2 , . . . , ci,K ]T , i ∈ {1, 2} are used
for iI and iQ , also each of spreading codes consists of a K
chips. In-phase (I) and quadrature (Q) channel components
are considered both in the transmitter and receiver sides.
In addition to this, BPSK modulation is used and {±1}
symbols are transmitted. Finally, the proposed system structure
is designed by adapting SM, CIM techniques and BPSK
modulation.
Considering the transmitter structure of the CIM-SM system
shown in Fig. 1 (a), b is the incoming binary information bits
to be transmitted along one symbol period (Ts ). In the CIMSM transmitter scheme, b is divided into log2 (NT ), log2 (2M )
and log2 (2L) sub-vector groups, where M and L are defined
as modulation order and numbers of different spreading code
sequence, respectively. The first, second and third sub-block
groups of bits are conveyed in the antenna indices of SM,
BPSK symbols and indices of spreading codes, respectively.
Thus, 2(log2 (M ) + log2 (L)) bits are transmitted in I and Q

components through both BPSK symbols and spreading code
indices. As a result, the BPSK symbol sequences spread by the
spreading code are transmitted from the single antenna activated by SM technique by means of the I and Q components.
The noisy and faded received signal of CIM-SM can be
expressed as follows:
K 
X

y(t) =
sI ciI ,k p t − kTc cos(2πfc t)
k=1



+ sQ ciQ ,k p t − kTc sin(2πfc t) h(t) + n(t), (1)
where, sI , sQ ∈ {±1} are the BPSK symbols transmitted in I
and Q channels, respectively. p(t) is a unit rectangular pulse
shaping filter on [0, Tc ], where Tc is the period for the spreading code and fc is the carrier frequency. n(t) ∼ C(0, N0 )
is a complex Gaussian random process with zero mean
and variance of N0 . h(t) represents the Nakagami-m fading
channel. The Nakagami-m
are completely
qP
qP fading channels
m
m
2+j
2
|h(t)
|
modelled as h(t) =
q,R
q=1
q=1 |h(t)q,I |
[13], where the samples taken from h(t)q,R and h(t)q,I
identical and independently distributed Gaussian random variables, with zero mean and σh2 = 1/(2m) variance. The
probability distribution function (PDF) of envelope and phase
of the Nakagami-m fading channels are respectively written
2m−1
m
2
sin(2θ)|m−1
[13],
as f (ν) = 2ν Γ(m)m e−mν , f (θ) = Γ(m)|
Γ2 (m/2)2m
where Γ(m) is the Gamma function. When f (θ) is considered,
the phase distribution is not uniformly distributed if m 6= 1.
Since the I and Q components of (1) have a similar
structure, the signal model can be rewritten only for the
in-phase part. Thus, at the receiver after the perfect carrier
estimation, the baseband expression of the component I is
given by:
K
X

yI (t) =
sI ciI ,k p t − kTc h(t) + nI (t),
(2)
k=1

where, nI (t) denotes the AWGN component. After sampling
of the baseband signal, the k th noisy chip signal received by
rth receive antenna can be rewritten as:
k
yi,r

=

sI ci,k hr + nki,r , r = 1, 2, . . . , NR

(3)

where i denotes the code index. For clarity of presentation,
the index I is dropped from y and n. First, the spreading code

index is detected from the sampled signal by using a correlator.
1
2
K T
For this reason, the vector yi,r = [yi,r
, yi,r
, . . . , yi,r
] is
multiplied by the corresponding ci spreading code in each
branch and summed over the period Ts = KTc . Thus, the
despreaded output of the correlator can be expressed as
yi,r

=

K
X

k
ci,k yi,r
=

k=1

= Es sI hr + ñr ,

K
X



ci,k sI ci,k hr + nki,r

k=1

r = 1, 2, . . . , NT , i = 1, 2 (4)

where, Es denotes the average
energy transmitted
per symbol
PK
PK
2
and is expressed as Es =
k=1 ci,k . ñr =
k=1 ci,k ni,r
is the AWGN term multiplied by the Walsh Hadamard code.
When despreading operation is performed, the resulting vector
set can be expressed as:
n
o
Y =
y1 , y2 .
(5)
As shown in Fig. 1 (b), I and Q branches are used to
obtain the spreading code index, the active antenna index and
ˆ ŝI , ŝQ . In
the transmitted symbol sequence, i.e., îI , îQ , `,
order to reduce the complexity
of
the
CIM-SM
system,
firstly

the code indices îI , îQ are detected, then `ˆ and
ŝ
I , ŝQ

will be estimated. Therefore, the obtained îI , îQ indices are
reported back to the despreading vector set,and then the yî
despreading data associated with the îI , îQ is only applied
to the input of the maximum likelihood estimator. By this way,
the complexity of the system is greatly reduced.
To estimate the code index, first of all, the norm square of
the Y is calculated, then, the index of the maximum element
of the set ||Y||2 is determined. Since the Walsh codes are
orthogonal to each other, the largest valued element of the
normed vector equals the despreaded
element over the same

PK
1, if i = j
index. That is, k=1 ci,k cj,k =
. Thus, code
0, if i 6= j
index is detected using the index of the maximum element of
the normed vector set as follows:




2
2
2
.(6)
îI = arg max Y
= arg max y1 , y2
Finally, the ML estimator detects a estimation
of `ˆ and ŝI

by testing all combinations of `, sI over yî . Thus, the
ML estimation of the `, sI parameters for the in-phase
component of the proposed system can be expressed as:


2

ˆ
`, ŝI
=
arg min
yîI − Es sI h`
, (7)
` ∈ {1, 2, . . . , NT }
sI ∈ {+1, −1}
where, the vector h` has (NR × 1) dimensions and refers to
the `th column of the H channel matrix. The rows of the
matrix H carry the information of the receiving antenna index
whereas the columns of the matrix H carry the information
of the transmitting antenna index. The
 channel matrix can be
expressed as H = h1 , h2 , . . . , hNT .
In addition, for the Q branch, the CIM-SM system receiver
uses the `ˆ obtained from the I branch at the same time to

reduce the complexity of proposed system. Thus, the ML
estimation of the Q component can be simplified as follows:


2
.
(8)
yîQ − Es sQ h`ˆ
ŝQ =
arg min
sQ ∈{+1,−1}

Finally, with the bit-back
matching technique using the

ˆ ŝI , ŝQ values, the transmitted bit sequence
obtained îI , îQ , `,
b̂ is obtained at the receiver.
III. T HROUGHPUT, DATA R ATE AND E NERGY E FFICIENCY
A NALYSES OF THE CIM-SM S YSTEM
In this section, the proposed CIM-SM scheme will be
compared to SM, CIM-SS and conventional DS-SS methods
in terms of throughput, data rate and energy efficiency.
A. Throughput Analysis and Data Rate
In general, the throughput of a system is defined as the
number of correct bits that a terminal has obtained per unit
time. Therefore, the throughput of a system can be defined as
follows [14]:


1 − Pε 
log2 (2M ) + log2 NT + log2 (2L) , (9)
Rt =
Ts
where, while Pε indicates the total error probability of the
system, (1 − Pε ) indicates the correct bits received during
time Ts .
CIM-SM, SM, CIM-SS and DS-SS systems have the same
Ts = KTc symbol duration. Therefore, the throughput comparisons can be done fairly. During the same symbol time
and while NT = 4, M = 2 ve L = 2, the SM technique
transmits 3 bits, the CIM-SS technique transmits 4 bits, the SSQAM signal transmits 1 bit, on the other hand, the CIM-SM
system transmits 6 bits. The CIM-SS system carries 2 bits in I
component and another 2 bits in Q component. However, the
proposed CIM-SM scheme carries 2 bits in the I component,
another 2 bits in the Q component in addition to the 2 bits in
the index of the active transmission antenna. Thus, the amount
of bits transmitted in the CIM-SM system through the Ts
symbol period is χ = log2 (2M ) + log2 NT + log2 (2L).
B. Energy Efficiency
In the CIM-SM system, the log2 (2M ) bits are transmitted
through the modulated symbol directly whereas the log2 (2L)
bits are carried in the index of the Walsh Hadamard code and
the log2 (NT ) bits are conveyed in the index of active antenna.
0
Therefore, χ = log2 (2L)+log2 (NT ) bits transmission energy
is conserved because the transmission energy is not spent by
the system but is carried in the indices. For example, since
SS-QAM carries 2 bits while M = 4, the CIM-SS system
maintains %50 of the total used energy compared to the DSSS system. Also, while NT = 4, M = 2 and L = 2, the CIMSM system maintains %33.3 of the total energy compared to
the CIM-SS system.
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Fig. 2. Performance comparison of CIM-SM, SM, CIM-SS and DS-SS
systems for NR = 1 and m = 1.

Fig. 3. Performance comparison of CIM-SM and SMsystems for NT =
NR = 4 and m = 2, 3, 4.

IV. S IMULATION R ESULTS

CIM techniques ,which are promising techniques for next
generation communication systems. It has been shown via
computer simulation results that the proposed system provides
better error performance than DS-SS, SM and CIM-SS systems
while consuming less transmission energy. Performance of
the proposed CIM-SM is evaluated over Nakagami-m fading
channels.
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V. C ONCLUSION
In this paper, a new MIMO transmission system with high
energy-efficiency, high data rate and better error performance,
called CIM-SM has been proposed by combining SM and
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