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Abstract—In this paper, a novel circular space-time block
coding (CSTBC)-based index modulation (IM) technique,
which achieves various orders of transmit diversity gains,
is introduced. In the proposed system, a promising IM
concept, media-based modulation (MBM), which carries
additional information bits through the available radio
frequency (RF) mirrors of transmit antennas, is considered.
Unlike traditional STBC-based IM concepts, the proposed
technique provides various orders of transmit diversity
gains and attains higher spectral efficiency values with a
single RF chain. The bit error rate (BER) performance
of the proposed system is theoretically analyzed and an
upper bound expression for the average bit error probability (ABEP) is derived. Moreover, via comprehensive
computer simulations, the improved BER performance of
the proposed CSTBC-IM is demonstrated over the-stateof-the-art IM schemes.
Index Terms—Index modulation (IM), space-time block
codes/coding (STBC), ultra-reliable communication.

I. I NTRODUCTION
To deal with stringent requirements of today’s and
upcoming wireless technologies, three different use cases
have been defined: enhanced mobile broadband (eMBB),
massive machine-type communication (mMTC) and
ultra-reliable low-latency communication (URLLC) [1].
In 5G and beyond technologies, mMTC will enable
an effective wireless connectivity for massive number
of machine-type devices with ultra low-latency, at the
sub-second level [2], which exceeds the capabilities of
today’s technologies. On the other hand, eMBB aims to
achieve high spectral efficiency values with high reliability. Likewise, URLLC applications should achieve high
reliability with low-latency constraints, which are two
conflicting parameters rendering URLLC one of the key
challenges in 5G and beyond technologies.
From a physical layer perspective, a reliable communication is achieved by data replication or retransmission mechanisms, where channel coding and space-time
block coding (STBC) applications are considered as key
enablers of ultra-reliable communication systems [3].
This work was supported by the Scientific and Technological
Research Council of Turkey (TÜBİTAK) under grant no 117E869.

In the last decade, to improve the reliability and, at
the same time, to attain higher spectral efficiency values,
novel transmission techniques have been proposed in the
context of index modulation (IM) schemes [4], which use
the building blocks of the corresponding transmission
systems to convey additional information bits. In the past
few years, numerous studies have been carried out over
broad research fields concerning spatial modulation (SM)
[5] and SM-based transmission schemes. SM transmits
additional information bits through the indices of the
transmit antennas and has been regarded as the pioneer
of the IM schemes.
Recently, a novel IM scheme called media-based modulation (MBM), which employs radio frequency (RF)
mirrors in a clever manner to convey extra information bits, is introduced [6]. In the MBM scheme, a
number of RF mirrors enclose the transmit antennas,
and ON/OFF status of those RF mirrors create different channel state realizations for the corresponding
transmit antenna. Though MBM is a recent concept,
the researchers have shown a growing interest. MBMbased massive and multi-user transmission systems [7]–
[9], MBM-aided secrecy communication systems [10],
[11], and an STBC-based MBM technique [12], which
increases the reliability of the MBM scheme through
achieving a second order transmit diversity gain, are
among the prominent MBM techniques. For a more
detailed overview, the readers are referred to [13] and
[14] and references there in.
In this study, a novel MBM-based circular STBC
(CSTBC) technique, circular space-time block coded
index modulation (CSTBC-IM), which achieves numerous orders of transmit diversity gains, is proposed as an ultra-reliable IM concept. In the proposed
CSTBC-IM scheme, the MBM concept is considered
for both multiple-input-multiple-output (MIMO) and
single-input-multiple-output (SIMO) system configurations. Moreover, the theoretical error performance analysis of the proposed CSTBC-IM schemes is performed
and an upper bound expression is obtained for average bit error probability (ABEP). Through extensive
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computer simulations, the flexibility of the CSTBC-IM
schemes that provide various orders of transmit diversity gains and achieve high spectral efficiency values,
are discussed. Furthermore, their superior error performance over the reference IM techniques, such as spacetime channel modulation (STCM) [12], STBC-SM [15],
space-time quadrature SM (ST-QSM), uncoded spacetime labeling diversity-based STCM (USTLD-STCM)
[16] and classical Alamouti’s STBC [17], is shown.
The rest of the paper is organized as follows. In
Section II, the system models of the proposed CSTBCIM schemes are introduced. The analytical error performance analysis is given in Section III. In Section
IV, the numerical results are discussed and the paper
is concluded in Section V.
II. C IRCULAR S PACE -T IME C ODE D ESIGN
In the last decade, several STBC-based IM schemes
[12], [15], [18], which are inspired by traditional STBC
concepts [19], have been designed to provide a second
order transmit diversity gain for plain IM schemes. In
this study, a novel STBC technique is designed considering the structure of a circulant matrix in which each
row contains the same elements as those of the first row
and is determined by the circular shift of the previous
row.
Suppose that C is a circulant matrix with dimensions
T × P , and it is formed by the elements ci , for i ∈
{1, 2, . . . , P }, as follows:


c2 · · · cT · · · cP −1
cP
c1
 cP
c1 · · · cT −1 · · · cP −2 cP −1 


C=
.
..
..
.
.. ... ... ... ...


.
.
cP −T +2 · · · cP

c1

· · · cP −T cP −T +1

(1)
Let C be an STBC transmission matrix and T denotes
the number of time intervals. Then, when the rank criterion [19], one of the most common STBC design principles, is considered to maximize the transmit diversity,
for C and Ĉ respectively symbolizing the transmitted
and erroneously detected circular STBC matrices, the
transmit diversity gain is calculated by [19]:
Gd = min rank
C,Ĉ


H 
C − Ĉ C − Ĉ

(2)

where (·)H is Hermitian transposition. According to our
exhaustive numerical tests, we reveal that when the
circular C matrix is sufficiently sparse with a single nonzero element in each row whose position is determined
by circularly shifting the previous row by one unit, it is
possible to obtain a T th order transmit diversity gain, if
the following row/column ratio is satisfied:
r=

T
≤ 0.5.
P

(3)

Based on (1), this allows us to design transmission
schemes that are highly flexible and achieve numerous
orders of transmit diversity gains.
In our proposed design, we assume that s is the single
non-zero element in each row of the circular STBC
matrix C, which stands for an M -ary phase shift keying/quadrature amplitude modulation (M -PSK/QAM)
symbol. Moreover, the r ≤ 0.5 is satisfied to obtain a
transmit diversity order Gd = T .
Since the circular STBC concept requires a sparse
matrix with a single non-zero element in each row or
column, IM schemes are the most suitable systems to
be adapted. Therefore, we combine the recent MBM
transmission schemes [6], [13] with the circular STBC
concept and propose a family of MBM-based CSTBCIM schemes, including CSTBC-SM, CSTBC-MIMO,
CSTBC-SIMO and CSTBC space-shift keying (CSTBCSSK) schemes, which will be introduced in the subsequent subsections.
In general, in the proposed CSTBC-IM schemes, the
transmission is performed in T time intervals and a
system configuration with Tx transmit and Rx receive
antennas is considered. Moreover, each transmit antenna
is assumed to be surrounded by Mrf RF mirrors that
create P = 2Mrf channel state realizations for each of
those Tx antennas, where for each setup, r ≤ 0.5 is ensured. Then, for each CSTBC-IM scheme, the incoming
information bits determine the transmission vector of the
first time slot, where it contains only one non-zero entry
as in classical IM schemes [4]. Then, to construct the
overall transmission matrix, the remaining time intervals
follow the structure of a circular matrix (1).
A. CSTBC-SIMO and CSTBC-SSK
In this subsection, the CSTBC-SIMO and CSTBCSSK transmission schemes are proposed, where the
circular STBC concept is combined with the SIMOMBM [6] transmission scheme to attain a T th order
transmit diversity gain. In the CSTBC-SIMO scheme,
one transmit antenna (Tx = 1) with Mrf RF mirrors
is considered, where the incoming Mrf bits select the
index of the effective channel state out of P = 2Mrf
channel state realizations and log2 M bits determine a
modulated symbol from M -PSK/QAM constellation to
transmit through this selected channel state. Therefore,
the spectral efficiency of the CSTBC-SIMO scheme in
bits per channel use (bpcu) is given by
Mrf + log2 M
[bpcu].
(4)
T
In the CSTBC-SIMO scheme, the incoming ηT information bits determine the transmission vector of the
first time interval, then, the overall transmission matrix
is constructed by circular shifting of this transmission
vector. For s being the M -PSK/QAM symbol and l
being the index of the selected channel state of the
ηSIM O =
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Fig. 1. Block Diagram of the CSTBC-SM scheme.

first time interval, where l ∈ {1, 2, . . . , P }, the overall
transmission matrix X ∈ CT ×P of CSTBC-SIMO can
be given as
l
z}|{


0 ... 0
s 0 ... 0 0 0 0
0 0 · · · 0 s 0 · · · 0 0 0


X = . . .
.  . (5)
 .. . . . . . . . . . . . . . . . . . . . . . . .. 
0 0 ··· 0

0

0

s

0 ··· 0

The same signal transmission model as that of the
CSTBC-SIMO scheme is also considered for the
CSTBC-SSK scheme. However, unlike CSTBC-SIMO,
instead of a modulated M -PSK/QAM signal, a cosine
signal (s = 1) is transmitted over the effective channel
state of each time interval.
B. CSTBC-SM and CSTBC-MIMO
In this subsection, to improve the spectral efficiency of
the CSTBC-SIMO and CSTBC-SSK schemes, the proposed circular STBC concept is generalized for MIMO
system configurations, and CSTBC-SM and CSTBCMIMO transmission schemes are introduced.
The block diagram of the CSTBC-SM scheme is given
in Fig. 1. In CSTBC-SM scheme, the incoming ηT
bits determine the indices of both the active antenna
and its effective channel state, as well as a modulated
symbol from M -PSK/QAM constellations to be transmitted through this effective channel state. Therefore, the
spectral efficiency of the CSTBC-SM scheme is given as
Mrf + log2 Tx + log2 M
ηSM =
[bpcu]. (6)
T
In the CSTBC-SM scheme, the incoming log2 Tx , Mrf
and log2 M bits determine the indices of an active
antenna k, its corresponding channel state l and a M PSK/QAM symbol s, respectively. Then, the transmission vector of the first transmission interval x1 ∈
C1×P Tx is constructed as:

where k ∈ {1, 2, · · · , Tx } and l ∈ {1, 2, · · · , P }. Then,
as to CSTBC-SIMO and CSTBC-SSK schemes, for the
remaining T −1 time intervals, the structure of a circular
matrix is followed and the overall transmission matrix
X ∈ CT ×P Tx of the CSTBC-SM scheme is constructed
as


0
0

X= .
 ..
0

0 ···
0 ···
..
. ···
0 ···

0 ···
0 ···
..
. ···
0 ···

0 ···
0 0
.. . .
.
.
0 0

0 s 0
··· 0 s
.. .. ..
. . .
··· 0 0

··· 0 0
0 ··· 0
.. .. ..
. . .
0 s 0

0
0
..
.

0 ···
0 ···
..
. ···
··· 0 ···

0
0
..
.

0 ···
0 ···
..
. ···
0 0 ···


0
0

.. .
. 
0

(8)
To further improve the spectral efficiency of the
CSTBC-SM scheme, a novel CSTBC-MIMO transmission scheme is developed by adapting circular STBC
concept to the MIMO-MBM scheme. In the CSTBCMIMO transmission scheme, all available Tx transmit
antennas are used in transmission through their effective
channel states and Tx number of M -PSK/QAM modulated symbols are transmitted. Therefore, the spectral
efficiency of the CSTBC-MIMO scheme is given as
Tx (Mrf + log2 M )
[bpcu].
(9)
T
In the CSTBC-MIMO transmission scheme, the first
Tx Mrf bits of the incoming ηT information bits determine an effective channel state li among P channel
state realizations for each of Tx transmit antennas, where
li ∈ {1, 2, . . . , P }. On the other hand, the remaining
Tx log2 M information bits determine si M -PSK/QAM
symbols, for i ∈ {1, 2, . . . , Tx }, for the transmission
over the selected channel states with the indices li . Then,
the overall transmission matrix X ∈ CT ×P Tx of the
CSTBC-MIMO scheme is given in (10), which is shown
at the bottom of the next page.
ηM IM O =

C. Transmission Model

In
the
CSTBC-IM
transmission
schemes,
X ∈ CT ×P Tx is transmitted over a channel created
z}|{


state realizations and represented
x1 = 0 0 · · · 0 · · · 0 · · · 0 s 0 · · · 0 · · · 0 0 · · · 0 . by different channel
|
| {z }
{z
}
| {z }
by H ∈ CP Tx ×Rx while experiencing additive
1
Tx
k
(7) white Gaussian noise (AWGN) samples, denoted
l
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by W ∈ CT ×Rx . The entries of the matrices H
and W are modeled by independent and identically
distributed (i.i.d.) complex Gaussian random variables
with distributions of C(0, 1) and C(0, σ 2 ), respectively.
Then, the matrix of received signals Y ∈ CT ×Rx is
obtained as
Y = XH + W.
(11)
For a general CSTBC-IM system, the received signals
can also be given in the following equivalent model, for
y = vec(Y) ∈ CT Rx ×1 and w = vec(W) ∈ CT Rx ×1 ,
as
y = He s + w
(12)
T

where s = [s1 , s2 , . . . , sTx ] ∈ CTx ×1 and sj is the
modulated symbol transmitted over a particular channel
state of the jth transmit antenna, for j = {1, 2, ..., Tx },
while He ∈ CT Rx ×Tx is the equivalent channel matrix
containing the columns of H corresponding to the jth
transmit antenna and vec(·) is vectorization operator.
The receiver of the CSTBC-IM schemes is assumed to
have perfect knowledge of the equivalent channel matrix
He and consider a maximum likelihood (ML) detector to
obtain an optimum BER performance by the following
decision rule:
ŝ = arg min||y − He s||2 .
s

(13)

Then, the detected ŝ is demapped to determine the
corresponding bits.
In CSTBC-IM schemes, both correlated and uncorrelated channel fading statistics are considered. For the
case of correlated channels, a correlation is assumed
among the channel states of each transmit antenna, where
the correlation model is taken from a real multi-state reconfigurable antenna with Mrf = 2 and P = 2Mrf = 4
channel states [20] and the correlation values among
those channel states are represented by the following
matrix S ∈ CP ×P [20]


1
0.0722 0.0593 0.0007
0.0772
1
0.0158 0.0522
.
S=
(14)
0.0593 0.0158
1
0.0688
0.007 0.0522 0.0688
1

For the case of correlated channel states, the correlated
H matrix is constructed by an uncorrelated channel
matrix H̃ ∈ CP Tx ×Rx whose entries are i.i.d. complex
Gaussian random variables with C(0, 1) distribution, as
follows:
1/2
H = Ct H̃C1/2
(15)
r
where Ct and Cr are the transmit and received correlation matrices. Then, since no spatial correlation is


0 · · · 0 s1 0 · · · 0 0 0
 0 0 · · · 0 s1 0 · · · 0 0

X= . . . . . . . . .
 .. . . . . . . . . . . . . . . . .
0 0 · · · 0 0 0 s1 0 · · ·

0
0
..
.

assumed, Ct = ITx ⊗ S and Cr = IRx , where In is an
identity matrix with n × n dimensions and ⊗ shows the
Kronecker product.
III. P ERFORMANCE A NALYSIS
In this section, the pairwise error probability (PEP)
of the CSTBC-IM transmission schemes is analytically
derived and an upper bound expression for the ABEP of
the CSTBC-IM schemes is obtained.
To determine the PEP of the proposed systems, first,
an expression for conditional PEP is derived [21] for
the transmission of X and its erroneous detection X̂, as
follows
"
!s

||(X − X̂)H||2
(16)
.
Pr X → X̂|H = Q
4σ 2

Let Σ = || X − X̂ H||2 and Ω be the following
difference matrix
H

Ω = X − X̂
X − X̂ .
(17)

After some algebraic manipulations, Σ is given in
quadratic form as

Σ = || X − X̂ H||2

= vec(H̃H )H (Cs 1/2 )H (IRx ⊗ Ω)Cs 1/2 vec(H̃H )
(18)

where Cs = Ct ⊗Cr . Then, considering the following
alternative Q-function expression
!
"
Z
1 π/2
−x2
Q(x) =
exp
dφ
(19)
π 0
2 sin2 φ
and substituting (18) into (19), (16) can be rewritten as


Pr X → X̂|H


Z
(20)
vec(H̃H )H ∆vec(H̃H )
1 π/2
d
φ
exp −γ
=
π 0
4 sin2 φ
where γ = 1/2σ 2 and ∆ = (Cs 1/2 )H (IRx ⊗ Ω)Cs 1/2 .
Then, averaging (20) over H and considering a moment
generating function (MGF) approach [22], the PEP expression is obtained in (21), where
H̃H ), z̄
 Hz = vec(
H
is the mean vector and Kz = E z z − z̄ z̄ is the
covariance matrix. Then, since z̄ = 0 and Kz = IP Tx Rx
for the Rayleigh fading channel matrix H̃, the PEP of
the CSTBC-IM schemes simplifies to

−1
Z

∆
1 π/2
det IP Tx Rx + γ
Pr X → X̂ =
d φ.
π 0
4 sin2 φ
(22)

0 · · · 0 s2 0 · · · 0 0 0
0 0 · · · 0 s2 0 · · · 0 0
.. . . . . . . . . . . . . . . . .
. . . . . . . . .
0 0 0 · · · 0 0 0 s2 0 · · ·

0 ···
0 ···
..
. ···
0 ···

0 · · · 0 sTx
0 ···
0 0 0
0 0 ···
0 sTx 0 · · · 0 0
.. . . . . . . . . . . . . . . . .
.
. .
. . .
. . .
0 0 ···
0
0 0 s Tx 0 · · ·


0
0

.. 
.

(10)

0
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Moreover, to derive a closed form expression, an upper
bound is obtained in terms of the non-zero eigenvalues
λm of the difference matrix Ω (17) by letting φ = π2 , as
follows
N r 
 T 
 1 Y
1
(23)
.
Pr X → X̂ ≤
2 m=1 1 + γ λ4m
Then, using the well-known union bound approach [21],
ABEP is obtained as:
#
%


1 X 1X
(24)
P r X → X̂ β X, X̂
Pb ≤ κ
2
κ
X

X̂



where β X, X̂ is the number of bit errors for each
X → X̂ error event and κ = ηT is the total number
of incoming data bits.
IV. S IMULATION R ESULTS

η = 1 and 2 bpcu spectral efficiency values, the BER
results under the correlated channel conditions are nearly
2 dB behind the uncorrelated case. However, when the
same channel state correlation is assumed without any
spatial correlation, the BER performance of CTBC-SM,
for Tx = 4, Mrf = 2 and QPSK, is almost the same as
the uncorrelated case.
In Fig. 5, the BER performance of CSTBC-MIMO
scheme is compared to that of the-state-of-the-art transmission schemes achieving a second order transmit diversity gain at η = 6 bpcu. The results show that the
BER performance of the CSTBC-MIMO scheme for
Tx = 2, Mrf = 4 and QPSK is far beyond the traditional
STBC-based IM schemes [15]–[18] while it achieves a
nearly 0.5 dB Eb /N0 gain over the recent STCM scheme
[12].
V. C ONCLUSION
In this paper, the family CSTBC-IM schemes, which
achieve various orders of transmit diversity gains with
a single RF chain, has been proposed for beyond 5G
ultra reliable communication applications. The error performance of CSTBC-IM schemes has been theoretically
analyzed and an upper bound expression for ABEP has
been derived. Through extensive Monte Carlo simulations, the flexibility of the proposed systems to attain
higher spectral efficiency values while providing various
transmit diversity gains have been shown, which can
make the CSTBC-IM schemes as a potential enabler for
beyond 5G ultra reliable communication applications.

In this section, the BER performance of CSTBC-IM
schemes are investigated via comprehensive theoretical
and Monte Carlo simulations to reveal the flexibility of
the proposed schemes, which attain both high and low
spectral efficiency values while achieving a T th order
transmit diversity gain. All simulations are sketched as
a function of received energy per bit to noise ratio
(Eb /N0 ), where N0 = 2σ 2 , for Rx = 4.
In Fig. 2, theoretical and computer simulation results
of the CSTBC-SSK scheme achieving a T th order transmit diversity gain are shown for low spectral efficiency
values, where T ranges from 2 to 32. These results
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−1 
γ
γ
H
Z
+
exp
−
z̄
∆
I
K
∆
z̄
2
2
P
T
z
R


x x
4 sin φ
4 sin φ
1 π/2


Pr X → X̂ =
d φ.
(21)
π 0
γ
det IP Tx Rx + 4 sin2 φ Kz ∆
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Fig. 2. The theoretical and Monte Carlo simulation results of CSTBCSSK scheme at low spectral efficiency values for Rx = 4.
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