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Abstract—Recently, orthogonal frequency division multiplexing
(OFDM) with index modulation (OFDM-IM) as well as frequency
and quadrature amplitude modulation (FQAM) have been proven
to be promising techniques for the multicarrier transmission over
frequency selective fading channels by successfully mitigating the
induced interference due to multipath, while at the same time
boosting the overall spectral efﬁciency. In this paper, we present
a thorough study of OFDM-IM and FQAM schemes and conduct
a comparison between them and the classic OFDM system.
Different conﬁgurations are considered and evaluated in terms
of their spectral efﬁciency and error performance, capitalizing
on recent results from the literature.
Index Terms—Frequency and quadrature amplitude modulation (FQAM), orthogonal frequency division multiplexing with
index modulation (OFDM-IM), subcarrier selection.

I. I NTRODUCTION
Multicarrier systems have been extensively utilized in highspeed wireless communications thanks to their robustness
against multipath fading and interference [1]. Although new
multicarrier techniques, such as generalized frequency division
multiplexing and ﬁlter bank multicarrier modulation, have been
recently envisaged as ﬁfth generation (5G) candidate technologies, orthogonal frequency division multiplexing (OFDM)
is the dominant and well-established multicarrier modulation
technique that forms the basis of many existing wireless
standards, such as the IEEE 802.11 (Wi-Fi) and the Long Term
Evolution-Advanced (LTE-A) [2], [3].
A multicarrier transmission scheme, called OFDM with
index modulation (OFDM-IM), that combines OFDM with the
spatial modulation concept has been proposed in [4]. In more
detail, OFDM-IM transmits information utilizing not only the
constellation symbols but also the indices of the subcarriers
that carry data symbols. According to [5], OFDM-IM turns
frequency selectivity into a beneﬁt, thus enhancing the system
performance in time/doubly-dispersive fading channels. The
performance of OFDM-IM, along with some extra modulation
and grouping strategies, were further examined in [6]. Finally,
novel detectors and generalization schemes for OFDM-IM
were presented in [7], [8] and [9], respectively.
Frequency and quadrature amplitude modulation (FQAM)
is a modulation technique that combines quadrature amplitude
modulation (QAM) with frequency shift keying (FSK) [10],
thus providing a desired tradeoff between power and spectral
efﬁciency in mobile communication applications. FQAM was
ﬁrstly proposed in [11] and further examined in [12], [13],
while, in [14], it was employed in a downlink orthogonal
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frequency division multiple access (OFDMA) system to increase the channel capacity in environments dominated by
interference. At last, multitone FQAM, a variation of standard
FQAM, was recently proposed and evaluated in [15].
In this paper, we present and study the OFDM-IM and
FQAM schemes, and compare their performance with that
of the classic OFDM. Firstly, we give the system model and
block diagram of each multicarrier system, emphasizing on
their implementation details. We also investigate the spectral
efﬁciency achieved by each conﬁguration and we capitalize
on recent results from the literature concerning the evaluation
of their bit error performance. In the sequel, Pr{·} denotes
probability of an event and E{·} expectation. Bold lowercase
and uppercase letters stand for column vectors and matrices,
respectively. Additionally, (·)T and (·)H denote transposition
and Hermitian transposition, respectively. Finally, · is the
ﬂoor function, while det(·) gives the matrix determinant.
II. S YSTEM M ODEL
In this paper, we present multicarrier schemes that share
basic characteristics with the classic OFDM. In our analysis,
we assume that the available channel bandwidth W is divided
into N subcarriers of width Δf = W/N each and that Δf is
small enough, so that the channel frequency response across
each subchannel remains constant. We further assume that
the information symbols are transmitted over a frequencyselective Rayleigh fading channel. The channel is modeled
by circularly symmetric zero-mean complex Gaussian random
variables, i.e., hT (l) ∼ CN (0, v1 ), l = 1, . . . , v. In all cases,
the length of multipath channel v is considered to be smaller
than the cyclic preﬁx length L added to the constructed signal,
so that the channel remains constant over an OFDM block.
A. Classic OFDM
In the classic OFDM, the sequence of m bits transmitted
over an OFDM block is grouped into N sets of log2 M bits.
Then, each of these sets is mapped to an M -ary QAM symbol
x(j), j = 1, . . . , N , which is transmitted over one subcarrier.
Thus, the frequency domain OFDM block is formed as

T
(1)
xF = x(1) x(2) · · · x(N ) .
We derive the OFDM block in the time domain xT from
the N point IFFT of the frequency domain OFDM block xF
using a proper factor to normalize (to unity) the power of the
transmitted block. Finally, a CP of proper length L is added
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Fig. 1. Block diagram of the OFDM-IM transmitter.

Fig. 2. Block diagram of the FQAM transmitter.

to the OFDM block and after parallel-to-serial and digital-toanalog conversions, the signal is transmitted.
At the receiver side, after the analog-to-digital and the serialto-parallel conversions, the CP is removed and the FFT of the
received signal is derived as

be active by the transmitter. After calculating the LLRs for all
the indices, the receiver decides which are the active indices
and, then, the demodulation continues with the ML criterion
like in the classic OFDM scheme.

yF (i) = x(i)hF (i) + nF (i),

i = 1, . . . , N,

C. FQAM
(2)

where hF (i) ∼ CN (0, 1) are the channel fading coefﬁcients in
the frequency domain and nF (i) ∼ CN (0, N0 ) are the noise
samples. Finally, the received signal is detected utilizing the
maximum likelihood (ML) detector.
B. OFDM-IM
In the OFDM-IM scheme, information is transmitted both
by the MQ -ary symbols and the subcarriers’ indices that carry
symbols [5]. Thus, the subcarriers of the OFDM block should
be activated properly.
The block diagram of the OFDM-IM transmitter in Fig. 1
indicates that the bit sequence of length m that enters the
transmitter is ﬁrst split into g groups of p bits (m = pg)
and, then, each group is mapped to an OFDM sub-block of n
subcarriers, where n = N/g.
As has been already mentioned, in OFDM-IM, not all the
bits are mapped onto an MQ -ary signal constellation because
some of them are transimitted via the active subcarriers indices.
The selection of the k subcarriers that will be activated out of
the n subcarriers of the OFDM sub-block is based on the ﬁrst
p1 bits of the p bits. The mapping is conducted using the
combinatorial method [16], whereas other methods, such as a
look-up table, can also be employed. After denoting C(n, k)
as the binomial coefﬁcient, we have p1 = log2 C(n, k). The
rest p2 = k log2 M bits are mapped onto the MQ -ary signal
constellation in order to determine the symbols that will be
transmitted by the active subcarriers.
Regarding the detection, the simple ML detector of the
classic OFDM is not suitable, due to the utilization of the
index modulation. Instead, the receiver employs the following
log-likelihood ratio (LLR) detector, as described in [5]
M
Pr{x(i) = sx |yF (i)}
, i = 1, . . . , N, (3)
λ(i) = x=1
Pr{x(i) = 0|yF (i)}
where sx represents a symbol drawn from the MQ -ary signal
constellation. The larger the value of the ratio for the index
i, the more probable it is that this index has been selected to

FQAM combines MF -FSK modulation and MQ -QAM
modulation and is referred to as M -ary FQAM or (MF , MQ )FQAM, where M = MF MQ [10]. It should be noted that
FQAM has many similarities with OFDM-IM, as in both cases
the information is not only conveyed through the modulated
symbols but also via the indices of the active subcarriers.
Fig. 2 illustrates the block diagram of the FQAM transmitter.
It can be seen that the N subcarriers of the OFDM block
are divided into g sub-blocks of MF subcarriers each (g =
N/MF ). Again, a bit splitter splits the m bits into g groups.
The ﬁrst log2 MF bits of each group are used to select that
subcarrier out of the MF available that will carry the symbol
of the MQ -ary signal constellation to which the next log2 MQ
bits of the group are mapped. Thus, each sub-block transmits
log2 MF + log2 MQ bits. The following parts of transmitter
are the same as in the classic OFDM.
At the receiver side, the detection process is similar to that of
the OFDM-IM. The receiver employs the LLR detector given
by (3) in order to determine the active subcarrier out of the
MF in each sub-block and, afterwards, estimates the received
symbols using an ML detector.
III. P ERFORMANCE C OMPARISON
In this section, the performance of the two schemes described in Section II is analysed in terms of the average
bit error probability (BER). The spectral efﬁciency of the
considered schemes is given by m/(N + L) bits/s/Hz, where
m is the number of bits transmitted per OFDM block as
mentioned before. The signal-to-noise ratio (SNR) is deﬁned as
Eb /N0,T , where Eb = m/(N + L) is the average transmitted
energy per bit and N0,T is the noise variance in the time
domain. The relationship between the noise variance in the
time and frequency domains is N0,F = (K/N )N0,T , where
K is the number of active subcarriers per OFDM block.
A. Classic OFDM
For comparison purposes, we recall here that the average
BER of an OFDM system employing BPSK is given by [17,
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Fig. 3. Theoretical and simulation results for the BER of OFDM-IM.

eq. (6.156)]
Pb =

1
2




1−

Eb /N0,T
Eb /N0,T + 1


.

(4)

B. OFDM-IM
The average bit error probability of the OFDM-IM is
approximated as [5, eq. (32)]
1 
Pr{X → X}e(X, X),
(5)
Pb ≈
pnx
X


X

where X is an n × n all-zero matrix except from its main
diagonal elements denoted by x(1), . . . , x(n), nx is the number of the possible realizations of X, and e(X, X) is the
number of bit errors in the event that X is detected when
X is transmitted. Finally, Pr{X → X} is the unconditional
pairwise error probability that is calculated as [5, eq. (28)]
Pr{X → X} =

1/12
1/4
+
,
det(In + q1 Kn A) det(In + q2 Kn A)
(6)
H

where A = (X − X) (X − X), Kn = E{hF hF H }, and q1 =
1/(4N0,F ), q2 = 1/(3N0,F ).
C. FQAM
(MF ,MQ )-FQAM can be considered as a special case of the
OFDM-IM with n = MF and k = 1 employing an MQ -ary
QAM modulation. Therefore, its average bit error probability
can be computed from (5) such as in the case of OFDM-IM.
IV. N UMERICAL R ESULTS

AND

D ISCUSSION

In this section, the performance of both OFDM-IM and
FQAM schemes in terms of the bit error rate (BER) is
evaluated, considering different conﬁgurations and transmission over a frequency selective Rayleigh fading channel. A
comparison between these schemes is also conducted, followed
by discussion. Besides, we investigate the spectral efﬁciency
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Fig. 4. Theoretical and simulation results for the BER of (MF ,MQ )-FQAM.

that can be achieved by both schemes when tuning their
parameters. We note that the performance of the considered
systems is evaluated via Monte Carlo simulations. In all
cases, the following assumptions are made: i) perfect channel
estimation at the receiver, ii) N = 128 subcarriers per OFDM
block, iii) v = 10 channel taps, iv) CP length L = 16, and v)
BPSK modulation for all the OFDM-IM schemes.
First of all, in Fig. 3, the BER approximation using (5)
is compared with simulation results for OFDM-IM schemes
achieving spectral efﬁciencies equal to 0.8889 and 1.1111
bits/s/Hz. It can be observed that the approximations become
more accurate with increasing SNR values and for higher
spectral efﬁciencies. Same conclusions can be drawn for
the FQAM schemes illustrated in Fig. 4 with the additional
observation that this approximation acts as an upper bound on
the system’s performance for lower spectral efﬁciencies, while
at higher spectral efﬁciencies it behaves as a lower bound after
an SNR value. This reveals the need for a better approximation
for the error performance of these schemes.
The spectral efﬁciencies that can be achieved by OFDM-IM
are illustrated in Fig. 5, where the red dotted line represents the
spectral efﬁciency (0.8889 bits/s/Hz) achieved by the classic
OFDM scheme with the same parameters. Higher spectral
efﬁciencies can be achieved with increasing n, namely the
number of subcarriers that are grouped. More importantly, the
highest spectral efﬁciency occurs for n = 128, i.e., with no
grouping at all, which though is a computationally inefﬁcient
scheme. Additionally, the spectral efﬁciency curves are all
concave, starting from values lower than 0.8889 bits/s/Hz,
reaching an upper value, and then decreasing again to 0.8889
bits/s/Hz as expected. Thus, there exists a limit in the number k
of the subcarriers that should be considered active in a group
so as to obtain a gain in spectral efﬁciency. Obviously, we
can reach a speciﬁc spectral efﬁciency with many conﬁgurations, which renders the error performance evaluation of these
schemes an interesting task. From Fig. 6, which illustrates the
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Fig. 8. BER performance of (MF ,MQ )-FQAM.

spectral efﬁciency of (MF ,MQ )-FQAM, we ﬁrst observe that
an increase in the QAM modulation order MQ leads to higher
spectral efﬁciency with the subsequent decrease in the error
performance. It is also evident that there are not so many
different FQAM conﬁgurations that can be considered, while
the curves are monotonically decreasing with MF , revealing
that only small values of MF (e.g., 2, 4) lead to spectrally
efﬁcient schemes.
In Figs. 7 and 8, the BER performance of OFDM-IM and
FQAM with different conﬁgurations is compared over the classic OFDM scheme employing BPSK modulation. Interestingly,
both schemes outperform the classic OFDM scheme for high
SNR values, which is not true for low SNR values. This
observation veriﬁes that it is spectrally efﬁcient to transmit
information bits via the indices of the subcarriers at the
high SNR region. Fig. 7 also illustrates that, although any
increase in the spectral efﬁciency leads to worse performance

for low SNR values, as the SNR increases, schemes with
higher spectral efﬁciency show an improved error performance.
On the other hand, the performance of FQAM with high
spectral efﬁciency does not enhance for high SNR values when
compared to FQAM schemes of the same spectral efﬁciency
as the classic OFDM, i.e., 0.8889 bits/s/Hz.
Finally, a comparison between OFDM-IM and FQAM
schemes with the same spectral efﬁciency is shown in
Figs. 9 and 10. In both cases, FQAM is advantageous in the
low SNR region and becomes worse than OFDM-IM with
increasing SNR. Besides, the performance gap of the two
schemes is smaller for lower spectral efﬁciency values. In
Fig. 10, (4,8)-FQAM utilizes 8-QAM symbols and OFDMIM employs BPSK, which partially justiﬁes the behaviour
described above. It should also be mentioned that OFDM-IM
schemes with higher n, i.e., with more subcarriers per group,
perform better than all the other schemes at high SNR.
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IM subcarriers may further improve its performance. To this
end, the derivation of novel closed-form expressions for the
exact, approximate or even asymptotic performance evaluation
of OFDM-IM and FQAM systems is of vital importance.
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V. C ONCLUSION
In this paper, OFDM-IM and FQAM have been thoroughly
investigated and compared under a variety of conﬁguration
scenarios. These schemes have been proven to be capable
of achieving signiﬁcant gains in terms of SNR and spectral efﬁciency with respect to the classic OFDM technique.
Moreover, it was shown that OFDM-IM is more ﬂexible and
outperforms FQAM in the high SNR region under the same
spectral efﬁciency requirement. Our current studies indicate
that different grouping and activation strategies of the OFDM-
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