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Abstract—In this work, we propose a new multiple-input multiple-output
(MIMO) concept, which is called coordinate interleaved orthogonal de-
sign with media-based modulation (CIOD-MBM). The proposed two novel
CIOD-MBM schemes provide improved data rates as well as diversity gain
while enabling hardware simplicity using a single radio frequency (RF)
chain. Moreover, using the equivalent channel model, a reduced complexity
can be obtained for maximum likelihood (ML) detection of the proposed
system. Using computer simulations, it is shown that CIOD-MBM schemes
provide remarkably better performance against the conventional MBM and
CIOD systems.
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1. INTRODUCTION

Index modulation (IM) schemes, which achieve high data rates while
reducing hardware costs in the transmitter, have recently received
remarkable attention [1]. Spatial modulation (SM), the well-known
member of the IM family, conveys information by transmit antenna
indices as well as conventional phase shift keying (PSK) or quadrature
amplitude modulation (QAM) methods [2]. The media-based modu-
lation (MBM) scheme, which is proposed as an avant-garde digital
transmission method for rich scattering environments, is considered as
an alternative to SM [3]. In MBM systems, the current distributions of
the reconfigurable antennas are changed by means of various elements,
such as PIN diodes, varactors, micro-electro-mechanical switches, and
so on, hence, different channel fading realizations, which is called as
channel states, are obtained. Using the on/off status of the parasitic
elements called radio frequency (RF) mirrors, different radiation pat-
terns are acquired. Unlike SM, since the spectral efficiency in the MBM
varies linearly proportional to the number of RF mirrors, it is sufficient
to increase the number of RF mirrors in a bid to achieve high data rates.

Existing multiple-input multiple-output (MIMO) techniques such
as SM, quadrature SM (QSM) and generalized SM (GSM) can be
integrated with MBM to achieve promising results. In [4], GSM is
adopted to MBM in order to enhance spectral efficiency and error per-
formance. Combining QSM and MBM innovatively, promising results
are obtained by quadrature channel modulation (QCM) [5]. Space-time
coding concept also can be merged with MBM to increase the diversity
gain. To this end, space-time channel modulation (STCM) method is
proposed in [6], which combines Alamouti’s famous space-time block
code (STBC) with MBM. Additionally, considering the flexibility of IM
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techniques, time-indexed based SM and MBM schemes are proposed
in [7]. In recent past, since MBM systems are prone to increase physical
layer security, various secret transmission scenarios are proposed to
enable high secrecy capacity using appropriate designs [8]. Differential
MBM (DMBM) [9] provides a linear programming-based decoding
concept, which has alleviated the requirement of channel sounding
when it is hard to get accurate channel state information (CSI) at the
destination. Furthermore, effective compress sensing [10] and mes-
sage passing [11] based decoding methods for MBM and IM systems
are proposed using advanced signal processing techniques. In [12], a
comprehensive frame for space-time coded MBM systems is presented
and miscellaneous diversity gains are obtained in the proposed system.
In order to overcome fractional bit problems in IM systems, authors
propose fractional MBM with golden angle modulation (GAM-MBM)
in [13] by making use of the symmetrical structure of GAM.

In this paper, we introduce coordinate interleaved orthogonal design
MBM (CIOD-MBM) concept, which provides diversity gain as well as
increased spectral efficiency while assuring hardware simplicity using a
single RF chain. The focus of this work is to bring the desirable benefits
of CIOD, such as enabling low complexity maximum likelihood (ML)
detection opportunity and simple transmitter structure, into the area of
interest of MBM. In this context, two promising CIOD-MBM schemes,
which use a single active antenna during the transmission, are presented.
Furthermore, the theoretical average bit error probability (ABEP) of the
proposed CIOD-MBM schemes are derived. Afterwards, the supremacy
of the proposed CIOD-MBM concept is demonstrated via computer
simulations in terms of error performance and obtained numerical
results are verified with theoretical results.

II. COORDINATE INTERLEAVE ORTHOGONAL DESIGNS FOR
MEDIA-BASED MODULATION

In this section, we introduce the system model and the working
principle of CIOD-MBM schemes under quasi-static flat Rayleigh
fading channel. N,. x N; MIMO transmission scenario is considered
by assuming each transmit antenna has /V,.; RF mirrors. Here, while
the selected active antennas are set to a single channel state only at a
time slot, signal reception is done by all receive antennas.

The essential principle of CIOD is to achieve diversity gain by
transmitting symbols through different channels in two different time
slots. Due to the transmission using a single active antenna, reduced
hardware cost is obtained keeping only one RF chain. Unlike traditional
STBCs, signal constellation must be rotated at a specific angle to ensure
the full diversity of CIODs [14]. The CIOD signal matrix for the system
with two transmit antennas is as follows

so0 0
0 5§

where §) =z} + jx} and § = xf + jx§ are transmitted symbols,
which are obtained by partitioning z; (¢ € {0, 1}) symbol into its real
(x®) and imaginary (x}’) part. Here, the columns and rows of the CIOD
signal matrix represent time slots and transmit antennas, respectively,
and x and z, are selected from a signal constellation formed by rotating
the ordinary M -ary signal constellation with a certain angle. Moreover,
M is the modulation order of PSK/QAM constellation. For instance,
the optimum rotation angle in the quadrature PSK (QPSK) constellation
is 13.2885° for the conventional CIOD in (1) [14].
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Fig. 1. Block diagram of N, x Ny MIMO system which is employed by CIOD-MBM schemes.
TABLE I

Considering peculiarities of CIOD, two novel CIOD-MBM schemes
are designed for a given MIMO system. The generalized baseband
received signal model of the CIOD-MBM schemes can be expressed as

Y =HX+N )

where Y € C¥>2is matrix of the received signals in two different time
slots, H € CN*Ne2™"f g the channel matrix, and N € C 72 is the
noise sample matrix, respectively. At the same time, X € N2 2
represents the CIOD matrix, which is designed for two different MBM
schemes. The elements of H and IN follow zero mean independent and
identically complex Gaussian distribution with variances 1 and N,
respectively.

A. CIOD-MBM I Scheme

The block diagram of CIOD-MBM I scheme is given in Fig. 1, where
Ne = log,(N¢/2) + N,.¢ and n, = 2log, (M) respectively denote the
number of index and symbol bits sent in two slots. The spectral efficieny
of CIOD-MBM I scheme is calculated as

n = (logy(N;/2) + Ny s +2log,(M)) /2 bit/s/Hz.  (3)

Before determining the active channel state, available antennas are
divided into two groups. Then, using the first log, (N, /2) bits, active
antenna index k; is determined for the first time slot. The group,
to which the first active antenna belongs, is omitted in the second
selection. For the determined antenna, active channel state [ is chosen
depending on NV, bits. In the second time slot, second active antenna
index k, is determined as k, = N;/2 + k;. Then, lth channel state
is also selected in the second time slot as similar as first time slot.
After all, transmitted symbols x, and x; are chosen by the aid of
last 2log, (M) bits. By creating (N, /2)2™rs possible transmission
vectors with log, (N;/2) + N, s index bits, an additional dimension is
obtained in order to convey information in addition to the conventional
modulation methods. Here, each index bit group has different &, k£, and
[ indices combination. Following these procedures, the transmission
matrix X is constructed as

Ith state 2

0.. ~~ I R ()
So =
xX=10... I R ...0 )
N———

kjth antenna kythe antenna

where (.)T denotes matrix transpose, and possible channel realizations
and time slots are represented by rows and columns, respectively. In
(4), dots represent the zeros, and sy and s; are the only non-zero entries
of X. The rows of X are divided into [V, different group, each of which
has 2Vrf dimension, by vertical lines.

CIOD-MBM INDEX MAPPING RULE FOR Ny = 4 AND N,.p = 1

Bits  {ki1,k2} ! xXT
[so 0]0 0] 0 0|0 0]
00 A{L3k 1y 0‘0 0|51 0‘0 0]
[0 sp|0 0|0 0|0 O]
ot {13} 2 g 00 0|0 5|0 0]
[0 0]sp 0|0 0] 0 O]
10248 1 15 0]0 0lo 0|5 0
[0 0]l0 so]0 0|0 0]
1 2,4} 2 oo‘o 0 oo‘o §

The CIOD-MBM I scheme provides full diversity when the mini-
mum determinant of the distance matrix is maximized. If X is trans-
mitted and erroneously detected as X, under full rank condition, the
minimum coding gain distance is given by

min  det[(X — X)(X — X)]. )
X, X, X#£X

(Smi n —

In CIOD-MBM I, the rotation angle, which guarantees full diver-
sity, is calculated as 13.2885° for QPSK. If the system with N; =4,
N,y =1and M = 4 (QPSK) is considered to exemplify the working
mechanism of CIOD-MBM 1, spectral efficiency (n) is calculated as
3 b/s/Hz. In two time slots, 21 = 6 incoming bits are processed as
follows:

b= 10 11 10 . (6)

~~ —~ =~
logy (Nt /2)+N,.p logy (M) logy (M)

Using the mapping rule of the CIOD-MBM as shown in Table I, first
log,(N/2) + N,y = 2bits assign the active antenna index set { k;, k» }
and channel state [, respectively. After the two active channel states are
separately obtained, the next [1 1] bits modulate to determine rotated
QPSK symbol zy = 0.2299 — j0.9732. Thereafter, last two bits [1 0]
specify the x; = —0.9732 — 50.2299 from rotated QPSK symbol set.
Finally, CIOD-MBM I matrix is obtained as

T
00 | +j230[00 0 0
X=1o0| o o|loo|at+jzdo| D
NG <~
ant. 1 ant. 2 ant. 3 ant. 4

B. Ciod-Mbm Ii

The main motivation of this system is to increase the spectral
efficiency of the CIOD-MBM I scheme while maintaining diversity
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gain and other inherent advantages. The block diagram of CIOD-MBM
II can be seen from Fig. 1, which the terms in parentheses repre-
sent active antenna and channel state indices of CIOD-MBM 11, for
Ne = Noy — 1+ 2log,(N;) and n, = 2log,(M). In the CIOD-MBM
II scheme, which is inspired by QSM and QCM [5], active transmit
antennas are individually selected for real and imaginary parts of sy and
$1 symbols. The spectral efficiency of the CIOD-MBM 1l is calculated
as

n=(Nps —1+2log,(N;) + 2log,(M)) /2 bit/s/Hz.  (8)

In order to guarantee the utilization of a single RF chain at a single time
slot, a total of 27+ channel states are divided into two groups similar to
the CIOD-MBM 1. In this method, I, and [, represent the active channel
states for all antennas in the first and second time slots, respectively.
By selecting only one channel state for each antenna in a time slot, it
is prevented to set an antenna to more than one channel state at the
same time. The first 2V,.; — 1 bits decide the active channel state [, for
the initial time slot. After determining the group, to which [, belongs,
active second channel state [, is determined as [, = 2%+s /2 4 [;. Using
2log,(N;) bits, active antennas k; and k, are selected for real and
imaginary parts of transmitted symbols, respectively. Then, the last
2log, (M) bits are used to specify the modulated symbols z( and z;
from rotated M -ary constellations. Here, an additional dimension and
increased bit rate are obtained similar to the CIOD-MBM I scheme due
to 7). bits. The generalized transmission matrix is given as, equation (9),
shown at the bottom of this page, where possible channel realizations
and time slots are represented by rows and columns, respectively. Here,
all entries of the X, except zy, jx7, =¥, and jxg, are equal to O and
dots represent the zero entries. In this representation, all antennas are
grouped according to their channel states and separated by vertical lines.
For selected channel states, N; antennas are available in both time slots.

The system with N, =2, N,y =2 and M = 4 is explained by the
following example. In this scenario, the spectral efficiency is calculated
asn = 3.5 bit/s/Hz. 30° is the optimum angle that ensures full diversity
and maximizes the d,,;, for QPSK in CIOD-MBM II while 8.6° is
the optimum angle for 16-QAM. For two time slots, it is assumed that
incoming bits are arranged as follows:

b=] 101 01 11 ]
~—~— —~ =~
NTf—1+210g2(Nt) logy (M) logy (M)

(10)

With the aid of Table II, active antenna set {k;, k,} and channel index
set {l;, 15} are determined by the first . = 3 index bits. As seen from
Table II, the state [; = 2 is active of the antenna k; = 1 and k, = 2 for
the transmission of z:yf and jz7 in first time slot, respectively, while the
state [, = 4 is active of the antenna k; = 1 and k, = 2, respectively,
for the transmission of x}' and jxg in second time slot. Then, using
ns symbol bits, o and x; are chosen from the rotated constellation
as —0.5 + j0.866 and 0.5 — j0.866, respectively. In the final stage,
transmission matrix is constructed as
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TABLE II
CIOD-MBM II INDEX MAPPING RULE FOR Nt = 2 AND N,y = 2

Bits  {l1,l2}-{k1,k2} xT
w . a
000 {1,3} - {1,1} [mo T)”f 8‘8 8 zf fjw(? 8‘8 8}
® . a
001 {1,3}-{1,2} [mo Jf)ﬂf 8‘8 0 x% yo(c)(f 0 8]
DA |
010 {1,3} - {2,1} {x{f ﬁéf 8 8 R fjx§ 8‘8 8}
RS
o {13} {2,2} 57510 ol ] o
® o
100 {2,4}-{1,1} [8 8 0 J(r)ﬂf 8‘8 8 P fjw{f 8}
101 {2,4} - {1,2} {8 8 = Bjx? 8‘8 8 :c% ja?(?}
110 {2,4} - {2,1} {8 8 x? jg(c)(13 8 8 x?fjxif 8}
R .3
11 {2,4} - {2,2} {8 8 xé) ]3(6)1 8 8 r?{? jﬂ(ﬂ)ﬁf\w

C. ML Detection for Proposed CIOD-MBM Schemes

As mentioned previous sections, one of the major advantages of
CIOD is its symbol-by-symbol decoding possibility while keeping ML
complexity remarkably reduced. In this sense, in the proposed CIOD-
MBM I scheme, the equivalent system model of (2) is obtained by

Yeq = Heqxeq + Ny (12)

where y., € C*Vrl x, = [z 2§ 2F 27]7 and n., € C*Vr*! rep-

resent the equivalent received signal vector, the equivalent transmitted
symbols and the equivalent noise vector, respectively. The construction
of generalized y., is shown by

Yeq = [ygﬁl y§1 .. ,y%ml y(ﬁl .. ~y;5\},,,1 .. .yﬁz .. .y?\‘,mz]T (13)
where v, ; stands for received signal at rth receive antenna in tth time
slot.

Furthermore, H., € C*Nr*4 denotes the equivalent channel matrix,
which is specified in (14), shown at the bottom of the next page, for
CIOD-MBM L. In this notation, h,.,,, (¢ € {1,2}) represents channel
fading coefficients between the selected active channel state (m;) and
rth receive antennas, where m; is chosen from the possible N 2N f
channel realizations depending on k and [ sets. Because of the orthog-
onality of columns, the equivalent channel matrix is decomposed as
H,., = [H| H,] where H; € C*Nr*2 and H, € C*V>*2 represent first
two and last two columns of H,,. It can be easily observed that H;
and H, are orthogonal each other, therefore, zy and x; are individually
decoded for CIOD-MBM 1.

~0.5 — j0.866 0 ' T As is common, considering the perfect CSI in CIOD-MBM I, ML
00 0 0 00 |000.5;0.866 detection is employed at the receiver by
X = 00 ~ 00 state 4 (11) A 2

— state 2 — [Zo, %1, ki, ko, [) = arg  min  |ly — HX|| (15)

state 1 state 3 z0,z1,k1,k2,1

= = T

0... ...zxf ki...jaks... o0 ...0
X = o 3 9
0... .0 L. oozl ke jad ka0 ©)
—_——
lithstate

I,thstate
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where ||.|| represents the Euclidean norm. Similarly, the detection of
the index bits is performed by minimization over ki, k,, (;,l, indices
in (15) instead of k;, k;, [ in CIOD-MBM II scheme.

In CIOD-MBM 1, considering all possible channel realizations,
minimum ML decision metrics of xy and x; are separately obtained
by

g = min |}y — o 317,

dgkz,l)

= min Hy — Ha| a:l .1‘1 ]T”
T

(16)
Thereafter, the minimum ML decision metric for a correspond-
ing antenna and antenna state indices (ki,k,,l) is calculated by
dFrkl) = d(()k"l) + dgkz’l). After obtaining all d(*1-*2) the most
likely antenna and antenna state indices combination is determined by
(fc], l::z, f) = argmin g, x,,) d(k1k2,) Using the most likely channel
realizations, the transmitted data symbols are estimated by (&, ;) =
(e, " Y).

After the demapping process, decoded bits are obtained at the re-
ceiver. Thanks to the equivalent model, the number of calculated metrics
is reduced from 27¢ M? to 2"<2M for CIOD-MBM 1 scheme while
conventional CIOD and CIOD-SM respectively consider 27<2M and
27 M? metrics. Due to the non-orthogonality of the equivalent channel
matrix for CIOD-MBM 11, brute-force ML detection is performed as
in (15) with a complexity order of 27¢ M2,

III. PERFORMANCE ANALYSIS

By the aid of union bounding technique, bit error performance of
CIOD-MBM schemes are obtajned [15]. Assuming that X is transmit-
ted and incorrectly detected as X, the ABEP is approximately calculated
by

1 - -
P, ~ T Z ZP(X - X)e(X,X) (17)
where pairwise bit error probability (PEP) and the number of bit errors
are represented by P(X — X) and e(X, X) respectively.

The conditional PEP (CPEP) for the CIOD-MBM schemes can be

obtained as

P(x—o‘qH):Q( A/(ZNO)) (18)

where A = [|[H(X — X)H;, ||l.I[% is the Frobenius norm and Q(x)
is the well-known Q-function, which is also represented as Q(z) =

1/ fﬂ/z ~«?/sin?0J9 By means of this alternative version ofzthe Q-
H(X — X)|| [16],

Ny
)
Ny

19

function and the moment generating function of ||
the unconditional PEP is given by

sin%0

x Ny
PX %) = 1 /7 sin’6
o sin’6 + - sin 7

where 44, d € {1,2} stand for the eigenvalues of the (X — X)(X —
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Fig. 2. Theoretical ABEP and computer simulated BER of the CIOD-MBM

schemes under various N¢, N,y and M values for N,. = 4.

IV. SIMULATION RESULTS

In order to evaluate the error performance of the CIOD-MBM
schemes, BER results are produced using computer simulations un-
der varying system parameters. Considering conventional SIMO,
MBM [3], CIOD [14] and CIOD-SM [17] as reference systems, BER
results are obtained with respect to Ej, /Ny, where Ej, is the average
transmitted energy per bit.

In Fig. 2, theoretical ABEP results of both CIOD-MBM schemes are
obtained to compare the BER results obtained by computer simulations.
As can be clearly seen, the theoretical curves are perfectly matched
with the computer simulation results at moderate and high FEj /N,
values. At the same time, the proposed CIOD-MBM schemes offer
a flexible design opportunity for varying N, and N, values under
N, = 4. For 1) = 4 bit/s/Hz, although CIOD-MBM I has larger N, ;
than CIOD-MBM II under the same N,;, NN,, and M, both schemes
provide nearly the same error performance. For n = 4.5 and n =
6.5 bit/s/Hz, CIOD-MBM II provides a remarkable increase in BER
performance compared to CIOD-MBM 1 since higher spectral effi-
ciency values are easily obtained even with a small increase in N, and
N,y values. The main difference between the two proposed schemes is
CIOD MBM II scheme’s ability to achieve a similar spectral efficiency
and BER with a less number of antennas.

Fig. 3 depicts the BER of the proposed schemes against the BER
of conventional CIOD, CIOD-SM and MBM for 1 = 4 bit/s/Hz. Here,
degree of SM (DoSM) scheme, which is defined in [17], is considered
as CIOD-SM. It should be noted that all reference schemes use a single
RF chain during the transmission for a fair comparison. As can be
clearly seen, CIOD-MBM I scheme provides around 5 dB supremacy
over CIOD and approximately 10 dB over CIOD-SM, SIMO and MBM
schemes. At the same time, CIOD-MBM II scheme provides similar
error performance with CIOD-MBM scheme for 7 = 4 bit/s/Hz while
providing better error performance for higher spectral efficiency values
as in Fig. 2. It should be noted that the CIOD-MBM schemes do not
impose any restriction on N, and N,y values. The increased spectral

X) matrix, which is not equal to zero.
R R}
hl ,my hZ,m hN ,my f,m
0 0o ... 0 0
H =
e 0 0o ... 0 0
x §R
hl ,my himl e T f\’mm] hl,m

! T
Xm0 0 0 0
' R S S
0 hl R hN7 R 1,my Ny, my (14)
0 & h\s R
1,’!77,2 N My l,mz N7'7m2
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Fig. 3. The BER of the proposed CIOD-MBM schemes compared to the
reference systems with IN,. = 2 receive antennas for about n = 4 bit/s/Hz.

efficiency and data rates are obtained by easily increasing N, and N, f
for both schemes while keeping the M constant. Moreover, to meet
the high data rate demand in next-generation communication systems,
increasing N, instead of N, and M will reduce hardware costs.
Moreover, reconfigurable antenna designs play a critical role in leverage
from the benefits of the MBM method since imperfect antenna designs
may lead to correlated channel conditions, leading to a degradation in
error performance.

V. CONCLUSION

In this paper, CIOD-MBM concept has been introduced to increase
the spectral efficiency of conventional CIOD and MBM schemes by
using CIOD as an additional information source as well as transmit
antennas, channel states, and amplitude/phase modulation. One of the
most weighty benefits of the CIOD-MBM schemes, which promise
high data rates by using a low number of transmit antennas, is enabling
reduced receiver complexity by symbol-by-symbol detection. As a
result of theoretical ABEP and computer simulations, it has been shown
that proposed CIOD-MBM schemes provide superiority to reference
systems in terms of error performance. Derivation of closed-form BER
expression and investigation of antenna design limitations will be our
future endeavors.
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