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Composite Multiple-Mode Orthogonal Frequency Division
Multiplexing with Index Modulation

Jun Li, Member, IEEE, Shuping Dang, Member, IEEE, Yu Huang, Member, IEEE,
Pengxu Chen, Xiaomin Qi, Miaowen Wen, Senior Member, IEEE, and Huseyin Arslan, Fellow, IEEE

Abstract—In this paper, we propose a composite multiple-
mode orthogonal frequency division multiplexing with index
modulation (C-MM-OFDM-IM) scheme to increase the spectral
efficiency (SE) of OFDM-IM systems by extending the indexing
to the energy and constellation domains. In C-MM-OFDM-IM,
the information bits are mapped to not only the subcarrier
activation patterns (SAPs) and modulation symbols, but also the
energy allocation patterns (EAPs) and constellation activation
patterns (CAPs). To cope with the practical situations, we propose
a variant IM scheme named C-MM-OFDM-IM-II to build a
new mapping rule between information bits and the increased
CAPs, capable of further increasing the SE of C-MM-OFDM-IM.
Upper-bounded bit error rate (BER) and lower-bounded achiev-
able rate are both derived in closed-form to evaluate the perfor-
mance of C-MM-OFDM-IM(-II). Moreover, we further propose
two enhanced schemes, named generalized C-MM-OFDM-IM(-
II) and C-MM-OFDM with in-phase/quadrature IM(-II), where
the former jointly considers all SAPs, EAPs, CAPs and modulated
symbols, while the latter expands the index implementation to
the in-phase and quadrature constellation domains. Simulation
results show that C-MM-OFDM-IM(-II) outperforms the conven-
tional OFDM-IM related schemes, especially in the high signal-
to-noise ratio (SNR) region, and verify the accuracy of the
theoretical analysis for the upper-bounded BER and achievable
rate.

Index Terms—Orthogonal frequency division multiplexing
(OFDM), index modulation, low-complexity detection, bit error
rate (BER), achievable rate.

I. INTRODUCTION

UE to the rapid growth in the number of mobile users
and smart devices, several novel techniques are proposed
to accomplish the stringent demands of high date rate, high
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flexibility, high spectral efficiency (SE), and high energy effi-
ciency (EE) for the sixth generation (6G) networks [1]. Index
modulation (IM), as one of the novel modulation techniques,
is proposed to achieve both high SE and high EE [2]. In
IM, the pattern index(es) are utilized as an extra dimension
to modulate bits for transmission, where the pattern could
refer to the activation status of time slots, subcarriers, transmit
antennas, receive antennas, linear block codes, angles, etc.,
depending on the specific context [3]-[5].

The IM paradigm was first applied to the space domain,
which brings out a famous scheme named spatial modulation
(SM) [6]. Unlike the conventional multiple-input multiple-
output (MIMO) scheme, information bits of SM are first
divided into index bits and modulation bits, where the former
determine the index of a single active transmit antenna, while
the latter generate one modulated symbol to be transmitted via
the active transmit antenna. Note that SM has many benefits
due to the activation of only a single transmit antenna, e.g.,
high EE, absence of inter-channel interference, and so on.
Attracted by these advantages, space shift keying (SSK) is
proposed to transmit only the index of the active transmit
antenna [7]. Although SM and SSK achieve high EE, the SE
is relatively low with respect to MIMO schemes. Therefore,
generalized SM (GSM) in [8] and generalized SSK (GSSK) in
[9] were proposed to improve the SE of SM and SSK systems,
respectively, which allow transmitting multiple modulated
symbols via multiple active transmit antennas. In [10], [11],
quadrature SM (QSM) was proposed to increase the SE of
SM systems by extending the modulation to the in-phase and
quadrature constellation domains. On the other hand, in order
to improve the performance of SM, the extension of SM to the
time domain was also proposed, for instance, space-time shift
keying [12], space time block coded SM [13], [14], differential
SM (DSM) [15], etc. To further exploit the potential of SM,
precoding SM (PSM) was put forward to modulate index bits
through indices of receive antennas in [16]. Relying on the pre-
coding technique, PSM obtains better performance than classic
SM leveraging the activation status of transmit antennas. Due
to this fact, several works related to PSM were proposed in
[17]-[19]. In [17], generalised PSM (GPSM) was proposed
to increase the SE of PSM systems by activating multiple
receive antennas. Besides, the performance analysis of the
multi-stream GPSM scheme was conducted in [18]. To further
increase the SE, generalised pre-coding QSM (GPQSM) was
proposed to merge GPSM with QSM in [19].

Recently, the IM paradigm has also been applied to the
frequency domain by utilizing the indices of orthogonal fre-
quency division multiplexing (OFDM) subcarriers to transmit
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index bits. In [20], OFDM with IM (OFDM-IM) was proposed
to transmit the indices of a group of subcarriers as well
as the modulated symbols via activated subcarriers. Similar
to SM, information bits in OFDM-IM are also split into
index bits and modulation bits, which determine the sub-
carrier activation pattern (SAP) and the modulated symbols,
respectively. Because of this special configuration, OFDM-IM
can obtain better performance than the conventional OFDM
scheme. Note that different mapping rules between index bits
and SAPs are possible and affect the bit error rate (BER)
performance. The widely applied mapping rules include the
combinatorial mapping rule [20] and the equiprobable subcar-
rier activation mapping rule [21]. Attracted by its merits, lots
of research has been carried out to exploit the potential of
OFDM-IM, e.g., fidelity improvement and SE improvement.
For instance, the interleaved subcarrier grouping method was
invented to improve the BER performance of OFDM-IM in
[22]. Enhanced OFDM-IM was proposed to enhance the BER
performance of OFDM-IM by extending the modulation to
in-phase/quadrature constellation domains in [23]. It should
be noted that not all SAPs are used for transmission, which
restricts the BER performance of OFDM-IM. Therefore, a
special constellation design was proposed to improve the
BER performance of OFDM-IM by activating all SAPs for
transmission in [24].

To increase the SE of OFDM-IM systems, a generalized
OFDM-IM scheme was proposed to encode a large number
of index bits in [25]. In [26], the authors proposed a layered
OFDM-IM scheme to increase the number of index bits by
selecting SAPs via multiple layers. From a different per-
spective, the OFDM with index and composition modulation
(OFDM-ICM) was proposed in [27] to increase the SE by
extending the indexing to the energy domain. In addition,
OFDM-IM was further applied to the conventional MIMO
system to largely increase its SE [28]. By leveraging the
full set of available subcarriers, (generalized-)dual-mode IM
aided OFDM ((G)DM-IM-OFDM) was proposed to utilize
both selected and unselected subcarriers to transmit modulated
symbols [29], [30]. In a similar manner, the authors in [31],
[33] also designed the (generalized-)multiple-mode OFDM-
IM ((G-)MM-OFDM-IM) scheme to transmit modulated sym-
bols via the full set of subcarriers. To improve the SE and
BER performance of DM-IM-OFDM and MM-OFDM-IM,
the OFDM with maximum distance separable code (OFDM-
MDS) scheme was proposed and analyzed in [34], [35], which
obtains an increasing number of index bits by using the MDS
code construction for distinguishable constellation sets. In
addition to the theoretical research, the practical applications
of OFDM-IM were investigated in recent years, e.g., for
vehicle-to-vehicle communications [36], and cognitive radio
networks [37]. Except for the above research works, the low-
complexity detection design was also an important research
direction for OFDM-IM [38]-[40].

Motivated by the advantages of the OFDM-IM, OFDM-
ICM, and MM-OFDM-IM techniques, we propose a composite
MM-OFDM-IM (C-MM-OFDM-IM) scheme in this paper to
further increase the SE. For details, the main contributions of
this paper are summarised as the following.
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¢ In C-MM-OFDM-IM, the information bits are comprised
of index bits, composition bits, mode bits, and modulation
bits, where the index bits determine the subcarrier active
pattern (SAP); the composition bits indicate the energy
allocation pattern (EAP); the mode bits determine the
constellation activation pattern (CAP); the modulation
bits generate modulated symbols. A log-likelihood ratio
(LLR) based low-complexity detection method is pro-
posed to relieve the high detection complexity brought by
the optimal maximum-likelihood (ML) detection for the
proposed C-MM-OFDM-IM scheme. Theoretical analy-
ses of upper bounded BER and lower bounded achievable
rate of C-MM-OFDM-IM are provided, and both are
derived in closed form.

o In practice, the number of distinguishable constellation
sets is generally larger than the number of activated
subcarriers k, say @ (Q > k) constellation sets. To make
the best use of () constellation sets for improving the
SE of C-MM-OFDM-IM, we propose a variant scheme
termed C-MM-OFDM-IM-II to enable a new mapping
relationship between the increased mode bits and @
constellation sets by adopting the @-ary coding criterion.

o With a slight increase of implementation complexity,
we propose the generalized C-MM-OFDM-IM(-II) (GC-
MM-OFDM-IM(-II)) scheme to increase the SE of C-
MM-OFDM-IM(-II) systems by fully considering all pos-
sible SAPs, EAPs, and CAPs. In addition, by sacrificing
more implementation complexity, we further propose the
C-MM-OFDM with in-phase/quadrature IM(-1I) (C-MM-
OFDM-IQ-IM(-II)) scheme to boost the SE of C-MM-
OFDM-IM(-II) systems by extending the indexing of
SAP, EAP, CAP and modulated symbols to the in-phase
(I-) and quadrature (Q-) domains.

o Simulation results show that the C-MM-OFDM-IM(-IT)
scheme obtains better error performance than the con-
ventional OFDM-IM and OFDM-ICM schemes under the
same SE. They also verify the accuracy of the theoretical
BER performance analysis and show that the proposed
LLR based low-complexity detection scheme for C-MM-
OFDM-IM(-II) obtains the near-optimal detection perfor-
mance. Additionally, the GC-MM-OFDM-IM(-II) and C-
MM-OFDM-IQ-IM(-II) schemes obtain even better per-
formance than the C-MM-OFDM-IM(-II) scheme.

The rest of this paper is organized as follows. The C-
MM-OFDM-IM(-II) scheme as well as its low-complexity
detection method are proposed in Section II. The BER and
achievable rate of C-MM-OFDM-IM(-II) scheme are analyzed
in Section III. Then, we propose two enhanced C-MM-OFDM-
IM(-IT) schemes in Section IV. Simulation results are presented
and discussed in Section V. Finally, the paper is concluded in
Section VI.

Notations: Upper and lower case boldface letters denote
matrices and column vectors, respectively. The complex num-
ber field is represented by C. (-)T and ()7 represent the
transpose and Hermitian transpose operations with respect to
the matrix enclosed, respectively. I, is an M x M identity
matrix. E{-} denotes the expectation operation with respect
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Fig. 1. System model of C-MM-OFDM-IM.

to the enclosed random variable. || - || denotes the Frobenius
norm operation of the argument. C(-,-) returns the binomial
coefficient. Q(-) denotes the Gaussian Q-function. diag{-}
denotes a diagonal matrix whose diagonal elements are drawn
from the enclosed vector. det{-} represents the determinant
of the enclosed matrix. The probability of an event is denoted
by Pr(-). |-] indicates the floor function giving the greatest
integer less than or equal to the enclosed real argument.
max(-, -) denotes the maximum operation of two arguments.
I1. PROPOSED C-MM-OFDM-IM SCHEME

In this section, we propose the C-MM-OFDM-IM scheme,
which results in a larger SE than those of the OFDM-IM and
OFDM-ICM schemes.

A. System Model

The system model of C-MM-OFDM-IM is depicted in
Fig. 1. The same as classical OFDM and OFDM-IM schemes,
N subcarriers in an OFDM block are first divided into g
groups, and each group contains n subcarriers with n = N/g.
The m incoming bits are correspondingly split into g groups,
and p = m/g bits are allocated to each group. Different
from the conventional OFDM-ICM scheme, the p bits are
now divided into four parts as p = p; + p2 + p3 + P4.
The first part with p; = |log, C(n, k)] bits (index bits) is
used to select SAP Z, = {in1,--- 00k} With {in}*_; €
{1,2,...,n}. The second part with p; = |log, C(I—1,k—1)]
bits (composition bits) is utilized to determine EAP (, =
{laas- - lag} with {Io, 1, € {1,2,..., — 1}. and the
corresponding energy coefﬁ01ents for the active subcarriers

are given by {\/ ol {y ZQT"} The third part with p3 =

|log, (k!) | bits (mode bits) is utilized to determine CAP y,, =
{at, s Yar} with {1k € {1,2,...,k} with the
corresponding M-ary PSK or QAM sets {Sy,, ,,.-., Sy, .}
and all constellation sets should be distinguishable from each
other. The last part with p, = klog, (M) bits (modulation bits)

is used to determine modulated symbols s, = [s1,..., Sk,
where the modulated symbol s, is generated from the cor-
responding constellation set Sy, ., given v € {1,...,k}.
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Accordingly, the SE of C-MM-OFDM-IM is
_ logy C(n, k)] + [log, C(I — 1,k —1)]

TO—MM -
I |log, (K1) | ‘T*;k’logz(M)' )

After obtaining SAP Z,,, EAP (,, CAP x,, and modulated
symbol vector s,, the transmitted signal vector X, in the
frequency domain can be expressed as

a = [anl 8170,61(%282,07...,€layk5k70,...,0]T7 (2)

a,l

la,

where ¢, = L

For illustrative purposes, we give an example of the ath
block of C-MM-OFDM-IM with n = 4, k = 3, I = 4 and
BPSK. Assume that the three distinguishable constellation sets

are given by {S1 = [~1,+1],S2 = [~(*2 + L)), (2 +
gj)],Sg = [—J,+j]}. The corresponding mapping table

between information bits and the transmitted vector is given
in Table I. Assume that the input bits are 10000101. Based on
the given mapping table, the first two bits 10 are used to select
SAP I, = [1,3,4]. The second one bit 0 are used to select
EAP (, = [1,1,2] with corresponding energy coefficients

[\/g , \/g , )/g] The third two bits 00 are used to determine

CAP x, = 1,2, 3]. The last three bits 101 are used to generate
modulated symbols s, = [+1, —(i \Qf J), +3]. Therefore,

the transmitted signal vector is finally given by

o i) )

T
1 V2 V2 V2
=150 —\——+—F7| 57

2 4 4 2
By applying the N-point IFFT to transmitted vector x =
(x{,...,x]]", the time-domain OFDM signal can be ex-
pressed as X = [X1, Xs,..., Xn]T. Likewise, the OFDM
signal is transmitted to the receiver after appending the CP to
the beginning of X and completing the P/S conversion.

After propagating over multi-path fading channels, the
frequency-domain received signal vector can be expressed as

y =Hx+n, 3)

where H = diag{h} = diag{hy,hs,...,hx} denotes the
channel coefficient matrix whose entries follow the complex
Gaussian distribution with zero mean and unit variance; n
represents the additive Gaussian noise vector with zero mean
and variance Ny. With perfect channel estimation, the trans-
mitted signal can be estimated group by group by employing
the optimal ML detection scheme as

%o = argmin [y, — HoXo |, )

where H,, = diag{h,}; y. and h, denote the ath block of
y and h, respectively. It can be seen from (4) that the optimal
ML detection is in fact an exhaustive search over all possible
candidates of the transmitted vector X,,, which results in high
computational complexity, especially for large n, k, or M.

rom IEEE Xplore. Restrictions apply.
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TABLE I
MAPPING TABLE OF C-MM-OFDM-IM WITHn = 4, k = 3, AND [ = 4.

sap [[ EaP ][ cap || Transmitted Vector  [[ pipaps | SAP [[ EAP [ CAP | Transmitied Vector  [[ p1paps
[S1,S2, 53] le1s1,e1s2,e2s3,0] [00000] [S1,S2,S3] leis1, e1s2,0, e2s3] [01000]
(1.1.2] [S1,S3,S2]|| [e1s1,e183,€282,0] || [00001] (1.1.2] [S1,S3,52]|| [e1s1,e183,0,eas2] [01001]
[S2,51, 53] le1s2, e1s1,ea2s3,0] [00010] [S2, 51, S3] leis2, e151,0, e2s3] [01010]
1,2, 3] [S2,S3,51] le1s2, e1s3,e2s1,0] [00011] (1.2, 4] [S2, S3,51] le1s2,e183,0, e251] [01011]
[S1,S2, 53] leas1, e1s2, €153, 0] [00100] [S1, 82, S3] leas1, e182,0, e153] [01100]
2.1, 1) |[151:Ss, S2]|| [east, exss, exsz, 0] || 100101] 211y |51 55, Sa[[ [east, exss, 0, exso] || 101101]
[S2, 51, 53] leasa, e1s1, €183, 0] [00110] [S2, 51, S3] leasa, €151, 0, e153] [01110]
[S2, Ss,51]|| le2s2,e1ss,e1s1,0] || [00111] [S2, S3,51]|| [e2sz2,e1s3,0,e1s1] || [01111]
[S1,S2, 53] le1s1,0, e182,eas3] [10000] [S1,S2,S3] [0,e181, €182, e2s3] [11000]
(1.1.2] [S1,S3,82]|| [e1s1,0,e183,e2s2] || [10001] (1. 1.2] [S1,S3,52]|| [0,e181,e183,e282] [11001]
[S2, 51, 53] le1s2,0,e181,eas3] [10010] [S2, 81, S3] [0, e182, €181, e2s3] [11010]
1,3, 4] [S2,S3,51]|| [e1s2,0,e183,e2s1] || [10011] (2.3, 4] [S2,S3,51]|| [0,e182,e183,€e251] [11011]
[S1,S2, 53] leas1,0, e182,e183] [10100] [S1, 82, S3] [0, e281, €182, e153] [11100]
2.1, 1] [S1, Ss,S2]|| le2s1,0,e1s3,e1s2] || [10101] 21 1] [S1,S3,52]|| [0,e2s1,e1s3,e€152] [11101]
[S2, 51, 53] leasa, 0, e181,e183] [10110] [S2, 51, S3] [0, e282, €181, e153] [11110]
[S2, Ss3,51]|| le2s2,0,e1s3,e1s1] || [10111] [S2, S3,51]|| [0, ezs2,e1s3,e1s1] || [11111]
Te1 =/ 2= \/g

B. Low-Complexity Detection

In this subsection, we propose an LLR detection method,
which largely reduces the computational complexity of the
detection of the proposed C-MM-OFDM-IM scheme. For
simplicity, we drop notation « in the following. The detection
metric can be formulated as

L(n) = M _ Pf(/fn)f(y(n)lffn)
Pr(Ayly(n)) Pr(A,) f(y(n)|A,)’

where y(n) denotes the nth element of y,, A, denotes
the event that the nth subcarrier is active with probability
Pr(A,) = k/n, while A, represents the complementary
event of A, with probability Pr(A,) = (n—k)/n. The
conditional probability density function (PDF) f(y(n)|A,) can
be explicitly expressed as

(&)

Vo exp(—x=ly(n) — hy3S(m)?), n ez,
Flym)|A,) = ™ ( T" ( )2 nSCIP) 7
s exp(— 7z ly (1)), n¢l.

(6)

By calculating all values of L(n), n = 1,...,n, we can

obtain the LLR vector:

L=[L(1),...,L(n)]

It can be seen from (5) that the nth subcarrier is more
likely to be activated with a larger value of L(7). In order
to estimate the possible SAP, and the corresponding EAP,
CAP and modulated symbols, we first sort the values of
L as [z1,...,2,] = sorty1([L(1),...,L(n)]), where sort(-)
denotes the ordering function that reorders the elements in
descending order, and z; (z,) denotes the position of the
maximal (minimal) value in L. Therefore, the SAP can be
estimated as

Z=1[g1,90--- z)), (D)

where sorts(+) denotes another ordering function that reorders
the elements in ascending order, and g; (gi) denotes the

. gk = sorta([z1, 22, . . .
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position of the minimal (maximal) value. After obtaining
estimated SAP f EAP, CAP, and modulated symbols can be
estimated by the following four steps:

- Sort the channels of the k subcarriers in Z according
to the absolute values of their coefficients in decreasing
order as [y1,...,vk] = sort1([|h(g1)]?, - ., |h(gr)|?]).

- Estimate the EAP and CAP carried on the k subcarriers
by following the order dictated in [h(gn, ), ..., h(gy,)]-
Specifically, we start with the g,,th subcarrier and esti-
mate corresponding energy coefficient lA%, constellation
set Sy, b, and transmitted symbol by [271,5’ 1[;717§'71] =
argmin, |y(g,,) — h(g,, )z|>. Note that x is generated
by z = ZTS%, where 1, € {¢',...,¢Y}, and
Sy, € {Sl, ce ,Sk}.

- For the g,,th subcarrier, estimate corresponding ener-
gy coefficient l:m, constellation set S Dy and transmit-
ted symbol by [l,,,5; 8] = argmin, |y(g,,) —
h(g,)z|?. Unlike the first step for the g, th subcarrier,

the estimated signal z here should be generated by
eliminating the illegitimate EAPs and CAPs, which is

thus given by = = \/?572 with 1,, € {¢'*9}, and
Sy, € {S1,...,S,k}\Sy_ . It is worth noting that (9
denotes the legltlmate EAP set, which contains energy
coefficient lﬁ,1 in the ;th position.

- Repeat the above process until the g,, th subcarrier has
been processed, and finally obtain corresponding energy
coefficients {l,}%_,, constellation sets {5y } " 1, and

transmitted signals {4,,}¥_,, which further result in es-
timated EAP C estimated CAP y, and estimated signal
vector §.
With 1 , f, x and §, the transmitted information bits can be
retrieved by standard demapping and demodulation processes.
To be explicit, the estimation process for EAP and CAP is
exemplified in Fig. 2 with n =4, k = 3, and I = 5. Assume
that the estimated SAP obtained from (7) is Z = [2,3,4], and

rom IEEE Xplore. Restrictions apply.
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Fig. 2. Estimation process for EAP and CAP by the low-complexity detection scheme proposed in this paper.

the corresponding channels are sorted as |ha|? > |hy|? >
|h3|?. Specifically, we first estimate energy coefficient Iy,
constellation set S i and modulated symbol §; for the second

h(2)x|?,
%81 with {; € {1,2,3} and s; € {Sl,SQ,Sg}.
As shown in Fig. 2(b) that the estimation results for the second
subcarrier are listed as [; = 2 and S% =51 (81 € 51). In the
second step, we subsequently estimate energy coefficient ls,

constellation set .S bs and modulated symbol §3 for the fourth
,83] = argmin, [y(4) — h(4)z|?,
where z = \/gs;z, with I3 € {1,2} and s3 € {S3, S5}. Note
that the the possible energy coefficient for I5 is only selected
from {1, 2} due to the first estimation il = 2 (see Fig. 2(b)).
Similarly, the possible modulated symbol should be selected
from {53, S5} due to §; € S;. As also shown in Fig. 2(b) that
we hereby obtain [3 =1 and 51/33 =55 (83 € 59). In the last
step for the third subcarrier h3, we can easily find that the en-
ergy coefficient and the constellation set are straightforwardly
obtained by I, = 2 and S by = Ss, respectively. To further
estimate the modulated symbol, we simply implement the
detection criterion given by §3 = argmin g, [y(3) —h(3)s]*.
After finishing the entire estimation process, the estimated
EAP and CAP are finally obtained by ( = {2,2,1} and
x = {1, 3, 2}, respectively. It is worth noting that the estimated
symbols § = [§1,..., 8] have already been obtained in the
above estimation process.
C. Variant C-MM-OFDM-IM

In C-MM-OFDM-IM, the number of distinguishable con-
stellation sets is equal to the number of active subcarriers k,
which thereby generates k! possible CAPs with the number
of mode bits ps = |log,(k!)|. For encoding information, only
2Ps CAPs are utilized, while the remaining (k! — 2P2) CAPs
are discarded, which degrades the SE of C-MM-OFDM-IM.
On the other hand, the number of distinguishable constellation
sets of practical communication systems could be more than
k, say () distinguishable constellation sets with @) > k. In this
situation, only selecting k constellation sets for transmission

subcarrier ho via [lAl,Su;l,él] = argmin, |y(2) —

where x =

subcarrier hy via [l3,S s
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is a considerable waste of frequency resource.

Therefore, to fully utilize all () distinguishable constellation
sets, we proposed a variant C-MM-OFDM-IM scheme to
reconstruct the mapping relationship between the mode bits
and corresponding CAPs with ) constellation sets, which
leads to a higher number of mode bits ps for obtaining an
even higher SE. For the sake of distinction, we refer to the C-
MM-OFDM-IM scheme with @) distinguishable constellation
sets as C-MM-OFDM-IM-II in the following. Specifically, we
first generate the QQ-ary code as {¥1,...,9;} by following
the “(¥1 + ... + ¥p)modQ = 07 rue [41], where ¢, €
{0,1,...,Q — 1} with v € {1,...,k}. After obtaining all
possible Q-ary codes, the corresponding CAPs are constructed
as {01 +1,...,9% + 1}. The total number of Q-ary codes is
Q"*~!, and the number of corresponding mode bits is given
by p3 = |log,(QF1)|. It is worth noting that Q(*~1) > k!,
and Q1) = k! holds only when Q = k = 2. Explicitly, the
SE of C-MM-OFDM-IM-II is

[log, C(n, k)] + [log, C(I — 1,k —1)]|

TC—MM-II =

+[10g(Q"71)| + klogy (M)

®)

As an example, we provide the quantitative comparison of
the number of mode bits for C-MM-OFDM-IM and C-MM-
OFDM-IM-II with & = 3 and Q = 3,4 given in Table II,
Table IIT and Table IV. It can be seen from Table II that C-
MM-OFDM-IM with k£ = 3 has 2 mode bits by selecting four
legitimate CAPs (two illegitimate CAPs are unused). In C-
MM-OFDM-IM-II with () = k = 3, we can see from Table III
that 3 mode bits are encoded benefiting from the Q-ary code
construction, and there is only one unused constellation set.
Keep increasing to (Q = 4, C-MM-OFDM-IM-II with Q = 4
and £ = 3 is capable of encoding 4 mode bits (p3 = 4) to
fully utilize all possible CAPs as shown in Table IV. It is
evident that C-MM-OFDM-IM-II is able to achieve a higher
SE than that of C-MM-OFDM-IM by properly designing the
Q-ary code.

rom IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3220752

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, NOV. 2022 6

TABLE 11
MAPPING TABLE FOR C-MM-OFDM-IM WITH k = 3.

TABLE III

MAPPING TABLE FOR C-MM-OFDM-IM-II WITH Q = k = 3.

mode bits (p3) CAP mode bits (p3) code CAP
[00] {1,2,3} [000] {0,0,0} {1,1,1}
[01] {1,3,2} [001] {0,1,2} {1,2,3}
(10] {2,1,3} [010] {0,2,1} {1,3,2}
(11] {2,3,1} [011] {1,0,2} {2,1,3}
Unused {3,1,2} [100] {1,1,1} {2,2,2}
Unused {3,2,1} [101] {1,2,0} {2,3,1}
[110] {2,0,1} {3,1,2}
[111] {2,1,0} {3,2,1}
Unused {2,2,2} {3,3,3}

TABLE IV
MAPPING TABLE FOR C-MM-OFDM-IM-II WITH k = 3, AND Q = 4.

| mode bits (ps) || code [[ CAP [ mode bits (ps) | code || CAP |

[0000] {0,0,0} || {1,1,1} [1000] {2,0,2} || {3,1,3}

[0001] {0,1,3} || {1,2,4} [1001] {2,1,1} || {3,2,2}

[0010] {0,2,2} || {1,3,3} [1010] {2,2,0} || {3,3,1}

[0011] {0,3,1} || {1,4,2} [1011] {2,3,3} || {3,4,4}

[0100] {1,0,3} || {2,1,4} [1100] {3,0,1} || {4,1,2}

[0101] {1,1,2} || {2,2,3} [1101] {3,1,0} || {4,2,1}

[0110] {1,2,1} || {2,3,2} [1110] {3,2,3} || {4,3,4}

[0111] {1,3,0} || {2,4,1} [1111] {3,3,2} || {4,4,3}

TABLE V

MULTIPLICATION COMPARISON OF DETECTION METHODS FOR C-MM-OFDM-IM(-II).

’ H Proposed method H ML H Reduction (%) ‘

(n=4, k=2,1 =4, BPSK) 92 512 82%
n=4,k=2,1=5,Q =4, QPSK) 136 8192 98%
(n=28, k=3, =28, BPSK) 164 262114 99%

D._C ity Analysi
Toog}!f)ll‘fgllgy show the computing advantage of the low-

complexity detection method, we quantify the computational
complexity of the low-complexity and optimal ML detections
based on the number of complex multiplications for C-MM-
OFDM-IM(-I).

In C-MM-OFDM-IM, the computational complexity of the
proposed detection method stems from the calculation of LLR
values {L(n)}y_; in (5), and the estimations of EAP and CAP.
Specifically, calculating f(y(n)|A,), f(y(n)|A,) and Pr(A,)
needs (2M + 12) multiplications for a given 7. Therefore,
obtaining {L(n)};_; requires n(2M + 12) multiplications. In
addition, estimating EAP and SAP needs kM (k+ 1) multipli-
cations (kM (2Q —k+1) for C-MM-OFDM-IM-II). Therefore,
the total number of multiplications for the proposed detection
in C-MM-OFDM-IM is (Mk? + 2Mn + 12n + kM). On the
other hand, the total numbers of complex multiplications of
ML detection for C-MM-OFDM-IM and C-MM-OFDM-IM-
II are given by n2nrc-mM+l gpnd panre-mm—1+l regpectively.
Note that the computational complexity of the ML detection
for traditional OFDM is 2n M, which is even less than that
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of the low-complexity detection for C-MM-OFDM-IM(-II).
However, as will be verified in Section V, C-MM-OFDM-
IM(-IT) outperforms OFDM with a considerable performance
gain, which indicates a worthwhile compromise of detection
complexity for communication performance.

For better illustration, we present the computational com-
plexity comparison of the low-complexity and ML detections
for C-MM-OFDM-IM(-II) in Table V. To be specific, the
ML detection requires 512 multiplications while the low-
complexity detection only needs 92 multiplications, which
achieves a 77% complexity reduction for C-MM-OFDM-IM
with n = 4, £k = 2, I = 4, and BPSK. For C-MM-OFDM-
IM-II with n =4, k=2, I =5, () =4, and BPSK, the low-
complexity detection attains up to a 98% complexity reduction.
Moreover, a 99% complexity reduction can even be obtained
by the proposed detection for C-MM-OFDM-IM with n = 8§,
k=3, I =8, and BPSK. According to results shown in this
table, we can confirm that the low-complexity detection is able
to considerably reduce the detection complexity, especially for
large values of n and M.
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IT1I. PERFORMANCE ANALYSIS
A. Analysis of the Upper Bound on BER
In this subsection, we theoretically deduce the upper bound

on the BER of C-MM-OFDM-IM(-II) assuming the perfect
channel state information (CSI) at the receiver. According to
(4), the conditional pairwise error probability (PEP) on H,, is
given by

Pr{xq, — %Xo|Ho}
=Pr{|lya — Haxal > lye - Haka|*}

Q/,
1 z2

Applei2ng the @Q-function approximation Q(z) = 5e” 7 +
1e775 derived in [42], the unconditional PEP can be ap-

proximated as

Pr{x, — X} = Fu, {Pr{xs — %Xo|Hu}}
B 1/12 1/4
 (det(In +@1KA))  (det(Iy +g2KA))
where A = diag{x, — %, } diag{xa — %.}; K =
E{H,HH} is the covariance matrix of H,; ¢1 = 1/ (2Ny)
and go = 2/ (3Np). Having obtained the unconditional PEP

in (10), an upper bound on BER can be derived according to
the union bounding technique as [43]

P. < 2PZ Z d(xo = Xo) Pr{xa = X0},

Xa XoFXq

9

(10)

Y

where d(x, — X,) measures the number of bits in error

between x,, and X,
B. Analysis of Achievable Rate
We derive” the achievable rate of the proposed C-MM-

OFDM-IM(-II) system according to the definition of mutual
information between y, and x,, which is given by [44]

1 1

R= El(xa;ya) = ﬁ (H(X) - H(X|y))
=2 p, [Hxlya ha)l . (12)

The conditional PDF of y, on x, and h,, is given by

f(¥alXa, ha) = exp([|ya — diag{ha}xa|\2), (13)

1
(7TNO)"
and that solely on h,, is determined by

f(yalha) (14)

=2 Zf Yalxg, ha),
where x¢, denotes the gth observation of x,. By scrutinizing
(13) and (14), unfortunately, we find no closed form solution
to the expression given in (12). Therefore, we resort to the
lower-bounded technique proposed in [44] to obtain a lower
bound on the achievable rate as

r> 3 - <log2<e> ~1)

lo 1
2 £ ( g22det IN+HW)>’ (13)
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where =, ¢ = ﬁdiag{x —x§ M diag{xZ — x5, }.

IV. ENHANCED C-MM-OFDM-IM SCHEME

In C-MM-OFDM-IM(-II), only 2P* SAPs are used for trans-
mission with p; index bits, and, therefore, (log, C(n, k)—2P1)
SAPs are not adopted. The same inefficient situation might
apply to generating ps composition bits and ps mode bits.
Therefore, in this section, we propose two enhanced C-
MM-OFDM-IM(-II) schemes, named GC-MM-OFDM-IM(-II)
and C-MM-OFDM-IQ-IM(-II), to increase the SE of C-MM-
OFDM-IM(-II) by fully exploiting all available SAPs, EAPs,
and CAPs.

A. GC-MM-OFDM-IM
In GC-MM-OFDM-IM, we fully utilize all C(n, k) SAPs,

C(I —1,k—1) EAPs, and k! CAPs to construct all possible
transmitted signal vectors. As a result, the number of all
possible transmitted signal vectors is given by (C(n,k) x
C(I — 1,k — 1) x k! x M*), and the corresponding SE of
GC-MM-OFDM-IM is then calculated by

llog, (C(n, k) x C(I =1,k — 1) x k! x M*)]

TGC-MM =

(16)

Similarly, the number of all possible transmitted signal

vectors for G-MM-OFDM-IM-II is given by (C(n, k) x C(I —

1,k —1) x Q¥! x M*), and the corresponding SE of GC-
MM-OFDM-IM-II is likewise calculated by

TGC—MM—II =
I_IOgQ(C(n, k) X C(I -1,k — 1) X Qk—l > Mk)J
n .

a7)

Observing from the above derived SE relations, it is surprising
that by properly designing the parameters of n, k, I, and @,
the SE of GC-MM-OFDM-IM(-II) can be considerably in-
creased without investing any additional frequency and spatial
resource.

For the purpose of illustration, we provide an example for
GC-MM-OFDM-IM(-II) in Table VI. Let us first examine the
SE comparisons of OFDM-ICM, C-MM-OFDM-IM(-II) and
GC-MM-OFDM-IM(-II) with n = 4. Specifically, for the case
withn =4,k=2,M =2, =4, and ) = 2, C-MM-OFDM-
IM obtains the same SE of 1.5 bps/Hz as C-MM-OFDM-IM-II
with @ = K = 2, and both two schemes achieve higher SEs
than OFDM-ICM. Besides, GC-MM-OFDM-IM(-II) obtains a
higher SE than C-MM-OFDM-IM(-II). By increasing ) up
to 4 while keeping all the other settings exactly the same as
n=4,k=2, M =2,and I =4, C-MM-OFDM-IM-II with
1.75 bps/Hz achieves a higher SE than C-MM-OFDM-IM with
1.5 bps/Hz, which verifies the SE advantage of C-MM-OFDM-
IM-II detailed in Section II. In this case, GC-MM-OFDM-IM(-
I) still maintains a higher SE than C-MM-OFDM-IM(-II).
However, GC-MM-OFDM-IM(-II) is not always better than C-
MM-OFDM-IM(-II) in terms of SE. For example, when n = 4,
k=3, M =2,1=4,and Q = 4, although GC-MM-OFDM-
IM with 2.25 bps/Hz has a higher SE than C-MM-OFDM-IM
with 2 bps/Hz, GC-MM-OFDM-IM-II obtains the same SE as
C-MM-OFDM-IM-II both with 2.5 bps/Hz. For another case
withn =4, k=3, M =4,1 =3, and Q = 4, GC-MM-
OFDM-IM(-II) attains exactly the same SE of 2.5 bps/Hz (3
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TABLE VI
SE COMPARISON (BPS/HZ) AMONG DIFFERENT CONFIGURATIONS WITH " = 4 AND n = 8.

| (n,k,M,1,Q) || 1cM

H C-MM-IM H GC-MM-IM H C-MM-IM-IIT H GC-MM-IM-II

4,2,2,4,2) 1.25 1.5 1.75 1.5 1.75
4,2,2,4,4) 1.25 1.5 1.75 1.75 2
4,3,2,4,4) 1.5 2 2.25 2.5 2.5
4,3,4,3, 4 2 2.5 2.5 3 3
®8,2,2,4,2) 0.875 1 1.125 1 1.125
8,3,2,4, 4 1.125 1.375 1.5 1.625 1.75
8,3,2,6,8) 1.375 1.625 1.75 2.125 2.25
8,4,4,6, 6) 2.125 2.625 2.75 3 3.125

bps/Hz) as C-MM-OFDM-IM(-1I). It is worth noting that all
C-MM-OFDM-IM(-II) and GC-MM-OFDM-IM(-II) schemes
achieve higher SEs than the conventional OFDM-ICM, and
GC-MM-OFDM-IM(-1I) is even able to obtain a higher SE
than C-MM-OFDM-IM(-II) by properly designing n, k, M,
I, and Q.

To further validate the performance advantage of the pro-
posed enhanced schemes, we investigate more configurations
for GC-MM-OFDM-IM(-II) with n = 8. To be specific, it
can be seen from Table VI that (G)C-MM-OFDM-IM and
(G)C-MM-OFDM-IM-II under the setup of n = 8, k = 2,
M = 2,1 =4, and Q = 2 have the same SE of 1 bps/Hz
(1.125 bps/Hz) because of Q = K = 2, and GC-MM-OFDM-
IM(-II) obtains a higher SE than C-MM-OFDM-IM(-II). For
@ = 4 while maintaining n =8, k=3, M =2, [ =4, and
@ = 4, we also find that (G)C-MM-OFDM-IM-II has a higher
SE than (G)C-MM-OFDM-IM-II, and GC-MM-OFDM-IM(-
II) obtains the larger SE than C-MM-OFDM-IM(-1I). Under
the configuration of n = 8, k = {3,4}, M = {2,4},
I =6, Q@ = {6,8}, we still obtain the consistent results
that GC-MM-OFDM-IM(-1I) achieves an SE performance gain
over C-MM-OFDM-IM(-IT). Therefore, we can summarize
from above results that our proposed (G)C-MM-OFDM-IM(-
IT) scheme achieves a higher SE than the conventional OFDM-
ICM scheme, and GC-MM-OFDM-IM(-II) is even able to
obtain the a higher SE than C-MM-OFDM-IM(-II) by properly
configuring the system parameters.

B. C-MM-OFDM-1Q-IM

The second enhanced C-MM-OFDM-IM scheme is called
C-MM-OFDM-IQ-IM(-1I), which selects the SAP, EAP, CAP
and modulated symbols from the in-phase and quadrature
constellation domains for indexing to greatly increase the
SE of C-MM-OFDM-IM(-II). For simplicity, we use two
orthogonal pulse amplitude modulation (PAM) constellations
for the purpose of demonstration which is composed of the
real and imaginary parts of the modulated symbols in the in-
phase and quadrature constellation domains.

In C-MM-OFDM-IQ-IM, to facilitate independent coding
and processing in both in-phase and quadrature constellation
domains, a total number of p; information bits are first divided
into two parts, i.e., I-part with p! bits and Q-part with p?
bits. For the I-part with p’ bits, k& among n subcarriers
are activated for transmitting the real part of the transmitted
signal. Specifically, p! bits are also split into four parts as
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C(n, k)] bits (index
it} with {il}k_| e
[log, C(I —1, k —1)] bits (composi-
tion bits) are utilized to determine EAP ¢ = (... 1}
with {II}k e {1,2,...., 1 =1} and { +--- + 1] = L.
Note that the correspondlng energy coefficients for the active
subcarriers in the I-part are given by { 7{, ey {\/@ }. The
pk = |logy(k!)] bits (mode bits) are utilized to determine CAP

I = [yl . ¢l} with {¢I _1 € {1,2,...,k} according
to the M’-ary PAM set {S b , 51 4, 1+ One should also note
that all PAM constellation sets should be distinguishable from
each other. The last p} = klog,(M?) bits (modulation bits)
are used to determine modulated symbols s’ = [s,... 5],
where modulated symbol s! is generated from corresponding
constellation set Sqiv with v € {1,...,k}. Correspondingly,
the transmitted signal vector x! for the I-part can be expressed

TR 1 ’
x! = 111, 232,,..., Tksg,o,...,o . (18)

For the Q-part with p@ bits, the encoding procedure is sym-
metric, and another £ among n subcarriers are activated for
transmitting the imaginary part of transmitted 31gnal Slmllarly,
p® bits are also split into four parts as p@ = p&+p$+p?+p.

The p¥ = [log, C(n, k)| bits (index bits) are used to select
SAP 79 = {i¥,...,i®} with {i®}*_, € {1,2,...,n}. The
p¢ = |log, C(I — 1,k — 1)] bits (composition bits) are
utilized to determine EAP (@ = {I%, ... ZQ} with {I®}F_ | €
{1,2,...,1—1} and l?+~ . -+le =1, and the corresponding
energy coefficients for the active subcarriers in the Q-part are

given by {@, ce \/g} The p§ = |log,(k!)] bits (mode
bits) are utilized to determine CAP y©@ = {1/1(1“2, . ,1/1,?} with
{ }’c 1 € {1 2,...,k} with respect to M@-ary PAM set
{S Sw }. Slmllar to the PAM constellation sets for the
I- part all PAM constellation sets for the Q-part should also be
distinguishable from each other. The last pf = klog,(M®)
bits (modulation blts) are used to determine modulated sym-
bols s@ = [s2,...,5%], where the modulated symbol s& is
generated from the correspondmg constellation set SQ with
v € {1,...,k}. Therefore, the transmitted signal vector x@

p' = pi +p5+ph +pi. The pj = |log,
bits) are used to select SAP Z7 = {if, ..
{1,2,...,n}. The pi =
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TABLE VII
MAPPING TABLE FOR C-MM-OFDM-IQ-IM WITHn =4,k = 2,AND [ =4

index bits (p1) | SAP || composite bits (p2) | EAP || mode bits (ps) | CAP |

[00] {1,2} [0] {1,3} [0] {1,2}
[01] {1,3} (1 3,1} (1] {2,1}
[10] {1,4}
[11] {273}

for the Q-part can be expressed as

T
19 19 19
x@ = %s?, %sg?,o,..., %SS,O,...,O . (19)

Finally, the transmitted signal vector for C-MM-OFDM-IQ-
IM is generated by combining two vectors in the in-phase and
quadrature domains as x = x! 4 jx®. Accordingly, the SE of
C-MM-OFDM-IQ-IM can be increased and given by

o :2Llog2(C(n7/€)j +2|log, C(I —1,k—1)]

n
n 2|log, k!| + klogy MT + klog, M@
- .

(20)

For illustration purposes, we give an example for C-MM-
OFDM-IQ-IM withn =4, k =2, [ =4, and MT = M? =2
(2PAM). Two distinguishable PAM constellation sets are given
by {S1 = [-3,1], 52 = [1, 3]}. Assume that the information
bits required to be transmitted are given by 011011110010,
and the mapping relationship is given in Table VII. For
the I-part with 011011, the first two bits 01 select SAP
{1, 3}, and the second one bit 1 selects EAP {3, 1} with the

corresponding energy coefficients {\/§ , \/g }. The third one
bit 0 indicates CAP {1,2} with corresponding sets {S1, S2},
and the last two bits 11 generate two modulated symbols
[1, 3] from {57, S2}. Therefore, the real part of the transmitted
signal is x! = [/2,0,2,0]7. Similarly for the Q-part with
110010, the first two bits 11 select SAP {2, 3}, and the second
one bit 0 selects EAP {1,3} with the corresponding energy
coefficients {\/% , \/g }. The third one bit 0 indicates CAP
{1,2} with the corresponding sets {Si,S2}, and the last

two bits 10 generate two modulated symbols [1,—1] from
{S1,55}. Therefore, the imaginary part of the transmitted

signal is x9 = [0,%,—\/%, 0]7. Finally, the transmitted
signal vector (prior to normalization) is given by merging

the two vectors in the in-phase and quadrature domains to

be x = x! + jx@ = [\/g, 153 —j\/%()]T.

With respect to C-MM-OFDM-IQ-IM-II, it can be observed
from the above encoding procedure that the constructions of
index bits, composite bits, and modulation bits for the I-part
and Q-part are exactly the same as those in C-MM-OFDM-
IQ-IM. The only difference for these two schemes is the
construction of mode bits. In the I-part or Q-part of C-MM-
OFDM-IQ-IM, only k distinguishable PAM sets are utilized,
while @) distinguishable PAM sets are used for the I-part or
Q-part of C-MM-OFDM-IQ-IM-II. By following the @-ary
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code construction method given in Section II-C, the number
of mode bits for the I-part (or Q-part) in C-MM-OFDM-IQ-
IM-TT is |log, Q¥ |, which results in the SE superiority over
C-MM-OFDM-IM-II. From this reasoning, the SE of C-MM-
OFDM-IQ-IM-II can be calculated as

2|log,(C(n, k)| +2|log, C(I — 1,k —1)|

TIQ-II =

n
N 2|log, QF 1| + kl(;gZ M + klog, MQ. o

In addition, the low-complexity detection method and per-
formance analysis for C-MM-OFDM-IM(-II) provided in Sec-
tions II and III are also applicable to GC-MM-OFDM-IM(-
II) and C-MM-OFDM-IQ-IM(-II), due to the similar con-
figurations of C-MM-OFDM-IM(-II), GC-MM-OFDM-IM(-
II), and C-MM-OFDM-IQ-IM(-II). Therefore, we do not re-
peatedly describe the low-complexity detection method and
performance analysis for GC-MM-OFDM-IM(-II) and C-MM-
OFDM-IQ-IM(-II) in this section.

V. SIMULATION RESULTS

In this section, we illustrate the computer simulation results
for numerically evaluating the BER performance of C-MM-
OFDM-IM(-II), GC-MM-OFDM-IM(-II), and C-MM-OFDM-
IQ-IM(-II) schemes under the assumptions of Rayleigh fading
channels and perfect channel estimation. For convenience, we
adopt the shorthands as follows:

- “OFDM, (n, MPSK/QAM)” denotes OFDM with n
subcarriers and M-ary PSK/QAM constellation set.

- “OFDM-IM, (n, k, MPSK/QAM)” denotes OFDM-IM
with n subcarriers, k active subcarriers, and M-ary P-
SK/QAM constellation set.

- “OFDM-ICM, (n, k, I, MPSK/QAM)” denotes OFDM-
ICM with n subcarriers, k active subcarriers, total energy
coefficient I, and M-ary PSK/QAM constellation set.

- “(G)C-MM-IM, (n, k, I, MPSK/QAM)” denotes (G)C-
MM-OFDM-IM with n subcarriers, k active subcarriers,
total energy coefficient I/, and % distinguishable M-ary
PSK/QAM constellation sets.

- “(G)C-MM-IM-1I, (n, k, I, Q, MPSK/QAM)” denotes
(G)C-MM-OFDM-IM-II with n subcarriers, k active sub-
carriers, total energy coefficient I, and () distinguishable
M-ary PSK/QAM constellation sets.

- “C-MM-IQ-IM, (n, k, I, MTPAM, MYPAM)” denotes
C-MM-OFDM-IQ-IM with n subcarriers, k active subcar-
riers, total energy coefficient I, k distinguishable M’ -ary
and M @-ary PAM constellation sets for I-part and Q-part,
respectively.
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OFDM-IM(-II) with n = 4.

- “C-MM-IQ-IM-II, (n, k, I, Q, M'PAM, MYPAM)”
denotes C-MM-OFDM-IQ-IM-II with n subcarriers, k
active subcarriers, total energy coefficient I, Q) distin-
guishable M'-ary and M©%-ary PAM constellation sets
for I-part and Q-part, respectively.

In Fig. 3, we compare the BER performance of OFDM-
IM, OFDM-ICM, C-MM-OFDM-IM, and C-MM-OFDM-IM-
II with n = 4 and PSK under the SE of 1.5 bps/Hz. It
can be seen from Fig. 3 that the proposed C-MM-OFDM-IM
and C-MM-OFDM-IM-II schemes both achieve better BER
performance than OFDM-IM and OFDM-ICM. Specifically,
compared to “OFDM-ICM (4, 2, 5, BPSK)”, “C-MM-IM (4,
2, 4, BPSK)” and “C-MM-IM-II (4, 2, 4, 2, BPSK)” both
obtain better BER performance over the entire SNR region
and achieve about 2 dB SNR gain in the high SNR region.
Compared to “OFDM-IM (4, 2, QPSK)”, “C-MM-IM (4, 2,
4, BPSK)” and “C-MM-IM-II (4, 2, 4, 2, BPSK)” obtain
the worse BER performance in the low SNR region due to
the erroneous estimation of EAP and CAP, while they obtain
about 4 dB SNR gain in the high SNR region because of
less estimation errors dominated by the BPSK modulation.
In addition, we can see that “C-MM-IM (4, 2, 4, BPSK)” and
“C-MM-IM-II (4, 2, 4, 2, BPSK)” have exactly the same BER
performance with ) = K = 2, which verifies our hypothesis
given in Section II-C.

To confirm our theoretical analysis and derivation, we
further compare the BER performance of OFDM-IM, OFDM-
ICM, C-MM-OFDM-IM, and C-MM-OFDM-IM-II with n =
8 under the SE of 1.75 bps/Hz in Fig. 4. From Fig. 4, we
can still see that “C-MM-IM (8, 3, 8, BPSK)” and “C-MM-
IM-IT (8, 3, 4, 6, BPSK)” outperform and obtain about 2
dB and 6 dB SNR gain over “OFDM-IM (8, 3, 8PSK)”,
in the high SNR region. Moreover, “C-MM-IM-II (8, 3, 4,
6, BPSK)” outperforms “OFDM-ICM (8, 3, 6, QPSK)” over
the entire SNR region with a constant 5 dB SNR gain for
SNR > 40 dB. Due to more EAP estimation errors, “C-
MM-IM (8, 3, 8, BPSK)” is inferior to “OFDM-ICM (8, 3,
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Fig. 5. Performance comparison of C-MM-OFDM-IM(-II) and OFDM with
different configurations.

6, QPSK)” in the low SNR region, while obtaining better
BER performance in the high SNR region, benefiting from
the adopted BPSK modulation. This is because for most cases
only the modulation estimation error exists in the high SNR
region, whereas the estimation errors of SAP, EAP, and CAP
dominate in the low SNR region but rarely happen in the
high SNR region for C-MM-OFDM-IM(-II). It can also be
observed that “C-MM-IM-II (8, 3, 4, 6, BPSK)” is superior
to “C-MM-IM (8, 3, 8, BPSK)” with a 3 dB SNR gain in the
high SNR region. This is because “C-MM-IM-II (8, 3, 4, 6,
BPSK)” utilizes 2 EAPs for transmitting 1 composition bits
(I = 4), while “C-MM-IM (8, 3, 8, BPSK)” utilizes 16 EAPs
for transmitting 4 composition bits (I = 8), which leads to
more EAP estimation errors over the entire SNR region.

We compare the BER performance of C-MM-OFDM-IM(-
II) and OFDM in Fig. 5. As shown in Fig. 5, we can see that
“C-MM-IM, (4, 3, 5, QPSK)” with 3 bps/Hz achieves a lower
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Fig. 6. BER comparison between the optimal ML detection and the proposed
low-complexity LLR detection for C-MM-OFDM-IM(-II) with n = 4 and
n=38.

BER with an about 1.5 dB SNR gain than “OFDM, (4, 8PSK)”
with 3 bps/Hz in the high SNR region. In addition, we can also
see that “C-MM-IM-II, (8, 3, 8, 4, BPSK)” and “C-MM-IM,
(4, 3, 4, BPSK)” both with 2 bps/Hz still obtain up to a 4 dB
SNR gain with respect to “OFDM, (4, QPSK)” with 2 bps/Hz
in the high SNR region. Accordingly, the BER performance
advantage of our proposed scheme is further substantiated. !

In Fig. 6, we compare the BER performance between the
optimal ML detection with exponential computational com-
plexity and the low-complexity detection for C-MM-OFDM-
IM and C-MM-OFDM-IM-II with n = 4 and n = 8. As can be
seen from the results depicted in Fig. 6 that the BER pertaining
to the proposed low-complexity detection closely approaches
the BER corresponding to the optimal ML detection with only
a slight loss for C-MM-OFDM-IM(-1I). Specifically, about 1
dB SNR loss appears between the low-complexity and ML
detections for “C-MM-IM (8, 3, 4, QPSK)” and “C-MM-IM-
11 (4,2, 4,4, BPSK)”, which is resulted from the misestimation
on the SAP, EAP, and CAP by the LLR criterion. It can be
still seen from Fig. 6 that the theoretical curves and simulation
curves are well matched when SNR > 40 dB, which confirms
the accuracy of the upper-bounded BER analysis presented in
Section IIL.2

Fig. 7 shows the BER performance of (G)C-MM-OFDM-IM
and (G)C-MM-OFDM-IM-II with n = 4. We observe that GC-
MM-OFDM-IM and GC-MM-OFDM-IM-II both outperform
the corresponding C-MM-OFDM-IM and C-MM-OFDM-IM-
IT in the high SNR region. In particular “GC-MM-IM (4, 2,

'Note that the BER performance of the proposed scheme could be worse
than the conventional OFDM and OFDM-IM schemes in the low SNR region.
This is because the joint detection of index, composition, and mode bits is
more prone to errors when the transmit power is not significantly greater than
the noise power. Such a problem can be mitigated by introducing advanced
coding techniques, which is out of the scope of this paper.

>The mismatch between the numerical and analytical results in the low
SNR region is caused by the intrinsic principle of the union bound used
for approximating the BER. The mismatch shall plummet with an increasing
SNR, and, therefore, the analytical results at high SNR are accurate.
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Fig. 7. BER comparison between (G)C-MM-OFDM-IM and (G)C-MM-
OFDM-IM-II with n = 4.

4, BPSK)” with 1.75 bps/Hz obtains an almost 0.4 dB SNR
gain over “C-MM-IM (4, 2, 5, BPSK)” with 1.75 bps/Hz
in the high SNR region. Similarly, “GC-MM-IM-II (4, 2,
3, 4, BPSK)” with 1.75 bps/Hz achieves an almost 0.6 dB
SNR gain over “C-MM-IM-II (4, 2, 4, 4, BPSK)” with 1.75
bps/Hz in the high SNR region. With SE increased to 1.75
bps/Hz, “GC-MM-IM (4, 3, 4, QPSK)” obtains an almost 1
dB SNR gain over “C-MM-IM (4, 3, 5, QPSK)” in the high
SNR region. From above results, we can see that GC-MM-
OFDM-IM(-II) is generally superior to C-MM-OFDM-IM(-
IT) with a significant performance gain, which stems from the
less total energy coefficient I. Moreover, it is interesting that
the performance gain can also be increased by increasing the
modulation cardinality M and the number of active subcarriers
k in the high SNR region. This is because GC-MM-OFDM-
IM(-IT) breaks the one-to-one mapping relationship, and its
accuracy of estimation on modulation bits is higher than that
of C-MM-OFDM-IM(-II) in the high SNR region.

In Fig. 8, we compare the BER performance of (G)C-MM-
OFDM-IM and (G)C-MM-OFDM-IM-II with n = 8 under
the same SE of 1.75 bps/Hz. It can be still seen that GC-
MM-OFDM-IM(-II) obtains better BER performance than C-
MM-OFDM-IM(-1I) in the high SNR region. Similarly, “GC-
MM-IM (8, 3, 6, BPSK)” and “GC-MM-IM-1II (8, 3, 4, 4,
BPSK)” both obtain almost a 0.6 dB SNR gain over “C-
MM-IM (8, 3, 8, BPSK)” and “C-MM-IM-II (8, 3, 6, 4,
BPSK)” in the high SNR region. This results further validates
our hypothesis that the performance gain of GC-MM-OFDM-
IM(-II) is attributed to a smaller total energy coefficient I.
Meanwhile, it should be noticed from Figs. 7 and 8 that
although the performance improvement between GC-MM-
OFDM-IM(-II) and C-MM-OFDM-IM(-1I) is not significant
due to the limited SE increase (c.f., Table VI), GC-MM-
OFDM-IM(-II) requires no additional frequency resource for
such an improvement, which justifies its feasibility in practice.

To evaluate the BER performance of C-MM-OFDM-IQ-
IM(-II), we conduct the computer simulations for C-MM-
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OFDM-IM, C-MM-OFDM-IQ-IM, C-MM-OFDM-IM-II, and
C-MM-OFDM-IQ-IM-II and present the simulation results in
Fig. 9. Specifically, it can be seen that “C-MM-IQ-IM (8,
2, 4, 2PAM, 2PAM)” obtains almost a 10 dB SNR gain
at BER= 1072 over “C-MM-IM (8, 2, 4, 32PSK)” under
the same SE of 2 bps/Hz, where the significant performance
improvement comes from the fact that C-MM-OFDM-IQ-IM
adopts 2PAM with a low cardinality order, while C-MM-
OFDM-IM employs 32PSK that causes the seriously degraded
performance. We can also see that “C-MM-IQ-IM-II (4, 2,
4, 2, 2PAM, 2PAM)” outperforms “C-MM-IM-II 4, 2, 4, 2,
16PSK)” with a 7 dB SNR gain under the SE of 2 bps/Hz. This
is also because of the 16PSK in C-MM-OFDM-IM-II, and C-
MM-OFDM-IQ-IM-II is thus able to achieve the considerable
performance enhancement. In summary, by lowering down the
modulation order and extending the processing in both in-
phase and quadrature constellation domains, C-MM-OFDM-
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Fig. 10. Achievable rate comparison among C-MM-OFDM-IM(-1T), OFDM-
IM and OFDM-ICM schemes.

IQ-IM-II is capable of improving SE in a large scale.
Additionally, Fig. 10 presents the achievable rates of
OFDM-IM, OFDM-ICM, C-MM-OFDM-IM, and C-MM-
OFDM-IM-II. From Fig. 10, we find that the achievable rates
of all schemes increase with the increase of SNR and approach
to constants in the high SNR region due to the rare error
estimation as SNR increases. More importantly, although the
achievable rates of all schemes tend to saturate at high SNR,
the increment of achievable rates of “C-MM-IM (4, 2, 4,
BPSK)” and “OFDM-IM (4, 2, QPSK)” both with SE of 1.5
bps/Hz are quite similar over the entire SNR region, and both
are higher than “OFDM-ICM (4, 2, 5, BPSK)” with SE of
1.5 bps/Hz in the low-to-medium SNR region. The similar
situation happens for “OFDM-IM (8, 2, QPSK)”, “OFDM-
ICM (8, 2, 5, BPSK)”, and “C-MM-IM-II (8, 2, 4, 2, BPSK)”
with SE of 1 bps/Hz. We also see that “OFDM-ICM (8, 2, 5,
BPSK)” achieves the lowest increment of the achievable rate,
and both “C-MM-IM-II (8, 2, 4, 2, BPSK)” and “OFDM-IM
(8, 2, QPSK)” have a similar and higher increment of the
achievable rate, which clearly reveals the advantage of our

roposed schemes.
prop VI. CONCLUSIONS

In this paper, we proposed the C-MM-OFDM-IM(-II)
scheme to overcome the drawbacks of the conventional
OFDM-IM and OFDM-ICM schemes by simultaneously ex-
tending the indexing concept to the energy and constellation
domains. An LLR based detection scheme for C-MM-OFDM-
IM(-II) was proposed, which approaches the optimal ML
detection with much less computational complexity. Moreover,
the upper-bounded BER and lower-bounded achievable rate of
C-MM-OFDM-IM(-II) were derived in closed form. In order
to increase the SE of C-MM-OFDM-IM(-1I), we further pro-
posed two enhanced schemes, named GC-MM-OFDM-IM(-II)
and C-MM-OFDM-IQ-IM(-II). Specifically, GC-MM-OFDM-
IM(-IT) breaks the one-to-one mapping and jointly utilizes all
SAPs, EAPs, and CAPs for transmission purposes. C-MM-
OFDM-IQ-IM(-II) extends the indexing concept to the in-
phase and quadrature constellation domains. Finally, computer
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simulations showed that C-MM-OFDM-IM(-1I) is superior to
OFDM-IM and OFDM-ICM under the same SE requirement.
They also showed that GC-MM-OFDM-IM(-1I) and C-MM-
OFDM-IQ-IM(-II) outperform C-MM-OFDM-IM(-I) in the
high SNR region.
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