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ABSTRACT In recent years, OFDM with index modulation (OFDM-IM) has become a potential technique

due to its improvement of diversity gain. In typical OFDM-IM schemes, incoming information bits are

divided into two parts, symbols bits, and index bits. However, the symbol bits conveyed by each OFDM

symbol suffer from low diversity order, which has a negative impact on diversity gain. In this paper, we pro-

pose the scheme called OFDM with all index modulation (OFDM-AIM), which replaces the PSK/QAM

constellation modulator with subblock modulator and simplifies the structure. With such an arrangement,

the subblocks of OFDM-AIM become flexible, which contributes to achieving the higher diversity order

of the system. Moreover, we study the effects of Euclidean distance and diversity order based on the

unconditional pair error probability, which gives the guideline to design a legitimate subblocks set. Then

the algorithm to build the subblocks set with higher diversity order is proposed, which can achieve better

diversity gain. Theoretical and simulated results show that the OFDM-AIM scheme is capable of achieving

better BER performance than other index modulated OFDM schemes.

INDEX TERMS OFDM-IM, diversity order, diversity gain, all index modulation, Euclidean distance,

subblocks set design, pairwise error probability.

I. INTRODUCTION

Orthogonal-frequency division multiplexing (OFDM), has

been widely used in wireless communications as a clas-

sical technique due to its high utilization of frequency,

high spectral efficiency and simple system of one-tap

equalization [1]. With these distinctive advantages, OFDM is

accepted bymany wireless communication standards, such as

long-term evolution (LTE) [2], wireless fidelity (Wi-Fi) [3]

and the worldwide interoperability for microwave access

(WiMAX) [4]. In the standards of LTE, OFDM is regarded as

core technique in downlink transmission [5]. OFDM can be

also combined with a multiple-input multiple output (MIMO)

techniques with design of antenna arrays to enhance the

system capacity and diversity order [6]. Recently, index mod-

ulation (IM) has become a potential technique, which relies

on the index of some medium to achieve better performance

on transmission [7]. The advantages of Index modulation

meet the escalating teletraffic and energy consumption, which
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has necessitated the development of green communication

techniques [8]. This technique successfully transplanted the

index concept from the antenna of Spatial Modulation (SM)

technique [9] to subcarriers of OFDM in frequency domain.

A subcarrier-index modulated OFDM (SIM) [10] and an

enhanced SIM-OFDM scheme (ESIM-OFDM) [11] are pro-

posed, which can obtain some diversity gain compared to

classical OFDM. However, the spectral efficiency (SE) is

limited due to the fixed system models. In [12], OFDM-IM

is proposed where the flexible system model meets the

requirement of different SEs. Moreover, the relationship

between subcarrier activation patterns (SAPs) and informa-

tion conveyed by SAPs is presented by look-up table and

combinatorial method. To achieve higher SE, two gener-

alized OFDM-IM schemes called (GIM-OFDM) are pro-

posed to permit more legitimate indices combination and

expand the index domain to the both in-phase and quadrature

(I/Q) components [13]. Low-complexity detector based on

maximum-likelihood (ML) and OFDM-I/Q-IM is proposed

in [14]. However, the performance is still reduced in high

SE requirements due to the idle subcarriers, which does
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not carry any symbol bits, resulting in the higher order

QAM/PSK constellation points in active subcarriers. In [15],

dual-mode OFDM-IM (DM-OFDM-IM) is proposed where

idle subcarriers are replaced by the other distinguishable

constellation alphabets, which fully uses the spectrum to

adapt high SE transmission cases. Then DM-OFDM-IM is

combined with GIM, called GDM scheme [16]. However,

symbol bits containing the lowest diversity order in DM-

OFDM-IM scheme still take a large proportion of all the

incoming information bits, which limits its diversity gain.

Then dual constellation alphabets with addition of zero

are considered to achieve better performance than DM-

OFDM-IM [17]. In multiple mode index modulation scheme

(MM-OFDM-IM) [18], multiple modes are introduced to the

system, which introduces more index bits and increases the

proportion of index bits. To increase the bit error rate (BER)

performance in frequency selective fading channel, sim-

ple and efficient interleaver is conducted in [19], which

has been widely used in index modulated OFDM schemes.

In coodinary interleaved OFDM-IM (CI-OFDM-IM) [20],

where the real and imaginary parts of two OFDM sym-

bols are interleaved after using the rotated constellation set,

the diversity order of the system in CI-OFDM-IM is larger

than 1. With the arrangement of searching the optimal rota-

tion angle, the enhancement of BER is achieved. Further,

the achievable performance of OFDM-IM has been studied

in [21]. Inspired by [22] and [23], linear constellation precod-

ing (LCP) technique is used to harvest additional diversity

gain in [24]. Recently, coordinate interleaving [20], linear

precoding technique [24] and MM-OFDM-IM [18] are com-

bined in [25], which aims to obtain high diversity gain and

high SE. In [26], coded OFDM-IM is proposed to achieve a

diversity gain for index detection at the cost of the spectral

efficiency. Subsequently, the indices of active subcarriers

are replaced with indices of spreading codes in [27], which

enhances the diversity order compared to OFDM-IM. In [28],

repeated M -ary symbols are used in OFDM-IM to enhance

the diversity order of the system. In [29], precoding matrices

such as Walsh-Hadamard (WH) and Zadoff-Chu (ZC) are

utilized in order to spread the symbols and indices, which

increases the transmit diversity.

However, the diversity order is not fully obtained by most

of the index modulated schemes, where the diversity order

of system is only larger than 2 in some enhanced OFDM-IM

schemes. In other words, the structure of index modulation in

OFDM limits the diversity order of the system, which does

not fully attain high diversity gains.

Against the background, we propose a new scheme called

OFDM with all index modulation (OFDM-AIM) with the

focus on achieving the diversity gain. In this paper, we sim-

plify the structure of typical indexmodulatedOFDMschemes

and remove all of the symbol bits. With such arrangement,

the subblocks become more flexible and thus the diversity

order can be increased by the design of the subblocks set with

higher diversity order. Moreover, the relationship between

Euclidean distance and diversity order is discussed in this

paper, which provides the guidelines of designing the sub-

blocks set. According to the guidelines, the subblocks set

composed by repeated vectors with the highest diversity

order and the algorithm to search the subblocks with higher

diversity order are proposed, which attains the better BER

performance.

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

reviews the typical index modulated OFDM schemes, where

the structure and diversity order are discussed. The sys-

tem model of OFDM-AIM is presented at Section III.

In Section IV, the guidelines to build the legitimate subblocks

set are proposed based on the pairwise error probability (PEP)

events. After that, the algorithm of searching the subblocks

set is given in Section V. The simulation results and theo-

retical upper bound based on union bound are presented at

Section VI. In Section VII, the paper is concluded.

Notation: X ∼ CN (0, σ 2) represents the distribution of

a circularly symmetrical complex Gaussian random variable

X with the variance σ 2. ⌊·⌋ and ⌈·⌉ are the floor and ceiling

operation respectively. IN denotes the N × N dimension

identity matrix. (·)T and (·)H denote Hermitian transpose and

transpose. Q(·) denotes the tail probability of the standard

Gaussian distribution. rank(X ) returns the rank of a matrix X .

diag(x) creates a diagonal matrix whose diagonal elements

are x. ‖·‖F denotes Frobenius-norm of a matrix.‖·‖2 denotes

2-norm of a vector.

II. REVIEW OF TYPICAL INDEX MODULATED

OFDM SCHEMES

A. SYSTEM MODEL OF TYPICAL INDEX

MODULATED OFDM SCHEMES

In this section, three typical index modulated OFDM

schemes, OFDM-IM, DM-OFDM-IM and MM-OFDM-IM

are illustrated in Fig. 1. A total of m information bits are

purposed to transmitted by OFDM system each time. Thesem

bits are split into g groups, each containing p bits. Each p bits

are mapped to a OFDM subblock comprised by n subcarriers.

When incoming p bits for each subblock, p1bits called index

bits are used to determine the index in look-up table whilst

p2 bits called symbols bits are mapped to OFDM symbols by

M -ary QAM/PSK modulator. In each subblock, subcarriers

are modulated by two different constellation alphabets SA and

SB (SA3SB = ∅) in OFDM-IM and DM-OFDM-IM whilst

the number of the constellation alphabets in MM-OFDM-IM

is more than 2 such as SA, SB and SC . For OFDM-IM, SA
or SB equals 0, whilst for DM-OFDM-IM and MM-OFDM-

IM, none of the constellation alphabets equals 0. In Table 1,

the look-up table which provides the indices of different SAPs

for corresponding p1bits is presented, where sA ∈ SA, sB ∈ SB
and sC ∈ SC are the SAPs of each OFDM symbols. After

the operation of M -ary QAM/PSK modulator, the OFDM

symbols of each subblock are finally determined by p2 bits.

ByOFDMblock creator, the g subblocks are combined into

N OFDM symbols in frequency domain, given by

xF = [xF (1) xF (2) , . . . , xF (N )]T , (1)
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FIGURE 1. Block diagram of OFDM-IM transmitter.

TABLE 1. The look-up table of typical index modulated OFDM.

Then the signals in time domain can be represented by

inverse FFT (IFFT) operation. Similarly in classical OFDM,

a cyclic prefix (CP) and parallel to serial operation(P/S)

are employed and then the signals are sent through a

frequency-selective Rayleigh fading channel with the channel

impulse response (CIR) coefficients

hT = [h(1) h(2) , . . . , h(v)]T , (2)

where h(σ ), for σ = 1, . . . , v follows the circularly sym-

metric complex Gaussian random distribution CN (0, 1/v).

Assuming that the channel remains constant and the CP

length is larger than v, the output of receiver can be presented

by

yF (α) = xF (α)hF (α) + ωF (α), α = 1, . . . ,N (3)

where yF (α), hF (α) and ω(α) are the received signals,

the channel fading coefficients and the noise samples in

frequency domain. We assumed that hT0 is the zero padded

version of the vector hT and therefore hF = WNh
T
0 . It is worth

noted that hF is correlated after FFT operation andWN is the

DFT matrix. The correlation matrix of is given as [12]

K = E
{
hFh

T
F

}
= WH

N ĨWN (4)

where Ĩ is the N × N zero matrix except its main diagonal

element is a zero padded vector [ 1
ν
, 1
ν
, . . . , 1

ν
]1×ν .

B. DIVERSITY ORDER OF OFDM-IM SCHEMES

Due to the K in (4) is a Hermitian Toeplitz matrix, the pair-

wise error probability (PEP) events within different subblocks

are identical. Without loss of generality, we can only analyse

the PEP events of a single subblock. Assuming that first sub-

block X is mistakenly detected as X̂ , which can be expressed

by the conditional PEP (CPEP)

PC

(
X → X̂ |h

)
= Q

(√
γ

2N0,F

)
(5)

where X is [xF (1), . . . , xF (n)]
T , X̂ is any other legitimate

X and h is the corresponding channel coefficients. More-

over, γ =

∥∥∥
[
diag (X)− diag(X̂ )

]
h

∥∥∥
2

F
= hHAh and A =

[
diag (X)− diag(X̂ )

]H [
diag (X)− diag(X̂ )

]
where diag(X )

is an n × n all-zero matrix except for its main diagonal

elements are X . Afterwards, the unconditional PEP (UPEP)

can be achieved by

Pr = Eh

{
Q

(√
γ

2N0,F

)}
(6)

where Eh{·} is the expectation operation with the channel

coefficients h. To further simplify the analysis, the approx-

imate form of Q-function can be given by [30]

Q (x) ≈
1

12
e−x

2/2 +
1

4
e−2x2/3 (7)

Then the theoretical error performance analysis based on

unconditional pairwise error probability (UPEP) calculation

is provided by (6) and (7) as [12], thus

Pr

(
X → X̂

)
=

1/12

det
(
In + KnA/

(
4N0,F

))

+
1/4

det
(
In + KnA/

(
3N0,F

)) (8)
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FIGURE 2. Comparison of diversity order between errors in index bits and symbol bits.

FIGURE 3. The transmitter block diagram of OFDM-AIM.

where Kn is an n × n submatrix centred along the main

diagonal of thematrixK . It is obvious that the UPEP is related

to the determinants in denominator, which is predominantly

affected by the rank of KnA. Thus, diversity order of a PEP

event can be defined by

d = rank (KnA) (9)

When using a block interleaver, the correlation of channel is

removed and Kn ≈ In [20], and therefore d = rank (A).

The diversity order of index modulated OFDM scheme is

depicted in Fig. 2. The errors in index modulated OFDM

scheme can be divided into two parts: errors in index bits and

in symbol bits. When errors exist in index bits, we calculate

that d > 2 due to sB1 6= sA1 and sA2 6= sB1 (underlined),

whilst for symbol bits d = 1 with the single error of

sA2 6= sA2
′ (underlined), where sA1, sA2, sA2

′ ∈ SA, sB1, sB2 ∈

SB, and SA and SB are two different constellation alphabets

(SA3SB = ∅).

Though the lowest diversity order of OFDM-IM scheme

is the same as classical OFDM, it can be seen that the PEP

events of index bits can achieve higher diversity order than

the symbol bits. Therefore, typical index modulated OFDM

schemes enhance the diversity order of systems by replacing

a part of symbol bits with the index bits.

However, the diversity gains of the typical indexmodulated

OFDM schemes are still not fully achieved. On the one hand,

the typical index modulated OFDM schemes retain the sym-

bol bits, which causes the PEP events with the lowest diver-

sity order. On the other hand, the index modulated OFDM

schemes only provide the limited improvement of diversity

order (d > 2) for PEP events of index bits. As a result,

the subblocks created by typical index modulated OFDM do

not focus on the enhancement of diversity gain. To further

achieve the diversity gain, we propose the scheme called

OFDMwith all index modulation (OFDM-AIM), which aims

at fully achieving the diversity order of the system.

III. SYSTEM MODEL OF OFDM-AIM

The transmitter diagram is given in Fig. 3. In OFDM-AIM

scheme, m-bits are divided into g groups each containing

p-bits, namely m = pg. Each p-bits are mapping to a certain

52662 VOLUME 7, 2019
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TABLE 2. The look-up table of OFDM-AIM.

index by index-selector. The function of the index-selector

can be represented by a look-up table in Table 2. For incoming

p = 2bits, the index of the subblock out of four is determined

and then the corresponding subblock is modulated by a sub-

block modulator. Unlike OFDM-IM scheme, we replace the

M -ary QAM/PSK modulator with the subblock modulator,

which can avoid the transmission of the lowest diversity order

symbol bits.

Moreover, the indices of subblock in OFDM-AIM replaces

the indices of subcarriers activation patterns of typical index

modulatedOFDMschemes, whichmakes the subblocksmore

flexible. As a result, we can focus on subblocks set design to

achieve the potential diversity gain. The selection guideline

and algorithm are given in Section IV and Section V.

Assume that the length of OFDM subblock is n and the

number of OFDM subcarriers is N , and therefore N =

ng. After the index selector, the βth subblock containing n

OFDM symbols is presented by

Xβ =
[
xβ,1 xβ,2 , . . . , xβ,n

]
(10)

where Xβ ∈ ψ for ψ is the set of all the legitimate subblocks

and xβ,γ is the γ th OFDM symbols at βth subblock for

β = 1, . . . , g and γ = 1, . . . , n. Assuming that the number

of subblocks atψ is N9 , it can be attained that log2 (N9) = p

bits and therefore N9 = 2p.

Then g subblocks are combined at OFDM block creator.

After that, a g × n block interleaver (5g×n) is employed,

which is capable of removing the channel correlation. The

block interleaver fills the g × n matrix row by row with the

subblocks whilst sends the new interleaved subblocks column

by column. As seen from the Fig. 3, the N-point IFFT is

conducted and then the addition of a cyclic prefix (CP) is

employed. Through the parallel to serial conversion, the sig-

nal is sent to the ν-tap frequency selective Rayleigh fading

channel.

Before detection at the receiver, the deinterleaver

(5−1
n×g = 5g×n) is employed to obtain the received signals

in frequency domain

diag(Yβ ) = diag(Xβ )̃hβ + ω̃β (11)

where diag(Xβ ) is n× n zero matrix except its main diagonal

elements are Xβ , and h̃β and ω̃β are the decomposed and

interleaved inversions of hF and ωF for βth subblock. Hence,

ML detector can be used to detect the subblock from the

legitimate subblocks set, which can be presented by

X̂β = argmin
Xβ

∥∥∥Yβ − Xβ h̃β

∥∥∥
2

2
(12)

Since Xβ has N9 realizaions, the computational complexity

is ∼ O (2p) per subblock. When the SE of the system is not

very high, the computational complexity is acceptable.

IV. GUIDELINE TO BUILD LEGITIMATE SUBBLOCKS SET

In this section, we focus on the guideline to build the legit-

imate set through the analysis of the effect by Euclidean

distance and diversity order on PEP. In other words,

we demonstrate that the higher diversity gain can be achieved

by higher diversity order rather than higher Euclidean dis-

tance in most cases.

While using a block interleaver, the correlation of channel

is removed and therefore Kn ≈ In [20]. We rewrite the UPEP

in (8), given by

Pr

(
X → X̂

)
=

1/12

det
(
In + A/

(
4N0,F

))

+
1/4

det
(
In + A/

(
3N0,F

)) (13)

To analyse the Euclidean distance between subblocks,

the interleaved UPEP can be derived as

Pr

(
X → X̂

)

=
1

12
det


In+

1

4N0,F




|1s1|
2 0 0 0

0 |1s2|
2 0 0

0 0
. . . 0

0 0 0 |1sn|
2







−1

+
1

4
det


In +

1

3N0,F




|1s1|
2 0 0 0

0 |1s2|
2 0 0

0 0
. . . 0

0 0 0 |1sn|
2







−1

(14)

where 1sδ =
∣∣xF (δ)− x̂F (δ)

∣∣ is the Euclidean distance

at δth OFDM symbol for δ = 1, . . . , n. Without loss of

generality, we assume that 1s1,1s2, . . . ,1sd 6= 0 and

1sd+1,1sd+2, . . . ,1sn = 0 where d = rank(A) is the

diversity order of this UPEP event. Further more, to simplify

the analysis, we assume that 1s1 = 1s2 = . . . = 1sd =

1s 6= 0, which is the reasonable assumption for worst UPEP

events of different diversity orders. Besides, we define 1s(d)

as a OFDM symbol Euclidean distance of the worst UPEP

event with the diversity order d . Thus,

Pr =
1

12

(
1 +

∣∣1s(d)
∣∣2

4N0,F

)−d

+
1

4

(
1 +

∣∣1s(d)
∣∣2

3N0,F

)−d

(15)

At a high SNR region, the value of N0,F can be regarded

as N0,F ≪ 1. Therefore, the simplified form of UPEP can be

derived as

Pr ≈

(
4d

12
+

3d

4

)(
N0,F∣∣1s(d)

∣∣2

)d
(16)
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From the formula above, we can evaluate the PEP events of

subblocks with different diversity orders represented by d and

Euclidean distance presented by1s(d). Considering the effect

of diversity order, we calculate that UPEP with diversity

order d as Pd , we calculated that Pd=1 = 1.08

(
N0,F

|1s(1)|2

)
,

Pd=2 = 3.58

(
N0,F

|1s(2)|2

)2

, Pd=3 = 12.08

(
N0,F

|1s(3)|2

)3

and

Pd=4 = 41.58

(
N0,F

|1s(4)|2

)4

.

Assuming that N0,F = 10−3, which equals to SNR ≈

30dB with normalized signals, the effect of diversity order

and Euclidean distance on the UPEP under the frequency

selective Rayleigh fading channel with the employment of

block interleaver can be seen as Fig. 4. It is observed that

the higher diversity order has a great diversity gain on the

UPEP performance especially in larger Euclidean distance.

For example, when 1s(1),1s(2),1s(3) and 1s(4) = 0.5,

Pd=4 ≈ 10−8, which is much better than Pd=3 ≈ 8 ×

10−7 and Pd=2 ≈ 6 × 10−5 and the diversity gain will

disappear gradually as the reduction of Euclidean distance.

Hence, it can be indicated that the highest diversity order

can achieve the diversity gain when the smallest Euclidean

distance between most subblocks is not very small.

FIGURE 4. The effect of diversity order and Euclidean distance on the
UPEP events.

Besides, the comparisons in Fig. 4 between the UPEP

events with different diversity orders at the same Euclidean

distance may not be a fair one because for the UPEP events

with1s(4), it means all four OFDM symbols from a subblock

have the Euclidean distances of 1s(4) compared to the other

subblock, while for 1s(1), only one OFDM symbol from a

subblock has the Euclidean distance of 1s(1) compared to

the others. Therefore, we focus on the UPEP events at the

same UPEP performance with different Euclidean distances

and diversity orders to give the relationship between diver-

sity order and Euclidean distance. As is seen from Fig. 5,

FIGURE 5. Relationship between subblocks with different diversity order
and Euclidean distance at the same UPEP.

to achieve the same UPEP performance, the subblocks with

lower diversity orders are required to attain much higher

Euclidean distance. Especially for the curve of Pd=1 = Pd=4,

it can be seen that even 1s(4) = 0.15, the highest diversity

order introduce much more diversity gain than 1s(1) = 1.

Therefore, we hold the first guideline that we should use the

subblocks with the highest diversity order and avoid using

the subblocks with the lowest diversity order (d = 1).

Though the diversity gain of the highest diversity order will

disappear when 1s(4) < 0.1, it worth noted that the smallest

Euclidean distance of 16QAM, 64QAM and 256QAM con-

stellations (normalized) are 0.612, 0.306 and 0.153, which

still fits the guideline to use the subblocks with the highest

diversity order. Moreover, from the curve of Pd=3 = Pd=4,

it should be noted that the higher diversity order subblocks

(d = 3) with higher Euclidean distance can also attain

better diversity gain, such as the point of (1s(3),1s(4)) =

(0.4, 0.25). Hence, we hold the second guideline that sub-

blocks with higher diversity order (d = 3) can also be utilized

as the increase of spectral efficiency.

V. THE ALGORITHM OF BUILDING THE LEGITIMATE

SUBBLOCKS SET

When the available constellation points of each OFDM sym-

bol set S is determined, and the number of constellation

points in set S is NS , it is obvious that the number of all

possible subblocks are N n
S . Assuming that the number of

legitimate subblocks is κ , it is obvious that κ 6 N n
S . For

κ = N n
S , it equals to OFDM with the employment of NS -ary

constellation modulation. However, we do not expect the uti-

lization of all symbols combinations due to the low diversity

order of system. According to the guidelines in Section IV,

we select the subblocks with higher diversity order to build

the legitimate subblocks set.

It worth noted that the UPEP events analysis from

(13) to (16) is conducted between two legitimate subblocks.
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In order to evaluate the BER performance of the system,

the average UPEP events (APEP) can be derived as [12]

Pave =
1

pnX

∑

X 6=X̂

Pr

(
X → X̂

)
ε

(
X , X̂

)
(17)

where ε
(
X , X̂

)
denotes the number of bit errors in the event

that the subblock X is detected as X̂ and nX is the number

of the possible realizations of X . Since Pave can be used to

approximate the system BER of the OFDM-AIM scheme

as an upper bound, it can be also derived by (17) that the

BER performance of the system is affected by all possible

UPEP events. Hence, every legitimate subblock should keep

the higher diversity order to any other legitimate subblocks to

achieve the high diversity order of the system.

A simple design to build the highest diversity (d = n)

subblocks set can be presented as Fig. 6, where the subblocks

can be designed as a repeated elements vector. In Fig. 6, when

QPSK constellation is employed and the length of subblock

n = 4, the subblocks with the highest diversity order can be

determined. With such arrangement, all of the UPEP events

among the legitimate subblocks achieve the highest diversity

order. However, the number of subblocks with the highest

diversity orders among each other is limited. It is obvious

that we can the employ higher order PSK/QAM constellation

points to obtain more subblocks with d = n.

FIGURE 6. The structure of subblocks with the highest diversity order
under QPSK constellation points.

Besides, we can also use the subblocks with higher diver-

sity order (d = n−1) as the guideline to increase the spectral

efficiency. The algorithm of searching the higher diversity

order (d = n− 1) subblocks set is given as Algorithm 1.

After obtaining the legitimate set S, which containing κ

subblocks,
⌊
log2κ

⌋
-bits can be conveyed by each subblock.

Hence, we can select the first 2⌊log2κ⌋ subblocks of S as

the final legitimate subblocks set. Note that as the increase

Algorithm 1 Search the Higher Diversity Order Subblocks

Input: NS -ary constellation, length of subblock n. Subblocks

with the highest diversity order (d = n) are regarded as the

inital legitimate subblocks set S. The number of subblocks

of inital legitimate subblocks set is κ . X̃i is the ith subblock

of the legitimate subblocks set. Xj is the jth subblock of all

N n
S possible subblocks.

for j = 1; j 6 N n
S ; j+ +; do

for i = 1; i 6 κ; i+ +; do

if rank

{
diag

(
Xj − X̃i

)H
· diag

(
Xj − X̃i

)}
< n − 1

then

break;

end if

if i = κ then

add Xj into S;

κ + +;

end if

end for

end for

Output: legitimate subblocks set S;

of spectral efficiency, we can also add some subblocks with

d = n− 2, which can be achieved by reusing Algorithm 1.

Moreover, we can introduce more constellation points of

each OFDM symbol to expand the search space and therefore

more subblocks with higher diversity order can be achieved

to increase spectral efficiency.

VI. NUMERICAL RESULTS

In this section, the uncoded BER performance of the

OFDM-AIM scheme is compared to conventional OFDM,

OFDM-IM [12], DM-OFDM-IM [15], CI-OFDM-IM [20]

schemes under the frequency selective Rayleigh fading chan-

nel. In all simulations, the length of channel coefficients ν is

10, the number of subcarriers N is 128 and the length of the

subblock n is 4. Each BER point is attained by at least 105

transmission.

In Fig. 7, the BER performance of the proposed

OFDM-AIM based on 16QAM constellation is compared

with classical OFDM and OFDM-IM (4,2) employed by

BPSK. The spectral efficiencies of OFDM, OFDM-IM (4,2)

and OFDM-AIM are both 1 bits/s/Hz. Based on 16QAM con-

stellation search space, 16 repeated vectors are regarded as the

legitimate subblocks set, which attains the SE of 1bits/s/Hz.

At the BER of 10−3, the simulation results show that the

classical OFDM-IM (4,2) has 2dB BER improvement than

classical OFDM, which can be explained that the introduc-

tion of index bits in OFDM-IM enhances the diversity gain.

The proposed OFDM-AIM achieves 10dB and 8dB perfor-

mance improvement than classical OFDMand theOFDM-IM

schemes due to the highest diversity order, which proves the

superiority of the proposed scheme.

Fig. 8 depicts the comparison results between classical

OFDM, DM-OFDM-IM and OFDM-AIM. Classical OFDM
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FIGURE 7. Performance comparison among OFDM with BPSK, QPSK and OFDM-AIM with the
highest diversity order (d = 4) based on 16QAM constellation under frequency selective Rayleigh
fading channel.

FIGURE 8. Performance comparison among OFDM with BPSK and QPSK,
DM-OFDM-IM (4,2), BPSK and OFDM-AIM with the highest diversity order
(d = 4) based on 64QAM constellation under frequency selective
Rayleigh fading channel.

schemes with the employment of BPSK and QPSK achieve

the SEs of 1 bits/s/Hz and 2 bits/s/Hz. DM-OFDM-IM (4,2) is

employed by two distinctive alphabet BPSK sets, which has

the SE of 1.5 bits/s/Hz. Based on the search space of 64-QAM

constellation points, OFDM-AIM scheme select 64 repeated

vector of subblocks achieves the SE of 1.5 bits/s/Hz. At the

BER of 10−3, OFDM-AIM scheme achieves about 4dB

performance gain than classical OFDM with BPSK and

DM-OFDM-IM scheme, and 8dB improvement than OFDM

with QPSK. Moreover, as the increase of SNR, the better

FIGURE 9. Comparison between the theoretical upper bound of
OFDM-AIM and the simulated BER performance of the proposed
OFDM-AIM with the highest diversity order (d = 4) based on 16QAM and
64QAM constellations under the frequency selective Rayleigh fading
channel.

performance can be achieved by OFDM-AIM due to the

highest diversity order.

In Fig. 9, the simulated BER performances of the proposed

OFDM-AIM scheme are compared to the corresponding the-

ory analysis results. The average PEP (APEP) based on union

bound is used to calculate theoretical upper bound of simula-

tion results. For both the curves with the spectral efficiencies

of 1 bits/s/Hz and 1.5 bits/s/Hz, there exists a difference

between simulations and theory analysis at low SNR region,

which stems from the approximative errors of Q-function.
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FIGURE 10. Comparison among the theoretical upper bound of
OFDM-AIM, the simulated BER performance of OFDM-AIM with higher
diversity order (d = 3 and d = 4) based on 16QAM constellation,
CI-OFDM-IM and OFDM with employments of BPSK and QPSK under the
frequency selective Rayleigh fading channel.

However, the deviation decrease gradually at medium and

high SNR region, which further validates the results of the

proposed scheme.

In Fig. 10, the OFDM-AIM scheme employs the subblocks

with d = 3 and d = 4 based on the 16QAM constellation

through the algorithm given in Section V. Thus, 199 sub-

blocks which meet the requirement of diversity order are

selected out of 65536 subblocks. Then first 128 subblocks

are regarded as the legitimate subblocks set to attain the SE

of 1.75bits/s/Hz. At BER of 10−3, OFDM-AIM achieves the

improvement of 0.25bits/s/Hz spectral efficiency compared

to CI-OFDM-IMwith almost the same performance. Besides,

OFDM-AIM achieves about 7dB and 11dB performance gain

compared to classical OFDM with BPSK and QPSK at BER

of 10−3. This is because the subblocks set design with higher

diversity order in OFDM-AIM scheme, leading to higher

diversity gain. Moreover, the theoretical analysis based on

union bound is presented, which fits well with the simulative

results.

VII. CONCLUSION

A novel scheme called OFDM with all index modulation

(OFDM-AIM), which removes the symbol bits of classical

OFDM-IM schemes, has been proposed in this paper. The

system model of OFDM-AIM is more simple and flexible

than index modulated OFDM scheme, which is convenient

for subblocks set design. Besides, the relationship of diver-

sity order and Euclidean distance is discussed in our paper,

which gives the guidelines that subblocks with higher order

should be used to achieve the potential diversity gain. With

such arrangement, we propose the simple structure of sub-

blocks set composed by repeated symbols and the algorithm

of searching the subblocks with higher diversity order. The

theoretical and simulative results demonstrate that the BER

performance of OFDM-AIM scheme with proposed sub-

blocks set design outperforms than other index modulated

OFDM schemes.
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