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Coded OFDM-IM With Transmit Diversity
Jinho Choi
Abstract— In this paper, we propose a simple transmit diversity
scheme for orthogonal frequency division multiplexing (OFDM)
with index modulation (IM) in order to achieve a diversity
gain for index detection, which can significantly improve the
performance of OFDM-IM at the cost of the spectral efficiency.
An optimal approach for active index detection is derived, which
has a complexity, growing linearly with the size of OFDM symbol.
A salient feature of the proposed transmit diversity scheme is
that it can be easily employed in conjunction with a conventional
coding scheme for data symbols. Consequently, we can implement
coded OFDM-IM together with the proposed transmit diversity
scheme in a straightforward manner, which can provide a good
performance under a frequency-fading environment.
Index Terms— Index modulation, orthogonal frequency division multiplexing, diversity, performance analysis.

I. I NTRODUCTION
HE NOTION of index modulation (IM) has been introduced for multiple-input multiple-output (MIMO) systems in [1] (see also [2], [3] for a comprehensive overview)
to convey information bits by the indices of active transmit
antennas. The resulting modulation technique is called spatial
modulation (SM), which is shown to be energy efficient and
has a low implementation cost. In [4], an optimal detection
for SM is studied with its performance analysis. SM has been
extended with channel coding [5], [6] and some modifications
[7], [8].
The notion of IM is also adopted in orthogonal frequency
division multiplexing (OFDM) in [9] and [10], where a subset
of subcarriers are active and the indices of them are used to
convey additional information bits. The resulting modulation
scheme is called OFDM-IM. An overview of various IM
techniques is presented in [11]. In [12], a performance analysis
is carried out when a maximum likelihood (ML) detector is
employed. There are various generalizations of OFDM-IM.
For example, in [13], the number of active subcarriers is not
fixed to increase the spectral efficiency; in [14], OFDM-IM
is applied to MIMO systems. In [15], the optimal number of
active subcarriers is studied to improve the spectral efficiency
as well as energy efficiency.
Provided that there are a few active transmit antennas in SM
or subcarriers in OFDM-IM, the notion of compressive sensing (CS) [16], [17] can be adopted to design low-complexity
detectors. For example, CS based detectors are studied for SM
in [18] and [19] and for OFDM-IM in [20].
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Unlike SM, OFDM-IM has a poor performance under
fading. This is a weakness of OFDM-IM inherited from
OFDM, which cannot exploit any diversity gain under a
frequency-selective fading channel environment [21], [22].
In order to improve the performance of OFDM-IM, MIMO
can be considered for OFDM-IM as in [14]. It is also possible
to consider a transmit diversity scheme without using multiple
antennas as in [23].
It is noteworthy that channel coding plays a crucial role
in improving the performance of OFDM systems under a
frequency-selective fading channel environment [24]. Together
with interleaving, the path diversity gain can be exploited by
channel coding in coded OFDM and a good performance can
be achieved without losing the main advantages of OFDM
(e.g., low-complexity one-tap equalization). However, unlike
coded OFDM, it is clearly shown in [23] that the direct
application of channel coding to OFDM-IM cannot result in a
good performance unless a transmit diversity scheme is used.
The transmit diversity scheme in [23] is based on the signalspace diversity scheme studied in [25] for MIMO systems.
Although it might be possible to employ any signal-space
diversity schemes for OFDM-IM, an orthogonal design is
desirable to keep the complexity of detector low. From this
point of view, in [23], only one orthogonal design that can
provide a diversity gain of 2 is considered.
In this paper, we propose a simple but effective transmit diversity scheme for OFDM-IM. The main features of
the proposed transmit diversity scheme are as follows: i)
it can provide any diversity order; ii) the complexity of
an optimal approach for active index detection is linear in
the size of signal block (or OFDM symbol); iii) it can
be easily used in conjunction with a conventional coding
scheme for data symbols. Due to the above features, the
proposed transmit diversity scheme becomes attractive to
improve the performance of OFDM-IM without any significant computational complexity increase at the transmitter
and receiver.
The rest of the paper is organized as follows. In Section II,
a system model is presented for OFDM-IM. The transmit
diversity scheme proposed in [23] is discussed in Section III. A
simple transmit diversity scheme for OFDM-IM is proposed in
Section IV, where the ML approach for active index detection
is also derived. In Section V, simulation results are presented.
The paper is finally concluded in Section VI with some
remarks.
A. Notation
Matrices and vectors are denoted by upper- and lowercase boldface letters, respectively. The superscripts T and H
denote the transpose and complex conjugate, respectively. The
p-norm of a vector a is denoted by a p (If p = 2, the norm is
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denoted by ||a|| without the subscript). For a vector a, diag(a)
is the diagonal matrix with the diagonal elements from a.
For a matrix X (a vector a), [X]n ([a]n ) represents the nth
column (element, resp.). If n is a set of indices, [X]n is a
submatrix of X obtained by taking the corresponding columns.
E[·] and Var(·) denote the statistical expectation and variance,
respectively. CN (a, R) (N (a, R)) represents the distribution of
circularly symmetric complex Gaussian (CSCG) (resp., realvalued Gaussian) random vectors with mean vector a and
covariance matrix R.
II. S YSTEM M ODEL
Suppose that a block of B subcarriers is divided into K
subblock of L subcarriers, i.e., B = K L, in an OFDM system.
For each subblock, there are G clusters of N subcarriers (i.e.,
L = G N). Let
xk = [sTk;0 . . . sTk;G−1 ]T
denote the kth subblock of data symbols to be transmitted,
where sk;g denotes the signal vector of size N × 1 transmitted
through the gth cluster within the kth subblock. We assume
that there are Q active subcarriers per cluster for IM, where
an active subcarrier means a subcarrier that transmits a data
symbol with non-zero transmission power. That is,
||sk;g ||0 = Q,
as the transmission power of inactive subcarriers is zero.
For convenience, denote by Ik;g the index set of the active
subcarriers or the support1 of sk;g . A non-zero element of sk;g
(or an element corresponding to an active subcarrier) is an
element of the signal constellation, denoted by S. We assume
that |S| = M for M-ary modulation and S does not include
zero, i.e., 0 ∈
/ S.
For the transmission of each block, a cyclic prefix (CP) is
appended to the OFDM symbol,
x=

[x0T

...

xTK −1 ]T .

At the receiver after removing the signal part corresponding to
CP, we have the following received signal vector of size B ×1:
y = H x + n,

(1)

where n ∼ CN (0, N0 I) is the background noise vector and H
is the frequency-domain channel matrix that is given by
H = diag(H0 . . . H B−1).
Here, Hi represents the (frequency-domain) channel coefficient of the i th subcarrier. Then, the number of information
bits per subblock becomes
 


N
 + Q log2 M .
(2)
Nb = G log2
Q
The resulting system is called OFDM-IM for G = 1 [10].
For convenience, the information bits transmitted by IM are
referred to as index-modulated or IM bits. Note that the
structure of OFDM symbol in this section has been modified
from that2 in [10] in order to accommodate a transmit diversity
scheme that will be explained in Section IV.
1 The support of a vector is the index set of non-zero elements.
2 In [10], G = 1, i.e., cluster is equivalent to subblock.

III. A N E XISTING D IVERSITY S CHEME FOR OFDM-IM
In [12], the performance of OFDM-IM is analyzed when
Q = 1. It is clearly shown that the diversity order of
OFDM-IM is 1. Thus, the performance cannot be significantly improved by increasing the signal-to-noise ratio (SNR).
To exploit the diversity gain for better performance, in [23],
interleaving within a cluster, which is called coordinated
interleaving (CI), is employed so that a data symbol can be
transmitted through multiple subcarriers. In this section, we
present this transmit diversity scheme.
To discuss the transmit diversity scheme in [23], we consider
a particular example. Let N = 4 and Q = 2. In addition, we
assume that K = 1 (i.e., the number of subblocks is 1) and
omit the subblock index k for convenience.
In this case, the

number of IM bits per cluster is log2 42  = 2. Thus, there are
four possible combinations for IM per cluster. Denote by ag
the IM bits for cluster g. Then, we can consider the following
combinations of active subcarriers within a cluster:
ag
ag
ag
ag

= [0
= [0
= [1
= [1

0]T
1]T
0]T
1]T

⇒
⇒
⇒
⇒

Ig
Ig
Ig
Ig

= supp(sg ) = {0, 2}
= supp(sg ) = {1, 3}
= supp(sg ) = {0, 3}
= supp(sg ) = {1, 2}.

Let s1 and s2 be the data symbols in a rotated signal constellation, denoted by Sθ , where θ represents the angle of rotation,
to be transmitted within a cluster. Then, for CI, according
to [23], we have the following mapping:
sg = ⎧
M (s1 , s2 ; ag )
[(s1 ) + j
⎪
⎪
⎨
[0 (s1 ) +
∈
[(s1 ) + j
⎪
⎪
⎩
[0 (s1 ) +

(s2 ) 0
j (s2 )
(s2 ) 0
j (s2 )

(s1 ) + j
0 (s1 ) +
0 (s1 ) +
(s1 ) + j

⎫
(s2 ) 0]T , ⎪
⎪
⎬
j (s2 )]T ,
,
j (s2 )]T , ⎪
⎪
⎭
(s2 ) 0]T

where (x) and (x) represent
the real and imaginary parts
√
of x, respectively, and j = −1. A single data symbol, say s1 ,
can be transmitted through two different subcarriers (e.g., the
0th and 1st subcarriers within a cluster). Thus, the diversity
gain can be 2. This example is based on an orthogonal design
in [25] and allows a detection complexity that grows linearly
with Q.
If we assume G = 1 for the sake of simplicity, the following
joint detection can be considered [23]:
min

s1 ,s2 ∈Sθ ,I

||[y]I − [H ]I M (s1 , s2 ; a)||2 ,

(3)

where I is the index set of active subcarriers and [y]I and
[H ]I represent the subvector of y and the submatrix of H
corresponding to the elements and columns in I , respectively.
With N = 4 and Q = 2, we have
I ∈ {{0, 2}, {1, 3}, {0, 3}, {1, 2}}
as mentioned earlier, and [y]I={0,2} = [y0 y2 ]T . It can be
shown that
⎡
⎤
(s1 )


⎢ (s1 ) ⎥
([y]I )
([n]I )
⎢
⎥
[ȳ]I =
= [H̄ ]I ⎣
.
+
([y]I )
(s2 ) ⎦
([n]I )
(s2 )
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Due to the orthogonal design, we can have [H̄ ]I =
[[H̄(1) ]I [H̄(2) ]I ], where [H̄(1) ]I and [H̄(2) ]I are orthogonal for
each I . From this, the joint detection problem in (3) can be
reduced to


(s1 ) 2
min min ||[ȳ]I − [H̄(1) ]I
||
(s1 )
I
s1 ∈Sθ
 
(s2 ) 2
(4)
+ min ||[ȳ]I − [H̄(2) ]I
|| ,
(s2 )
s2 ∈Sθ
which has a complexity proportional to 2M, not M 2 , as
explained in [23].
We have few remarks as follows.
• The above approach with Q = 2 can achieve a diversity
order of 2 for the data symbol detection. For convenience,
this approach is considered for the performance comparison in this paper and referred to as CI-OFDM-IM.
• In addition to CI, if data symbols are coded symbols,
a better performance can be achieved with a higher
diversity gain as demonstrated in [23].
IV. A T RANSMIT D IVERSITY S CHEME FOR IM
AND ACTIVE I NDEX D ETECTION
In this section, we propose a simple transmit diversity
scheme for OFDM-IM and derive the ML approach for active
index detection. In addition, we obtain soft decisions for the
coded bits that are transmitted through active subcarriers.
A. OFDM-IM With Transmit Diversity
In general, if the support of sk;g is erroneously detected, the
data symbols of active subcarriers cannot be correctly decided.
Thus, the performance of OFDM-IM is mainly decided by the
detection performance of active subcarriers. For a better performance of active index (or IM bits) detection, we may need
to use a transmit diversity scheme for OFDM-IM. In Fig. 1,
an illustration of the transmitter structure for OFDM-IM is
shown with the proposed transmit diversity scheme, which
will be explained in detail in Subsection IV-B. In this transmit
diversity scheme, the same set of active subcarriers is used for
all clusters within a subblock. Note that throughout the paper,
we assume that the non-zero data symbols in sk;g transmitted
through active subcarriers are coded as shown in Fig. 1.
It is noteworthy that the resulting system is relatively
simple as channel coding can be independently applied to
the data symbols that are to be transmitted through active
subcarriers, while the IM bits are uncoded. However, although
no channel coding is used for IM bits, we can show that the
detection performance of IM bits or active subcarriers can
be significantly improved by the proposed simple transmit
diversity scheme.
B. The Proposed Transmit Diversity Scheme
Without loss of generality, we focus on the received signal
subvector corresponding to a subblock. From (1), let
yk = Hk xk + nk ,

(5)

where yk is the kth subvector of y, Hk is the kth submatrix
of H , and nk is the kth subvector of n. For convenience, we

Fig. 1. An illustration of the transmitter for coded OFDM-IM with a transmit
diversity scheme.

omit the subblock index k in this section. As illustrated in
Fig. 1, in order to obtain a transmit diversity gain, we consider
the same support for all the sg ’s within a subblock, i.e.,
Ig = I , g = 0, . . . , G − 1,
while the data symbols of active subcarriers in each sg are
still independent. In this case, the number of bits per subblock
becomes
 
N
(6)
N̄b = log2
 + G Q log2 M,
Q
which is smaller than that of conventional OFDM-IM in
 (2)
as the number of IM bits is reduced from Glog2 N
Q  to
N 
log2 Q . The resulting system with the above transmit
diversity scheme is referred to as OFDM-IM with transmit
diversity (OFDM-IM-TD) in this paper.
In Fig. 2, we show the number of bits per subblock for
various values of G when L = 128 and M = 4. Clearly, the
number of bits per subblock of OFDM-IM-TD is smaller than
that of OFDM-IM. It is interesting to note that the number of
bits per subblock increases with G when Q is fixed. Although
OFDM-IM-TD has a smaller number of bits per subblock
than OFDM-IM, we will show that its performance is much
better than that of OFDM-IM (and CI-OFDM-IM) over fading
channels as the performance of active index detection can be
significantly improved for a large G.
Note that in OFDM-IM-TD, the number of bits per block
is given by




K N̄b = K

log2

B
KG

Q

 + G Q log2 M .

(7)
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Let vm = [r0,m . . . r G−1,m ]T . Under Hi , denote by f i (vm )
the distribution of vm . Then, under H0 , we have
f 0 (vm ) =

G−1

g=0

=

2

|
1 − |rg,m
e N0
π N0

2
1
− ||vm ||
e N0 .
G
(π N0 )

(10)

Under H1 , if sg,m , g = 0, . . . , G − 1, is known, we have
f 1 (vm ) =

G−1

g=0

2

1 − |rg,m−HNg,m sg,m |
0
e
.
π N0

(11)

However, sg,m , g = 0, . . . , G −1, is unknown. Thus, the distribution of vm under H1 can be replaced with the following [26]:
G−1


Fig. 2. The number of bits per subblock for different values of G when
L = 128 and M = 4.

This shows that when B, G, Q, and M are fixed, the number
of bits per block increases with K . That is, it is desirable to
have a larger K to transmit more bits per block or increase
the spectral efficiency.
C. ML Approach for Active Index Detection
At the receiver in OFDM-IM-TD, the estimation of I is to
be carried out in the first step. Once I is estimated, the data
symbols corresponding to I in each cluster are to be detected
in the second step. In this subsection, we focus on the first
step for active index detection or the estimation of I .
Let rk;g , nk;g , and Hk;g denote the gth subvectors of
yk and nk , and the submatrix of Hk in (5) corresponding
to sk;g , respectively. Here, for convenience, we also omit the
subblock index k. In OFDM-IM-TD, since Ig = I for all g, I
has to be detected from all rg ’s. Thus, the ML detection for I
can be formulated as
G−1


max

I,[sg ]I ∈S Q

g=0

G−1


= min
I

f (rg |I , sg )

g=0


2

min ||[rg − Hg sg ]I || + ||[rg ]I c ||

2

[sg ]I ∈S Q

,



||[rg −Hg sg ]I ||2 +||[rg ]I c ||2

1
− 1
e N0
.
(π N0 ) L
A low-complexity implementation for the ML detection can
be obtained by the following approach.
For each subcarrier within a cluster, consider the following
two hypotheses:
f (rg | I , sg ) =

H0 : r g,m = n g,m , ∀g;
H1 : r g,m = Hg,m sg,m + n g,m , sg,m ∈ S, ∀g,

g=0

For each m, we can accept H0 if ηm < 0. Otherwise, we
accept H1 . This approach has a complexity order proportional
to N, while it is not optimal as the constraint of |I | = Q is
not imposed. However, we can show that the ML detection
of I in (8) can be carried out with ηm as follows.
Theorem 1: The solution to the ML problem in (8) is given
by
Î = {m(1), . . . , m(Q)},

where r g,m , Hg,m , and n g,m are the gth elements of rg , Hg ,
and ng , respectively. Clearly, H0 and H1 are the hypotheses of
the absence and presence of signal for each m, respectively.

(14)

where ηm(1) ≥ . . . ≥ ηm(N) . That is, m(q) denotes the qth
largest LLR.
Proof: From (8), the ML detection of I is to maximize
G−1
G−1
g=0 maxsg ∈S Q f (rg | I , sg ). Since
g=0 f (rg | I = ∅) is
constant with respect to I , the ML solution to decide I is
to maximize the following ratio:
G−1
g=0 maxsg ∈S Q f (rg | I , sg )
G−1
g=0 f (rg | I = ∅)

=

m∈I
m∈I

f 1 (vm )
,
f 0 (vm )

(15)

because
G−1

g=0

max f (rg | I , sg ) =



sg ∈S Q

m∈I

G−1




f (rg | I = ∅) =

m∈I

g=0

(9)

(12)

where g,m = minsg,m ∈S |r g,m − Hg,m sg,m |2 . For the generalized likelihood ratio test (GLRT), let the log-likelihood
ratio (LLR) of the mth subcarrier in each cluster be
⎛
⎞
G−1

1 ⎝
f 1 (vm )
=
||vm ||2 −
g,m ⎠ . (13)
ηm = log
f 0 (vm )
N0

(8)
where

2

1 − |rg,m−HNg,m sg,m |
0
max
e
f1 (vm ) =
sg,m ∈S π N0
g=0
G−1 g,m
1
− g=0
N0 ,
=
e
(π N0 )G

f 1 (vm )



f0 (vm )

m∈I c

f 0 (vm )



f 0 (vm ).

m∈I c

Thus, taking the logarithm, the ML detection can be
re-formulated as

Î = argmax
ηm .
(16)
I

m∈I
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Since |I | = Q, the ML solution can be found by the Q largest
ηm ’s as in (14).
The complexity to perform the ML approach for active
index detection is dependent on that to find ηm in (13). For
each m, since the complexity order to decide g,m is O(M),
the complexity order to find ηm is O(G M). Thus, for each
subblock, to find all the ηm ’s, the complexity order becomes
O(N G M) = O(L M). This demonstrates that the complexity
to perform the ML approach for active index detection is
linearly proportional to the number of subcarriers or the size
of OFDM symbol.
D. Soft Decision for Data Symbols
The ML detection in (8) can also provide the ML decision
of the data symbols of active subcarriers, which are hard
decisions. However, it is desirable to have soft decisions such
as LLRs of data symbols for the input to a channel decoder.
According to the structure of the transmitter in Fig. 1, we can
consider soft decisions of data symbols or their bits for given
estimated I or detected IM bits. That is, once I is detected,
we assume that this provides the correct support of sg and
find LLR values of the bits of the data symbols of active
subcarriers. Let
ug = [u g,0 . . . u g,Q−1]T
= [sg ]I ∈ S Q .
Then, each u g,q consists of log2 M coded bits. Let Sb,i denote
the sub-constellation of S corresponding to bit b among
log2 M bits when bit b is i ∈ {0, 1}. Clearly, we have
∪b (Sb,0 ∪ Sb,1 ) = S.
Let r g,(q) and Hg,(q) denote the received signal among the
elements of rg and the diagonal elements of Hg corresponding
to the qth active subcarrier, respectively. Then, for given u g,q ,
since
r g,(q) ∼ CN (Hg,(q)u g,q , N0 ),

(17)

E

Fig. 3. IER and BER in terms of Nb when N = 4, Q = 2, and M = 4:
0
(a) G = 1; (b) G = 2.

the LLR of bit b of u g,q is given by
LLR g,q,b = log


f (r g,(q) |u g,q b = 0)
f (r g,(q) |u
! g,q b = 1)
|r

−H

2"

s|

exp − g,(q) N0g,(q)
",
!
= 
|rg,(q) −Hg,(q) s|2
s∈Sb,1 exp −
N0
s∈Sb,0

(18)

where ub denotes the bth bit of data symbol u. The LLR values become the input to a channel decoder. As in [22] and [24],
the diversity gain depends on the channel code and is usually
proportional to the minimum distance of the channel code.
As mentioned earlier, the resulting receiver has two steps.
In the first step, the detection of I is carried out. Once I
is estimated, the LLR values of coded bits are obtained for
decoding.
Without channel coding, although a low IER can be
achieved by the proposed transmit diversity scheme in
OFDM-IM, the overall performance can be poor as data
symbols can experience independent fading. Thus, to obtain
the diversity gain for data symbols, [sg ]I , as mentioned earlier,
we consider coded OFDM-IM in this paper as illustrated

in Fig. 1. In particular, we consider bit-interleaved coded
modulation (BICM) [27], where the soft decision using the
LLR in (18) becomes the input to a channel decoder. Note that
in this case, in Fig. 1, we need to include the bit interleaver
after the channel encoder.
V. S IMULATION R ESULTS
In this section, for simulations, we assume 4-quadrature
amplitude modulation (QAM) or quadrature phase-shift keying (QPSK) with Gray mapping. Thus, we have M = 4 in
all simulation results. For a fair comparison, we will consider
the same NE0b , where E b denotes the (uncoded) bit energy, for
CI-OFDM-IM [23] and OFDM-IM-TD. In particular, E b is
given by
Q Es
,
Eb =
Number of bits per subblock
where E s is the symbol energy, which is given by
1  2
|s| .
E s = E[|s|2 ] =
M s∈S
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Eb
Fig. 4. IER and BER in terms of G when N = 4, N
= 4 dB, Q = 2, and
0
M = 4.

To generate the channel coefficients, we assume that the
Hg,m ’s are independent and
Hg,m ∼ CN (0, σ H2 ),
where σ H2 = 1 for normalization. This assumption is also
considered in [10], [12], [13], and [23].
A. Performance Comparisons With CI-OFDM-IM
In this subsection, we present simulation results of
CI-OFDM-IM and the proposed scheme, i.e., OFDM-IM-TD,
to compare their performances in terms of IER for index
detection and bit error rate (BER) for data symbol detection.
Fig. 3 shows the IER (of index bits) and BER (of data
symbols) of CI-OFDM-IM (in the legend, it is represented
by “CI”) and the proposed scheme (i.e., OFDM-IM-TD) for
various values of SNR, NE0b , when the number of subcarriers per
cluster, N, is 4, the number of active subcarriers per cluster, Q,
is 2, and the size of signal constellation, M, is 4. Note that
the BER results in this subsection are based on the conditional
BER3 provided that the active indices are correctly detected).
For CI-OFDM-IM, the rotation angle is set to 15◦ . With
(N, Q) = (4, 2), the numbers of bits per subblock of OFDMIM-TD and CI-OFDM-IM are 2(1+2G) and 6G, respectively.
Thus, when G = 1, the spectral efficiency of OFDM-IM-TD
is the same as that of CI-OFDM-IM. The simulation results
with G = 1 are shown in Fig. 3 (a). We can see that OFDMIM-TD performs better than CI-OFDM-IM in terms of IER,
while CI-OFDM-IM has a lower BER than OFDM-IM-TD at
a high SNR due to a higher diversity gain. It is interesting
to observe that the diversity gain of OFDM-IM-TD for index
detection seems higher than G = 1.
In Fig. 3 (b), the simulation results with G = 2 are presented
with N = 4, Q = 2, and M = 4 to show the IER and BER
of OFDM-IM-TD. From the IER curve, we can confirm that a
large diversity gain for index detection is achieved, which leads
3 As a result, the average BER, denoted by ABER, becomes ABER =
BER(1 − IER) + 12 IER (under the assumption that the BER becomes 21 if
an inactive index is chosen), which demonstrates the overall performance is
strongly dependent on IER and a lower IER is desirable.

Fig. 5. Performance of OFDM-IM-TD in terms of IER and coded BER
E
for different values of Nb = 6 when B = 2048, Q = 8, and M = 4:
0

(a) (K , G) = (16, 8); (b) (K , G) = (32, 4).

to a better IER performance than that of of CI-OFDM-IM.
In particular, OFDM-IM-TD can have more than 8 dB gain in
terms of NEb0 at an IER of 10−1 (and about 13 dB gain at an IER
of 10−2 ) compared to CI-OFDM-IM at the cost of the decrease
= 56 . On the
of spectral efficiency by a factor of 2(1+2G)
6G
other hand, from the BER curve, we see that the diversity
gain for symbol detection is the same as that with G = 1 in
Fig. 3 (a). From the simulation results in Fig. 3, we can claim
that OFDM-IM-TD is to improve the diversity gain for index
detection, while CI-OFDM-IM can provide a diversity gain
for data symbol detection.
Fig. 4 shows the IER and BER for various values of G when
N = 4, NEb0 = 4 dB, Q = 2, and M = 4. As G increases, the
diversity gain for index detection increases in OFDM-IM-TD
(which results in a lower IER) at the cost of the decrease of
spectral efficiency, while there is no performance improvement
in CI-OFDM-IM.
In Fig. 4, we can also confirm that the increase of G
improves the IER, but not the BER in OFDM-IM-TD. Thus,
we need channel coding for data symbols as mentioned earlier.
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Fig. 6. Performance of OFDM-IM-TD in terms of IER and coded BER
for different values of Q when B = 2048, K = 16, G = 8, M = 4, and
Eb
N = 6 dB.
0
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Fig. 7. Performance of OFDM-IM-TD in terms of IER and coded BER
for different values of G when B = 2048, K = 16, Q = 8, M = 4, and
Eb
N = 6 dB.
0

B. Simulation Results for Coded Signals
In this subsection, we present simulation results for coded
OFDM-IM-TD. We assume that a rate-half convolutional code
with a random bit interleaver is used for a BICM transmitter.
The generator polynomial of the convolutional code is (5, 7)
in octal.
We show the simulation results in Fig. 5 to see the performance of OFDM-IM-TD in terms of IER and coded BER for
various values of NEb0 when B = 2048, Q = 8, and M = 4.
In Fig. 5 (a), we have G = 8, which results in a low IER.
Thus, we can see that the coded BER with index error (which
is the performance of coded OFDM-IM-TD) approaches the
coded BER without index error (which is equivalent to the
performance of BICM) even at a low NEb0 (say 6 dB). However,
as shown in Fig. 5 (b), when G = 4, the IER is high. Since
the coded BER with index error is subject to the performance
IER, at a low NEb0 (say 6 dB), there is a noticeable gap between
the coded BERs with and without index error. However, as NE0b
increases, this gap becomes narrower.
Fig. 6 shows the performance for different values of Q when
B = 2048, K = 16, G = 8, M = 4, and NEb0 = 6 dB. The
number of bits per subblock, N̄b in (6), increases with Q (when
the other parameters are fixed), while the coded BER increases
with Q. In addition, as expected, the coded BER is limited by
the IER. Note that the coded BER curves (with and without
index error) meet at Q = 16. Since L = B/K = 128 is
fixed, we have N = L/G = 16. Thus, when Q = 16, all the
subcarriers are active and IER becomes 0, which makes the
coded BER with and without index error the same at Q = 16.
Fig. 7 shows the performance for different values of G when
B = 2048, K = 16, Q = 8, M = 4, and NEb0 = 6 dB. Note that
when G = 16, we have N = 8, which is the same as Q. Thus,
in this case, the IER becomes 0. As the number of bits per
subblock, N̄b in (6), increases with G, the coded BER without
index error increases with G. However, since the coded BER
with index error depends on the IER, it has a ∪-shape in terms
of G (the dashed line with  marks). That is, when G is small,
the IER is high. Thus, the coded BER with index error is high.

Fig. 8. Performance of OFDM-IM-TD in terms of IER and coded BER
for different values of K when B = 2048, G = 8, Q = 8, M = 4, and
Eb
N = 6 dB.
0

However, as G increases, the coded BER with index error can
decrease, and for a sufficiently low IER, the coded BER with
index error approaches that without index error. As a result,
the coded BER with index error has a ∪-shape in terms of G.
We present the simulation results in Fig. 8 to see the impact
of K on the performance when B = 2048, G = 8, Q = 8,
M = 4, and NEb0 = 6 dB. As shown in (7), the number of bits
per blocks increases with K , while the coded BER is almost
invariant with respect to K . Thus, it is desirable to have a
large K when B, G, Q, and M are fixed.
VI. C ONCLUDING R EMARKS
We have proposed a simple but effective transmit diversity
scheme for OFDM-IM in this paper and derived the ML
approach for active index detection. The proposed scheme was
able to provide a high diversity gain for index detection under
a frequency-selective fading environment, which can improve
the detection performance of active subcarriers. As a result,
it was shown that the proposed scheme can have more than
8 dB gain in terms of NEb0 at an IER of 10−1 (and about 13 dB
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gain at an IER of 10−2 ) compared to an existing transmit
diversity scheme for OFDM-IM at the cost of the decrease
of spectral efficiency by a factor of 56 . Importantly, since the
proposed transmit diversity scheme can be easily employed in
conjunction with a conventional channel coding scheme for
data symbols, coded OFDM-IM together with the proposed
transmit diversity could be implemented in a straightforward
manner with a good performance under a frequency-selective
fading environment.
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