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Abstract—Multi-carrier index keying (MCIK) is a recently
developed transmission technique that exploits the sub-carrier
indices as an additional degree of freedom for data transmission.
This paper investigates the performance of a low complexity detection scheme with diversity reception for MCIK with
orthogonal frequency division multiplexing (OFDM). For the
performance evaluation, an exact and an approximate closed
form expression for the pairwise error probability (PEP) of a
greedy detector (GD) with maximal ratio combining (MRC) is
derived. The presented results show that the performance of the
GD is significantly improved when MRC diversity is employed.
The proposed hybrid scheme is found to outperform maximum
likelihood (ML) detection with a substantial reduction on the
associated computational complexity.
Index Terms—Maximal ratio combining (MRC), multi-carrier
index keying (MCIK), orthogonal frequency division multiplexing
(OFDM).

I. I NTRODUCTION
Multi-carrier transmission techniques have become the key
technology for high data-rate, wideband wireless communications. Orthogonal frequency division multiplexing (OFDM)
has been adopted by the majority of wireless communication
standards such as IEEE 802.11, IEEE 802.16, and 3GPP’s
LTE-Advanced, due to its capability of combating intersymbol interference caused by frequency selective fading
channels. A new variant of OFDM, known as multi-carrier
index keying OFDM (MCIK-OFDM), has been recently proposed as a means of extending the conventional two dimensional M -ary signal constellations to a third dimension, which
is the sub-carrier index [1], [2]. Similar to the spatial modulation (SM) concept [3], in every MCIK-OFDM transmission
only a subset of sub-carriers is activated, according to the
incoming data, to convey constellation symbols.
The use of the sub-carrier indices as an additional degree
of freedom enables the transmission of extra information bits
without any additional bandwidth and power requirements.
As a result, MCIK-OFDM constitutes a promising modulation
technique for providing high data-rate services especially for
low-cost, energy constrained wireless systems such as deviceto-device (D2D) communications. MCIK-OFDM has attracted
significant attention as it can provide a balanced trade-off
between error performance and spectral efficiency [4]. To
this end, different MCIK-OFDM transceiver architectures have
been proposed and analyzed over different conditions includ-

ing frequency selective fading, high mobility, and time varying
channels [5].
Accurate detection of the sub-carrier state is a key aspect of
MCIK-OFDM systems. Maximum-likelihood (ML) detection
is considered as the optimal detection method and has been extensively used in MCIK-OFDM [6]. However, for the successful development of low-cost, energy efficient MCIK-OFDM
D2D wireless systems, low complexity detection schemes are
required. In this context, a low-complexity greedy detection
method has been proposed in [7]. Unlike the ML detector,
which performs an exhaustive search of all possible sub-carrier
index combinations and their corresponding constellation symbols, the greedy detector (GD) first detects the active subcarriers, and then estimates their corresponding symbols.
The GD has been found to substantially reduce the computational complexity compared to ML detection. However,
the use of the maximum received power as a test statistic to
determine the active indices results to a diversity order, d = 1.
As a result, the GD fails to retain the same diversity order, i.e.,
d = 2 as the ML detector, which in turn leads to inferior
detection performance. In this work, we propose diversity
reception as a means of improving the performance of the GD
by increasing its diversity order. The key advantage of the
proposed detection scheme is the performance improvement
over conventional greedy detection without any additional
computational cost. This approach results to a low complexity
receiver architecture with comparable detection performance
over ML, which is expected to facilitate the use of MCIKOFDM by low-cost wireless D2D systems. The performance
analysis of the proposed scheme is based on a novel closedform expression for the average pairwise error probability
(PEP) of greedy detection with maximal ratio combining
(MRC). A closed-form expression that approximates the average PEP of greedy detection with MRC diversity reception
(GD-MRC) is also derived. The approximate expression is
found to provide acceptable accuracy levels with up to 3
dB difference. Furthermore, the symbol error rate (SER)
performance of MCIK-OFDM with GD-MRC is investigated.
Our simulation results show that for some cases MCIK-OFDM
with GD-MRC can outperform conventional OFDM.
The rest of this paper is organized as follows. The fundamentals of MCIK-OFDM and the principle of the GD are
described in Section II. Section III presents the concept of
applying diversity reception in the GD. In Section III novel

closed form expressions for the exact and approximate overall
PEP for MCIK-OFDM with diversity reception are derived.
The performance of the proposed scheme is analyzed in
Section IV through analytical and simulation results. Finally,
Section V summarizes and concludes the presented work.

count. This process is repeated with an increment of j = j + 1
until j = K.
In the second step, ML is applied to the estimated active
sub-carriers to detect the corresponding data symbols. Hence,
ŝ(α̂) = arg min|y(α̂) − h(α̂)x(α̂)|2 .
x(α̂)∈S

(3)

II. S YSTEM M ODEL
A. MCIK-OFDM
Let us consider an MCIK-OFDM system with Nc subcarriers that consists of c clusters of N sub-carriers, i.e,
Nc = cN . In every transmission, only K out of N sub-carriers
per cluster are randomly activated to deliver data symbols,
while N − K sub-carriers are zero padded. For each cluster,
let I = {i1 , ..., iK }, where ik ∈ [1, ..., N ] for k = 1, ..., K
denote the indices of K active sub-carriers. The corresponding
block of symbols is denoted by s = [s(1) , ..., s(K) ], s(k) ∈ S.
Using both I and s, an MCIK-OFDM block is generated as
x = [x(1), ..., x(N )]T , x(α) ∈ {0, S} and α = 1, ..., N , where
the indices of N − K inactive sub-carriers are employed for
additional data transmission.
For such an MCIK-OFDM, the total
 number of active subN
carrier index combinations is K
, but for simplicity and
N
blog2 (K
)c combinations are
efficient mapping
of the data bits, 2

a
used, where b and b.c denote the binomial coefficient and the
floor function, respectively. Therefore,
in every MCIK-OFDM

N
transmission m1 = blog2 K
c bits are used to modulate the
sub-carrier indices and m2 = K log2 M bits are transmitted
via the corresponding M-ary signal constellation.
Let the MCIK-OFDM block transmitted over a frequency
selective Rayleigh fading. The channel fading coefficients
can be defined as H = diag(h(1), ..., h(N )), where h(α)
represents an independent and identically distributed (i.i.d.)
Gaussian complex random variable with zero mean and unit
variance, i.e., for h(α) ∈ I, h(α) ∼ CN (0, 1), whereas for
h(α) ∈
/ I, h(α) = 0.
The input-output model of MCIK-OFDM is described as,
y = xH + n,

(1)

where y = [y(1), ..., y(N )], x denotes an MCIK-OFDM signal
block, and n = [n(1), ..., n(N )] is additive white Gaussian
noise (AWGN), i.e., n(α) ∼ CN (0, N0 ). The signal-to-noise
ratio (SNR), is given by Es /N0 , where Es denotes the power
of each data symbol.
B. Greedy Detector
In MCIK-OFDM the receiver must follow a two-step detection process to first determine the indices of the active
sub-carriers and subsequently detect their corresponding data
symbols. In the first step, the GD measures the received power
on each sub-carrier and estimates K sub-carriers with the
greatest received power as active. Hence,
α̂ = arg max|yj (α)|2 ,
α

(2)

where yj (α) is the received signal from an MCIK-OFDM subcarrier with α = 1, ..., N , and j = 1, ..., K denotes an iteration

The performance of the GD is evaluated in terms of PEP,
which expresses the probability of miss-detecting an inactive
sub-carrier as active, i.e. P (α → α̃). Given that GD uses the
maximum received power as a test statistic, PEP is defined as
the probability that the maximum noise power of a sub-carrier
is greater than the power of an active one [7]. Formally,
P (α → α̃) = P (max{||n(α)||2 > ||h(α)x(α) + n(α)||2 ).
(4)
A closed-form expression for (4) has been derived in [7] as,



NX
−K 
1
−1
N − K −1q γα q+1
e
.
P (α → α̃) = 1 −
q+1
q
q=0
(5)
where γα denotes the instantaneous SNR of an active subcarrier.
A much simpler expression that approximates (5) is derived
in [8].
N − K − γα
(6)
e 2 .
P (α → α̃) '
2
For simplicity on the notations, the SNR of the active subcarrier, γα is denoted by γ hereafter.

C. Diversity Order
For MCIK-OFDM with ML, the receiver makes a joint decision on the active sub-carriers and the constellation symbols.
However, by considering only the active sub-carrier detection,
the PEP of ML can be formulated as,
P (α → α̃) = P (||h(α̃)x + n||2 > ||h(α)x + n||2 )
= P (h(α̃)x − h(α)x > 0)

(7)

= P (x(h(α̃) − h(α)) > 0)
where hα and hα̃ denote the channel amplitude of an active
and an inactive sub-carrier, respectively.
Similarly, the PEP of GD is formulated as,
P (α → α̃) = P (max||n||2 > ||h(α)x + n||2 )
= P (max||n|| − ||h(α)x + n|| > 0)

(8)

From (7) it can be seen that ML exploits the channel amplitude of both the active and inactive sub-carrier to determine
the index of the active sub-carriers. As a result, the use of
two sources of information results to a diversity order of 2.
On the other hand, with reference to (8), GD uses only the
channel amplitude of the active sub-carrier. Hence, the use of
one source of information from GD results to a diversity order
of 1.

III. G REEDY D ETECTOR WITH D IVERSITY R ECEPTION
Diversity combining is a well known technique for mitigating the fading effects in wireless communication channels
[10]. Based on the fact that independent signal paths have
a low probability of experiencing deep fades simultaneously,
receiver diversity combines the signal of multiple paths in a
way that the fading of the resultant signal is reduced.
By employing diversity reception in the GD, the detection
process can be described as,
α̂ = arg max|zj (α)|2 ,
α

(9)

where zj (α) = xhΣ +n with hΣ denoting the complex channel
amplitude of the combined signal of L individual signal paths.
The complex amplitude term, hΣ , results in an SNR γΣ
at the combiner output, where its distribution depends on
the number of diversity paths, the fading distribution on
each path, and the combining technique. Following the same
detection process as described in the previous subsection, the
instantaneous PEP for GD with diversity reception is given by,



NX
−K 
1
−1
N − K −1q γΣ q+1
e
.
P (α → α̃) = 1 −
q+1
q
q=0
(10)
Similarly, using (6), the approximate instantaneous PEP for
GD with diversity receptions is obtained by,
P (α → α̃) '

N − K − γΣ
e 2 .
2

(11)

A. MRC Diversity Reception
In MRC diversity combining L individual signals from each
diversity branch are first weighted by their signal voltage to
noise power ratios and then summed coherently. Assuming
perfect knowledge of the branch amplitudes and phases, MRC
is considered as the optimal diversity scheme and therefore
provides maximum performance improvement. For a Rayleigh
distributed fading envelope the distribution of the SNR output
at the combiner, γΣ , is chi-squared with 2L degrees of
freedom, E[γΣ ] = Lγ̄, variance 2Lγ̄ and a probability density
function (PDF) given as,
γ

γ L−1 e− γ̄
fγΣ (γ) = L
.
γ̄ (L − 1)!

The integral in (13) can be solved by using [9, eq. (3.3813)]. Hence,

NX
−K 
N − K −1q
P M RC (α → α̃) = 1 −
q
q+1
q=0
(14)
!L
q+1
×
.
q(γ̄ + 1) + 1
A detailed description of the derivation is shown in the
Appendix.
By using the law of total probability, the upper bound for
the overall average PEP for MCIK-OFDM with GD-MRC over
Rayleigh fading is given by,
N

K X M RC
P
(α → α̃)
N α=1
"

NX
−K 
N − K −1q
=K 1−
q+1
q
q=0

PM RC ≤

q+1
q(γ̄ + 1) + 1

!L #
.
(15)

C. Approximate PEP
Following the same approach as in the previous subsection,
the approximate PEP for MCIK-OFDM with GD-MRC over
Rayleigh fading is obtained by averaging (6) over (12) as,
γ
Z ∞
N − K − γ γ L−1 e− γ̄
M RC
2
P
(α → α̃) '
e
dγ. (16)
2
γ̄ L (L − 1)!
0
After solving the integral in (16) a closed-form expression for
the approximate PEP for MCIK-OFDM with MRC diversity
reception is given as,
!L
γ̄
+
2
N
−
K
(17)
.
P M RC (α → α̃) '
2γ̄ L
2γ̄
Hence, the upper bound for the overall approximate PEP for
MCIK-OFDM with MRC diversity reception over Rayleigh
fading is given by,
"
!L #
N − K γ̄ + 2
(18)
PM RC ≤ K
.
2γ̄ L
2γ̄
IV. N UMERICAL R ESULTS AND D ISCUSSION

(12)

where γ̄ is the average SNR.
B. Exact PEP
The average PEP for GD-MRC over Rayleigh fading can
be obtained by averaging (5) over (12). Formally,

Z ∞"
NX
−K 
N − K −1q
M RC
1−
P
(α → α̃) =
q
q+1
0
q=0

#
(13)
γ
1
γ q+1
−1
γ L−1 e− γ̄
×e
dγ.
γ̄ L (L − 1)!

We consider an MCIK-OFDM system with Nc = 128 subcarriers grouped into clusters of size N with a QPSK constellation (M = 4) unless otherwise stated. The performance of
the GD is evaluated over Rayleigh fading channels in terms of
average PEP and the effective SNR, i.e., Es /N0 on a cluster
basis. Note that since PEP increases with the number of active
sub-carrier index combinations it is maximized for K = N/2
whereas it is minimized for K = 1. Therefore, our analysis
considers both the worst and best case scenarios for N = 8,
K = 4 and N = 4 and K = 1, respectively.
Fig. 1 depicts the performance of three different detection
schemes: 1) ML; 2) GD; 3) GD-MRC, for MCIK-OFDM with
N = 4 and K = 1. It is clearly shown that ML outperforms
conventional GD owing to the diversity order of 2, especially
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Fig. 2. PEP performance of MCIK-OFDM with MRC diversity reception for
N = 4, K = 1 and varying L.
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at high SNR regions. Indicatively, the maximum difference is
observed for a PEP of 10−4 , where the power gain of ML over
the GD is 18 dB. On the other hand, when MRC is applied it
is observed that the SNR requirements of GD are significantly
reduced by up to 50%.
In terms of computational complexity, the number of metric
combinations
 forNGD
 scales to K × N × M whereas for ML
log2 (K )
scales to 2
M K . Hence, for the considered scenario,
i.e., N = 8 and K = 4 and M = 4, ML requires 16384 metric
combinations whereas GD requires 128. Therefore, GD with
diversity reception constitutes a promising solution for MCIKOFDM with large number of sub-carriers and higher order
modulation schemes, where ML becomes impractical.
Fig. 2 shows the PEP performance of the GD-MRC with
respect to the number of diversity branches, L, for an MCIKOFDM system with N = 4 and K = 1. It is shown that the
detection performance is significantly improved as the number
of diversity branches increases. For example, for a given PEP
of 10−4 a power gain of up to 10 dB is observed between
L = 2 and L = 4. Furthermore, the highest diversity gain of
approximately 20 dB is observed from the no diversity case
to the dual branch case.
Fig. 3 depicts the PEP performance of the GD-MRC combining and N = 8 and K = 4. It is shown that as the number
of diversity branches increases, the difference between the
required SNR for the best, i.e., N = 4 K = 1 and worst
case, i.e., N = 8, K = 4 reduces. For example, for a PEP
of 10−2 an 8 dB difference is observed between the best and
worst case without diversity, which reduces to 2 dB when
MRC with 4 branches is employed.
In Fig. 4 a comparison between the exact and approximate
PEP expression for GD-MRC is depicted for MCIK-OFDM
with N = 8 and K = 4 over Rayleigh fading. A maximum
difference of 3 dB between the results of (15) and (18) is
observed, which reveals the tightness of the approximation.
Furthermore, it can be seen that as the number of diversity
branches increases the approximation becomes tighter with
less than 1 dB difference between the exact an approximate
results.
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Fig. 3. PEP performance of MCIK-OFDM with MRC diversity reception for
N = 8, K = 4 and varying L.
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Fig. 1. PEP performance comparison between ML, GD and GD-MRC for
MCIK-OFDM with N = 8 and K = 4.

−4

10

0

5

10

15

20

25
30
Es/No (dB)

35

40

45

50

Fig. 4. Exact versus approximate PEP for MCIK-OFDM with MRC diversity
reception for N = 8, K = 4 and varying L.

0

10

OFDM, 2 bits/Hz
MCIK−OFDM CPA 2 bits/Hz
MCIK−OFDM UPA, 2 bits/Hz
No diversity

−1

10

SER

Fig. 5 illustrates the SER performance of MCIK-OFDM
with GD and GD-MRC over frequency selective Rayleigh
fading. For a fair comparison the paramters of both systems
are set to achieve the same spectral efficiency, i.e., 2 bits/Hz.
The SER performance of conventional OFDM is compared
with this of MCIK-OFDM for two different power allocation
strategies: 1) constant power allocation (CPA) 2) uniform
power allocation (UPA). In MCIK-OFDM with CPA the total
transmit power is set as KEs , whereas in UPA strategy the
total transmit power is adjusted based on the ratio of the total
to active sub-carrier, i.e., (N/K)Es . It is shown that the error
performance of MCIK-OFDM is improved with UPA over
CPA with a power gain of approximately 1 dB. It is also shown
that MCIK-OFDM with MRC significantly improves the error
performance by up to 4 dB. More importantly, it is shown
that MCIK-OFDM with a dual branch MRC can outperform
classical OFDM by up to 0.5 dB.
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Fig. 5. SER performance of MCIK-OFDM with N = 8, K = 6, M = 4
versus OFDM with N = 8, M = 4 with two branch MRC diversity reception.

V. C ONCLUSION
In this paper diversity reception has been proposed as a
means of improving the performance of a low complexity
detection scheme for MCIK-OFDM. A novel closed-form
expression for the average PEP of greedy detection with
MRC diversity reception is derived. This expression is used to
analyze the performance of MCIK-OFDM with diversity reception over Rayleigh fading channels. Furthermore, a closedform expression based on the approximate PEP has been
derived. The obtained expression reduces the computational
complexity by achieving accuracy levels of less than 1 dB. Our
results indicate that the greedy detection scheme can achieve
similar performance to the ML detector with no additional
computational complexity. Our future work will focus on
applying different diversity combining techniques to the GD,
and extending the analysis to account for SER.
A PPENDIX A
D ERIVATION OF (14)
Expression (13) can be rewritten as,
"Z
∞
γ
1
M RC
γ L−1 e− γ̄ dγ
P
(α → α̃) = L
γ̄ (L − 1)! 0
|
{z
}
I1

 #

Z ∞
NX
−K 
1
1
N − K −1q
L−1 −γ 1− q+1 + γ̄
−
γ
e
dγ .
q
q+1 0
q=0
|
{z
}
I2

(A.1)
It can beR seen that (13) includes 2 integrals of the same
∞
form, i.e., 0 xν−1 e−µx dx, which can be solved using [9,
eq. (3.381-3)]. Hence,

I2 =

I1 = γ̄ L Γ(L)
!L
γ̄(q + 1)
Γ(L)
q(γ̄ + 1) + 1

(A.2)
(A.3)

By substituting (A.2) and (A.3) into (A.1) and taking into
account that Γ(L) = (L − 1)!, (A.1) can be simplified to (14).
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