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Abstract—Media-based modulation (MBM) is a new and
promising transmission scheme that employs reconﬁgurable antennas 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) transmission 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 modulation (MBM), space-time block coding (STBC), spatial modulation
(SM).

I. I NTRODUCTION

O

VER the past decade, index modulation (IM) schemes
that employ the building blocks of transmission systems, 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 antennas (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 modulation (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 transmission 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 nonoverlapping 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. S YSTEM M ODEL
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 STBCSM scheme but also channel state realizations to transmit
information bits. The transmission matrix of Alamouti’s STBC
is given as


x1 −x∗2
G=
(1)
x2 x∗1
where x1 and x2 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 Nr receive
antennas (RAs) and Nt TAs where each of the available
Nt TAs is surrounded by mrf RF mirrors that can generate
N = 2mrf 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,
x1 and x2 , the second bit sequence determines the indices
of active TAs t1 and t2 , where t1 , t2 ∈ {1, 2, . . . , Nt }, and
the last bit sequence determines the active channel states k
and l, which correspond to active TAs with indices t1 and t2 ,
respectively, to transmit x1 and x2 symbols in the ﬁrst time
slot. After applying Alamouti’s STBC principle, the extended
transmission matrix S ∈ CN Nt ×2 is constructed as
1

t1

   

⎡
↑ k
0 . . . 0 . . . 0 . . . x1
⎣
S=
0 . . . 0 . . . 0 . . . −x∗2
↓

 

t2


↑ l

. . . 0 0 . . . x2
. . . 0 0 . . . x∗1

m

↓ n



Nt

  

⎤T
... 0 ... 0 ... 0 ⎦
... 0 ... 0 ... 0

(2)
where m and n are considered to be the indices of the active
channel states of the second time slot to transmit −x∗2 and
x∗1 symbols from the active TAs with indices t1 and t2 ,
respectively, where k, l, m, n ∈ {1, . . . , 2mrf }.
For the proposed M-MBM schemes, the Kronecker [11] and
equicorrelation [3] models are considered to model the correlation between antennas and channel states, respectively. Therefore, a correlated extended channel matrix C ∈ CNr ×N Nt
is assumed to be modeled through an uncorrelated channel
matrix C̃ ∈ CNr ×N Nt whose entries are independent and
identically distributed (i.i.d.) complex Gaussian random variables with C(0, 1) distribution, where C(μ, σ 2 ) denotes the
distribution of a complex Gaussian random variable with μ
1/2
1/2
mean and σ 2 variance, as C = Rr C̃Rt . Here, Rr and
Rt represent receive and transmit correlation matrices with
dimensions of Nr × Nr and N Nt × N Nt , respectively. The
correlation coefﬁcients among the channel states and antennas
[3] are respectively given as ρa and ρb , where 0 < ρa , ρb < 1.
Then, the matrix of received signals Y ∈ CNr ×2 is given
as
Y = CS + W

(3)

where W ∈ CNr ×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, N0 ) distribution and S is the extended transmission
matrix of M-MBM, which is deﬁned in (2).
We propose two novel M-MBM schemes considering different channel state realizations of k, l and m, n to transmit x1 ,

TABLE I
I NDICES OF ACTIVE TA S (t1 AND t2 ) FOR THE N ON -OVERLAPPING C ASE
AND Nt = 8
Bits

The index of the ﬁrst active
antenna (t1 )

The index of the second
active antenna (t2 )

{0 0}
{0 1}
{1 0}
{1 1}

1
3
5
7

2
4
6
8

TABLE II
I NDICES OF ACTIVE TA S (t1 AND t2 ) F OR T HE OVERLAPPING C ASE AND
Nt = 4
Bits

CBs

CWs

t1

t2

{0 0}
{0 1}
{1 0}
{1 1}

S1

S11
S12
S21
S22

1
3
2
4

2
4
3
1

S2

x2 and −x∗2 , x∗1 , respectively. In Scheme-I and Scheme-II, to
provide diversity gain, channel state realizations are assumed:
Scheme I: k = l = m = n
Scheme II: k = n, l = 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 obtained, in terms of bits per channel use (bpcu), as follows:
Scheme I: η = log2 M + 0.5T + 0.5mrf [bpcu]
Scheme II: η = log2 M + 0.5T + mrf [bpcu]
where T is the total number of bits transmitted by TA indices.
For both non-overlapping M-MBM Scheme-I and SchemeII, in order to keep the second order transmit diversity gain,
ﬁrst, we assume that the incoming T = log2 N2t bits of the
overall 2η bits determine consecutive non-overlapping indices
as given in Table I, i.e., t1 = 2i − 1 and t2 = 2i, for i =
1, 2, · · · , Nt /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

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

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 Nt = 4.
For this case, the set of active TA indices, t1 and t2 and
Si for i ∈ {1, 2} are the corresponding codebooks (CBs),
which contain transmission matrices (codewords (CWs)) of
Sij for j ∈ {1, 2}. Unlike the non-overlapping cases, for the
overlapping M-MBM schemes, log2 N2t  information bits
Nt
specify one of the possible 2log2 ( 2 ) TA pair combinations,
while for the non-overlapping M-MBM schemes described
above (Scheme-I and Scheme-II), log2 N2t bits specify the
indices of active TAs t1 and t2 . As seen from Table II, while
S11 and S12 do not have overlapping indices, they overlap with
S21 and S22 , 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 S2 CWs are rotated with an angle of θ while
the S1 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 θ, the minimum
coding gain distance (CGD) [12] between the possible MMBM transmission CWs, which is one of the main STBC
design parameters, is considered. When the CW of Sij is
transmitted and Ŝij CW is incorrectly detected, the coding
gain distance of the overlapping M-MBM schemes is evaluated
as
H
δmin (Sij , Ŝij ) = min det Sij − Ŝij Sij − Ŝij
(4)
Sij ,Ŝij

H

where (·) denotes Hermitian transposition. Eventually, the
optimum θ that maximizes δmin , denoted by θopt , is obtained
from (4) as
(5)
θopt = arg max δmin (Sij , Ŝij ).
θ

The non-overlapping and overlapping cases are considered
for both M-MBM Schemes I and II. For both cases, the
optimum rotation angle θopt is obtained for different signal
constellations by doing a search between 0o and 180o angles
as given in Fig. 2. In Fig. 2(a), for the M-MBM Scheme-I,
the optimum θopt value that maximizes δmin for BPSK, QPSK
and 8-PSK modulated symbols are determined as 90o , 35o and
20o , respectively. On the other hand, in Fig. 2(b), for the MMBM Scheme-II, the optimum θopt corresponding to BPSK,
QPSK and 8-PSK constellations are determined as 90o , 35o
and 20o , respectively. We consider PSK constellations for the
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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 T = log2 N2t ,
where ·· is binomial coefﬁcient. It is worth noting that Nt
does not need to be an integer power of two for this case.
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Fig. 2. Optimum θopt 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-I): Suppose that the M-MBM
Scheme-I with the system parameters of Nt = 4, mrf = 2,
and M = 8 achieves η = 5 bpcu, and a bit sequence of
{1 1 1 0 1 0 1 1 1 0} with 2η length is transmitted. For this
case, the ﬁrst 2 log2 M = {1 1 1 | 0 1 0} bit sequence speciﬁes
two 8-PSK symbols, x1 = −0.707 − 0.707j and x2 =
−0.707 + 0.707j, while the next T = {1 1} bits determine the
indices of active TAs, which are t1 = 4 and t2 = 1 as given
in Table II, and the last mrf = {1 0} bits determine the index
of the active channel state of the M-MBM Scheme-I, which
corresponds to k = l = m = n = 3. As previously stated, for
the overlapping M-MBM Schemes (Table II), when the CWs
of S11 and S12 are considered, the transmission matrices are
directly transmitted, while the other transmission matrices (S21
and S22 ) are rotated with an optimum angle of θopt . For the
above example, since transmitted CW is S22 (t1 = 4, t2 = 1)
with 8-PSK, the overall transmission matrix is rotated with
θopt = 20◦ as obtained in Fig. 2(a). Therefore, the equivalent
transmission matrix S ∈ C16×2 with x1 = −0.707 − 0.707j,
x2 = −0.707 + 0.707j and θopt = 20◦ is constructed as


T
jπ20◦
0 0 x 2 0 04 0 4 0 0 x 1 0
× e 180◦
(6)
∗
∗
0 0 x1 0 04 04 0 0 −x2 0
where 04 represents an all-zero row vector that corresponds
to inactive antenna elements.
S=

B. M-MBM Detection
At the receiver side, the ML detection is considered and
the transmitted signals (x̂1 , x̂2 ), their corresponding active TA
indices (t̂1 , t̂2 ) and the active channel states (k̂) and (k̂, ˆl) are
jointly detected for Scheme I and II, respectively, as


2
x̂1 , x̂2 , t̂1 , t̂2 , k̂ = arg min Y − CSF
(7)
x1 ,x2 ,t1 ,t2 ,k



2
x̂1 , x̂2 , t̂1 , t̂2 , k̂, ˆl = arg min Y − CSF
x1 ,x2 ,t1 ,t2 ,k,l

(8)

where ·F is the Frobenius norm.
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Additionally, to analyze the impact of the imperfect channel with the well-known union bounding technique [14]. Assumestimation, we assume that the receiver erroneously estimates ing that Sk is the matrix of transmitted signals and it is
the channel matrix C as Ĉ, which is in the form of Ĉ = erroneously detected as Ŝl , we obtain an upper-bound on
C + E, where C = C̃ for ρa = ρb = 0, E is the error ABEP as
2η 2η
matrix, whose the entries are i.i.d. Gaussian random variables
1   P (Sk → Ŝl )e(Sk , Ŝl )
2
.
(14)
Pb ≈ 2η
that follow CN (0, σE ) distribution. Therefore, the entries of
2
2η
k=1 l=1
the overall estimated channel matrix Ĉ are distributed with
2
Here, 2η is the number of incoming data bits, P (Sk → Ŝl )
CN (0, 1 + σE
).
Moreover, due to orthogonality of the columns of the Alam- is the corresponding pairwise error probability (PEP) and
outi’s STBC matrix (1), a further reduction in ML detection e(Sk , Ŝl ) is the number of bit errors. To obtain PEP, ﬁrst, we
complexity [4], [10] is obtained by considering the following derive a conditional PEP expression for the M-MBM schemes
in terms of Q-function [14] as follows
equivalent signal model


(9)
yeq = Ceq seq + weq
(15)
Λ/2σ 2
P (Sk → Ŝl |C) = Q
∗
∗
∗
T
y
y
y
·
·
·
y
y
where yeq = [y1,1 2,1 1,2 2,2
∈ where Λ = ||C(S − Ŝ )||2 . Assuming the difference matrix
1,Nr
2,Nr ]
k
l
C2Nr ×1 is the equivalent received signal vector, for ya,b being Ω = (S − Ŝ )(S − Ŝ )HF, Λ can be written in the quadratic
k
l
k
l
the received signal at time slot a and at RA b. seq = [x1 x2 ]T form as follows
and weq ∈ C2Nr ×1 is the equivalent noise vector and
Λ = ||C(Sk − Ŝl )||2F
Ceq = [c1 c2 ] ∈ C2Nr ×2 equivalent channel matrix that is


(16)
= Tr CH (Sk − Ŝl )(Sk − Ŝl )H C
formed as in (10), where h(t1 −1)N +k,nr and h(t1 −1)N +m,nr
represent the channel fading coefﬁcient between the t1 th TA
= vec(C̃H )H (Rs 1/2 )H (INr ⊗ Ω)Rs 1/2 vec(C̃H )
and nr th RA for channel states k and m, respectively, while
h(t2 −1)N +l,nr and h(t2 −1)N +n,nr represent the channel fading where INr is an identity matrix with Nr × Nr dicoefﬁcient between the t2 th TA and nr th RA for channel states mensions, Rs = Rr ⊗ Rt , and ⊗, vec(·) and Tr(·)
symbolize the Kronecker product, vectorization operator
l and n, respectively, for nr ∈ {1, 2, . . . , Nr }.
In the proposed M-MBM Scheme I, since the selection of and trace ofπ/2a matrix, respectively. Therefore, considering
2
1
2
the channel states is considered in a clever way, for the all Q(x) = π 0 exp(−x /2 sin φ)d φ, the conditional PEP
possible realizations of the equivalent channel matrix Ceq , (15) is rewritten as 


1 π/2
vec(C̃H )H Δvec(C̃H )
cH
1 c2 = 0 is satisﬁed. Therefore, it is possible to separately
P (Sk → Ŝl |C) =
dφ
exp −ψ
detect the transmitted symbols, x1 and x2 , and the indices of
π 0
4 sin2 φ
(17)
the active TAs and their corresponding effective channel states.
For M-MBM Scheme I, since k = l = m = n, the following where Δ = (Rs 1/2 )H (INr ⊗ Ω)Rs 1/2 and ψ = 1/σ 2 . Then,
minimum decision metrics are obtained through conditional the unconditional PEP expression is obtained by averaging
ML detectors for all possible (k, t1 , t2 ) realizations as follows (17) over C by considering the well-known moment generating function (MGF) approach



(k,t1 ,t2 )
2
= minyeq − c1 x1 
g1
1 π/2
ψ
(11)
x1
(18)
P (Sk → Ŝl ) =
d φ.
MΔ −
π 0
4 sin2 φ
(k,t1 ,t2 )
2
= minyeq − c2 x2 
g2
(12) Since Δ is in the quadratic form, the MGF in (18) can be
x2
Hence, for all (k, t1 , t2 ) realizations, the minimum ML deci- calculated consideringHthe following MGF expression for the
quadratic form of uB u [15]
(k,t ,t )
(k,t ,t )
sion metrics are obtained as v (k,t1 ,t2 ) = g1 1 2 + g2 1 2 .
exp[sūH B(I − sQu B)−1 ū]
Then a minimum metric selector determines the most likely
M(s) =
(19)
det(I − sQu B)
(k̂, t̂1 , t̂2 ) combination as follows
(k̂, t̂1 , t̂2 ) = arg min v (k,t1 ,t2 ) .
(13) where ū and Qu is the mean vectorHand the covariance matrix
of ū, respectively. Let ū = vec(C̃ ) and B = Δ. Since C̃
k,t1 ,t2
is
the Rayleigh fading channel matrix, ū = vec(C̃H ) = 0
After (k̂, t̂1 , t̂2 ) combination is detected, the corresponding
estimates of the modulated symbols x1 and x2 are obtained and Qu = IN Nt Nr , respectively, the unconditional PEP of the
system is evaluated from the following integral
from (14) and (15).
−1



1 π/2
ψ
For the M-MBM Scheme I, while the joint ML detector
P
(S
Δ
→
Ŝ
)
=
+
d φ.
det
I
k
l
N Nt Nr
requires 2T M 2 N metric calculations, this value is 2T +1 M N
π 0
4 sin2 φ
(20)
for the above two-stage optimum ML detector. On the other
hand, for M-MBM Scheme II, the joint ML detector requires After some simple manipulations, while considering uncorre2T M 2 N 2 metric calculations.
lated channel statistics for Rs = IN Nt Nr , and letting φ = π2 ,
III. T HEORETICAL A NALYSIS OF THE M-MBM S YSTEM
In this section, the error performance of the M-MBM
scheme is analyzed and the ABEP of the system is obtained
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Ceq

h(t1 −1)N +k,1 h∗(t2 −1)N +n,1 · · · h(t1 −1)N +k,Nr h∗(t2 −1)N +n,Nr
=
h(t2 −1)N +l,1 −h∗(t1 −1)N +m,1 · · · h(t2 −1)N +l,Nr −h∗(t1 −1)N +m,Nr

T
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for M-MBM Schemes, η = 5 bpcu and Nr = 2.

an upper bound for PEP is derived as follows:

−Nr

ψ
ψ
1
(21)
1 + λ2
1 + λ1
P (Sk → Ŝl ) ≤
2
4
4
where λ1 , λ2 are the non-zero eigenvalues of difference matrix
Ω.
IV. S IMULATION R ESULTS A ND C OMPARISONS
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 (Eb /N0 ) and
for Nr = 2. We consider Gray mapping for M -PSK modulated
symbols and natural mapping for indices of TAs and channel
states.

Fig. 5. Comparison of STCM schemes with Monte Carlo simulation results
for M-MBM Schemes, mrf = 2, η = 6 bpcu and Nr = 2.

In Fig. 3, the theoretical and computer simulation results for
both overlapping and non-overlapping M-MBM schemes are
given for η = 5 bpcu. It is observed from Fig. 3 that at high
Eb /N0 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-I. 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 transmission schemes for the spectral efﬁciency of η = 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 Eb /N0 gains over the existing STBC-based IM schemes:
STCM [4] and STBC-SM [10].
To enrich our comparison, at η = 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 Eb /N0 gain over STCM Scheme III
and 4 dB Eb /N0 gain over STCM Scheme II at a BER value
of 10−5 .
In Fig. 6, at η = 4 bpcu, error performance of M-MBM
schemes over correlated and uncorrelated channel conditions
is shown. For the correlated channel states, in both the overlapping and non-overlapping M-MBM schemes, correlation
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Scheme I is more robust to the correlated channel conditions.
MBM schemes is slightly better than the overlapping M-MBM
schemes.
V. C ONCLUSION

Fig. 6. Simulation results of the M-MBM schemes with correlated and
uncorrelated channel states, mrf = 2, η = 4 bpcu and Nr = 2.

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 performance 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.
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