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ABSTRACT Quadrature spatial modulation (QSM) is a novel index modulation technology, which extends
the antenna index (AI) to two dimensions of both in-phase AI and quadrature AI. In order to further make
full use of the idle transmit antennas (TAs) resource and to exploit the signal constellation domain, taking
advantage of the spatial dimension of QSM, we propose a new three-dimension (3D) structure of quadrature
index modulation (QIM), which is capable of not only transmitting directly a 3D constellation symbol but
also carrying more extra information bits, named as quadrature index modulation with three-dimensional
constellation (QIM-TDC). More specifically, a 3D framework of QIM-TDC is designed for transmitting a
3D constellation symbol that is constructed by the X -axis, Y -axis and Z -axis components. In the proposed
QIM-TDC scheme, by utilizing an in-phaseAI vector, two active TAs are activated simultaneously to transmit
the X -axis and Y -axis components of the 3D symbol, respectively. Similarly, by utilizing the quadrature AI
vector, an active TA is activated to transmit the Z -axis component of the 3D symbol. Then, for further
achieving the better bit error probability (BEP) performance, the design of a modified 3D constellation for
maximizing the squaredminimumEuclidean distance (MED) between the transmitted spatial vectors (TSVs)
is illustrated. Moreover, the squared MEDs for QIM-TDC are analyzed and compared with the squared
MEDs of the conventional spatial modulation schemes. Finally, The average BEP is analyzed in this paper.
Numerical results with comparison among the other schemes demonstrate the QIM-TDC scheme achieves
the improved performance.

INDEX TERMS Quadrature index modulation with three-dimensional constellation (QIM-TDC), three
dimension (3D) constellation, 3D framework, squared minimum Euclidean distance (MED), transmitted
spatial vector (TSV).

I. INTRODUCTION
Index modulation [1] technologies such as spatial modula-
tion (SM) [2], [3] and the extension of SM called quadra-
ture spatial modulation (QSM) [4] have wisely attracted
researchers’attention due to the activation of transmit anten-
nas (TAs) by exploiting the spatial domain. One of the
objectives of using these technologies is to transmit extra
information bits being used for the indexes of active
antenna(s).

To exploit the potential gain from the spatial domain of
TAs, on the one hand, by the index modulation technology
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of SM, a number of improved schemes on SM with multiple
active TAs [5]–[9] has been developed not only for solving
the shortcoming of the single radio frequency (RF)-chain
constraint in SM but also for transmitting more extra infor-
mation bits compared with SM. Furthermore, a generalized
SM (GSM) reported in [5], [6] achieves the spatial diversity
gain by transmitting an identical quadrature amplitude modu-
lation or phase shift modulation (QAM/PSK) symbol through
multiple active TAs at one time slot. Nevertheless, the multi-
ple active TAs reported in [7]–[9] are used to transmitting
different QAM/PSK symbols not only for enhancing high
spectral efficiency but also achieving the spatial multiplexing
gain. On the other hand, by the index modulation technology
of QSM, double spatial modulation (DSM) [10], with the aid
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of a rotation angle, directly superimposes two independently
SM transmit vectors for the transmission of high data rate.

In high signal noise ratio (SNR) region, the average bit
error probability (BEP) is mainly determined by the worst
pairwise error probability (PEP), which corresponds to the
crucial parameter of the squared minimum Euclidean distane
(MED) between the transmitted spatial vectors (TSVs) that is
constructed by both the conventional QAM/PSK symbol(s)
and the indexes of active antenna(s). To exploit the potential
gain from the signal constellation domain, a lot of researches
on optimizing design of signal constellation (i.e. Amplitude/
phase modulation (APM) and star-quadrature amplitude
modulation) have been reported in [11]–[14]. Consequently,
the BEP performance of the SM system can be further
improved due to the increasing of the squared MED between
the TSVs. In [15], the in-phase and quadrature components of
APM symbols, which are dependent on the TA, are optimized
for increasing the squared MED the TSVs. Furthermore,
enhanced SM (ESM) reported in [16], [17] is proposed to
transmit one primary symbol (e.g.M -ary QAM) by using one
active TA or to transmit two secondary symbols by using two
active TAs during each time slot. Through considering the
combination of active TA(s) and signal constellation design,
the key idea of ESM is to enhance the transmission of extra
information bits by extending the number of the indexes of
active TA(s) and to increase the squared MED between the
TSVs for the better BEP performance.

In brief, the objective of designing on signal constella-
tion or of being capable of carrying more extra antenna index
(AI) bits is to maximize the squared MED between the TSVs
for the improving of BEP performance.

Against this background, to the best of our knowledge,
no work regarding the amalgamation of index modulation
technology and three dimension (3D) constellation is avail-
able in the literature. In this paper, we propose a new 3D
framework of quadrature index modulation used to transmit
a 3D constellation symbol, named as quadrature index mod-
ulation with 3D constellation (QIM-TDC).

The main contributions of this paper are as follows:
1) The 3D framework of the QIM-TDC scheme is devel-

oped, which can transmit directly a 3D constellation
symbol by using the in-phase and quadrature spatial
dimensions.

2) In the proposed QIM-TDC scheme, in order to make
trade-off between the multiplexing and diversity gain
and to enhance the transmission of higher spectral
efficiency. The X -axis, Y -axis and Z -axis compo-
nents of a 3D constellation symbol are transmitted by
the following methods. (a). Two active antennas in
in-phase spatial dimension are activated by the in-phase
AI vector to transmit respectively theX -axis and Y -axis
components of the 3D constellation symbol, resulting
in an in-phase spatial constellation. (b). One active
antenna in quadrature spatial dimension is activated
by the quadrature AI vector to transmit the remain-
ing one Z -axis component of the 3D constellation

TABLE 1. List of notations.

symbol, resulting in a quadrature constellation. Then a
TSV symbol is constructed by adding the in-phase and
quadrature spatial constellations.

3) By exploiting the spatial gain from the signal constel-
lation domain, a modified 3D constellation is designed
for further increasing the squared MED between the
TSVs according to the trait of the squared MED
between the TSVs.

4) The squaredMEDs of the QIM-TDC scheme compared
with that of other MIMO schemes (such as SM, QSM,
ESM) are made detailed analysis and the average BEP
is derived based on the union bound technique.

The rest of this paper are organized as below. Section II
briefly introduces the related research works on both SM
and QSM schemes. Then, Section III describes the details of
the QIM-TDC scheme. A new 3D construction of constella-
tion is designed in Section IV. Moreover, the squared MED
and the theoretical analysis of QIM-TDC are performed in
Section V, and the simulation results are given in Sections VI.
Finally, VII concludes this paper.

The notations for various system parameters and acronyms
used throughout the paper are listed in Table 1

II. RELATED WORKS
For the SM technology [2], it conveys the information
bits not only by the data symbols (e.g. QAM/PSK), but
also by the antenna indexes of activating one out of TAs.
Compared with the vertical Bell Labs layered space-time
(V-BLAST) [18] scheme, SM can significantly combat the
inter-channel interference and reduce the complexity of
detection at the receiver. For the QSM [4] technology, since
QSM extends the spatial constellation of SM to the in-phase
and quadrature index dimensions, it gains the additional infor-
mation bits with base-two logarithm of the number of TAs
compared with SM.
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FIGURE 1. System Model of the SM system.

In this paper, the design concept of QIM-TDC is inspired
from the SM and QSM systems. The 3D framework of the
QIM-TDC system with 3D constellation is designed for the
achievable spatial gain from the spatial and signal constella-
tion domains and is the extension of the spatial dimensions of
the QSM systemwith 2D constellation for the transmission of
both more extra information bits and higher dimensional con-
stellation. In our proposed QIM-TDC, a 3D symbol from a
3D constellation set�S is directly transmitted from the corre-
sponding active TAs without converting 3D constellation into
2D constellation. Furthermore, the in-phase index dimension
of QSM is extended into two in-phase index dimensions for
the transmission of two components of a 3D symbol on two
active TAs. Due to the activation of two TAs, QSM-TDC not
only extends the number of the in-phase AI vectors for the
selection of the in-phase AI information bits but also make
fully the idle TAs resource. Therefore, at the beginning of
designing the QIM-TDC system, we briefly introduce two
traditional spatial modulation schemes such as SM and QSM
constituting the design basis of our proposed scheme.

A. SM SCHEME
In the SM scheme [2] with Nt TAs, as shown in Fig. 1,
B = log2 M + log2 Nt bits are conveyed by both the
antenna index (AI) modulator and a M -QAM/PSK mod-
ule, where M denotes the number of the constellation
points (CPs). Compared with the single-input multiple-output
(SIMO) system using the same M -QAM/PSK, the SM sys-
tem can achieve higher throughput of log2 Nt bits since
the spatial domain of TAs is exploited at cost of building
multiple TAs.

The working principle of the transmitter in the SM system
is as follows: the entering bit stream of B bits are first divided
into two blocks of both B1 = log2 M bits and B2 = log2 Nt
bits. Then an AI vector Vα obtained by mapping the B2 bits
is used to activate one out of Nt TAs, where Vα ∈ RNt , α =

1, 2, · · · ,Nt , is the α-th column of the (Nt × Nt )-element
identity matrix INt . In other words, only a single RF-chain
TA is activated to transmit a M -QAM/PSK symbol s from a
M -ary constellation set �s, which is obtained by modulat-
ing B1 bits, namely the Nt of spatial index vectors for the
transmitted spatial vectors (TSVs) with the dimension of
Nt × 1, which correspond to a CP symbol s, is obtained by
the modulated symbol s multiplied by the AI vector Vα as

FIGURE 2. System model of the QSM system.

below

SSM ∈



s
0
...

0


Nt×1

,


0
s
...

0


Nt×1

, · · · ,


0
0
...

s


Nt×1

 (1)

Note that Nt need to satisfy the power of 2, s denotes one CP
from M -ary constellation set �s.

Thus, the squared MED between the TSVs could be calcu-
lated by

d2SSM,min =

SSM 6=S̃SM
min

{∥∥∥SSM − S̃SM
∥∥∥2} = 4

Eav
(2)

where Eav denotes the average energy of each CP in
M -QAM/PSK constellation.

B. QSM SCHEME
An extension of SM is the QSM system [4] with Nt TAs,
as shown in Fig. 2. The B = log2 M + log2 N 2

t bits are
conveyed by two AI modules and aM -QAM/PSKmodulator.
Compared with the SM system, one more antenna index
mapper is considered for the QSM system, implying that the
QSM system can achieves one more additional log2 Nt infor-
mation bits not only by exploiting the signal constellation
domain, but also by extending the spatial domain without
increasing the number of TAs and the detection complexity
at the receiver.

The working principle of the transmitter in the QSM sys-
tem is as follows: in Fig. 2, the entering bit stream of B
bits are divided into three blocks of B1 = log2 M bits,
B2 = log2 Nt bits and B3 = log2 Nt bits. B1 bits are
first modulated into a M -QAM/PSK symbol s from a M -ary
constellation set �s. Furthermore, the modulated symbol s
is divided into two parts of the in-phase component s< and
the quadrature component s=. Then, the active TA activated
by the AI vector Vβ , which is obtained by mapping B2 bits,
is used to transmit the in-phase component s<, resulting in the
in-phase spatial index vector s< ·Vβ . The active TA activated
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FIGURE 3. System model of the QIM-TDC system.

by the AI vector Vβ ′ , which is obtained by mapping B3 bits,
is used to transmit the quadrature component s=, resulting in
the quadrature spatial index vector s= · Vβ ′ .
Consequently, by adding the in-phase and quadrature spa-

tial index vectors, the N 2
t spatial vectors for the TSVs, which

correspond to a CP symbol s, may be expressed as below

SQSM ∈



s
0
...

0


Nt×1

,


s<
js=
...

0


Nt×1

, · · · ,


0
0
...

s


Nt×1

 (3)

It can be seen from (3) that QSM need log2 N 2
t extra

index bits to modulate N 2
t spatial vectors. Compared with the

number of spatial vectors of the SM system in (1), implying
that QSM can transmit one more extra index bits of log2 Nt ,
namely the spectral efficiency in QSM system can be further
improved when the two schemes (SM, QSM) transmit the
modulated symbol with the same modulation order. In other
words, QSM can achieve better bit error ratio (BER) perfor-
mance since the QSM scheme transmits a data symbol of
lower modulation order than the SM scheme at the same data
rate.

Thus, the squared MED between the TSVs for the QSM
system could be calculated by

d2SQSM,min =

SQSM 6=S̃QSM
min

{∥∥∥SQSM − S̃QSM
∥∥∥2} = 2

Eav
. (4)

Compared with the squared MED of SM, it can be seen
from the formulas of both (2) and (4) that the squared MED
of QSM is inferior to that of SM. Essentially, the squared

MED of QSM is larger than that of SM at the same spectral
efficiency. For example, let Nt = 4 and 8 bits/s/Hz for both
SM and QSM, thus a 64QAM/PSK and 16QAM/PSK symbol
are applied for SM and QSM, respectively. Hence, we have
d2SSM,min = 4/42 and d2SQSM,min = 2/10.
In the next section, inspired by the core idea of both SM

and QSM, we will introduce our proposed QIM-TDC scheme
by exploiting the spatial and signal constellation domains for
further improving the reliability of transmission.

III. DESIGN OF THE PROPOSED QIM-TDC SYSTEM
In this paper, we consider the QIM-TDC system with Nt TAs
and Nr receive antennas. For the system model of QIM-TDC,
as depicted in Fig. 3, a total number of incoming B data bits
are conveyed by a 3D constellation modulator, an in-phase
AI selectorA including an in-phase AI set κ of activating two
TAs and a quadrature AI selector B including a quadrature AI
set e of activating only a single RF-chain TA. Furthermore,
the X -axis, Y -axis and Z -axis components of the modulated
3D symbol are divided and thenmapped on the corresponding
active TAs by both the in-phase AI vector and the quadrature
AI vector, as shown in the shadow box of Fig. 3.

In the transmitting module of Fig. 3, a TSV Sn ∈ CNt×1,
Sn ∈ {S1,S2, · · · ,S2B} is communicated with a receiver
equipped by Nr receive antennas. The TSV constellation of
QIM-TDC could be denoted as: the real spatial vector S< of
a TSV is comprised with both two components (X -axis and
Y -axis) of the modulated 3D symbol and the index of two
active TAs from which the two components are transmitted,
and the imaginary vector S= of the TSV is comprised with
both the remaining one component (Z -axis) of the modulated
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TABLE 2. EXAMPLES of QIM-TDC mapping rule, modulating a 3DC symbol S(mx , my , mz ) by AI information bits [B2, B3] = [b1, b2, b3, b4] at one time
slot into a TSV S.

3D symbol and the index of only one active TA from which
the remaining one component is transmitted.

Observed that the incoming B data bits are divided into
three blocks by the bit stream splitter of Fig. 3. The first block
ofB1 = log2 N bits is fed into the 3D constellationmodulator
and modulated into a 3D symbol S(mx ,my,mz) from a N -ary
constellation set �S , the optimal design of which for the
increasing of spatial gain will be introduced in the Section IV,
where N denotes the number of CPs in designed 3D constel-
lation. Then, considering that two out of Nt TAs are chosen
by mapping B2 bits to carry two components mx ,my of the
resulting 3D symbol during the transmission, which results in
the increasing of spatial diversity gain. Furthermore, one out
ofNt TAs is chosen bymapping B3 bits to carry the remaining
one component mz of the resulting 3D symbol during the
transmission. Thus, three components of the modulated 3D
symbol can be conveyed without interference each other.

In the module of the in-phase AI selectorA, an in-phase AI
set κ consists of 2B2 AI vectors, each of which includes two
non-elements equaling to 1 for the activation of two TAs, and
other zero-elements of the AI vector correspond to the unac-
tivated TAs for the real spatial vector S<. Thus, the second
block B2, containing

⌊
log2 C

2
Nt

⌋
bits, is used for selecting an

AI vector κi from the set of in-phase AI κ to activate two TAs,
where Cy

x is the combination of operation and b.c is the floor
operation, the AI set κ = {κ1, κ2, · · · , κi, · · · , κNα } ∈ α,

Nα = 2

⌊
log2 C2

Nt

⌋
, α denotes the set that includes all possible

combinations of activating two out of Nt TAs. Furthermore,
the two active TAs activated by the AI vector κi are then
used to respectively modulate two components mx ,my of
the resulting 3D symbol, resulting in a spatial vector that is
considered as the real S< part of the TSV S.
Similarly with the AI selector A, in the quadrature AI

selector B, the last block of B3 = log2 Nt bits is used for
selecting an AI vector ek from the set of quadrature AI e to
activate a single RF-chain TA. The AI vector ek drawn from
the set with the cardinality Nt

e =
{
e1,e2, · · · , ek, · · · , eNt

}
, (5)

where ek ∈ RNt , k = 1, 2, · · · ,Nt , is the k-th column of the
(Nt × Nt )-element identity matrix INt . In other words, only
a single transmit antenna with index k is activated at each

time slot. Then the activated single TA is used to modulate
the component mz of the resulting 3D symbol, resulting in a
spatial vector that is considered as the imaginary S= part of
the TSV S.
Consequently, by adding both the real spatial vector S< and

the imaginary spatial vector S=, the TSV can be expressed as

S = S< + jS=, (6)

Due to the transmit power follows P = 1, the normalized
TSV S̄= S

E3D
av
, where E3D

av denotes the average energy per
TSV or per 3D CP.

To further explain the working principle of the pro-
posed QIM-3DC scheme, EXAMPLEs of creating a
TSV S are given in what follows. Assumed that
Nt = 4, a modulated 3D constellation symbol
S(mx ,my,mz), [B2,B3] = [b1, b2︸ ︷︷ ︸

B2

, b3, b4︸ ︷︷ ︸
B3

] bits, κ ={
[1 0 1 0]T , [1 0 0 1]T , [0 1 1 0]T ,[0 1 0 1]T

}
,e={[1 0 0 0]T ,

[0 1 0 0]T , [0 0 1 0]T , [0 0 0 1]T }, where 0 and 1 denotes the
off and on of the corresponding TA, respectively. The TSVs
are generated as the results in Table 2.

At the receiver, the normalized received spatial signal vec-
tor is expressed as

Y = H · S̄+ N

=
1√
E3D
av

· (hiξ · mx + hiψ · my + j · h
k
k · mz)+ N, (7)

where Y ∈ CNr×1 is a receiver signal vector. The Rayleigh
fading MIMO channel matrix H=

[
h1, · · · , · · · ,hNt

]
∈

CNr×Nt and the additive white Gaussian noise (AWGN) vec-
tor N ∈ CNr×1, each entry of both is independent and
identically distributed (i.i.d) complex-valued Gaussian ran-
dom variables withCN (0, 1) and (0, σ 2

N ), respectively. h
i
ξ ,h

i
ψ

denote the ξ -th, ψ-th column vector of H corresponding to
the i-th AI vector from the AI vector set κ , respectively.
hkk denotes the k-th column vector of H corresponding to
the k-th AI vector from the AI vector set e. Note that ξ ∈{
1, · · · , Nt2

}
, ψ ∈

{
1+ Nt

2 , · · · ,Nt
}
.

Assuming that the perfect channel state information (CSI)
can be retrieved at the receiver, the maximum likelihood
(ML) decoder estimate three parameters: the in-phase AI i,
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the quadrature AI k , and the 3D constellation symbol S. After
detection of the ML decoder, which performs the exhaustive
search among the whole TSVs, the estimated in-phase AI i,
quadrature k and 3D symbol S are obtained by[

î, k̂, Ŝ
]
= argmin

i,k,S

∥∥Y−H · S̄
∥∥2 (8)

where î, k̂ denote the estimated in-phase and quadrature AI
number. Ŝ denotes the estimated 3D constellation symbol.

IV. CONSTRUCTION OF THREE-DIMENSION
CONSTELLATION
In single-input single-output (SISO) or single-input multi-
output (SIMO) communication systems, the squared MED
between the signal CPs plays a key role in the reliability per-
formance of wireless communication systems at high signal
noise ratio (SNR). Similarly, inMIMO system, themodulated
QAM/PSK constellation symbols are mapped on the corre-
sponding active TAs to form a TSV, and then transmitted
to the receiving end. Hence, the squared MED between the
TSVs plays a key role in the reliability performance ofMIMO
system. Since the different distribution of signal CP can effect
the squaredMEDbetween the TSVs, tomaximize the squared
MED between the TSVs for the QIM-TDC scheme, we can
optimize the distribution of signal CPs in 3D constellation
according to the theory of the squared MED between the
TSVs.

In this paper, based on the design of the proposed
QIM-TDC scheme, the X -axis and Y -axis, Z -axis compo-
nents of a 3D constellation symbol are modulated on the
corresponding two active TAs in the in-phase dimension and
one active TA in the quadrature dimension, respectively. Due
to the difference between the original spatial AI bits and
the evaluated spatial AI bits, the differences between the
in-phase and quadrature AIes and the estimated in-phase
and quadrature AIes result in that the unnormalized squared
Euclidean distance d2

S
has following eight cases as (9), as

shown at the bottom of this page. Furthermore, assumed
a 3D constellation is constructed by both QAM and PAM
constellation, we define that the signal CPs of both QAM and
PAM constellation are sQm(s

Q
m,<, s

Q
m,=),m ∈ {1, · · · ,M} and

sPl , l ∈ {1, · · · ,L}, respectively. M and L denote the number
of CPs in both QAM and PAM constellation, respectively.

According to the permutation of sQ
<
, sQ
=
, sP, a 3D constellation

may have six cases as following

S(mx ,my,mz) ∈



(sQ
<
, sQ
=
, sP) (a)

(sQ
<
, sP, sQ

=
) (b)

(sP, sQ
<
, sQ
=
) (c)

(sP, sQ
=
, sQ
<
) (d)

(sQ
=
, sP, sQ

<
) (e)

(sQ
=
, sQ
<
, sP) (f).

(10)

Thus, based on both (9) and (10), the squared MED
between the TSVs may be calculated by

d2
¯S,min
=

S 6=S′
min{

∥∥S− S′
∥∥2

E3D
av

}, (11)

where

E3D
av = EQ

av + E
P
av

=
1
N

N∑
n=1

S2n (mx ,my,mz)

=
1
N

N∑
n=1

(∣∣mnx ∣∣2 + ∣∣∣mny∣∣∣2 + ∣∣mnz ∣∣2),
EQ
av =

1
M

M∑
m=1

sQm,

EP
av =

1
L

L∑
l=1

sPl , (12)

Next, two types of 3D constellation will be designed
for the proposed QIM-TDC scheme. First, a traditional 3D
constellation is composed of three components from both
the traditional QAM and the traditional PAM constellation.
Furthermore, according to the theoretical characteristics of
the squared MED between the TSVs, a modified 3D constel-
lation for maximizing the squared MED is derived by three
components from both the traditional QAM and the improved
PAM constellation.

A. 3DCI DESIGN
In the traditional M -QAM constellation (e.g. 8-QAM, sQ =
{(sQ
<
, sQ
=
)}, sQ
<
, sQ
=
∈ {±1,±3}) and the L-PAM constellation

d2
S
=



∣∣mx − m̂x ∣∣2 + ∣∣my − m̂y∣∣2 + ∣∣mz − m̂z∣∣2, if (ξ = ξ̂ , ψ = ψ̂, k = k̂)
|mx |2 +

∣∣m̂x ∣∣2 + ∣∣my − m̂y∣∣2 + ∣∣mz − m̂z∣∣2, if (ξ 6= ξ̂ , ψ = ψ̂, k = k̂)∣∣mx − m̂x ∣∣2 + ∣∣my∣∣2 + ∣∣m̂y∣∣2 + ∣∣mz − m̂z∣∣2, if (ξ = ξ̂ , ψ 6= ψ̂, k = k̂)∣∣mx − m̂x ∣∣2 + ∣∣my − m̂y∣∣2 + |mz|2 + ∣∣m̂z∣∣2, if (ξ = ξ̂ , ψ = ψ̂, k 6= k̂)
|mx |2 +

∣∣m̂x ∣∣2 + ∣∣my∣∣2 + ∣∣m̂y∣∣2 + ∣∣mz − m̂z∣∣2, if (ξ 6= ξ̂ , ψ 6= ψ̂, k = k̂)
|mx |2 +

∣∣m̂x ∣∣2 + ∣∣my − m̂y∣∣2 + |mz|2 + ∣∣m̂z∣∣2, if (ξ 6= ξ̂ , ψ = ψ̂, k 6= k̂)∣∣mx − m̂x ∣∣2 + ∣∣my∣∣2 + ∣∣m̂y∣∣2 + |mz|2 + ∣∣m̂z∣∣2, if (ξ = ξ̂ , ψ 6= ψ̂, k 6= k̂)
|mx |2 +

∣∣m̂x ∣∣2 + ∣∣my∣∣2 + ∣∣m̂y∣∣2 + |mz|2 + ∣∣m̂z∣∣2, if (ξ 6= ξ̂ , ψ 6= ψ̂, k 6= k̂)

(9)
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FIGURE 4. 16-,32-,64-ary 3DCI.

(e.g. 2-PAM, sP = {±1}), the range of values for the real sQ
<

and imaginary sQ
=
of sQ and sP are given as

sQ
<
, sQ
=
, sP ∈ {±1,±3, · · · ,±[2(τ − 1)+ 1], τ ∈ Z } , (13)

where Z denotes integer field.
Through three values of sQ

<
, sQ
=
, sP, a 3D constellation is

directly constructed, named as 3DCI, and may be designed
as

1) M = 2, L = 2
In this case of both M = 2 and L = 2, we can design an 8-
ary 3DCI constellation when considering sQ

<
, sQ
=
, sP ∈ {±1}.

Although there are six cases by (10) for a 3DCI constellation,
each 3D constellation generated by each of the six cases
has the same 3D CPs due to the same range values. Hence,
only one case in (10) is considered to be designed for a 3D
constellation. For this case, an 8-ary 3DCI constellation can
be designed as

S(mx ,my,mz) ∈ {(±1,±1,±1)} (14)

2) M = 4, L = 4
In this case of both M = 4 and L = 4, we can design the
higher order 3DCI constellations, such as N = 16, 32, 64
when considering sQ

<
, sQ
=
, sP ∈ {±1,±3}.

Since sQ
<
, sQ
=
, sP have four states: (±1,±3), by six cases

in (10), sQ
<
, sQ
=
, sP may generate the C1

4 · C
1
4 · C

1
4 × 6 of 3D

CPs. Note that sQ
<
, sQ
=
, sP for each case of (10) are combined

to generate the C1
4 ·C

1
4 ·C

1
4 of 3D CPs that is the same as the

C1
4 ·C

1
4 ·C

1
4 of 3D CPs obtained by other cases in (10). Hence,

we may design C1
4 · C

1
4 · C

1
4 of 3D CPs at most, as depicted

in Fig. 4.
Thus, we can select some CPs from C1

4 · C
1
4 · C

1
4 of 3D

CPs in Fig. 4 to design N -ary 3D constellation of modulation
order N = 16, 32, 64. Taking the relationship of both the
squared MED between adjacent CPs and the average energy

of each CP in 3DCI constellation into account, it can be seen
from Fig. 4 that the 3D CPs in red box are considered for
16-3DCI, the 3D CPs in the light blue box are considered for
32-3DCI, and the 3D CPs in the dark blue box are considered
for 64-3DCI.

In brief, the higher-order 3D constellations are constructed
by the range value of sQ

<
, sQ
=
, sP in (13).

According to the working principle of the proposed
QIM-TDC scheme, after modulating the 3DCI symbol on the
corresponding active TAs in both in-phase and quadrature
dimensions and then forming a TSV symbol, the squared
MED between the TSVs based on (9) and (11) are derived
as (15) in the three cases of ξ 6= ξ̂ , ψ = ψ̂, k = k̂ and
ξ = ξ̂ , ψ 6= ψ̂, k = k̂ and ξ = ξ̂ , ψ = ψ̂, k 6= k̂ in (9),

d2
¯S,min

=
S 6=S′

min{

∥∥S− S′
∥∥2

E3D
av

}

= min


2
∣∣∣sQ<∣∣∣2
E3D
av

,
2
∣∣∣sQ= ∣∣∣2
E3D
av

,
2
∣∣sP∣∣2
E3D
av


=

2
E3D
av

(min{
∣∣∣sQ<∣∣∣} = min{

∣∣∣sQ= ∣∣∣} = min{
∣∣∣sP∣∣∣} = 1),

(15)

For example, for a 16-3DCI S(mx ,my,mz) ∈
{(
± 1,± 1,

±1
)
, (±1,± 1,± 3)

}
, E3D

av = 7, d2
¯S,min
= 2/7.

B. 3DCII DESIGN
At high signal noise ratio (SNR), to a certain extent, the BEP
performance of the MIMO wireless communication system
can be improved by maximizing the squared MED between
the TSVs. Based on the analysis described in the above
subsection, we note that the squaredMED of (15) is inversely
proportional to the average energy E3D

av of each CPs when
the 3D constellation is applied for the QIM-TDC system.
In this subsection, abiding by the rule of both eight cases
in (9) and the squared MED between the TSVs in (15),
a new 3D constellation, which is the extension of 3DCI
constellation, named as 3DCII, is constructed to maximize
the squared MED between the TSVs for the better reliability
of transmission. In other words, on condition that the squared
MED between the adjacent 3DCII symbols is equal to the
squared MED between the TSVs, the average energy E3D

av
can be reduced by designing mx or my or mz value of some
CPs in 3D constellation when the modulation order N of the
designed 3DCII constellation is the same as that of the 3DCI
constellation.

Hence, the key idea of designing a new 3DCII constellation
is to increase the squaredMED d2

S̄,min
by reducing the average

energy E3D
av . We define the CP symbol S̃

(
m̃x , m̃y, m̃z

)
=

S̃
(
s̃Q
<
, s̃Q
<
, s̃P
)
in 3DCII constellation.

Combining the six cases of (10) with the squared
Euclidean distance d2

S,min
between the TSVs in (9), when
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the 3DCII constellation is applied for the QIM-TDC system,
the squared MED d2

S̄,min
between the TSVs may be given by

d2
S̄,min
=


min

{
2a2

Ẽ3D
av

,
2b2

Ẽ3D
av

,
2c2

Ẽ3D
av

}
, (κ1)

min


2
∣∣∣s̃Q<∣∣∣2
Ẽ3D
av

,
2
∣∣∣s̃Q= ∣∣∣2
Ẽ3D
av

,
2
∣∣s̃P∣∣2
Ẽ3D
av

 , (κ2),

(16)

where a =
∣∣∣s̃Q< − s̃P∣∣∣ , b = ∣∣∣s̃Q= − s̃P∣∣∣ , c = ∣∣∣s̃Q= − s̃Q<∣∣∣. Ẽ3D

av
denotes the average energy of each CP in 3DCII constellation.
κ1 = (ξ = ξ̂ , ψ = ψ̂, k = k̂) denotes that all groups of AI
bits are correctly detected at the receiver, κ2 = (ξ 6= ξ̂ , ψ =
ψ̂, k = k̂) or (ξ = ξ̂ , ψ 6= ψ̂, k = k̂) or (ξ = ξ̂ , ψ =

ψ̂, k 6= k̂) denotes that only one group of AI bits is detected
incorrectly.

In this paper, the real and imaginary part sQ
<
, sQ
=

of the
conventional M -QAM are considered as two components
(X -axis, Y -axis) of S̃(m̃x , m̃y, m̃z) in the 3DCII constellation.
In this case, after obtaining a 3DCII constellation and map-
ping it into a TSV vector, abiding by the rule of the squared
MED between the TSVs in (15), the formula of (16) can be
rewritten as

d2
S̄,min
=



{
min

{
2a2

}
Ẽ3D
av

,
min

{
2b2

}
Ẽ3D
av

}
, (κ1) 2

Ẽ3D
av

,
min

{
2
∣∣s̃P∣∣2}

Ẽ3D
av

 , (κ2).

(17)

Thus, according to the design idea of the squared MED
between the adjacent 3DCII symbols is equal to the squared
MED between the TSVs and abiding by the rule of the
squared MED 2

Ẽ3D
av

between the TSVs in (15), the problem

of designing the CPs S̃(m̃x , m̃y, m̃z) in the 3DCII constel-
lation for maximizing the squared MED can be formulated
as (18) when considering the unnormalization of CP in 3DCII
constellation.

d2
S
=



min
{
2
∣∣∣sQ< − s̃P∣∣∣2} = 2,

min
{
2
∣∣∣sQ= − s̃P∣∣∣2} = 2,

min
{
2
∣∣∣s̃P∣∣∣2} ≥ 2.

(18)

Obviously, when two components (X -axis and Y -axis) of
the designed 3DCII constellation S̃(m̃x , m̃y, m̃z) are deter-
mined from the given M -QAM constellation. Due to the
derivation of (18), the PAM constellation for the remain one
component (Z -axis) of S̃(m̃x , m̃y, m̃z) may be designed as

s̃P ∈
{
±2,± 4, · · · , 2τ ′, τ ′ ∈ Z

}
, (19)

where Z denotes integer field.
Then, with the aid of both sQ

<
and sQ

=
fromM -QAMconstel-

lation and s̃P in the above mentioned (19), the N -ary 3DCII
symbol S̃(m̃x , m̃y, m̃z) can be designed as

FIGURE 5. 8-, 16-ary 3DCII.

1) M = 2, L = 2
In this case of both M = 2 and L = 2, we can design two
N -3DCII constellations of modulation order N = 8, 16 when
considering that sQ

<
, sQ
=
∈ {±1} and s̃P ∈ {±2}.

Since sQ
<
, sQ
=
have the same range values and are different

from that of s̃P, such that the 3DCII constellation constructed
by the first three cases (a, b, c) of (10) are the same as that
constructed by the last three cases (d, e, f ) of (10). Thus,
we can designC1

2 ·C
1
2 ·C

1
2 ·3 type of CPs, as depicted in Fig. 5.

Consequently, the 3D CPs in red box of Fig. 5 may be
considered for 8-3DCII, it has Ẽ3D

av = 6, d2
S̄,min

= 2/6.

However, E3D
av = 3, d2

S̄,min
= 2/3 in 8-3DCI constellation.

In this case, the 8-3DCI constellation is considered for the
proposed QIM-TDC scheme, rather than the 8-3DCII con-
stellation. Then, the 3D CPs for 16-3DCII in the dark blue
box of Fig. 5 may be considered. Because of Ẽ3D

av = 6,
thus d2

S̄,min
= 2/6 is greater than d2

S̄,min
= 2/7 obtained by

16-3DCI constellation.

2) M = 4, L = 2
Accordingly to the six cases of (10), in this case of both
M = 4 and L = 2, we can design the C1

4 · C
1
4 · C

1
2 · 3 of CPs

when sQ
<
, sQ
=
∈ {±1,±3} and s̃P ∈ {±2}, as depicted in Fig. 6.

Due to the minimizing of the average energy per 3D CP, such
that two N -3DCII constellations of high modulation order
N = 32, 64 may be designed as the virtual frames (the CPs
in the red box for 32-3DCII, the CPs in the black blue box for
64-3DCII) in Fig. 6.

Based on the above mentioned analysis and (11),
the squared MED between the TSVs obtained by mapping
a 3D symbol S̃(m̃x , m̃y, m̃z) on the active TAs in the in-phase
and quadrature dimensions may be calculated by

d2
S̄,min

=
S 6=S′

min{

∥∥S− S′
∥∥2

Ẽ3D
av

} =
2

Ẽ3D
av

. (20)

where Ẽ3D
av =

1
N

N∑
n=1

(∣∣m̃nx ∣∣2 + ∣∣∣m̃ny∣∣∣2 + ∣∣m̃nz ∣∣2).
For example, for a 32-3DCII CPs shown in red box of

Fig. 6, Ẽ3D
av = 8, which is less than E3D

av = 9 obtained by
32-3DCI constellation.

V. PERFORMANCE ANALYSIS
In this section, the squared MED between the TSVs and an
upper bound of the average BEP performances are analyzed
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FIGURE 6. 32-, 64-ary 3DCII.

TABLE 3. Comparison of the squared MED between QIM-TDC with
various MIMO schemes at different spectral efficiency for both the
number of TAs Nt = 4 and Nt = 8.

to demonstrate the outstanding performances of the proposed
QIM-TDC scheme.

A. SQUARED MINIMUM EUCLIDEAN DISTANCE
At high SNR, the asymptotic performance is mainly deter-
mined by the worst-case PEP, which corresponds to the
squared MED between the TSVs. By comprehensive con-
sidering these equations including (11), (15), and (20),
the squared MEDs d2

S̄,min
of the QIM-TDC scheme with both

3DCI and 3DCII (named as QIM-TDCI and QIM-TDCII)
are listed in Table 3 and compared with that of various
MIMO schemes such as SM, QSM, ESM at different spectral
efficiencies.

It can be observed from Table 3 that the squared MED
d2
S̄,min

between the TSVs generated by both the proposed

QIM-TDCI and QIM-TDCII schemes have the larger value
than that generated by other MIMO schemes (e.g. SM, QSM,
ESM) at the same spectral efficiency except that the squared
MED d2

S̄,min
of QIM-TDCI at both 4TX8b and 4TX10b and

of QIM-TDCII at 4TX8b have a little modesty compared with
that of the ESM scheme.

Hence, in high SNR region, the performance of the pre-
sented QIM-TDC scheme using the proper constellation is
more reliable than other MIMO schemes in wireless commu-
nication network except for the case of 4TX8b.

In Table 3, note that p1TXp2b denotes transmitting p2 bits
in one time slot with p1 TAs. That is, a TSV can carry the
number of information bits at one time slot. For each scheme,
the corresponding modulation order can be derived by M =
2(p2−I

α
AI), where IαAI denotes the total number of antenna index

bits in the α scheme. For example, in this case of Nt = 4,
it has IαAI = 4 bits for all schemes. In this case of Nt = 8,
the antenna index bits are ISMAI = 3 bits, IQSMAI = 6 bits,
IESMAI = 6 bits, IQIM−TDCAI = 7 bits, respectively.
For the case of the worst-case PEP, it can be deduced from

the Table 3 that the code gain of the proposed QIM-TDC
scheme over that of otherMIMO schemes can be evaluated by
the ratio of the squared MED between two different schemes,
as follows

G = 10 log10
(d2S̄QIM−TDC,min

d2
S̄x ,min

)
= 10 log10

( Exav
ε · EQIM−TDC

av

)
, (21)

where d2
S̄x ,min

denotes the squared MED of the x scheme,
the value of ε is themolecular ratio between the squaredMED
formulas in MIMO schemes.

For example, the expected code gain of the QIM-TDC
scheme over that of the QSM scheme in the scenario
of 8TX10b is calculated by

G = 10 log10

(
2/3
2/10

)
= 5.2288 dB (22)

The above mentioned data analyses demonstrate the out-
standing performances of the proposed QIM-TDC scheme in
application for the MIMO system.

B. AVERAGE BEP ANALYSIS OF THE QIM-TDC SCHEME
With the assumption of perfect CSI, the estimated vec-
tor symbol of the normalized TSV S̄ is expressed as ˆ̄S,
the pairwise error probability (PEP) conditioned onH can be
calculated by

P
(
S̄→ ˆ̄S

∣∣∣H) = Q(

√
1

2σ 2 ·

∥∥∥H · (S̄− ˆ̄S)∥∥∥2), (23)

where Q (·) denotes the Gaussian Q function, Q (x) =
1
π

∫ π2
0 exp

(
−x2

2 sin2 θ

)
dθ .
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Using a moment generating function (MGF) from [19],
the average PEP is given by

P̄
(
S̄→ ˆ̄S

)
=

1
π
EH


∫ π

2

0
exp

−
∥∥∥H · (S̄− ˆ̄S)∥∥∥2
4σ 2 · sin2 θ

dθ


=

(
1− η
2

)Nr Nr−1∑
r=0

(
Nr − 1+ k

r

)(
1+ η
2

)r
, (24)

where η =
√

γ̄
1+γ̄ , γ̄ =

d2
S̄

4σ 2
, the Euclidean distance d2

S̄
=

d2S
E3D
av

(
d2S
Ẽ3D
av
) can be calculated out by (9).

Thus, an upper bound on the average BEP for the
QIM-TDC scheme based on the union bound technique [19]
can be derived as

Pb ≤
1
B2B

2B∑
v=1

2B∑
w=1

P
(
S̄v→ ˆ̄Sw

)
· e
(
S̄v→ ˆ̄Sw

)
(25)

where e
(
S̄v → ˆ̄Sw

)
is the total number of erroneous bits

associated with the corresponding PEP event.
Comprehensively considering (9), (11), (24) and (25),

since the worse PEP is mainly determined by the squared
MED d2

S̄,min
at high SNR region, the more the squared MED

d2
S̄,min

is maximized, the smaller the average PEP value in
(24). Such that the lower average BEP in (25) is achieved.

VI. NUMERICAL RESULTS AND DISCUSSIONS
In this section, based on the analysis of Table 3, the average
BER (namely, BEP) performances of the QIM-TDC scheme
with both the conventional 3D constellation and the mod-
ified 3D constellation are characterized with Monte Carlo
simulation results over AWGN and Rayleigh fading chan-
nels. We also compare the BER of our presented QIM-TDC
with that of other MIMO schemes such as SM, QSM, DSM
and ESM, when the same parameters in MIMO system are
configured.

In both Fig. 7 and Fig. 8, the average BER results of
theoretic analysis (the green, black, purple, cyan curve) are
compared with the simulated BER results (the blue, red
curve) in scenarios of 4TX7b,4TX8b, 4TX10b and 4TX11b
when Nr = 4, and of 8TX10b, 8TX11b, 8TX12b and
8TX13b when Nr = 8. Note that p1TXp2b which has been
introduced in the above section denotes p2 information bits
are transmitted through the number of p1 TAs at each time
slot. It can be observed that our derived BER curve at high
SNR matches well with the simulated BER curve. It verifies
the effectiveness of our proposed QIM-TDC scheme.

Fig. 9 presents the average BER performance for the two
scenarios of both 4TX7b and 4TX8b. Based on the analysis
of the squared MED d2

S̄,min
in Table 3, d2

S̄,min
of QIM-TDC

using 16-3DCII has a slightly inferior to that of ESM using
16QAM for the case of 4TX8b, namely it has a gap of

FIGURE 7. The analytical and simulation results of the average BER curve
versus SNR for QIM-TDC with the scenarios of 4TX7b,4TX8b, 4TX10b and
4TX11b when Nr = 4.

FIGURE 8. The analytical and simulation results of the average BER curve
versus SNR for QIM-TDC with the scenarios of 8TX10b,8TX11b, 8TX12b
and 8TX13b when Nr = 8.

the theoretical G = 10 log10
(

2/6
4/11.5

)
SNR gains according

to (21). Observed from Fig. 9 that the better SNR gains for
the proposed QIM-TDC scheme are achieved as compared
with other MIMO schemes such as the SM, QSM schemes.
Especially, the QIM-TDC scheme using 8-3DCI outperforms
5 dB SNR gains over the SM scheme using 32QAM, and
approximately 2.5 dB SNR gains over the QSM scheme using
8PSK at the BER value of 10−4 for the scenario of 4TX7b.
And for the scenario of 4TX8b, the QIM-TDC scheme (such
as the red curve) is slightly inferior to the ESM scheme at the
high SNR region.

In Fig. 10, for this case of 4TX10b, we compare the BER
performance of the presented QIM-TDC using 64-ary CPs
with that of other MIMO schemes, including the SM scheme
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FIGURE 9. BER performance comparison between QIM-TDC and other
schemes such as SM, QSM ESM at both the real curve for 4TX7b and the
virtual curve for 4TX8b when Nr = 4.

FIGURE 10. BER performance comparison between QIM-TDC and other
schemes such as SM, QSM ESM at both the real curve for 4TX10b and the
virtual curve for 4TX11b when Nr = 4.

with 256QAM and the QSM scheme with 64QAM, the ESM
scheme with 64QAM. Based on the analysis of both Table 3
and (21), the ideal code gains of QIM-TDC using 64-3DCII
over that of SM is 8.88 dB SNR gains, over that of QSM is
5.81 dB SNR gains, and over that of ESM is 1.12 dB SNR
gains at the higher SNR region. In the scenario of 4TX10b,
observed from Fig. 10 that approximately 7 dB SNR gains
over the SM scheme, 4.2 dB over the QSM scheme and
0.5 dB over the ESM scheme at BER value of 10−3 are
achieved for the QIM-TDC scheme with 64-3DCII. Since the
squared MED d2

S̄,min
of QIM-TDC using 64-3DCI is inferior

to that of ESM, its BER performance is a slightly 0.22 dB
SNR gain less than that of ESM by (21). Furthermore,
the dot simulation curves for 4TX11b show that the presented

FIGURE 11. BER performance comparison between QIM-TDC and other
schemes such as SM, QSM, DSM, ESM for the case of 8TX10b.

FIGURE 12. BER performance comparison between QIM-TDC and other
schemes such as SM, QSM, DSM, ESM for the case of 8TX12b.

QIM-TDC using 128-3DCII has the better BER performance
as compared with other MIMO schemes such as SM using
512QAM, QSM using 128QAM, ESM using 64QAM due
to the maximizing of the squared MED d2

S̄,min
. Note that

QIM-TDC with 128-3DCI also has a little better BER per-
formance than ESM at the higher SNR region. Hence, these
simulation results demonstrate the effectiveness of our theory
derivation.

When the same spectral efficiency is configured with the
number of TAs Nt = 8, due to the achieving of more AI
bits of the QIM-TDC scheme than other MIMO schemes, the
QIM-TDC scheme employs the constellation symbols that
have lower modulation order. Hence, the squaredMED d2

S̄,min
of the QIM-TDC system is the bigger than that of other
schemes. Consequently, in the scenario of 8TX10b shown
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FIGURE 13. BER performance comparison between QIM-TDC and other
schemes such as SM, QSM ESM for the case of 8TX13b.

in Fig. 11, it could be observed that the average BER per-
formance of the QIM-TDC scheme with 8-3DCI outperforms
approximately 10.5 dB, 5 dB, 2.2 dB, 1.6dB SNR gains over
that of SM, QSM, DSM, ESM at BER value of 10−4, respec-
tively. The QIM-TDC scheme with 8-3DCII also achieves
approximately 7.5 dB SNR gains over SM, 2 dB SNR gains
over QSM, respectively. Nonetheless, observed from Fig. 11
that it is inferior to both DSM and ESM based on the analysis
of both Table 3 and (21).

From Fig. 12 and Fig. 13, it could be observed that the
QIM-TDC schemewith two 3D constellations achieves better
BER performance than other MIMO schemes due to the
maximization of the squared MED between TSVs and the
transmission of more additional AI bits.

Therefore, based on the analysis of the above mentioned
schemes of constellation design, 8-ary 3DCI and N -ary
3DCII (N ≥ 16) are the best candidate for the proposed
QIM-TDC system. Further exploiting the spatial domain
from the TAs and the signal domain from the signal constel-
lation, the better average BER performance of the QIM-TDC
system can be achieved than that of the other schemes such as
SM, QSM, DSM and ESM. Such that the spatial and signal
constellation domains in MIMO system are worth of further
investigating and exploiting.

VII. CONCLUSION
In this paper, we present a new scheme of QIM-TDC structure
to further exploit the spatial domain in order to enhance the
reliability of the MIMO-based communication system. A 3D
constellation symbol is conveyed by the proposed QIM-TDC
system. Then, a modified 3D constellation is designed to
maximize the squared MED between the TSVs, such that the
BEP performance of our presented scheme has been

improved. Furthermore, the squared MED and the BEP per-
formance are analyzed and showed the advantage of the
QIM-TDC system. Finally, the numerical analysis results
demonstrate that our presented scheme improves the BEP
performance of the MIMO-based communication system
than that of other MIMO-based systems (e.g., SM, QSM,
DSM, ESM) by exploiting the spatial and signal constellation
domains of the TAs.
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