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Abstract—Index modulation (IM) has been widely studied
showing promising performance over traditional communication
systems. Index pattern plays an important role since its activation
methodology determines bit error rate (BER), spectral efficiency
(SE) and energy efficiency (EE). This work proposes efficient
index activation patterns according to a min-max Hamming
distance metric for both orthogonal frequency division multi-
plexing (OFDM) and non-orthogonal spectrally efficient FDM
(SEFDM). Simulations of low-density parity-check (LDPC) coded
IM systems in both additive white Gaussian noise (AWGN) and
frequency selective channels are provided. Results reveal that
the proposed index activation patterns in IM systems lead to
improved BER and SE compared to that in traditional OFDM
systems. Moreover, peak-to-average power ratio (PAPR) distri-
bution results are presented to demonstrate the EE advantage of
the proposed IM systems over OFDM systems.

Index Terms—Index modulation, OFDM, SEFDM, activation
pattern, Hamming distance, PAPR

I. INTRODUCTION

Index modulation (IM) with high spectral efficiency and
high energy efficiency is considered as a promising next-
generation transmission technology [1]. The basic concept of
IM is to embed implicit information bits on the states of certain
communication resource entities (e.g. antennas, subcarriers,
time slots) along with the information bits explicitly trans-
mitted by conventional digital modulation schemes. IM was
originally introduced by spatial modulation (SM), where index
information is conveyed by the activation states of antennas in
a multiple-input multiple-output (MIMO) system [2]. Inspired
by the spatial-domain modulation, IM was integrated in mul-
ticarrier systems in [3]. The IM principle can also be applied
in time domain [4], in which data transmission is manipulated
on different time slots. Apart from the aforementioned single-
domain IM schemes, multi-dimensional IM schemes were pro-
posed to further enhance the system flexibility by combining
various single-domain IM options. A comprehensive overview
of up-to-date IM schemes can be found in [5], [6].

Substantial research was conducted on combining the IM
principle with orthogonal frequency division multiplexing
(OFDM), which is a broadly used waveform in modern
communications. To address the error propagation problem
in the early work [3], subcarrier grouping was proposed
in OFDM with IM (OFDM-IM), which divides subcarriers

into subblocks and performs subblock-based index modulation
and demodulation to reduce computational complexity [7].
In OFDM-IM, only a part of subcarriers are activated and
additional information is conveyed by their indices without
energy consumption. By allocating the saved transmission
power to the activated subcarriers, OFDM-IM obtains error
performance improvement compared to OFDM. Moreover, the
deactivated subcarriers can reduce peak-to-average power ratio
(PAPR) of OFDM and bring increased energy efficiency [8].
To compensate for the spectral efficiency loss due to the deac-
tivated subcarriers, a variety of index designs were proposed
based on OFDM-IM. On one hand, the achievable spectral
efficiency of OFDM-IM can be enhanced by flexible IM
patterns such as dual-mode IM (DM) [9] where all subcarriers
are activated and modulated with two distinguishable modu-
lation schemes. On the other hand, spectral efficiency can be
increased by replacing OFDM with spectrally efficient FDM
(SEFDM). SEFDM achieves increased spectral efficiency by
placing subcarriers at a frequency spacing smaller than the
symbol rate [10]. In this case, SEFDM with IM (SEFDM-
IM) [11] not only achieves higher spectral efficiency from
non-orthogonal waveform utilization and rich index variants,
but also efficiently mitigates inter-carrier interference (ICI)
because of the deactivated subcarriers. A Gray-coded strategy
for the mapping between index bits and antenna activation
order was proposed for differential SM (DSM) with improved
error performance reported [12]. It was also adopted in DM to
design constellation mapping [13]. However, the strategy does
not allow for a quantified comparison of activation pattern
designs. In addition, previous work was limited to OFDM
waveform without considering other waveform candidates.

In this work, we define two parameters namely Hamming
distance for similarity and Hamming distance for difference
to enable analytical comparisons of possible activation pattern
designs and propose a design principle accordingly. In addi-
tion, we examine the activation pattern design principle on
OFDM-IM and SEFDM-IM systems in a low-density parity-
check (LDPC) coded scenario. By simulation results, we verify
that the proposed design principle achieves improved bit error
rate (BER) performance, which is robust to ICI impairment
and frequency selective fading.

The rest of the paper is organized as follows. Section II



provides the coded SEFDM-IM system model, and Section
III presents the activation pattern design principle. Simulation
results in Section IV verify the superiority of the proposed
principle and conclusions are drawn in Section V.

II. SYSTEM MODEL

A. Transmitter Design

As seen from Fig. 1, an information bit stream B of length
B is encoded into a Bc-length bit stream for an SEFDM-IM
symbol transmission, and the coding rate is R = B/Bc. The
coded bit stream C is split into G groups, and each group
consists of L = Bc/G bits. The first L1 index bits enter the
activation pattern selector and yield the activation pattern for
an SEFDM-IM subblock, which is expressed as

Ig =
{
ig1, i

g
2, · · ·, i

g
NS

}
, (1)

for 1 ≤ g ≤ G. igχ ∈ {0, 1} for χ = 1, 2, ..., NS , and NS

denotes the number of subcarriers in each subblock. The χ-th
subcarrier in the g-th subblock is activated when igχ = 1, and
it is deactivated when igχ = 0. Since NA out of NS subcarriers
are selected to be activated based on the input index bits, a
total of L1 =

⌊
log2

(
NS

NA

)⌋
index bits can be transmitted in one

subblock, where ⌊·⌋ denotes the floor function. Given
(
NS

NA

)
possible activation patterns, we choose 2L1 legal activation
patterns out of them based on a proposed principle described
in the next section. The set of these legal activation patterns
is denoted as I.

The remaining L2 = L−L1 data bits are mapped on to NA

data symbols with the M -ary digital modulation technique. In
other words, we have the g-th data symbol vector expressed
as

P g =
[
ρg1, ρ

g
2, · · ·, ρ

g
NA

]T
, (2)

where [·]T is the transpose operator. We have P g ∈ ΛNA , and
Λ is the alphabet of the M -ary signal constellation, which
is scaled by

√
NS/NA to maintain unit average power. The

output of the g-th symbol mapper is given by

Sg = Ag · P g, (3)

where Ag is an NS×NA activation matrix whose columns are
extracted from an NS ×NS identity matrix for those indices
associated with the activated subcarriers. As an example, the
G-th subblock with IG = {0, 1, 1, 0} is given by

SG =


0 0
1 0
0 1
0 0

 ·
[
ρG1
ρG2

]
=

[
0, ρG1 , ρ

G
2 , 0

]T
. (4)

The SEFDM-IM block is then formed by concatenating G
subblocks, given by

S =
[
S1, S2, · · ·, SG

]T
= [s1, s2, · · ·, sN ]

T
, (5)

where sk ∈ {0,Λ} for k = 1, 2, ..., N , and N = NSG is the
system size. SEFDM modulation is represented by

X = Φ · S, (6)

where X = [x1, x2, · · ·, xN ]
T , and Φ is a subcarrier matrix

whose elements equal to Φk,n = (1/
√
N)ej2πα

kn
N for n =

1, 2, ..., N . The bandwidth compression factor α is defined as
α = ∆fT , where ∆f is the frequency spacing between two
adjacent subcarriers and T denotes the SEFDM-IM symbol
period. An SEFDM-IM signal has α smaller than 1, and it is
converted to an OFDM-IM signal when α is 1. Inverse discrete
Fourier transform (IDFT)-based modulation could be deployed
[14]. Consequently, the spectral efficiency of the SEFDM-IM
system is calculated as

SE =
RL

αNS
. (7)

The introduction of the bandwidth compression factor α
increases the achievable spectral efficiency.

B. Receiver Design

The received signal contaminated by the AWGN channel
is expressed as Y = X + W . The AWGN vector W =
[w1, w2, · · ·, wN ]

T comprises N noise samples that follow a
complex Gaussian distribution denoted as CN (0, N0), where
N0 denotes the noise variance. SEFDM demodulation is given
by

R = ΦH · Y = ΦH ·Φ · S +ΦH ·W = C · S +WΦH , (8)

where [·]H is the Hermitian transpose operator. WΦH is the
demodulated noise term, and C denotes the correlation matrix
defined as C = ΦHΦ. In the case of OFDM-IM, the off-
diagonal entries in the correlation matrix C are close to
zero because of the orthogonality between subcarriers. For
SEFDM-IM signals, the non-zero off-diagonal entries char-
acterise the interference caused by non-orthogonally packed
subcarriers.

Concerning the computational complexity, we assume that
subblocks can be independently detected and divide the de-
modulated signal R into G subblocks, each denoted as Rg .
After that, the log-likelihood ratio (LLR) values of bits trans-
mitted in each subblock are computed in the LLR calculator
for LDPC decoding. We define Il,0 and Il,1 as the subsets of I
that convey a ‘0’ and a ‘1’ at the l-th index place, respectively.
In the g-th subblock, the l-th index bit denoted as C1g (l) for
l = 1, 2, ..., L1 has the LLR value of

λ (C1g (l) |Rg) = ln
Pr (C1g (l) = 0|Rg)

Pr (C1g (l) = 1|Rg)
, (9)

where Pr(·) is the probability operator. The same a priori
probabilities are assumed for all legal activation patterns and
data symbols, and therefore (9) is converted to

λ (C1g (l) |Rg) = ln

Σ
Ig∈Il,0

Σ
P g∈ΛNA

Pr (Rg|Sg)

Σ
Ig∈Il,1

Σ
P g∈ΛNA

Pr (Rg|Sg)
, (10)

where Sg is computed from Ig and P g according to (3). For
convenience of presentation, we define Θ(Ig, P g) as

Θ(Ig, P g) =
1

N0
(Rg −CgSg)

H
(Rg −CgSg) , (11)



Fig. 1. Block diagram of the LDPC-coded SEFDM-IM transceiver.

where Cg is an NS ×NS sub-matrix created by the elements
in C whose column and row indices are both within the
range of [(g − 1)NS + 1, gNS ]. Then, the likelihood function
Pr (Rg|Sg) is given by

Pr (Rg|Sg) =
e−Θ(Ig,P g)

πN0
. (12)

The LLR calculation of index bits given in (10) is therefore
simplified to

λ (C1g (l) |Rg) = ln

Σ
Ig∈Il,0

Σ
P g∈ΛNA

e−Θ(Ig,P g)

Σ
Ig∈Il,1

Σ
P g∈ΛNA

e−Θ(Ig,P g)
. (13)

Similar LLR calculations are performed on data bits. ΛNA
v,0

and ΛNA
v,1 are defined as the subsets of ΛNA that convey a ‘0’

and a ‘1’ as the v-th data bit for v = 1, 2, ..., L2, respectively.
We use C2g (v) to denote the v-th data bit in the g-th subblock,
and it has the LLR value of

λ (C2g (v) |Rg) = ln
Pr (C2g (v) = 0|Rg)

Pr (C2g (v) = 1|Rg)

= ln

Σ
Ig∈I

Σ
P g∈Λ

NA
v,0

e−Θ(Ig,P g)

Σ
Ig∈I

Σ
P g∈Λ

NA
v,1

e−Θ(Ig,P g)
.

(14)

Notice that no assumption is made on subcarriers’ activation
states based on the LLR results of index bits. This is to avoid
the situation where an erroneous detection of index bits affects
the detection of data bits. The exhaustive search gives the
optimal LLR calculation.

Next, the LLR values of bits transmitted in the g-th subblock
denoted as λ (Cg) are obtained by concatenating λ (C1g) and
λ (C2g). The LLR values of bits transmitted in one SEFDM-IM
symbol are then converted into one stream denoted as λ (C),

TABLE I
THE CONVENTIONAL ACTIVATION PATTERN DESIGN [7].

Pattern Index bits Activation pattern

1 [0, 0] ι1 = {1, 1, 0, 0}

2 [0, 1] ι2 = {0, 1, 1, 0}

3 [1, 0] ι3 = {0, 0, 1, 1}

4 [1, 1] ι4 = {1, 0, 0, 1}

which is sent into the LDPC decoder to yield the output bit
stream B̂.

III. ACTIVATION PATTERN DESIGN

In this section, we demonstrate our design principle and pro-
vide two proposed activation pattern designs. The conventional
activation pattern design deployed in [7] is shown in Table I.
We define Hamming distance for similarity DS as the average
Hamming distance between activation patterns that correspond
to the same index bit (i.e. ‘0’ or ‘1’). As an example in Table I,
the average Hamming distance for similarity of the first index
bit is given by

DS,1 = Dh(ι1,ι2)+Dh(ι3,ι4)
2 = 2, (15)

where Dh (ι1, ι2) finds the Hamming distance between ac-
tivation patterns ι1 and ι2 since they have the same bit (i.e.
‘0’) at the first index place. Dh (ι3, ι4) indicates the Hamming
distance between activation patterns ι3 and ι4 because they
have the same bit (i.e. ‘1’) at the first index place.

Following the same principle, the average Hamming dis-
tance for similarity of the second index bit is given by

DS,2 = Dh(ι1,ι3)+Dh(ι2,ι4)
2 = 4. (16)



Therefore, the Hamming distance for similarity of the conven-
tional activation pattern design in Table I is given by

DS =
DS,1+DS,2

2 = 3. (17)

We then define Hamming distance for difference DD as
the average Hamming distance between activation patterns
that correspond to two different index bits. The Hamming
distance for difference of the first index bit in the conventional
activation pattern design in Table I is given by

DD,1 = Dh(ι1,ι3)+Dh(ι1,ι4)+Dh(ι2,ι3)+Dh(ι2,ι4)
4 = 3, (18)

where Dh (ι1, ι3) gives the Hamming distance between activa-
tion patterns ι1 and ι3 because they have a ‘0’ and a ‘1’ at the
first index place, respectively. The same calculation performed
on the second index bit is expressed as

DD,2 = Dh(ι1,ι2)+Dh(ι1,ι4)+Dh(ι2,ι3)+Dh(ι3,ι4)
4 = 2. (19)

The Hamming distance for difference of the conventional
activation pattern design is therefore

DD =
DD,1+DD,2

2 = 2.5. (20)

To improve the detection probability of index bits, the
Hamming distance for similarity should be minimized and
the Hamming distance for difference should be maximized.
Following the min-max Hamming distance principle, we pro-
pose two activation pattern designs denoted as proposed-1
and proposed-2 in Table II. Furthermore, Table III provides
their Hamming distance comparisons. The proposed-2 design
achieves the lowest DS value and the highest DD value.
In other words, it is designed to obtain the best min-max
Hamming distance metric and expected to give the lowest BER
among all possible activation designs.

We use the percentage change in DS and DD with respect
to the values of the proposed-2 design to compare between the
proposed-1 design and the conventional design. As seen from
Table III, compared to the proposed-2 design, the proposed-1
design is degraded by 25% in terms of DS and DD, while the
conventional design is degraded by 50% and 16.7% in terms
of DS and DD, respectively. Therefore, it is expected that the
proposed-1 design also outperforms the conventional design
in BER performance. Although this work only discusses
activation patterns with NS = 4 and NA = 2, the proposed
min-max Hamming distance principle can be applied to other
NS and NA configurations as well as IM variants such as DM.

IV. RESULTS AND DISCUSSIONS

In this section, we present the error performance of OFDM-
IM and SEFDM-IM systems with the proposed-1, proposed-2
and conventional activation pattern designs described above.
To provide a comprehensive analysis of system performance,
their PAPR distributions are also presented by the comple-
mentary cumulative distribution function (CCDF). The per-
formance of the traditional OFDM system is provided as a
benchmark. The figure legend specifies the utilized activation
pattern design and modulation scheme. IM is mainly designed

TABLE II
THE PROPOSED ACTIVATION PATTERN DESIGNS.

Pattern Index bits Proposed-1 Proposed-2

1 [0, 0] ι1 = {1, 1, 0, 0} ι1 = {1, 0, 0, 1}

2 [0, 1] ι2 = {1, 0, 1, 0} ι2 = {1, 0, 1, 0}

3 [1, 0] ι3 = {1, 0, 0, 1} ι3 = {0, 1, 0, 1}

4 [1, 1] ι4 = {0, 1, 0, 1} ι4 = {0, 1, 1, 0}

TABLE III
THE HAMMING DISTANCE FOR SIMILARITY AND THE HAMMING

DISTANCE FOR DIFFERENCE OF DIFFERENT ACTIVATION PATTERN
DESIGNS.

Design DS DD % change in DS % change in DD

Proposed-1 2.5 2.25 +25% -25%

Proposed-2 2 3 - -

Conventional 3 2.5 +50% -16.7%

for low-power communication systems such as narrowband
Internet of things (NB-IoT). Therefore, this work considers
systems with 12 subcarriers, i.e. N = 12.

In Fig. 2, 4QAM modulation (i.e. M = 4) is deployed
in OFDM-IM and SEFDM-IM systems. To obtain the same
spectral efficiency of 0.9 bit/s/Hz, OFDM-IM with α = 1 and
SEFDM-IM with α = 5/6 are applied with the LDPC coding
rates of R = 0.6 and R = 0.5, respectively. It is observed
that OFDM-IM with the proposed-2 activation pattern design
achieves 0.72 dB better performance over the conventional
design. The power gain achieved by the proposed-1 OFDM-
IM activation pattern is reduced to 0.15 dB when comparing
to the conventional OFDM-IM system. The reason is that
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Fig. 2. BER performance of OFDM-IM, SEFDM-IM and OFDM with the
spectral efficiency of 0.9 bit/s/Hz in the AWGN channel.
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Fig. 3. PAPR distribution of OFDM-IM, SEFDM-IM and OFDM with the
spectral efficiency of 0.9 bit/s/Hz.

the proposed-1 design has a much lower DS value compared
to that obtained in the conventional design. The BER per-
formance of SEFDM-IM systems with the three investigated
activation designs are degraded due to the inter-subblock ICI,
which is caused by non-orthogonally packed subcarriers in
different subblocks. Nevertheless, the proposed-2 SEFDM-IM
obtains the best BER performance among three SEFDM-IM
systems, suggesting that the proposed design principle is ro-
bust to ICI impairment. Furthermore, the proposed-2 SEFDM-
IM system contaminated by ICI still obtains 0.23 dB and
0.38 dB better performance than the proposed-1 OFDM-IM
system and the conventional OFDM-IM system, respectively.
It shows that the performance gain brought by the proposed
activation pattern design outweighs the performance loss due
to ICI. The BER of an OFDM system with BPSK modulation
and the coding rate of R = 0.9 is also provided. We find
that both OFDM-IM and SEFDM-IM systems outperform the
OFDM system. Explicitly, the proposed-2 OFDM-IM and the
proposed-2 SEFDM-IM systems achieve 3.66 dB and 3.32 dB
better BER compared to the OFDM system, respectively.

Figure 3 illustrates the PAPR performance of OFDM-IM,
SEFDM-IM and OFDM systems at 0.9 bit/s/Hz. For IM-based
systems, their activation patterns have no impact on PAPR. All
IM-based systems show substantial performance gain over the
traditional OFDM system. More specifically, the OFDM-IM
systems achieve 1.85 dB PAPR reduction over their OFDM
counterpart at the CCDF of 10−2.

NB-IoT signals only occupy a narrow bandwidth of 180
kHz, and therefore they normally undergo flat fading. Since we
consider NB-IoT as the application area of IM-based systems,
it is reasonable to adopt the AWGN channel in simulations. To
make a fair comparisons of different activation pattern designs
in a more challenging channel scenario, a static frequency
selective channel described as h(t) = 0.9137δ(t)+0.3179δ(t−
2Ts)−0.2532e

jπ
2 δ(t−3Ts) is designed, where Ts denotes the
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Fig. 4. Channel response for the three-path static frequency selective channel.
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Fig. 5. BER performance of OFDM-IM, SEFDM-IM and OFDM with the
spectral efficiency of 0.9 bit/s/Hz in the frequency selective channel.

sampling period. In Fig. 4, the channel frequency response
with a deep frequency notch and two shallow frequency
notches is illustrated.

The BER curves in Fig. 5 illustrate that all investigated
systems experience performance degradation under the fre-
quency selective channel, compared to the case of AWGN
channel in Fig. 2. Nevertheless, the proposed-2 OFDM-IM
system maintains its performance advantage over the other
two OFDM-IM systems, which shows that the gain of the
proposed activation pattern design does not vanish under
frequency selective fading. The performance gap between
the proposed-1 OFDM-IM and the conventional OFDM-IM
becomes negligible. Similar observations are found on the
performance of SEFDM-IM systems. Moreover, the proposed-
2 SEFDM-IM system still outperforms the proposed-1 OFDM-
IM and the conventional OFDM-IM systems. The performance
improvement of the proposed-2 OFDM-IM system compared
to its OFDM counterpart is decreased by 0.1 dB, indicating
that OFDM-IM systems are less robust to frequency selective
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fading. A subcarrier-level interleaving technique provided in
[15] may offer OFDM-IM with improved BER performance.

Although the current 3GPP standard specifies 4QAM as the
highest modulation order for NB-IoT, we expect higher-order
modulation schemes to be allowed. In Fig. 6, the error perfor-
mance of three OFDM-IM systems with 16QAM modulation
are provided, and their spectral efficiencies are increased to
1.5 bit/s/Hz. SEFDM-IM systems are not considered here as
the enhanced bandwidth compression in SEFDM mitigates the
requirement for high-order modulation schemes. When the
AWGN channel is used, the proposed-2 OFDM-IM obtains
0.83 dB power gain compared to the conventional OFDM-IM
system. Furthermore, the error performance of the proposed-
2 OFDM-IM system is close to that of the OFDM system
with 4QAM modulation and the coding rate of R = 0.75.

When frequency selective fading is applied, the relative BER
performance among the OFDM-IM systems with three acti-
vation pattern designs remain unchanged. The performance
loss of the proposed-2 OFDM-IM system comparing with the
OFDM system slightly increases when experiencing frequency
selective fading. Regarding the PAPR performance illustrated
in Fig. 7, the three OFDM-IM systems obtain 2 dB better
performance than their OFDM counterpart at the 10−4 CCDF.

V. CONCLUSION

In this work, we defined two new parameters namely Ham-
ming distance for similarity and Hamming distance for differ-
ence for analytical comparisons of possible activation pattern
designs and proposed a min-max Hamming distance design
principle. In the coded scenario, the principle was shown
effective in improving the BER performance of OFDM-IM and
SEFDM-IM systems both with and without frequency selective
fading. PAPR distributions of OFDM-IM and SEFDM-IM
systems were also presented to illustrate the performance
advantage of IM systems over their OFDM counterpart.
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