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ABSTRACT Dual-mode (DM) or multi-mode (MM) index modulation (IM) techniques with the in-
phase/quadrature (IQ) format have been investigated for improving the performance of the orthogonal
frequency division multiplexing with IM (OFDM-IM) system in the frequency-selective Rayleigh fading
channel. However, all subcarriers in these schemes must be activated so that the energy efficiency (EE) of
the system inevitably decreases. In this paper, we propose a novel modulation scheme named quadrature tri-
mode index modulation (QTM-IM) technique to achieve a trade-off between the spectral efficiency (SE) and
EE. The proposed QTM-IM can also be flexibly extended into multi-mode form called MM with enhanced 1Q
(MM-EIQ). The multi-mode M -ary pulse amplitude modulation (PAM) constellations containing the origin
point are designed to map the information bits into the active subcarriers. On the other hand, the theoretical
analysis of IM-based schemes over the Rician fading channel has been conducted since most previous
papers only considered the Rayleigh fading channel. At the receiver, three kinds of detectors with different
algorithm complexities are employed for signal demodulation. Finally, the computer simulation results
demonstrate the enhancement of the proposed schemes. More specially, (i) QTM-IM achieves 4dB signal-
to-noise ratio (SNR) gain at the BER level of 1073 compared with quadrature DM (QDM) scheme with the
same SE in the Rician fading channel and (ii)) MM-EIQ harvests 0.89 bits/s/Hz SE gain and almost doubles
the EE compared with MM-IQ scheme without any SNR loss over the Rayleigh fading channel.

INDEX TERMS Index modulation (IM), orthogonal frequency division multiplexing (OFDM), multi-mode
pulse amplitude modulation (PAM) constellation, spectral efficiency (SE), energy efficiency (EE), bit error
rate (BER).

I. INTRODUCTION

Index modulation (IM), a novel modulation technique, has
been considered for its application to the fifth-generation
(5G) wireless networks [1], [2], which can utilize the time
slot [3], spreading codes [4], antenna index [5], and subcarrier
index to implicitly transmit information bits without extra
energy consumption [6], [7].

Recently, a promising IM technique known as spatial
modulation (SM) has emerged which utilizes the spatial
domain to transmit information bits besides the conven-
tional signal constellations [7]. Therefore, the fundamental
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principle of SM is an extension of the two-dimensional
constellation (e,g. quadrature amplitude modulation (QAM)
and phase shift keying (PSK)) to a novel third dimension,
which is spatial dimension. This new technique motivates the
researchers to apply the SM principle to the subcarriers in an
orthogonal frequency division multiplexing (OFDM) system.
The first attempt is [8], where the subcarrier index modulation
OFDM (SIM-OFDM) is proposed. In this scheme, the extra
information is conveyed by the specific choice of the active
subcarrier indices in an on-off keying (OOK) manner and
these indices are determined by their corresponding majority
bit-values of the OOK streams. However, this technique
imposes a potential bit error propagation and results in the
bursts of errors. In order to solve this issue, the enhanced
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SIM-OFDM (ESIM-OFDM) was introduced in [9], where
only half of the subcarriers are modulated. Although this
scheme improves the attainable error performance, the high
order constellation are required for mapping to acquire the
same spectral efficiency (SE) as the classical OFDM.

Combining IM and OFDM techniques, called OFDM with
IM (OFDM-IM), is proposed in [10]. In the OFDM-IM
system, all subcarriers are divided into several subblocks,
and the coming information bits are transmitted not only
by the constellation symbols but also by the indices of
subcarriers in each subblock. The energy efficiency (EE)
of OFDM-IM system is higher than that of the classical
OFDM due to the inactive subcarriers with zero value are
contained. Some important intrinsic properties such as the
diversity order and achievable rate of IM-based OFDM
systems are analysed in [11]. To enhance the throughput,
the concept of OFDM-IM can also applied in the multiple-
input multiple-output system [12] or the advanced terahertz
wireless communication scene [13]. In order to increase the
number of the index bits, a scheme named layered OFDM-IM
(L-OFDM-IM) was proposed in [14], where the subcarriers in
a subblock are partitioned into several layers and the activated
subcarriers and their symbols are determined in each layer
separately. In [15] and [16], two different interleaving
techniques are also introduced in OFDM-IM to obtain the
additional diversity gain and enhance the error performance
of the system.

Designing the secondary constellation to modulate the
“inactive” subcarriers is also an efficient approach to
improve OFDM-IM performance. In [17], the dual-mode
index modulation aided OFDM (DM-OFDM) is proposed
to improve the achievable transmission rate of OFDM-
IM in which only a part of subcarriers are activated for
constellation symbol mapping. Besides the information bits
carried by subcarrier indices, all subcarriers are modulated
by two distinguishable constellations in DM-OFDM. The
zero-padded tri-mode OFDM with IM (ZTM-OFDM-IM)
is proposed in [18], where only a part of subcarriers are
modulated by two different constellations while the inactive
subcarriers are contained to improve EE compared with
DM-OFDM. Moreover, the multiple-mode OFDM-IM (MM-
OFDM-IM) is introduced in [19], where the multiple signal
constellations are applied for symbol modulation and these
different modes are used for additional index information
transmission. In [20], a new modulation schemes called
Q-ary MM-OFDM-IM (Q-MM-OFDM-IM) is proposed to
further improve the proportion of the index bits com-
pared with MM-OFDM-IM by using disjoint multi-mode
constellations.

In order to achieve more possible realizations in an OFDM
subblock, the generalized index modulation technique (GIM)
is investigated. In the GIM technique, the number of the
activated subcarriers or the subcarriers modulated by one
selected signal constellation are no longer fixed, necessitating
the appearance of OFDM-GIM [21], GDM-OFDM [22] and
GMM-OFDM-IM [23].
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On the other hand, each subcarrier maps a com-
plex constellation symbol in the aforementioned schemes.
However, the IM can be separately performed on the
in-phase and quadrature (IQ) components, necessitating
the appearance of OFDM with the IQ-IM (OFDM-IQ-
IM) and doubling the number of index bits [24]. Sim-
iliarly, Quadrature DM-OFDM (QDM-OFDM) and MM-
IQ-OFDM-IM have also been proposed in [25] and [19],
respectively, aiming to improve the SE corresponding to
the existing counterparts. The signal constellations for these
IQ schemes are designed in [19]. A simple but effective
technique named linear constellation precoding (LCP) can
be employed in the IQ-IM-based schemes to achieve the
diversity gain and ultra-reliable performance compared
with the conventional OFDM-IQ-IM [26] and also applied
in MM-OFDM-IM [27].

However, the EE of the multi-mode IQ-IM based schemes
in [25] and [19] are low because all subcarriers are
activated. Therefore, a new IQ-IM technique with higher
EE and its corresponding constellation design are necessary
to be investigated. On the other hand, the performance
of most existing IM-based schemes are only studied over
the Rayleigh fading channel. Hence, the theoretical and
simulated performance over the general fading channel such
as the frequency selective Rician fading channel is also
necessary to be researched.

In this paper, we firstly propose a new modulation
scheme called quadrature tri-mode OFDM with IM (QTM-
OFDM-IM). In the proposed scheme, the IM process is
independently executed on the in-phase and quadrature
components, where the corresponding dual-mode pulse
amplitude modulation (PAM) constellations are designed
for constellation symbol mapping. In order to ensure the
high EE, the inactive subcarrier with zero value must be
contained in the in-phase and quadrature components. Then,
the proposed QTM-IM can be flexibly extended into multi-
mode form to make full use of possible index combinations
and we name this new technique as MM with enhanced
IQ (MM-EIQ). The overall comparison is conducted from
the perspectives of the SE, EE and detection complexity.
Unlike QDM-OFDM and MM-1IQ-OFDM-IM, the origin
point is considered in the designed PAM constellation. Any
order and any mode constellation for the proposed scheme
can be obtained by our straightforward design strategy.
In terms of the theoretical analysis of the bit error rate (BER)
performance, an expression with integral form are derived
when the Rician fading is considered. At the receiver,
three kinds of detectors based on the maximum-likelihood
(ML) criterion or logarithm-likelihood-ratio (LLR) criterion
are employed for signal demodulation. Finally, simulation
results show that the proposed schemes harvest better error
performance with improved SE and EE than other IM-based
or IQ-IM-based schemes under the Rayleigh and Rician
fading channels. In addition, the simulated BER curves of the
proposed scheme are tightly limited by the theoretical upper
bounds derived in this paper.
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FIGURE 1. The structure of the proposed QTM-OFDM-IM transmitter.

The main contributions of this paper can be summarized as

follows.
o A new IQ-IM technique named quadrature tri-mode

index modulation is introduced, where the inactive
subcarrier with zero value must be contained in the
in-phase and quadrature components. Then, QTM-IM
can be flexibly extended into MM-EIQ to exploit
more index combinations. A quantitative comparison
of the proposed and other existing schemes, in terms
of the SE, EE and detection complexity, is conducted
and the table shows that MM-EIQ harvests the best
performance.

The corresponding multi-mode PAM constellations are
designed for the proposed schemes. Unlike QDM-
OFDM and MM-IQ-OFDM-IM, the zero-value subcar-
riers are contained in the proposed schemes to ensure
the high EE. Therefore, the distance between the symbol
and the origin point must be considered. The simulation
results show that the designed strategy is appropriate in
terms of the BER performance.

Both theoretical and simulated BER performance of the
proposed schemes and other existing IM-based schemes
under the frequency-selective Rician fading channel
are investigated. An approximate equation of the well-
known Q function with the integral form rather than the
polynomial form (e.g. [10]) is employed to acquire the

expression of the theoretical BER curve.
The rest of this paper is organized as follows. The system

model and channel model are described in section II. Three
kinds of detectors and a design method for the multi-
mode PAM constellation are also introduced. Thereafter,
the extension of QTM-IM to MM-EIQ is introduced in
section III. Section IV analyses the SE, EE and detection
complexity of the proposed schemes and gives the math-
ematical expression of the BER curve in the Rician and
Rayleigh fading channels. The simulation result and discus-
sion are shown in section V. Finally, section VI draws some
conclusions.
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Il. THE PROPOSED QTM-OFDM-IM SYSTEM

A. SYSTEM MODEL AND CHANNEL MODEL

The structure of the proposed QTM-OFDM-IM transmitter is
plotted in Fig. 1. We assume that the coming B information
bits are split into G subblocks with the length of / by the bit
splitter, and the number of bits in each subblock is P, that is
G = B/P = N /I, where N is the number of subcarriers in an
OFDM block.

More specifically, we focus on the gth (1 < g < G)
subblock for the explanation of the proposed scheme. At first,
each P information bits are equally divided into two bit
streams. The IM process is separately performed on the
in-phase and quadrature components in a subblock. For
the in-phase component, the first P; as index bits are fed into
the index selector to decide the activation pattern of subcarrier
component. The active subcarrier indices can be expressed
as J{ = [J} 1, J{ g1, where J§ , = [J{,(D),....J{ ,(kp)] and
JfB = [ijB(l),. . ,JEB(kz)] whose elements belonging to
[1,1]. k1 and k> are the number of subcarriers modulated by
two PAM constellation sets My4 and Myp (Mra N Mip
= ), with the size of «/N4 and +/Np, respectively. Note
that My 4 and Mj p are the in-phase component of QAM
constellations with the sizes of Ny and Np. In this paper,
we assume that different constellations have the same size
and use N4 to denote the order of all constellations. In order
to ensure the high EE of the proposed scheme, we set that k| +
ko =k < [, where k is the number of active subcarriers in the
in-phase component of a subblock. The remaining P, bits are
mapped into the active subcarriers using two distinguishable
constellations. The active subcarriers set are Sf [Si A
S pl, where Sf, = [S{,(1), ....S{ ;(k1)] € M4 and S,
= [sf B(l),...,Sf p(k2)] € My p. This means that the active
subcarriers related to Jf 4 and J‘ﬁ 5 are modulated by S‘E A
and S‘i > Tespectively. Therefore, the output of the in-phase
component in the gth subblock is X§ = [X{(1),....X{ ()]
and XIg(a) € {S‘iA, S‘iB, 0}, 1 <« < [. For the quadrature
component, the same modulation process is conducted and
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TABLE 1. The mapping rule of QTM-OFDM-IM with (/, ky, k) = (3, 1, 1).

Py | Pig | 31 | Jo X = X; + jXq Py | Pio | 3 | Jgo X = X; + jXq
00 00 [1,2] | [1,2] | [Si,a +Sq,a,S1,B +7Sq,B,0] 10 00 (23] | [1,2] | [0+ 4Sq,a,S1,4 +35q,B,S1,B]
00 01 (1,2] | [2,1] | [S,a +3Sq,B,S,B + 735q,4,0] 10 01 [2,3] | [2,1] | [0+ 4Sq,B:S1,4 + Sjq,a,S1,B]
00 | 10 | [1,21 | 1231 | [St.a, S8 +3S0.4,0+3S0.8] | 10 | 10 | 23] | 1231 | [0,S1.4 +7S0.4, 1.5 + §S0.5B]
00 11| [12] | 13.2] | [S1,4,S18 +750,8,0+3Sq.a] | 10 11| 1231 | 13,21 | [0,51,4 +37Sq,B,51,B +75q,4]
01 00 [2,1] | [1,2] | [S;,B +37S5q,4,51,4 + 7Sq,B,0] 11 00 [32] | [1,2] | [0+ 4Sq,a,S1,B +3Sq,B,S1,4]
01 01 [2,1] [2,1] [Si,B +75q,B,51,4 +359,4,0] 11 01 [3,2] | [2,1] [04550,B,51,B +35q,4,S1,A]
01 10 | 1211 | 1231 | [SiB,S1a +350,4,0+iSq5] | 11 10 | 1321 | 12,31 | [0,S1,5 +3§Sq.4,S1,4 + 7Sq.B]
01 11 2,11 | 1321 | [Si,B,Si,a +3Sq,B,0+5Sq,4] | 11 11 (3.2] | 3.2] | [0,5,B +37Sq,B,S1,4 +75q,a]

the output can be expressed as Xé = [Xé(l),. .. ,Xé(l )] %

and Xé(a) € {S‘é’A, S‘aB, 0}. Combining the in-phase and Diffuse Component \\

quadrature components, the output signal of the gth subblock (1st path) /’ AN

can be represented as X¢ = X +jXé. As an example, _ " Diffuse Comp(mem\\\ - ’,\

when ([, k1, kp) are set to (3, 1, 1), the mapping rule of e @ndpath) _ -~ )

the proposed QTM-OFDM-IM is shown in Table 1, where e T N/

Py = [P11, P1ol, J1 and Jq are the subcarrier activation
patterns, respectively, of the IQ components and the index of
the subblock g is omitted.

Remark: In order to make the proposed scheme be more
flexible, the critical parameters such as k; and k> are not
necessary identical in the in-phase and quadrature compo-
nents because the demodulation procedure is independent
(discussed in section II.B) for these two branches. This can be
achieved by the definition of the mapping rule table at both
the transmitter and receiver sides. However, we assume that
the system parameters are the same in the IQ branches in this
paper without loss of generality.

According to the proposed modulation scheme, the number
of bits carried by an OFDM subblock can be calculated as

P=2(llogy(CF )] +klogpVAD) . (1)

where C,k is binomial coefficient and |.] denotes integer
floor operator. Concatenating all G subblocks in the OFDM
block creator, the OFDM signal in the frequency domain
can be built. The transmitted OFDM signal in the time
domain can be obtained by N-point inverse fast Fourier
transform (IFFT). After the parallel-to-serial (P/S) conversion
and appending the cyclic prefix (CP) with the length of L,
the generated OFDM signals are transmitted through a time-
invariant fading channel shown in Fig. 2, where “TS”” means
transmitter side and ‘“RS” means receiver side [28].

The channel can be modeled by its channel impulse
response (CIR) ht = [Ar(1), ..., ht(v)]", where (.)7 means
transposition and At(u), 1 < u < v, represents the complex
Gaussian random variables. Assume that the number of
propagation paths v is smaller than Lcp. Given that N-point
FFT operation has been performed on the zero-padded
hr, the resulting signal H = [H(1), ..., H(N)]T is also
a Gaussian vector with mean Hy, = [Hy(1), ..., Hh(N)]
T and covariance matrix Cy= E {(H — Hn)(H — Hp)? 1,
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FIGURE 2. The model of the time-invariant fading channel.

where E{.} denotes the expectation operation and () is
Hermitian transposition.

Furthermore, the mean of the channel vector elements
in the frequency domain H(i), 1 < i < N, determines the
type of the channel. When Hp(i) = 0, the absolute value
of H(i) has the Rayleigh distribution because of the diffuse
propagation (see dotted line in Fig. 2). On the contrary, it is
the Rician fading channel when H (i) has a nonzero mean due
to the specular propagation (see real line in Fig. 2).

Hence, the channel vector can be rewritten as

[ Z [ 1
H = H, Hy= ., ——H, —Hyn, 2
m 1+ Hg Z+1 mn Z+1 dn ()

where Hy, represents the specular component, Hgq denotes the
diffuse component and the constant Z-factor is defined as the
power ratio of two components. Assume that all subcarriers
share the identical Z-value. After the normalization, the ele-
ments in Hy, are equal to one and the elements in Hy;, follow
the distribution of CA/(0,1).

At the receiver, the output frequency-domain OFDM signal
of the gth subblock after N-point FFT can be expressed as

Y8 = diag(X$)H® + 75,1 < g <G, 3)

where diag(X¥) denotes a diagonal matrix with the elements
of X8, H& denotes the CIR coefficients of the fading channel
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in the frequency domain and Z$ represents the additive
Gaussian white noise (AWGN) with the variance Ny in the
frequency domain. Then, we will give three kinds of detectors
based on the ML and LLR criterions with different detection
complexities in the next subsection.

B. DETECTOR

1) ML DETECTOR

A ML detector is exploited at the receiver, where all possible
subblock realizations are considered to recover the index bits
and constellation symbols. The detection process in detail can
be formulated as

7, X#] = arg min ||Y¥ — diag(X*)H*|. )

In terms of the number of complex multiplication, the com-
putational complexity in (4) is O(4”'N /i‘) per subblock.

2) EQUIVALENT ML DETECTOR

According to [24], we can conclude that the in-phase and
quadrature components are mutually independent in the
detection procedure. Hence, we choose the in-phase part
as the illustrative case. After the zero-forcing equalizer,
the received OFDM signal in the gth subblock can be given
as Y& () = Y8(a)/H8() and we have

n
Y X1 = arg min ) | [H* P Re(Y{ @) = X{OF. ()
DAL =1
where Re(.) represents the operation of real part. It can
be observed that the equivalent ML detector decouple the
in-phase and quadrature components by a zero-forcing equal-
izer. Therefore, the detection complexity for this detector is
on the order of 02?111 (/N4)*) which is much lower than
the ML detector. However, it is also unpractical when pq
and k become large because of its exponentially increasing
complexity.

3) TWO-STAGE LLR DETECTOR

In order to alleviate the complexity issue, a two-stage LLR
detector is employed for the proposed QTM-OFDM-IM.
The demodulation processes are identical for the in-phase
and quadrature components. For the in-phase component,
the LLR values can be calculated as

ST pOXE (o) =51, () [Re(YE (@)
P(X{ () = O|Re(Y¢ (@))

Yo = In

where Nj 4 = /N4 and Ny g = /Npg. S1.¢(j) is jth element of
Mj,c = My s U M p. Thus, the k largest LLR values decide
the active subcarriers J Ig . Considering Bayes’ formula, (6) can
be rewritten as:

ki | H8(a) |* Re(YE(a))?
Ya = In(
Nia+ Nip No
Nia+N, .
g “‘Z”*ex LHE @) 2] Re(Y (@) —St.c(j) |2)
j=1 ’ —Mo 7

)
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In order to avoid the potential numerical overflow,
the Jocobian logarithm [10] is applied to calculate the third
item in (7). Therefore, the value of y, can be calculated by
iterative Algorithm 1, where F = k1 /(N1.4 + N1,p). As shown
in Algorithm 1, the received signal and channel coefficient
in the frequency domain, PAM constellation sets and other
system parameters are required to obtain the corresponding
LLR value of each subcarrier.

Algorithm 1 Iterative LLR Calculation

Require: Received signal Y$(«), CIR coefficient H(c),
constellation sets My 4 and Mj g, and system parameters
(I, k, N1.a, N1B).
Ensure: y, is the LLR value of «th subcarrier
A& =g | HE (@) P Re(YE (@) = St.c() %

2: i< 2;

3: while i < Ny4 + Nip do

& T & =55 | HS@) P Re(¥E@) = Si.c() 1%
50 To < max{Aq, Ty }+In(1+exp(-|A1 — T1]));
6: Ay <Ty;

7: i<i+1;

8: end while

% Yo < In(F) — 5o | HS(@) |* Re(Yé(0)) + Ay
10: return y,.

Based on the output of the first stage, the second stage
of the LLR detector is conducted to determine whether the
active subcarriers modulated by Mj 4 or Mj g, which can be
calculated as

Y P (@) = Sta()IRe(YE (@)
Vo =10
S PXE (@) = S150)IRe(YE (@)

®)

where S1.4(j) and Sy p(j) are the jth element, respectively,
of the constellation sets My 4 and Mj g. By means of (8),
we can decide that the subcarrier is more possibly modulated
by M 4 if the corresponding y, is larger. According to the
decided indices, the index bits and constellation symbols can
be recovered by hard detection. Considering Bayes’ formula,
(8) can be rewritten as:

Nia g N 12
. N1,gky | Re(Ye (@) — S1.40) |
= In(———— 1 —
Ve n(NLAkz) * n(; o (1/] H8(e) [)*No )
Nip g 2 g . N (2
+ 10} exp( O] Re(_iff(fa)) S0 o)
j=1

The computational complexity of the LLR detection in
terms of complex multiplication is O(21(Ny a+N1, g)) which is
significantly lower than the ML and equivalent ML detectors.
Based on the discussion about the signal demodulation,
we will give the design principles of the constellation in next
subsection.
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FIGURE 3. Two designed dual-mode PAM constellations for the proposed
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C. CONSTELLATION DESIGN

The constellation design is crucial to the proposed QTM-
OFDM-IM scheme. Two designed dual-mode PAM con-
stellations for the proposed scheme are shown in Fig. 3.
According to the system model in section II.A and Fig. 3(a),
the error performance of the index bit is determined by

(i) the minimum distance between the symbols and the
origin point, which is d; and

(i1) the minimum distance between two symbols from two
different constellations, which is d.

On the other hand, when the receiver correctly demodulate
all the index bits, the error performance of the symbol bits
is determined by the minimum distance between two signal
points of one selected constellation, which is (2d; + d3).

Therefore, we divide the PAM symbols into two subsets
by assigning alternate points to each subset, as shown
in Fig. 3(a). Unlike the constellation exploited in the QDM-
OFDM and MM-IQ-OFDM-IM, the origin point should
be considered because the inactive subcarriers exist in the
proposed scheme. The remaining procedure is to determine
the optimum value of di and d> under the unit power
constraint which can be formulated as

max dy, dp, 2d; + da
s.t.d? + (d) + da)* = 2. (10)

Thereafter, we will give the objective function in designing
the constellation in terms of the minimization of BER and
also propose a simple method to design it.

The probability of the misjudgement from one subblock
realization to another one in the index modulation scheme can
be expressed as [19]

| i
1
% [T (1+ 5y - o)

x§ xf, Le=1
/ -1
2
8 8 2
+ Y |:31_[<1+%|X1(a)—XLe(a)| )} , D
xfxf L o=l

where the parameters are defined in section IV.B.
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According to (11) and [19], the BER in the high SNR
region is proportional to the following (12), which is written
as a function of d, = 2 % di + d», d; = min(d, d») and
p = 1/No,

-1

42 242\
BER o g4 <1+7“p> +(1+ 3”/)) +ei0(p™h),

(12)

where ¢, and &; are the number of bits, respectively,
corresponding to d, and d; and the higher order term 0(,0_1)
can be expressed as a function of d; (because the index bits are
more effective than symbols bits in the high SNR region [10]).

Therefore, the objective function of (10) can be formulated
as

a2\ 242\
OF(d,, d;) = €4 [(1 + %ﬂ) + (1 + 3a p)
-2 -2
+e | |1+ ﬁ +1+ 2;'1’2
i 2 1% 3 14

(13)

It should be noted that the optimal d, and d; should have
the minimum value of (13). However, the optimal values of
dy and d; need to be determined separately with different
system parameters which is too inconvenient. On the other
hand, if we see the origin point as a special signal point in
our scheme, we could uniformly place all signal points on
the axis by setting di = d;. Given that the average power of
symbols is normalized to unit, the coordinate values of the
designed constellation can be computed as

N
> (nd)* = \/Ny. (14)
n=1

Although the parameter d in (14) maybe not optimal,
the method is flexible for the high-order constellation design.
Besides, the simulation results in section IV demonstrate
that the error performance of the proposed scheme with
the designed constellation is better than that of the existing
schemes. When Nja = Nip = 2, d = d» = 0.6325,
that is Mya = {-0.6325, 1.2649} and Mjp = {-1.2649,
0.6325}. In the case of Nygo = Nip = 4, the designed
PAM constellation is shown in Fig. 3 (b) with M1 4 = {-4d.-
2d,d,3d} and My p = {-3d,-d,2d 4d}, where d calculated by
(14)1s 0.3651.

From above description about the system model and
detection procedure, we can flexibly extend the QTM-
OFDM-IM into the multi-mode form aiming to generate more
index combinations.

Ill. EXTENSION TO MULTI-MODE FORM

The system model in section II.LA can be extended into
multiple-mode form. In the extended system, the index
selector should firstly choose k active subcarriers and every
subcarrier is modulated by an unique signal constellation.
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TABLE 2. The Comparison of SE, EE and Detection Complexity.

Scheme Na= Na = 16
SE | EE | ML | EML | LLR | SE | EE | ML | E-ML | LLR
IM(4,2) 133 | 266 | 26 16 222 | 4.44 | 210 64
1Q-IM(4,2) 1.78 | 3.56 | 28 25 16 | 267 | 533 | 26 27 32
DM(4,2) 222 | 222 | 26 32 4 4 218 128
QDM(4,2) 267 | 267 | 212 27 32 | 444 | 444 | 220 211 64
ZTM(4,2,1) 2 267 | 29 64 3.33 | 444 | 215 256
QTM(4,2,1) 267 | 3.56 | 212 27 64 4 533 | 210 210 128
MM4,N 4) 2.67 | 2.67 | 212 100 | 4.44 | 444 | 220 464
MM-1Q(4,v/N4) 3.56 | 3.56 | 216 29 116 | 5.33 | 533 | 224 213 232
MM-EIQ4,3,/N4) | 3.11 | 4.15 | 214 28 64 444 | 592 | 213 211 128

@Mapper 4 [llMapper B ¢ Mapper C
0
| . |
FIGURE 4. Multi-mode PAM constellation for the proposed
MM-EIQ-OFDM-IM.

Therefore, there are a total of k different constellations and
CKk! kinds of index combinations are generated. Therefore,
the SE of the proposed scheme can be calculated as (15).

P =2 (llogy(ChRD] +Klogy(/ND) . (19)

As an example, we assume that n = 3,k = 3, /Ny = 2
and three different signal constellations are employed. The
corresponding constellation is illustrated in Fig. 4 according
to the design strategy in section I.C. It is interesting to
discover that this scheme can be regarded as an enhanced
MM-IQ scheme (MM-EIQ) because the inactive subcarriers
are contained and the EE are improved. Aiming to be fairly
compared with MM-IQ-OFDM-IM, the number of active
subcarriers should be equal to that of constellations in MM-
EIQ-OFDM-IM which is different from QTM-OFDM-IM
and QDM-OFDM.

Two novel schemes have been described in detail. For
explicitly show the enhancement of our proposed schemes,
the overall comparison and theoretical analysis of the BER
are necessary which is conducted in the next section.

IV. PERFORMANCE ANALYSIS
A. COMPARISON OF SE, EE AND DETECTION COMPLEXITY

From [29], we defined the SE and EE, respectively, as (16)
and (17):

n = B/(N + Lcp) [bits/s/Hz],
A =n/(k/l) [bits/Joule],

(16)
7)
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where the EE 1 is defined as the ratio of SE per unit bandwidth
and the average energy per subcarrier. The comparison of the
SE, EE and detection complexity of the proposed scheme and
other index modulation schemes are listed in Table 2, where
the parameters are given in the beginning of Section V.

As shown in Table 2, the LLR detector significantly
reduces the detection complexity compared with the ML
detector and the equivalent ML (E-ML) detector, especially
when the high-order constellation is employed. In terms of
the LLR detector, the proposed QTM-OFDM-IM trebles and
doubles the number of complex multiplication compared
with OFDM-IQ-IM and QDM-OFDM, respectively, but
achieve a trade-off between the SE and EE. It also can be
observed that the detection complexity of MM-EIQ using
LLR detector is lower than its two counterparts because fewer
constellations are employed. In addition, the proposed MM-
EIQ achieves the highest EE due to the index bits occupy the
largest proportion compared to other schemes without energy
consumption. According to [10], the higher EE leads to better
BER performance in the high signal-to-noise ratio (SNR)
region because of the improved error performance of index
bits, which is more effective with high SNR values.

B. UPPER BOUND ON BIT ERROR PROBABILITY

The average bit error probability (ABEP) can be applied to
acquire the upper bound for the BER performance of the
OFDM system with IM technique when the ML detector is
utilized [10]. Due to the in-phase and quadrature components
in the proposed schemes are identical, we only present the
analysis of in-phase component for brevity. The in-phase
component of the gth OFDM subblock can be represented as
XIg = diag{[XIg(l), e, XIg(l)]T} and the corresponding CIR
coefficients are H¢ = [H8(1), ..., H%())]T. Assume that XIg
is erronesously detected as Xlg the conditional PEP (CPEP)

Y
can be denoted as:
PXf — Xf, | HY) = Q(8/2Ny), (18)

where Q(x) denotes the well-known Gaussian Q-function and
§ = [I(X§ - X{e)Hgn2 = A" A with A = (X{ - X{)H®. Note
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that A is with mean & = (X}’ - X{',)H3 and covariance matrix:

Ca = E {106 = XEOHEICKE — XEoH 1 |
= X = Xfocuxf — xf)". (19)
In order to obtain the expression of closed-form uncon-
ditional PEP (UPEP), the approximation of the Gaussian

Q-function in (20) is applied.
z 2

1 2
Ox) = ;[0 GXP(—zsinze

Using the probability density function (PDF) of the given
A in [30],
b4

A) =
F@ det(Cy)
and the UPEP can be calculated as (24).
PXf — XP)

{1 5 (AH A) }
= Epe | — / exp(———5-)d6 [ | (22)
0

)do. (20)

—n

exp(—(A -7 ClAa—-@), @

T

1 1 —gAf A\ e~(A-RCaA-9)
= —// exp( — ) 7 dOdA,
T JaJo sin” 0 w det(E{AATY})
(23)

-2
0
exp(@/(Cy + 2

1)S2)do,

3 1/3 1
o qCa
det sin® 0 +

(24)

where Eyq{.} denotes the expectation operation with respect
to H8, q=1/(4Ny) and I; represents the identity matrix.
It should be noted that (22) and (23) are related via the
property of Hermitian and the mathematical fact that the
proper complex Gaussian joint probability density function
integrates to one. Unfortunately, the integration in (24) is too
complex to obtain a closed-form expression. However, it can
be easily computed by the numerical method.

In the case of Rayleigh fading channel (£2=0), the expres-
sion of UPEP can be simplified as (25).

1 s C -1
PO = X = & /O : [w( T +11)] do.  (25)

S

Aiming to obtain a closed-form expression of (25),
we apply the eigenvalue-decomposition on C4 with rank R
and get the different eigenvalues A, (1 < r < R). Then, (25)
can be revaluated as

PXE — Xfe)

_1 R 1 Ai 1 7
=X Mlo-0

r=1 i#r

sin? 6
sin?6 + %

) do.  (26)

Using the method in [31] to calculate the above integral,
the expression in (26) can be rewritten as

P(xf—>xlg)=1i]_[(1—ﬁ)—1 (1— A’—/‘1>.
Cragllh V1+2/q
27

VOLUME 9, 2021

1DC' = T T T T T T
Mo T~ ML,Rayleigh,Simulation
~ g +  E-ML Rayleigh,Simulation
1071 S - —&— LLR,Raylkeigh.Simulation | 4
L — — — ML,Rayleigh, Theory
~ —&— ML, Rician, Simulation
ol ~ E-ML Rician, Simulation i
o z —&— LLR Rician,Simulation
— — — ML.Rician, Theory
o an3k
w 10
m
104F
10'5 L
108
L L
5 10 15 20 25 30 35 40 45

SNR[dB]

FIGURE 5. BER performance comparison of QTM-OFDM-IM using the ML,
E-ML and LLR detectors under the Rayleigh and Rician fading channels.

Finally, based on the UPEP from (24) or (27), the ABEP
of the proposed scheme can be represented as

1
~ 8 8 8 8
o= WZg Zg PO — Xi ey, Xip).  (28)
X8 X

Le

where e(X?, Xlge) represents the number of bit errors in the
PEP event P(X{ —X7.).

In order to demonstrate the correctness of the theoretical
analysis and superiority of the proposed schemes, computer
simulations are carried out in the next section.

V. SIMULATION RESULTS AND DISCUSSIONS
Due to the fact that the proposed two schemes are 1Q-IM-
based, other existing IM-based and 1Q-IM-based schemes
are selected to conduct the comparison. In the simulation,
the SNR per bit is defined as Ej/Ng, where E, is the
average energy per bit. The system parameters are set as
follows: N = 128, Lcp = 16, v = 10 and Z = 2. For
brevity, we refer to “OFDM-(IQ)-IM (I, k)’ as OFDM-(1Q)-
IM system with k out of / subcarriers are activated in the IQ
branches, “L-OFDM-IM (k, ¢, L)” as L-OFDM-IM system
with 4 subcarriers in a subblock (4 = t+k(L—1)) for L layers,
k out of r subcarriers are activated in each layer, “QDM-
OFDM (I, k) as QDM-OFDM system with k and (/ — k)
subcarriers are modulated by two different constellations in
the IQ branches. “QTM-OFDM-IM (I, k1, k2)” as QTM-
OFDM-IM system with (k; + k) out of [ subcarriers are
activated in the IQ branches, “MM-(1Q)-OFDM-IM (I, M)”
as MM-(1Q)-OFDM-IM system with / subcarriers utilizing
| different M-ary signal constellations in the IQ branches,
“Q-MM-OFDM-IM(Q, I, M)” as Q-MM-OFDM-IM system
utilizing Q disjoint M-ary constellation on [ subcarriers in
a subblock, “MM-EIQ-OFDM-IM (I, k, M) as MM-EIQ-
OFDM-IM system with k out of / subcarriers utilizing k
different M -ary signal constellations in the IQ branches.

In Fig. 5, we compare the BER performance of the
proposed QTM-OFDM-IM using the ML, Equivalent ML
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FIGURE 6. BER performance comparison among the classical OFDM,
OFDM-IM, OFDM-IQ-IM, QDM-OFDM and QTM-OFDM-IM in the Rician
fading channel (2.67bits/s/Hz).

(E-ML) and LLR detectors under the Rayleigh and Rician
fading channels when the constellation shown in Fig. 3(a)
is employed. The SE of the system is set to 2.67bits/s/Hz.
As shown in Fig. 5, the simulation results gradually match
well with the theoretical upper bounds as SNR increases
which demonstrates the accuracy of the theoretical analysis.
It also can be seen that the PEP analysis in the Rician
fading channel is more accurate than that of the Rayleigh
fading channel because of the specular component. Due
to the inherent problem of error propagation in the LLR
detector, its performance is worse than the ML detector in
the low SNR region. Fortunately, the performance loss is
limited within 1dB. However, the LLR detector harvest near-
optimal performance in the high SNR region because less
error propagation happens. Additionally, the computational
complexity for the LLR detector is significantly decreased to
0(64) compared with O(4096) when the ML detector is used.
It also can be found that the ML and E-ML detectors share the
exactly identical performance.

Fig. 6 shows the BER performance of the classical OFDM
with 8-QAM, OFDM-IM(8,7) with 8-QAM, OFDM-IQ-
IM(4,2) with 4-PAM, QDM-OFDM(4,2) with 2-PAM and the
proposed QTM-OFDM-IM with the designed constellation
given in Fig. 3(a) under the Rician fading channel. All
schemes share the same SE (2.67bits/s/Hz). We can see
that OFDM-IM suffers from BER performance loss with
low SNR values compared with the classical OFDM. This
is because the misjudgement of index bits significantly
degrades the performance of symbols bits. However, as SNR
increases, OFDM-IM outperforms the classical OFDM. This
can be explained by the fact that OFDM-IM provides an
energy saving with 12.5% because of the inactive subcarriers.
According to the diversity-order-theory in [10], the detector
correctly detects all active indices with high SNR values
and the error performance is only dominated by the decision
error of constellation symbols. Therefore, a SNR gain of

117946

1DC' T T T T T T T T
—B— Classical OFDM 2.6 7bilsis/Hz
QDM-OFDIM(4,2),2 67bits/s/Hz
s - | —o&— QTM-OFDM-IM(4 2,1),2.67bits/s/Hz |
4 —&— MM-EIQ-OFDM-IM(4,3,2),3.11hits/s/Hz
102
o
w G
4 10
10
105
108 L L
0 5 10 15 20 25 a0 35 40 45 50

SNR[dB]

FIGURE 7. BER performance comparison among the classical OFDM,
QDM-OFDM, QTM-OFDM-IM, MM-EIQ-OFDM-IM under the Rayleigh
fading channel.

201log;((8/7) ~ 1.2dB should be found between OFDM-
IM and the classical OFDM which corresponds to the result
in Fig. 6. This interesting fact demonstrates the correctness
of the diversity-order-theory in the Rician fading channel.
In addition, the proposed scheme achieves the best BER
performance when SNR is higher than 20dB due to its highest
EE as discussed in section IV. A. More specifically, when
the BER is at 107>, QTM-OFDM-IM harvests 3dB and
5dB, respectively, compared with OFDM-IQ-IM and QDM-
OFDM. However, this advantage comes at a price of higher
detection complexity.

Performance comparison among the classical OFDM
with QPSK, QDM-OFDM(4,2) with 2-mode 2-PAM, QTM-
OFDM-IM(4,2,1) with constellation given in Fig. 3(a)
and MM-EIQ-OFDM-IM(4,3,2) with constellation shwon
in Fig. 4 under the Rayleigh fading channel is given in Fig. 7.
MM-IQ-OFDM-IM is not shown here because its lowest SE
is 3.56 bits/s/Hz when [ = 4. We can see that two proposed
schemes achieve the best BER performance in the high SNR
region. This can be understood that the proportion of index
bits in MM-EIQ-OFDM-IM, which is 0.57, is higher than
thatin QTM-OFDM-IM (0.5) and QDM-OFDM (0.33). More
specifically, the proposed QTM-OFDM-IM obtain about
3dB and 8dB performance gain over QDM-OFDM and the
classical OFDM at the BER of 1073, respectively. Besides the
advantage of BER performance, the SE of MM-EIQ-OFDM-
IM is also significantly higher than that of QDM-OFDM and
the classical OFDM.

In Fig. 8, BER performance comparison among the
classical OFDM with 16-QAM, OFDM-IQ-IM(4,3) with
4-PAM, MM-IQ-OFDM-IM(4,2) with 4-mode 2-ary PAM
constellation, and QTM-OFDM-IM(8,3,1) with the constel-
lation shown in Fig. 3(b) under the Rayleigh fading channel
is given. All schemes share the identical SE of 3.56bits/s/Hz.
The SNR gain of QTM-OFDM-IM can reach about 2dB and
5dB compared with MM-IQ-OFDM-IM and OFDM-IQ-IM
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FIGURE 8. BER performance comparison among the classical OFDM,
OFDM-1Q-IM, MM-1Q-OFDM-IM and QTM-OFDM-IM under the Rayleigh
fading channel (3.56 bits/s/Hz).
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FIGURE 9. BER performance comparison among MM-OFDM-IM,
MM-IQ-OFDM-IM and MM-EIQ-OFDM-IM under the Rayleigh fading
channel.

at the BER of 107>, respectively. Although the pro-
portion of the index bits in the proposed scheme and
MM-IQ-OFDM-IM are identical (0.5), only half of subcar-
riers are activated in the former and harvests double EE
compared with the latter. This indicates that the proposed
QTM-OFDM-IM outperforms other modulation schemes
with high order constellation.

It is difficult to make MM-IQ-OFDM-IM and MM-EIQ-
OFDM-IM have the same EE. Therefore, we compare the two
schemes with nearly identical BER performance in Fig. 9.
The three-mode 4-ary PAM constellation can be obtained
by design method in section II.C for the proposed MM-
EIQ-OFDM-IM(4,3,4). In addition, MM-OFDM-IM(4,16)
with 4-mode 16-ary QAM constellation is also given for
comparison. As shown in Fig. 9, the proposed scheme
harvest the significant SE gain (0.88bits/s/Hz) without the
SNR loss when compared with MM-IQ-OFDM-IM. Besides,
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FIGURE 10. BER performance comparison among L-OFDM-IM,
Q-MM-OFDM-IM, GMM-OFDM-IM and MM-EIQ-OFDM-IM under the
Rayleigh fading channel.

the proposed scheme harvest 6dB SNR gain at the BER of
10~* compared with MM-OFDM-IM with the identical SE.

Finally, we compare several advanced schemes which are
proposed very recently in Fig. 10, including
L-OFDM-IM with QPSK [14], Q-MM-OFDM-IM with
8-joint BPSK [20] and GMM-OFDM-IM [23] with MM-
EIQ-OFDM-IM with the constellation shown in Fig. 4.
GMM-OFDM-IM (8(2),4(2)) means 2 subcarriers modulated
by 8-ary 2-mode PSK and 2 subcarriers by 2-mode 4-ary PSK
in a subblock. As shown in the Fig. 10, MM-EIQ scheme
achieves the best BER performance in the whole SNR region
besides its significant SE improvement (1.11 bits/s/Hz) over
L-OFDM-IM and 0.22 bits/s/Hz over Q-MM-OFDM-IM.
More specially, at the BER level of 107, the proposed
scheme harvests 2dB and 6dB, respectively, over L-OFDM-
IM and GMM-OFDM-IM.

VI. CONCLUSION AND FUTURE WORK

In this paper, a new 1Q-IM-based modulation scheme named
QTM-OFDM-IM is proposed. The in-phase/quadrature mod-
ulation format is exploited to enhance the SE of the system.
At the same time, the inactive subcarriers are contained in
each component to ensure the high EE compared with the
existing systems. Then, this scheme is extended into multi-
mode form to make full use of possible index combinations.
The multi-mode M-ary PAM constellations considering the
original point are designed. At the receiver, three kinds of
detectors with different algorithm complexities are employed
for signal demodulation. Simulation results show that the
proposed schemes harvest better performance corresponding
to other OFDM systems with IM or 1Q-IM techniques under
the Rayleigh and Rician fading channels.

The following points maybe considered as our future
work: (i) because of the existence of inactive subcarrier,
this energy-efficient multi-mode IQ-IM technique hardly
achieves ultra-high SE. However, this issue can be solved by
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further extending the proposed scheme into super-mode form
to generate more index combinations, which is introduced
in [32] very recently and (ii) the performance of the proposed
scheme with channel coding techniques such as LCP in [26]
and [27] and low-density parity-check coding (LDPC).
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