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Abstract—Orthogonal Frequency Division Multiplexing with
Index Modulation (OFDM-IM) is acquiring increasing attention
due to its advantages over classical OFDM. These advantages
include superior BER performance and transmit power saving
since only a subset of the subcarriers is activated to transmit
M -QAM symbols and the remaining subcarriers are turned
off. The vast majority of the literature studies the OFDM-IM
by assuming certain subcarrier activation ratios, r, together
with other system parameters without figuring out the possible
variation in system performance at other r values. In this paper,
the effect of r and M on the spectral efficiency (SE) and
BER of OFDM-IM is investigated. An inequality is developed
to maximize SE while power saving is maintained. Moreover, the
BER performance of an OFDM-IM system exploiting a maximum
subcarrier energy detector over multipath Rayleigh channel is
analyzed. An approximate average BER expression is derived
and the effect of r and M is discussed. Computer simulation has
showed the validity of the derived expressions.
Index Terms—Orthogonal frequency division multiplexing,
subcarrier index modulation, maximum energy detector, spectral
efficiency, bit error rate.

I. I NTRODUCTION
RTHOGONAL Frequency Division Multiplexing with
Index Modulation (OFDM-IM) is a modification of the
ordinary OFDM. It is the result of applying the concept of
spatial modulation to the subcarriers of the OFDM block. The
idea is to activate a subset of the subcarriers to carry M ary constellation symbols while the rest are turned off. The
subcarrier activation patterns (SAPs) are determined according
to the data, therefore they are also used to convey information.
This in general saves transmitted power and enables better
BER performance with respect to classical OFDM [1], [2].
The idea of activating a subset of all available subcarriers
was introduced in [3] for the sake of peak-to-average power
ratio reduction. Next, the Subcarrier Index Modulation OFDM
is presented in [4]. It proposed that data is split into two
streams. One data stream is segmented and used to activate the
subcarriers through a one-to-one relation between the majority
bit value (1 or 0) with the corresponding subcarriers. The
second data stream is used to modulate the active subcarriers.
The system is reported to be able to achieve BER improvement
over equivalent classical OFDM [4]. The disadvantages of
this system are the need to send side information and error
propagation. Next in [5], the system is modified to what is
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known then in the literature as OFDM-IM [1]. Since then,
many works have been made to explore different OFDMIM issues including BER performance, spectral efficiency
(SE) improvement, detection scheme, application in MIMO
systems, etc. That is, in [6] a tight approximate BER expression is derived. Different ways of subblock interleaving
are used to improve: the Euclidean distance between received
symbols [7], the achievable rate [8], [9], the SE and energy
efficiency (EE) [10] and BER performance as in [11]. The
use of a variable number of active subcarriers per subblock
is proposed in [12] to improve the SE. It applied OFDM-IM
to the in-phase and quadrature components independently. It
has a BER performance loss with respect to classical OFDMIM. The detector complexity is analyzed and low complexity
alternatives are proposed in [13]-[16]. The performance of
MIMO systems exploiting OFDM-IM is addressed in [17] and
[18]. However, a common issue in most of the literature of
OFDM-IM is that usually specific subblock size, n, number
of active subcarriers, k, and M values are used. The effect of
other values on the behavior of the system is not mentioned.
Exceptionally, [2] and [10] involved analysis to determine k
to optimize SE and EE. In [2], a scheme for maximizing EE
by optimal subcarrier grouping and optimal selection of k is
proposed. In [10], a subcarrier modulation selection scheme
is proposed to improve EE without deteriorating SE. The SE
is described as an optimal value problem and solved to find k
that maximizes SE.
In this paper, the joint effect of the subcarrier activation
ratio, r (= k/n), the absolute value of n, and the symbol
modulation order, M , on the energy saving (ES), SE and BER
performance of OFDM-IM system using a maximum energy
(ME) detector working over Rayleigh channel, is investigated.
The aim is to develop a simple expression that can be used
to expect the effect of given parameter values (r, n and
M ) on system performance, and/or to find parameter values
(system operating point) that can achieve a required system
performance.
II. OFDM-IM S YSTEM M ODEL
Basically, in OFDM-IM, the N -subcarrier OFDM block is
divided into g independent subblocks, each consisting of n
subcarriers. At each subblock, k out of these n subcarriers
are activated to be modulated by M -ary data symbols. Then,
the subcarrier activation ratio r ∈ (0, 1]. The number of all
possible SAPs is Ckn (= n!/(n − k)!k!). The selection of
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a specific SAP is made by mapping p1 (= blog2 Ckn c) bits
of data according to a predefined look-up table, where b.c is
the greatest lower integer function. Then, the actual number
of used SAPs is 2p1 which is equal to the greatest lower
integer power of 2 of Ckn since Ckn > 2p1 , ∀ n and k > 1.
Moreover, p2 (= klog2 M ) bits are modulated onto the k
active subcarriers of a subblock. Then, p (= p1 + p2 ) bits are
loaded to a subblock, and a total of m = gp bits are conveyed
by transmitting one OFDM block. Afterwards, the resulting
OFDM-IM frequency domain block, x = [x0 , x1 , ..., xN −1 ]T
undergoes the operations of cyclic prefix (CP) addition and
IFFT as in ordinary OFDM transmitter. The time domain block
is transmitted over a slowly time-varying multipath Rayleigh
fading channel. The fading channel coefficients are assumed
to be quasi-static. That is, they are fixed during the period of
one block. At the receiver, CP is removed and an N -point FFT
is applied to recover a replica of x. The equivalent frequency
domain output of the channel can be expressed as

This characterizes the SE-ES trade-off, since by using higher
r and M values, more energy is spent for higher SE. The
first term of (2) depends directly on blog2 Ckn c which in turn
depends on the number of used SAPs, and reversely on the
absolute value of n. The greatest value of Ckn is when r =
0.5 and it decreases symmetrically as r goes to its extreme
values. For all r, blog2 Ckn c/n increases with n since the rate
of growth of blog2 Ckn c with n is faster than the denominator,
n. Therefore, for given r and M , SEIM increases with n.
Mathematically, for SEIM to be greater or equal to SEOF DM ,
then the following inequality should apply
1
blog2 Ckn c ≥ log2 M − r log2 M
(3)
n
The term blog2 Ckn c can be rewritten as log2 |bCkn c|, where
|b.c| is used to represent the approximation to the greatest
lower integer power of 2. Then, (3) becomes

y = Hx + w

The following cases can be observed
• When r = 1 (k = n), then for all n and M , both sides of
(4) are 1, and OFDM-IM is identical to OFDM. Referring
to (2), SEIM = SEOF DM = log2 M .
• When r is minimum, which occurs at minimum k for
a given n. The smallest physical k is unity. Then, for
all n and M , the rhs of (4), M n−1 , is greater than
the lhs, |bnc|, which violates (4). This makes SEIM <
SEOF DM with an exception at n = 2 and M = 2
where SEIM = SEOF DM . For a given M (M > 2)
and r = 1/n, in the limit, SEIM vanishes as n goes to
infinity, since limn−→∞ (blog2 nc + log2 M )/n = 0.
• When r = 0.5 (k = n/2), then (4) is reduced to
n
|bCn/2
c| ≥ M n/2 . It can be shown that M n/2 is
n
greater than |bCn/2
c| for all n and M > 2, and hence
SEIM < SEOF DM , with SEIM asymptotically approaches SEOF DM at large n. Except for M = 2, (4) is
valid for all n and SEIM ≥ SEOF DM .
• When r is maximum, which occurs at maximum k for
a given n. The largest physical k is n − 1. In this case,
(4) becomes |bnc| ≥ M . Then for all M and n ≥ M ,
we have SEIM ≥ SEOF DM . In this case, r approaches
unity at large n, and hence SEIM approaches SEOF DM
since limn−→∞ (blog2 nc/n + rlog2 M ) = log2 M .
In Fig. 1, SEIM and SEOF DM are plotted with n for M =
4 and M = 16 and r = 1/n, 0.5, and (n − 1)/n. The plots
emphasize the above discussion. Generally, any other (r, n, M )
combination other than the discussed values, that make (4)
valid can maximize SEIM to the level of SEOF DM or even
greater. The very interesting and most important issue to note
is that SEIM can exceed SEOF DM at certain r, n, and M
values with the energy saving advantage is not lost.

(1)

where y = [y0 , y1 , ..., yN −1 ]T , H = diag(h0 , h1 , ..., hN −1 ),
hi is the channel fading coefficient with hi ∼ CN (0, 1) and
w = [w0 , w1 , ..., wN −1 ]T is an independent additive white
Gaussian noise (AWGN) such that wi ∼ CN (0, N0 ).
III. E FFECT OF r

ON

ES AND SE

A. Energy Saving
Perhaps the main motivation behind the concept of index
modulation is the attempt to optimize power consumption
[5]. For a given M -QAM symbol constellation, let Es be
the average symbol energy. Then, the total energy of an
N -subcarrier block in classical OFDM and OFDM-IM are
EOF DM = N Es and EIM = gkEs = rN Es , respectively.
Therefore, for the same N and M , OFDM-IM achieves a
saving factor of (1 − r) in transmit signal power with respect
to OFDM. The amount of saved energy linearly depends on
r and it is independent on the absolute value of n. At the
extreme case when r is unity, OFDM-IM turns back to OFDM
and EIM is maximum (= EOF DM ). Whereas as r gets away
from unity, EIM decreases. That is, more energy is saved in
OFDM-IM at lower M and/or r values and vice versa.
B. Spectral Efficiency
The number of transmitted bits per subcarrier is the SE
measured in b/s/Hz. It is log2 M for OFDM and p/n for
OFDM-IM, denoted by SEOF DM and SEIM , respectively.
The former depends on the modulation order and it does not
depend on N as long as CP is not considered. When CP is
used, both SEOF DM and SEIM are scaled by a reduction
factor of N/(N + L), where L is the length of CP. For
simplicity and without loss of generality, CP is ignored in
this analysis. However, SEIM can be written as
1
(2)
SEIM = blog2 Ckn c + r log2 M
n
Proper selection of k, n, and M can maximize SEIM . That
is, the second term of (2) directly proportional with r and M .

|bCkn c| ≥ M n−k

(4)

IV. BER D ERIVATION
In this section, an approximate analytic expression is derived
for the BER of OFDM-IM system over multipath Rayleigh
fading channel. The ME detector is used due to its simplicity
with respect to the maximum likelihood and logarithmic
likelihood ratio detectors [14], [15].
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where 1 ≤ i ≤ 2p1 , 1 ≤ j, j 6= i ≤ Ckn , λ is a
dummy subcarrier index and ⊕ is the exclusive NOR operator.
Therefore, the probability of detecting an incorrect SAP with
di,j subcarrier activity detection errors is
d

OFDM
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i,j
PICi,j = PBASK

(7)

Then, the average probability of detecting incorrect (used or
unused) SAPs is given as
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Fig. 1. Effect of r and n on SE for (a) M = 4 and (b) M = 16

For a received subblock, the receiver first detects the associated SAP and maps it to p1 bits. Then, QAM demodulation
is applied to the active subcarriers independently to determine
p2 . SAP detection is performed by considering the k highest
energy subcarriers as active. This leads to better carrier state
detection performance as compared to simple thresholding
[5]. Most importantly, this SAP detection scheme discards
(2n − Ckn ) invalid SAPs from being detected and ensures that
a received SAP always belongs to the space of Ckn patterns of
k active subcarriers.
However, a detected SAP could be identical to the transmitted SAP, correct, or incorrect being one of the remaining
Ckn − 1 SAPs. In the case of incorrect SAP detection, whether
the detected SAP is used or unused by the system, the QAM
demodulation stage will fail to estimate the transmitted p2
bits correctly. This is because of the demodulation of some
unmodulated subcarriers. Therefore, p1 and p2 are incorrect
when a SAP is wrongly detected. On the other hand, if
the detected SAP is correct, then, p1 is correct but there
is still a possibility of error in p2 . That is, if the QAM
demodulation of one or more of the received active subcarriers
was erroneous, then p2 is affected. Otherwise, an error-free
QAM demodulation for the active subcarriers of a correctly
detected SAP results in receiving p1 and p2 correctly.
The probabilities of these different SAP detection cases are
evaluated as follows. The estimation process of the activity of a
single subcarrier is similar to coherent binary ASK detection
whose probability of error over Rayleigh fading channel is
given in [19] as


r
γb
PBASK = 0.5 1 −
(5)
1 + γb
Eb
is the average SNR per bit, and α and Eb
where γb = α2 N
o
are the average fading amplitude and the average bit energy,
respectively. To have d errors in a received SAP, this means
that there are d simultaneous errors in detecting the activity of

For equiprobable data bits, such a received SAP causes an
average error of about 0.5p1 in the demapped p1 bits [15]. In
addition, at high SNR, the process of demodulating M -QAM
Gray encoded symbols from the detected SAP results mostly
in 1 bit error per symbol as described in [5] and [15]. Having
k such symbols, then k bits out of p are exposed to this error
possibility. The BER contribution of an incorrect received SAP
is


0.5p1 + k
(9)
BIC = PIC
p
Next, the second BER possibility occurs due to demodulation errors of the active subcarriers within a correctly received
SAP. The approximate average bit error probability, Pb , of M QAM demodulation over Rayleigh fading channel is given in
[4] as
Pb =

2
log2 M

×

1
log2 M

!
!2
√
1.5γs
M −1
−
√
M − 1 + 1.5γs
M
s
!#
1.5γs
4
M − 1 + 1.5γs
−1
tan
M − 1 + 1.5γs
π
1.5γs

!
√
M −1
√
M
s
"
1−

s

1−

(10)

where γs (= γb log2 M ) is the average SNR per symbol.
However, Pb occurs at each one of the k active subcarriers
independently. This error affects p2 bits out of p bits conveyed
by the received subblock. Then, the BER when a SAP is
correctly detected is
BC = (1 − PIC )Pb

kp2
p

(11)

The total approximate average BER of OFDM-IM over
Rayleigh fading channel is the sum of (9) and (11), given
as
BOF DM −IM = BIC + BC
(12)
The first term of (12) is mainly affected by the subcarrier
activation ratio, r. Referring to (8), it can be shown that the
larger is the set of SAPs (r → 0.5), the smaller is PIC
and hence BIC . Whereas, BIC increases as r goes to 0
or 1. PIC also depends on PBASK which decays as SNR
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Fig. 2. Analytic and simulated BER of OFDM-IM for n = 4 and (a) M = 4
and (b) M = 16
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to (4). An interesting result from the developed condition
in (4) is that for certain (r, n, M ) combinations SEIM can
be improved to be equal or even greater than SEOF DM by
scarifying more energy but with the energy saving advantage
still not lost. Then, an approximate BER expression is derived
for OFDM-IM exploiting ME detection working over Rayleigh
fading channel. It is shown that the BER performance degrades
as r approaches unity (OFDM system) and vice versa. This
emphasizes the BER advantage of OFDM-IM over OFDM.
Finally, the derived expressions and numerical results in this
work present a clear view of the joint effect of r, n, and M on
ES, SE and BER to help researchers and OFDM-IM system
designers to expect these effects and then select suitable values
to better meet system design requirements and constraints.
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Fig. 3. Analytic and simulated BER of OFDM-IM for n = 8 and (a) M = 4
and (b) M = 16

increases. Therefore, for all r, BIC tends to vanish at high
SNR. The dominant part of (12) is the second term, BC .
It directly proportional with Pb and the number of active
subcarriers exposed to Pb . For given n and M , BC may
be minimized by decreasing the density of active subcarriers
within the subblock. Also, for a given r, large n values are
to be avoided because they produce large sets of SAPs which
increases (1 − PIC ) and consequently increases BC . Finally, it
can be stated that for better overall average BER performance,
then smaller k, n, and M values are preferred to be used in
OFDM-IM with ME detection.
V. S IMULATION R ESULTS
An OFDM-IM system with ME detector is simulated using
Matlab in order to check the validity of the derived BER
expression. The OFDM-IM block consists of 128 subcarriers
grouped into subblocks of n subcarriers. The simulated system
is tested for n = 4 and n = 8, r = 1/n, 0.5, (n − 1)/n,
and M = 4 and M = 16, over a Rayleigh fading channel.
Figs. 2 and 3 show the tight agreement between the derived
and simulated BER performance at different system parameter
values. The plots emphasize the statement that a better BER
performance is obtained at lower r, n, and M values.
VI. C ONCLUSION
In this paper, the effect of subcarrier activation ratio, r,
subblock size, n and QAM symbol modulation order, M ,
on energy saving, spectral efficiency and BER performance
of an OFDM-IM system is studied. It is shown that greater
ES is achieved at lower r and M values, while generally
the reverse is correct for SEIM with exceptions according
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