Multidimensional Media-Based Modulation

Ali Tugberk Dogukan', Zehra Yigit*, and Ertugrul Basar'
fCoreLab, Department of Electrical and Electronics Engineering, Ko¢ University, Sariyer, 34450, Istanbul, Turkey.
*Istanbul Technical University, Faculty of Electrical and Electronics Engineering, Maslak, 34469, Istanbul, Turkey
E-mail: adogukan18@ku.edu.tr, yigitz@itu.edu.tr, ebasar @ku.edu.tr

Abstract—Media-based modulation (MBM) is a new and
promising transmission scheme that employs reconfigurable an-
tennas to create different channel fade realizations and appears
as an emerging index modulation (IM) application. In this paper,
we present a novel multiple-input multiple-output (MIMO) trans-
mission scheme called multidimensional media-based modulation
(M-MBM) by redesigning the classical Alamouti’s space-time
block coding (STBC) scheme with MBM through the use of the
additional dimension of channel states. The error performance
of the proposed M-MBM scheme is theoretically analyzed for
correlated and uncorrelated channel states and a union bound is
obtained for the average bit error probability (ABEP). Moreover,
through computer simulations, the superior error performance
of the M-MBM scheme over the emerging IM techniques is
demonstrated.

Index Terms—Index modulation (IM), media-based modula-
tion (MBM), space-time block coding (STBC), spatial modulation
(SM).

I. INTRODUCTION

VER the past decade, index modulation (IM) schemes

that employ the building blocks of transmission sys-
tems, have emerged as promising transmission technologies
with their low-cost and energy-efficient structures [1]. Spatial
modulation (SM) [2], which exploits the indices of transmit an-
tennas (TAs), is assumed to be the pioneer of IM transmission
schemes. On the other hand, media-based modulation (MBM)
[3], which is an emerging digital transmission scheme, creates
different channel realizations by altering the status of its radio
frequency (RF) mirrors to convey additional information bits,
and appears as a promising IM technique. In recent years, there
has been a growing interest in the MBM transmission scheme,
and several MBM-based systems have been proposed. In order
to achieve transmit diversity gain, a space-time block coding
(STBC) based MBM system design, space-time channel mod-
ulation (STCM), is introduced in [4]. More recently, MBM
system designs for full-duplex communications [5], multi-user
systems [6], secrecy communications [7] and with imperfect
channel state knowledge [8] have been developed.

In this paper, we introduce a novel MIMO transmis-
sion system called multidimensional media-based modulation
(M-MBM), which extends the classical Alamouti’s STBC by
applying IM jointly for TAs and channel states to obtain
further multiplexing gains. In the proposed M-MBM scheme, a
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pair of the available TAs equipped with RF mirrors is activated,
and two M-ary phase shift keying modulation (PSK) symbols
are independently transmitted through the selected channel
states of these active TAs. Two M-MBM system designs are
presented for the cases of non-overlapping and overlapping
subsets of the activated TAs. For the non-overlapping M-MBM
schemes, the classical Alamouti’s STBC principle is directly
applied. However, for the overlapping M-MBM schemes,
since overlapping subsets of active TAs violate the transmit
diversity gain of Alamouti’s STBC, a novel and optimized
STBC structure is developed. Since the inherent orthogonality
of the classical Alamouti’s STBC is preserved in the non-
overlapping M-MBM schemes, a two-stage, low-complexity
maximum likelihood (ML) detector is proposed. Moreover,
theoretical error performance analysis of the M-MBM systems
over correlated and uncorrelated channel statistics is performed
and a closed-form upper bound expression for the average
bit error probability (ABEP) is obtained. Furthermore, the
bit error rate (BER) performance of the M-MBM scheme is
compared with the existing single-input multiple-output MBM
(SIMO-MBM) [3], classical Alamouti’s STBC [9], STCM [4]
and space-time block coded SM (STBC-SM) [10] systems for
the same spectral efficiency.

The rest of the paper is organized as follows. In Section II,
the system model of the M-MBM scheme is introduced. Our
theoretical performance analysis is given in Section III. The
error performance comparison of the proposed system with the
reference systems is carried out in Section IV, and the paper
is concluded with Section V.

II. SYSTEM MODEL

The general system model of the proposed M-MBM scheme
is shown in Fig. 1. In the M-MBM scheme, we use not
only classical data symbols and TA indices as in the STBC-
SM scheme but also channel state realizations to transmit
information bits. The transmission matrix of Alamouti’s STBC

is given as
_ |7 s
G= [362 o } (1)

where x; and z are two M-PSK symbols, (-)* denotes
complex conjugate, and rows and columns are respectively
considered for TAs and time intervals.

Let us consider a MIMO configuration with N, receive
antennas (RAs) and N; TAs where each of the available
N; TAs is surrounded by m,; RF mirrors that can generate
N = 2™~ channel state realizations. In the M-MBM scheme,
the incoming information bits are split into three parts: the
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Fig. 1. System model of M-MBM scheme (F'=1 for Scheme-I and F'=2 for Scheme-II)

first bit sequence determines two M -PSK modulated symbols,
z1 and x9, the second bit sequence determines the indices
of active TAs t; and to, where ¢1,t € {1,2,...,N;}, and
the last bit sequence determines the active channel states &
and [, which correspond to active TAs with indices ¢; and to,
respectively, to transmit 7 and xo symbols in the first time
slot. After applying Alamouti’s STBC principle, the extended

transmission matrix S € CVV+*2 ig constructed as
1 t1 to N:

—_— —_——
o 1! ’
S_O. 0f...]0 . 7 010 ... = . 0]...]0 ... 0
10 ... 0.0 ... =25 ... 0|0 ..o2z7 ... 0f..]0 ... 0
.'L"L J'7L
)

where m and n are considered to be the indices of the active
channel states of the second time slot to transmit —z5 and
] symbols from the active TAs with indices ¢; and to,
respectively, where k,l,m,n € {1,...,2™/}.

For the proposed M-MBM schemes, the Kronecker [11] and
equicorrelation [3] models are considered to model the correla-
tion between antennas and channel states, respectively. There-
fore, a correlated extended channel matrix C € CNrxNN:
is assumed to be modeled through an uncorrelated channel
matrix C € CN-*NNt whose entries are independent and
identically distributed (i.i.d.) complex Gaussian random vari-
ables with C(0,1) distribution, where C(u,0?) denotes the
distribution of a complex Gaussian random variable with p
mean and o2 variance, as C = R},/ 2(~3Ri/ 2 Here, R, and
R, represent receive and transmit correlation matrices with
dimensions of N, x N, and NN; x NN, respectively. The
correlation coefficients among the channel states and antennas
[3] are respectively given as p, and py, where 0 < p,, pp < 1.

Then, the matrix of received signals Y € CVr*2 is given
as

Y=CS+W 3)

where W € CN7*2 is the matrix of additive white Gaussian
noise (AWGN) samples whose entries are assumed to be
independent complex Gaussian random variables that follow
CN (0, Ny) distribution and S is the extended transmission
matrix of M-MBM, which is defined in (2).

We propose two novel M-MBM schemes considering differ-
ent channel state realizations of k, [ and m, n to transmit 1,

1 2log,M
—>
T
2 ML | M-MBM 5
Detector ”|Demapper
Fm,f
NI’
TABLE 1
INDICES OF ACTIVE TAS (t1 AND t2) FOR THE NON-OVERLAPPING CASE
AND Ny =8
. The index of the first active The index of the second
Bits .
antenna (t1) active antenna (t2)
{00} 1 2
{01} 3 4
{10} 5 6
{11} 7 8
TABLE 11
INDICES OF ACTIVE TAS (t1 AND t3) FOR THE OVERLAPPING CASE AND
Ny =4
\ Bits \ CBs CWs t t2
{00} S1 S11 1 2
{01} S12 3 4
{10} S So1 2 3
{11} Soo 4 1

2 and —x5, x7, respectively. In Scheme-I and Scheme-II, to
provide diversity gain, channel state realizations are assumed:

Scheme I: k=1l=m=n
Scheme II: k =n, [ = m.

Furthermore, we provide two different TA index selection
procedures for both schemes considering the overlap of two
active TA indices.

Spectral efficiencies of Scheme-I and Scheme-II are ob-
tained, in terms of bits per channel use (bpcu), as follows:

Scheme I: n = logy M + 0.5T + 0.5m,.¢ [bpcu]
Scheme II: 7 = logy, M + 0.57" 4 m,f [bpcu]

where T is the total number of bits transmitted by TA indices.

For both non-overlapping M-MBM Scheme-I and Scheme-
IL, in order to keep the second order transmit diversity gain,
first, we assume that the incoming 7' = log, (&) bits of the
overall 27 bits determine consecutive non-overlapping indices
as given in Table I, i.e., 11 = 2¢ — 1 and to = 2¢, for ¢ =
1,2,-+- ) N /2.

On the other hand, as given in Table II, we also consider
the overlapping TA subsets that violate the inherent second
order transmission diversity gain of Alamouti’s STBC. For
this case, an optimization is required to preserve the second
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order transmit diversity gain, which will be discussed in the
following subsection while the number of information bits
conveyed through TA indices is defined as 7' = [log, (%) ],
where () is binomial coefficient. It is worth noting that N
does not need to be an integer power of two for this case.

A. Optimization of Overlapping M-MBM Schemes

In Table II, the overlapping TA case is considered for both
M-MBM Schemes I and II for an example case of N; = 4.
For this case, the set of active TA indices, ¢; and to and
S; for i € {1,2} are the corresponding codebooks (CBs),
which contain transmission matrices (codewords (CWs)) of
S;; for j € {1,2}. Unlike the non-overlapping cases, for the
overlapping M-MBM schemes, |log, (]gt)J information bits
specify one of the possible glloss (%)) TA pair combinations,
while for the non-overlapping M-MBM schemes described
above (Scheme-I and Scheme-II), log, (5t) bits specify the
indices of active TAs t; and t5. As seen from Table II, while
S11 and S;5 do not have overlapping indices, they overlap with
So; and Sos, and vice versa. In this study, in order to preserve
the second order transmit diversity order for the overall system
presented in Table II, for this specific example, we assume
that for the incoming {1 0} and {1 1} bits, the corresponding
constellation for So CWs are rotated with an angle of 6 while
the S; CWs are directly transmitted. Otherwise, the columns
of different CWs will interfere with each other and reduce
transmit diversity order to one [10]. An extension to higher
number of antennas is also possible and can be performed in
a similar manner.

To determine the optimum rotation angle of #, the minimum
coding gain distance (CGD) [12] between the possible M-
MBM transmission CWs, which is one of the main STBC
design parameters, is considered. When the CW of S;; is
transmitted and Sij CW is incorrectly detected, the coding
gain distance of the overlapping M-MBM schemes is evaluated
as

A . N .~ \H

Omin(Sij, Sij) = min det (Sij —Sis) (Si; = Sis) @
where (-)# denotes Hermitian transposition. Eventually, the
optimum 6 that maximizes 6,,;,, denoted by 0, is obtained
from (4) as

Gopt = arg ngLX 6m,»n(Sij, S”) (5)

The non-overlapping and overlapping cases are considered
for both M-MBM Schemes I and II. For both cases, the
optimum rotation angle 0,,; is obtained for different signal
constellations by doing a search between 0° and 180° angles
as given in Fig. 2. In Fig. 2(a), for the M-MBM Scheme-I,
the optimum 6,,; value that maximizes d,,;, for BPSK, QPSK
and 8-PSK modulated symbols are determined as 90°, 35° and
20°, respectively. On the other hand, in Fig. 2(b), for the M-
MBM Scheme-II, the optimum 6,,; corresponding to BPSK,
QPSK and 8-PSK constellations are determined as 90°, 35°
and 20°, respectively. We consider PSK constellations for the

12 —BPSK
- = QPSK
10 --=-8-PSK L] [ N 8-PSK

[ e Wi h S i Lk 0 . Wi \Y /( Y b
0 20 4 60 80 100 120 140 160 180 0 2 40 60 80 100 120 140 160 180

0 (degree) 6 (degree)
(a) (b)

Fig. 2. Optimum 6, search for BPSK, QPSK and 8-PSK modulations for
overlapping (a) M-MBM Scheme-I (b) M-MBM Scheme-II.

proposed M-MBM schemes due to the fact that IM with PSK
modulation outperforms IM with QAM [13].

In the following, we describe the overlapping M-MBM
Scheme-I transmission concept with a simple example.

Example (M-MBM Scheme-1): Suppose that the M-MBM
Scheme-I with the system parameters of N; = 4, m,y = 2,
and M = 8 achieves n = 5 bpcu, and a bit sequence of
{1110101110} with 27 length is transmitted. For this
case, the first 2log, M = {111|010} bit sequence specifies
two 8-PSK symbols, z; = —0.707 — 0.707j and zo =
—0.707+0.7074, while the next 7' = {11} bits determine the
indices of active TAs, which are ¢t; = 4 and to = 1 as given
in Table II, and the last m, ; = {10} bits determine the index
of the active channel state of the M-MBM Scheme-I, which
corresponds to k = = m = n = 3. As previously stated, for
the overlapping M-MBM Schemes (Table II), when the CWs
of Sq1; and S;o are considered, the transmission matrices are
directly transmitted, while the other transmission matrices (So;
and S») are rotated with an optimum angle of 6,,,. For the
above example, since transmitted CW is Soo (11 = 4,15 = 1)
with 8-PSK, the overall transmission matrix is rotated with
Oopt = 20° as obtained in Fig. 2(a). Therefore, the equivalent
transmission matrix S € C'6*2 with x; = —0.707 — 0.7075,
x9 = —0.707 4 0.7075 and 0,,; = 20° is constructed as

jm20°
X e 180° (6)

g_[00 2 0[0.]04[00 21 0]"
T |00 27 0/04{04|0 0 —25 O
where 04 represents an all-zero row vector that corresponds

to inactive antenna elements.

B. M-MBM Detection

At the receiver side, the ML detection is considered and
the transmitted signals (21, &), their corresponding active TA
indices (#1,%-) and the active channel states (k) and (k, 1) are
jointly detected for Scheme I and II, respectively, as

|:.f1,£27£1,£2,i€:| = arg min ||Y—CS|2F (7)

z1,T2,t1,t2,k

arg min
z1,%2,t1,t2,k,

[*%17&27{17527]%7[} = l”Y_CS”i"‘ (8)

where ||-||  is the Frobenius norm.
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Additionally, to analyze the impact of the imperfect channel
estimation, we assume that the receiver erroneously estimates
the channel matrix C as C, which is in the form of C =
C + E, where C = C for pa = pp = 0, E is the error
matrix, whose the entries are i.i.d. Gaussian random variables
that follow CA(0,0%) distribution. Therefore, the entries of
the overall estimated channel matrix C are distributed with
CN(0,1+ 0%).

Moreover, due to orthogonality of the columns of the Alam-
outi’s STBC matrix (1), a further reduction in ML detection
complexity [4], [10] is obtained by considering the following
equivalent signal model

Yeq = Ceqseq + Weq 9
where yeq = [y11 Y51 Y12 Yo VLN, Ysn, |t €
C2Nrx1 is the equivalent received signal vector, for y, ;, being

the received signal at time slot a and at RA b. s. = [v1 z2]7

and w., € C2Nrx1 js the equivalent noise vector and
C.y = [c1 c2] € C?Nr*2 equivalent channel matrix that is
formed as in (10), where A, —1)N4kn, and b, —1)Nymon,
represent the channel fading coefficient between the ¢;th TA
and n,th RA for channel states k and m, respectively, while
h(to—1)N+1,n, and b, _1)N4n,n, represent the channel fading
coefficient between the toth TA and n,.th RA for channel states
[ and n, respectively, for n, € {1,2,..., N, }.

In the proposed M-MBM Scheme I, since the selection of
the channel states is considered in a clever way, for the all
possible realizations of the equivalent channel matrix C.g,
cHcy = 0 is satisfied. Therefore, it is possible to separately
detect the transmitted symbols, x; and x2, and the indices of
the active TAs and their corresponding effective channel states.
For M-MBM Scheme I, since kK = [ = m = n, the following
minimum decision metrics are obtained through conditional
ML detectors for all possible (k, ¢1,t2) realizations as follows

gltrts) ::qyn”yéq‘*clz1”2
1

(1)

9" = minye, — cazs”
2

12)

Hence, for all (k,tq,t2) realizations, the minimum ML deci-
sion metrics are obtained as v(k+t1t2) = glFft2) 4 pllatita)
Then a minimum metric selector determines the most likely
(k,t1,%,) combination as follows

(kst1st2)

(l%,fl, ty) = arg min v (13)

kot1,ts
After (k,f1,%) combination is detected, the corresponding
estimates of the modulated symbols x; and x5 are obtained
from (14) and (15).

For the M-MBM Scheme I, while the joint ML detector
requires 27 M2 N metric calculations, this value is 271 M N
for the above two-stage optimum ML detector. On the other
hand, for M-MBM Scheme II, the joint ML detector requires
27 M2 N? metric calculations.

III.

In this section, the error performance of the M-MBM
scheme is analyzed and the ABEP of the system is obtained

THEORETICAL ANALYSIS OF THE M-MBM SYSTEM

with the well-known union bounding technique [14]. Assum-
ing that Sy is the matrix of transmitted signals and it is
erroneously detected as S;, we obtain an upper-bound on

ABEP as
2n 27
Sk — Sl
b 2217 Z Z
k=11=1
Here, 27 is the number of incoming data bits, P(S; — Sl)
is the corresponding pairwise error probability (PEP) and
e(Sk, gg) is the number of bit errors. To obtain PEP, first, we
derive a conditional PEP expression for the M-MBM schemes
in terms of Q-function [14] as follows

P(S; — Si|C) = (\/A/ch?)

where A = [|C(S, — Sl)|| 4.. Assuming the difference matrix
Q = (S; — S;)(Sk — S)™, A can be written in the quadratic
form as follows

A=C(Sk Sl

= Tv (CH(Sk —S$))(Sk — S})Hc)

e(Sk,81) (14)

15)

(16)

= vec(CHH (R, Iy, ® Q)R 2vec(CH)
where Iy, is an identity matrix with N, x N, di-
mensions, Ry, = R, ® Ry, and ®, vec(-) and Tr(-)

symbolize the Kronecker product, vectorization operator

and trace of a matrix, respectively. Therefore, considering

Qz)=1 O7r/2 exp(—22/2sin? ¢)d¢, the conditional PEP
(15) is rewritten as

5 1 [™/? vec(CH)H Avec(CH)

P(Sk — Si|C) = ;/0 exp(—w 1576 )dcb

A7)

where A = (R,/2)H(Iy, ® Q)R;Y/? and ¢ = 1/02. Then,

the unconditional PEP expression is obtained by averaging

(17) over C by considering the well-known moment generat-
ing function (MGF) approach
v

18
/ Ma ( 4 sin? gb) d¢- (1%

Since A is in the quadratic form, the MGF in (18) can be
calculated considering the following MGF expression for the
quadratic form of uBu [15]

M(s) = exp[st!'B(I - sQ,B) 1]
det(I — sQuB)
where 01 and Q,, is the mean vector and the covariance matrix
of @, respectively. Let @i = vec(CH) and B = A. Since C
is the Rayleigh fading channel matrix, @ = vec(CH") = 0
and Qu = Iy, n,, respectively, the unconditional PEP of the
system is evaluated from the following integral

N 1 ﬂ'/2 ,l/) -1
P(Sk — Sl) = ;/ {det (INNtNT + 4SH12¢)A>:| d¢
0
(20)

After some simple manipulations, while considering uncorre-
lated channel statistics for R = Iy, n,, and letting ¢ = £

P(Sk—S)) =

19)
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Fig. 3. Comparison of theoretical ABEP curves with Monte Carlo simulation
results for M-MBM Schemes, m,.; = 2, n = 5 bpcu and N, = 2.
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Fig. 4. Comparison of reference schemes with Monte Carlo simulation results
for M-MBM Schemes, n = 5 bpcu and N, = 2.

an upper bound for PEP is derived as follows:

—N,
~ 1 T
where A1, Ao are the non-zero eigenvalues of difference matrix
Q.

IV. SIMULATION RESULTS AND COMPARISONS

In this section, the theoretical ABEP results of the proposed
M-MBM scheme are given and supported through computer
simulation results. All simulations are carried out with respect
to average received energy per bit-to-noise ratio (E,/Ny) and
for N, = 2. We consider Gray mapping for M -PSK modulated
symbols and natural mapping for indices of TAs and channel
states.

T
E3
- M —1)N+k,N, h(tzfl)N+n,N,,.

(t2—1)N+I,Ny (t1—1)N+m,N,.
10° T T
—O— STCM Scheme |, 16-QAM, N,=2
—— STCM Scheme Il, 32-QAM, N,=2
; STCM Scheme Ill, 16-QAM, N,=2
10 —&— M-MBM Scheme |, 16-PSK, N(=B
o cnegens: Opt. M-MBM Scheme |, 16-PSK, N,=4
—— M-MBM Scheme II, 8-PSK, N,=8
102 woviger Opt. M-MBM Scheme II, 8-PSK, N,=4
4
w
o
107 F E
104 F _
10-5 1 I 1 I
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Fig. 5. Comparison of STCM schemes with Monte Carlo simulation results
for M-MBM Schemes, m,.y = 2, n = 6 bpcu and N, = 2.

In Fig. 3, the theoretical and computer simulation results for
both overlapping and non-overlapping M-MBM schemes are
given for n = 5 bpcu. It is observed from Fig. 3 that at high
Ey/Ny values, the theoretical and simulation results exactly
coincide with each other. It is also observed that for both
overlapping and non-overlapping cases, since the M-MBM
Scheme-II requires a lower order M-PSK modulation at the
same spectral efficiency, it achieves a considerably better error
performance than the M-MBM Scheme-1. Moreover, for both
Schemes I and II, since the overlapping cases are optimized for
the maximum coding gain and transmit diversity, they exhibit
nearly the same error performance with the non-overlapping
schemes while using a less number of TAs.

In Fig. 4, the BER performance of the proposed M-MBM
schemes is compared with the existing STBC-based trans-
mission schemes for the spectral efficiency of n = 5 bpcu.
It is clearly seen from Fig. 4 that the proposed M-MBM
schemes exhibit a significantly better performance than the
classical Alamouti’s STBC [9], and respectively achieve 2 and
3 dBs E} /Ny gains over the existing STBC-based IM schemes:
STCM [4] and STBC-SM [10].

To enrich our comparison, at = 6 bpcu, the error
performance of the M-MBM and outstanding STCM schemes
is shown [4] in Fig. 5. Although M-MBM Scheme I is not
able to yield superiority over STCM schemes due to the
employment of a higher order modulation format, the M-MBM
Scheme II provides 2 dB E}, /Ny gain over STCM Scheme II1
and 4 dB E; /Ny gain over STCM Scheme II at a BER value
of 1075,

In Fig. 6, at n = 4 bpcu, error performance of M-MBM
schemes over correlated and uncorrelated channel conditions
is shown. For the correlated channel states, in both the over-
lapping and non-overlapping M-MBM schemes, correlation
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Fig. 6. Simulation results of the M-MBM schemes with correlated and
uncorrelated channel states, m,. F=2,n= 4 bpcu and N, = 2.

Scheme I is more robust to the correlated channel conditions.
MBM schemes is slightly better than the overlapping M-MBM
schemes.

V. CONCLUSION

In this paper, the M-MBM scheme has been presented as a
novel STBC-based IM transmission concept for future wireless
systems. To realize M-MBM, the concept of multidimensional
IM has been considered by exploiting TAs and channel states
in a joint manner. The error performance of the M-MBM
scheme has been investigated in the presence of imperfect
channel knowledge and correlated channel fading conditions.
Moreover, the improved error performance of the M-MBM
scheme over the existing STBC-based transmission systems
has been demonstrated through Monte Carlo simulations. We
conclude that the flexibility of the proposed system in reaching
higher data rates while achieving satisfactory error perfor-
mance makes it a potential candidate for future communication
systems. On the other hand, generalization of the overlapping
M-MBM scheme with multiple rotation angles is possible;
however, left as a future work. Another interesting research
direction would be the investigation of the proposed scheme
with practical correlation and reconfigurable antenna models,
which is also an open problem.

REFERENCES

0
10 T T T T
—A— M-MBM Scheme |, QPSK, Nt=8
- A- 5200225
10.1]“\ —— M-MBM Scheme I, BPSK, N,=8
N\ - k- 52=0.0225
\_. —O— Opt. M-MBM Scheme I, QPSK, N,=4
2_,
102k N - O- -02=0.0225 i
o \ Opt. M-MBM Scheme Il, BPSK, N,=4
@ A\ 02200225
108 F E
N
4| By ]
10 *“O
=S
~9-~ .
=sOo-.
108 | LA\ . SR~ A |
0 5 10 15 20
E N, (dB)

Fig. 7. BER performance of M-MBM schemes with perfect and imperfect
channel estimation, m,. F=2,n= 4 bpcu and N, = 2 (no correlation
among channel states and transmit antennas).

coefficients of p, = p, = 0.3 are considered. As seen from
Fig. 6, at a BER value of 105, the error performance of the
correlated overlapping and non-overlapping M-MBM Scheme
I, for p, = pp = 0.3, falls 2 dB behind uncorrelated cases.
On the other hand, the error performance of the correlated
overlapping and non-overlapping M-MBM Scheme II exhibits
nearly 5 dB degradation compared to the uncorrelated cases.
Therefore, we can deduce from the Fig. 6 that M-MBM

The error performance of the M-MBM schemes in the
presence of channel estimation errors is investigated in Fig.
7. It is obviously seen from the Fig. 7 that when % = 0.0225
is assumed, the BER performance of the M-MBM scheme
with imperfect channel estimation becomes significantly worse
compared to the case of the perfect channel knowledge.
On the other hand, in the presence of imperfect channel
estimation, the error performance of the non-overlapping M-

[1]
[2]

[3]

[4]
[5]
[6]

[7]
[8]

[9]

[10]

(1]

[12]

[13]

[14]
[15]

1960.

E. Basar, “Index modulation techniques for 5G wireless networks,” IEEE
Commun. Mag., vol. 54, no. 7, pp. 168-175, July 2016.

R. Mesleh, H. Haas, S. Sinanovic, C. W. Ahn, and S. Yun, “Spatial
modulation,” IEEE Trans. Veh. Technol., vol. 57, no. 4, pp. 22-28, July
2008.

Y. Naresh and A. Chockalingam, “On media-based modulation using
RF mirrors,” IEEE Trans. Veh. Technol., vol. 66, no. 6, pp. 4967-4983,
June 2017.

E. Basar and I. Altunbas, “Space-time channel modulation,” IEEE Trans.
Veh. Technol., vol. 66, no. 8, pp. 7609-7614, Feb. 2017.

Y. Naresh and A. Chockalingam, “Full-duplex media-based modulation,”
in Proc. IEEE Globecom Workshops (GC Wkshps), Dec. 2017, pp. 1-6.
M. Yiizgeccioglu and E. Jorswieck, “Performance of media-based mod-
ulation in multi-user networks,” Proc. the Int. Symp. Wireless Commun.
Systems, Aug. 2017.

I. Yildirim, E. Basar, and G. Kurt, “Media-based modulation for secrecy
communications,” IET Electron. Lett., vol. 54, pp. 789-791, June 2018.
Y. Naresh and A. Chockalingam, “Performance analysis of media-based
modulation with imperfect channel state information,” IEEE Trans. Veh.
Technol., vol. 67, pp. 4192 — 4207, May 2018.

S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,” IEEE J. Sel. Areas Commun., vol. 16, no. 8, pp. 1451—
1458, Oct. 1998.

E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Space-time block
coded spatial modulation,” IEEE Trans. Commun., vol. 59, no. 3, pp.
823-832, Dec. 2011.

A. Paulraj, R. Nabar, and D. Gore, Introduction to space-time wireless
communications. Cambridge University Press, 2003.

B. Vucetic and J. Yuan, Space-time coding. John Wiley & Sons, 2003.
M. Di Renzo and H. Haas, “Bit error probability of SM-MIMO over
generalized fading channels,” IEEE Trans. Veh. Technol., vol. 61, no. 3,
pp. 1124-1144, Mar. 2012.

M. K. Simon and M.-S. Alouini, Digital communication over fading
channels. John Wiley & Sons, 2005.

G. L. Turin, “The characteristic function of Hermitian quadratic forms
in complex normal variables,” Biometrika, vol. 47, no. 1/2, pp. 199-201,

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on January 24,2021 at 16:34:12 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


