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ABSTRACT In this paper, we propose a faster-than-Nyquist (FTN) signaling-aided space-time multi-mode
index modulation (IM) scheme with a low-complexity Gaussian message passing (GMP) based receiver. The
advantages of spatial domain IM, time-domain IM relying on multiple modes and FTN signaling are
explored. Specifically, multi-mode IM is employed in time domain by activating all time slots, hence
the spectral efficiency is improved substantially compared to its single-mode counterpart. Meanwhile,
the transmission rate is further increased by utilizing FTN signaling. At the receiver, based on the state-space
model of IM symbols, a two-layer Forney style factor graph (FG) representation for the system is constructed
to exploit the truncated inter-symbol interference structure imposed by FTN. Belief propagation is invoked to
update themessages over the FG. The discrete messages from the channel decoder are properly approximated
to be Gaussian for reducing the complexity of joint detection of multidimensional index modulated symbols.
Moreover, the extrinsic information from the equalizer is derived with a concise representation. A low-
complexity log-likelihood ratio calculation method is further proposed, where the search space is signifi-
cantly reduced using a Gaussian mixture model. Simulation results demonstrate that the proposed scheme
outperforms the existing schemes in terms of bit error rate given the same spectral efficiency. The outstanding
performance and low complexity of the proposed GMP-based receiver are also verified by comparisons with
existing methods.

INDEX TERMS Indexmodulation, faster-than-Nyquist signaling, factor graph, belief propagation, Gaussian
mixture model, state-space model.

I. INTRODUCTION
The recent concept of index modulation (IM) has attracted
numerous attention, since this novel digital modulation
scheme is highly spectrum- and energy-efficient [1]–[3].
Being different from conventional modulation schemes in
which the information bits are conveyed by constellation
alphabets, IM scheme utilizes the indices of building blocks
(e.g., antennas, subcarriers, time slots, etc.) to convey addi-
tional information bits. As a result, the additional information
bits, which are usually known as index bits, can be transmit-
ted through the patterns of indexed building blocks without
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extra energy consumption, leading to significant increase in
spectral and energy efficiency [1].

IM scheme can be employed in spatial domain, time
domain, frequency domain, etc. When implemented in spatial
domain, the IM scheme, which is also referred to as spatial
modulation (SM) [4]–[6], activates a fraction of transmit
antennas at a time. By converting classical information bits
to index bits conveyed by the activation pattern of anten-
nas, the inter-channel interference (ICI) can be significantly
reduced. The frequency-domain IM scheme with orthogo-
nal frequency division multiplexing (OFDM), also known
as OFDM-IM [7], [8], utilizes the indices of OFDM sub-
carriers to transmit index bits, enhancing the spectral and
energy efficiency of traditional OFDMwhich cannot meet the
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increasing requirements in the fifth generation networks [9].
By performing the index modulation on time slots of symbol
blocks, the time-domain IM can be implemented [10], [11].
The aforementioned IM schemes with inactivated building
blocks are known as single-mode index modulation (SIM).
Due to the ‘null signal’ during transmission, the spectral
efficiency of SIM is restricted. To overcome the limitation
of SIM, multi-mode index modulation (MIM) is introduced
in [12]–[14]. In [13], a dual-mode time-domain IM system is
proposed. By conveying the index bits through the combina-
tion pattern of a dual-mode signal constellation, the transmis-
sion rate is significantly increased. A multi-mode OFDM-IM
(OFDM-MIM) scheme is proposed in [14]. However, similar
to the conventional OFDM scheme, OFDM-MIM suffers
high peak-to-average power ratio (PAPR).

On the other hand, IM can be combined in multiple
domains, leading to multidimensional IM. Exploiting the
advantages of IM scheme in multiple dimensions, the system
performance of multi-mode IM scheme can be enhanced
compared with its single domain counterpart. In [15], a multi-
mode IM scheme is developed, where IM matrices obtain-
ing patterns of constellation modes employed in both time
slots and OFDM subcarriers are introduced. The generalized
multiple-mode OFDM-IM scheme proposed in [16] allows
the utilization of signal constellations with different sizes.
Comprehensive design guidelines further guarantee the opti-
mal asymptotic BER performance. Additionally, coordinate
interleave and linear constellation precoding techniques are
applied in [17] to attain high diversity gain and high spectral
efficiency. Another utilization of IM in both time domain
and spatial domain leads to the space-time shift keying
scheme. A fraction of dispersion matrices is selected for
data transmission, whose indices carry additional index bits,
with flexible trade-off between diversity gain and multiplex-
ing gain [18], [19]. In [20] and [21], the index modulation
scheme with multidimensional building blocks is introduced,
while both of them, though, employ SIM in time domain,
whose transmission rate, as mentioned above, is limited.

In IM scheme, since the index bits correspond to the pat-
tern of a certain amount of building blocks, integrated IM
subframe containing all the building blocks should be jointly
detected at the receiver. Moreover, in the channel-encoded
IM system, the index bits have to be taken into account
when calculating the extrinsic log-likelihood ratio (LLR),
which is significantly different from the traditional systems.
The maximum-likelihood (ML) detector is often employed
in IM-aided systems [1]. However, the computational com-
plexity of ML detector increases substantially when the
size of IM subframe becomes large. Consequently, it is of
great significance to devise low-complexity detectors for
channel-encoded IM systems, especially for the multidimen-
sional IM as the size of IM subframe is further expanded.
In [10], a time-domain single carrier (SC) IM system with-
out channel coding is proposed with frequency domain
equalization (FDE) and symbol-by-symbol ML exhaustive
search. In [22], an OFDM-IM system with channel encoding

is proposed, in which the LLR is calculated based on a
reduced-complexity ML detector where the soft information
calculation is complicated [1]. In [23], a time-domain turbo
equalizer is devised based on the soft minimummean squared
error (MMSE) equalization [24]–[26]. The SC-FDE detector
is extended to multiple-input-multiple-output (MIMO) SM
system in [6] using a block-wise circular channel matrix rep-
resentation. However, the linear FDE may suffer from noise
enhancement over deep frequency-selective fading chan-
nels [27]. In [21], a two-step detector is proposed for multi-
dimensional IM system without iterative turbo equalization,
whose computational complexity increases substantially as
the length of transmission blocks grows.

Among several methods to further improve the transmis-
sion rate of IM scheme, the faster-than-Nyquist (FTN) sig-
naling, which is proposed by Mazo in 1970s [28] and has
been rediscovered recently [29], [30], is able to increase the
transmission rate without extra bandwidth utilization. More
specifically, through packing the symbol period by a ratio less
than 1, the signal can be transmitted faster without decreasing
the minimum Euclidean distance (MED) of signals given that
the packing ratio is above a certain threshold, i.e. the Mazo
limit. Only a few studies focused on the FTN signaling-aided
IM scheme. A time-domain SIM system with FTN signaling
is proposed in [11], which demonstrates that the MED is
further increased when the packing factor is above the Mazo
limit due to the sparse structure of SIM scheme. In [13],
the FTN signaling is also amalgamated with the dual-mode
IM scheme, which leads to an additional increase in the
transmission rate. However, both of the above works employ
the IM system without channel coding. To the best of our
knowledge, low-complexity turbo equalization has not been
investigated for FTN signaling-aided IM systems.

Recently, inspired by the factor graph (FG) models [31],
iterative receivers based on message passing algorithms are
devised in several researches [32]–[34]. The probabilistic
relation between variables can be visualized utilizing the
graphical representation of system model, and flexible mes-
sage passing algorithms can be derived with the structure of
the FG.

In this paper, we propose an FTN-aided space-time
domain multi-mode IM system, namely STMIM-FTN, with
a GMP-based receiver. The major contributions of this paper
are summarized as follows.
• We propose an FTN signaling-aided STMIM system
with channel coding. Different from the existing works
in [11], [20] and [21], we consider a more efficient
multi-mode IM scheme in time domain. Meanwhile,
the multidimensional IM scheme is able to exploit not
only the advantages of time-domain IM scheme, but also
the superiority of SM. FTN signaling is employed to
further increase the spectral efficiency of the proposed
scheme.

• At the receiver, to reduce the computational complexity
owing to the equalization of FTN signaling and the
detection of multidimensional IM scheme, we devise
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FIGURE 1. The block diagram of the STMIM-FTN transmitter and receiver.

an FG-based low-complexity message passing algo-
rithm. Different from [35] and [36], in which the
FTN-induced ISI is combined together with the fad-
ing channel-induced ISI, we handle them separately
by dividing the factor graph into two layers. Hence,
the information of the known FTN-induced ISI struc-
ture is utilized and the length of FTN-induced ISI con-
sidered at the receiver can be truncated practically to
substantially reduce the complexity with a negligible
performance loss.

• Moreover, we propose a concise LLR representation for
the IM scheme in terms of the extrinsic means and vari-
ances derived from the message passing algorithm. Fur-
thermore, we propose a two-step low-complexity LLR
calculation based on Gaussian mixture model (GMM).
By formulating the likelihood function of the signal as
a linear mixture corresponding to multiple constellation
modes, the time-domain index bits can be determined by
a few iterations. Then, symbol set can be restricted to a
subset, and the complexity is further reduced especially
for systems with large-scale IM symbols.

Simulation results demonstrate the superior bit error
rate (BER) performance of the proposed scheme with the
same spectral efficiency, as well as the advantages of the
proposed GMP-based receiver.

The remainder of this paper is organized as follows.
In Section II, we present the system model of STMIM-FTN
scheme. In Section III, we propose the GMP-based
receiver. The GMM-based low-complexity LLR calculation
is devised in Section IV. In Section V, simulation results
are shown and discussed. Finally, conclusions are drawn in
Section VI.
Notations: Lowercase letters (e.g., x) denote scalars, bold-

face lowercase letters (e.g., x) denote vectors, and boldface
capital letters (e.g.,H) denote matrices. The superscripts (·)T ,

(·)H and (·)−1 denote the transpose, Hermitian, and inverse
operations, respectively; ak denotes the kth element of a, ai,k
denotes the kth element of ai, Ak,l denotes the element of
A in the kth row and lth column, and A:,k denotes the kth
column of A; IN is an N × N identity matrix, while 0N×M
is an N × M all-zero matrix; Z, R, C and ∅ are the set of
integers, real numbers, complex numbers and null, respec-
tively; N (µ, σ 2) represents Gaussian distribution with mean
µ and variance σ 2; ∝ denotes the equality un to a constant
factor, b·c represents the floor operation, and diag(v) repre-
sents the diagonal matrix with the diagonal element vector v.
Furthermore, −→· represents the message that passes along
the direction of the edge, while ←−· represents the opposite
direction message.

II. SYSTEM MODEL
In this section, we present the system model of the proposed
STMIM-FTN scheme. As illustrated in Fig. 1, we consider
a coded SC-MIMO system with Nt transmit antennas and
Nr receive antennas. Note that in the STMIM-FTN scheme,
information bits are conveyed by the modulated constellation
symbols, the combination pattern of time-domain modulation
modes, and the activation pattern of transmit antennas.

A. TRANSMITTER MODEL
In the STMIM-FTN scheme, each index modulation sub-
frame, named as STMIM symbol, consists ofNTI time-domain
slots, i.e. NTI modulation modes. Each time slot contains Nt
spatial domain symbols. Hence, the kth transmitted STMIM
symbol can be represented by

Sk =
[
sk,1, . . . , sk,n, . . . , sk,NTI

]
∈ CNt×NTI , (1)

where k = 1, 2, . . . ,NS, NS is the number of STMIM
symbols in one transmission block; sk,n corresponds to the
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nth time slot and is given as

sk,n =
[
0, . . . , 0︸ ︷︷ ︸
Ik,n−1

, ak,n, 0, . . . , 0
]︸ ︷︷ ︸

Nt−Ik,n

T
∈ CNt×1, (2)

Ik,n ∈ {i}
Nt
i=1 is the index of the activated transmit antenna

in the nth slot of Sk , and ak,n represents the modulated con-
stellation symbols in sk,n. Note that there are NTI modulated
symbols in one STMIM symbol, while the others are set to
zeros. C bits are transmitted over one STMIM symbol and C
can be represented as

C = CT + NTI × CS +

NTI∑
j=1

CMj , (3)

where the first CT out of the C bits are referred to as time-
domain index bits, and they are used for determining the
modulation modes of theNTI symbols. More specifically,NTI
modulation modes {M1, . . . ,MNTI} are employed by NTI
symbols {ak,1, . . . , ak,NTI}, where Mj is an Mj-ary signal
constellation with j ∈ {1, . . . ,NTI}. For different time slots,
modulation modes should be different. Hence, we have

CT = blog2(NTI!)c. (4)

Moreover, the second part CS out of C bits are referred to
as spatial domain index bits in each time slot. Consequently,
we have

CS = blog2(Nt )c. (5)

The third part CMj bits are used to map the Mj-ary constella-
tion symbol in each time slot, i.e.

CMj = log2(Mj). (6)

Note that the modulation modes {M1, . . . ,MNTI} should not
have the same signal constellation point with each other, i.e.
Mi ∩Mj = ∅, and the average symbol power should be
normalized to unity [14].

As shown in the upper part of the block diagram in Fig. 1,
the information bit sequence b is encoded to an M -length
sequence c with coding rate Rcc. Then the encoded bits c is
divided into two parts: NTI×CS

C × M bits as spatial domain
index bits, and the remaining as time-domain MIM bits.
The latter part is then serial-to-parallel converted into NS
sequences, each sequence contains CT +

∑NTI
j=1 CMj bits.

The first CT bits determine the modulation modes of NTI
constellation symbols, whereas the other

∑NTI
j=1 CMj bits are

mapped to NTI symbols. After time-domain MIM mapping,
NTI constellation symbols of the kth STMIM symbol Sk are
determined as

ak = [ak,1, . . . , ak,n, . . . , ak,NTI ] ∈ C1×NTI . (7)

At this point, the activation pattern of antennas in Sk , i.e.
Ik,n, is determined by the spatial domain index bits. Then we
have the vectorized N -length transmit block x, which can be
expressed as

x =
[
0, . . . , 0︸ ︷︷ ︸
I1,1−1

, a1,1, 0, . . . , 0︸ ︷︷ ︸
Nt−I1,1

, . . . ,

0, . . . , 0︸ ︷︷ ︸
Ik,n−1

, ak,n, 0, . . . , 0︸ ︷︷ ︸
Nt−Ik,n

, . . . ,

0, . . . , 0︸ ︷︷ ︸
INS,NTI−1

, aNS,NTI , 0, . . . , 0
]︸ ︷︷ ︸

Nt−INS,NTI

T
∈ CN×1, (8)

where N = Nt×NS×NTI. The symbol block x is then serial-
to-parallel converted intoNt sequences [x1, . . . , xn, . . . , xNt ],
where n = 1, 2, . . . ,Nt . Each sequence corresponds to its
transmit antenna and is passed through the FTN shaping filter,
yielding the signal transmitted by the nth antenna

sn(t) =
∑
i

g(t − iτT0)xn,i, (9)

where xn,i is the ith element of xn, g(t) represents the impulse
response of a root-raised-cosine (RRC) filter with roll-off
factor β, 0 < τ < 1 is the FTN packing factor and T0 is
the symbol period under Nyquist criterion. Finally, the trans-
mission signals are transmitted through Nt antennas.
Based on (3)-(9), the spectral efficiency of the proposed

STMIM-FTN system can be given as

R = Rcc
1
τ

1
1+ β

×
blog2(NTI!)c+NTIblog2(Nt )c+

∑
j log2(Mj)

NTI
bps/Hz.

(10)

B. RECEIVER MODEL
As illustrated in Fig. 1, the signal is then transmitted over
a frequency selective fading MIMO channel with Lp paths,
corrupted by additive white Gaussian noise (AWGN) with
power spectral density N0. Assuming perfect synchroniza-
tion, the received signal is then matched-filtered with the
impulse response g∗(t) and sampled with the symbol rate
1
τT0

. Finally, the N ′-length received signal block r, where
N ′ = Nr × NS × NTI, can be represented as

r = HG0x+ ξ , (11)

where ξ is the N ′-length colored noise vector, H and G0
are the matrices with respect to block-fading channel and
FTN-induced ISI, respectively. The channel matrix H is
given as

H =



H0 0
H1 H0
...

. . .

HLp−1 . . . H0
. . .

. . .

0 HLp−1 . . . H1 H0


∈ RN ′×N ,

(12)
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where Hl is theNr×Nt MIMO channel matrix corresponding
to the lth path. The N × N FTN matrix G0 is given as

G0=



g0 0N ′t g1 0N ′t g2 . . .

0 g0 0N ′t g1 0N ′t g2 . . .

. . .
. . .

. . . 0N ′t g0 0N ′t . . .

. . .
...

. . . g−2 0N ′t g−1 0N ′t g0


,

(13)

where gm−n =
∫
g(t − mτT0)g∗(t − nτT0)dt , m, n ∈ Z,

0N ′t denotes an all-zero vector 01×Nt−1. Note that the FTN
signaling results in interference from adjacent symbols with
infinite length. However, in the proposed receiver, we choose
a sufficiently large Lf as the truncated unilateral interference
length considered in the receiver design, leading to the trun-
cated FTN matrix G

G =



g0 0N ′t g1 . . . gLf 0
...

. . .

g−Lf . . . 0N ′t g0 0N ′t . . . gLf
. . .

. . .

g−Lf . . . 0N ′t g0 0N ′t . . . gLf
. . .

...

0 g−Lf . . . g−1 0N ′t g0


, (14)

where Lf is the length of one-side adjacent symbol interfer-
ence considered at the receiver. It will be shown in Section V
via simulation results that as the value of Lf becomes larger,
the performance loss induced by the truncation becomes
negligible.

III. MESSAGE PASSING RECEIVER DESIGN
In this section, a GMP-based receiver is derived for the
proposed STMIM-FTN system.

A. FACTOR GRAPH REPRESENTATION BASED ON
STATE-SPACE MODEL
The factor graph representation of the proposed iterative mes-
sage passing receiver can be illustrated using the state-space
model. Define the kth symbol state zk as

zk = [xk−Lf , . . . , xk , . . . , xk+Lf ]
T
∈ CNtLFTN×1, (15)

where k = 1, 2, . . . ,NS × NTI, xk denotes the Nt -length
symbol vector of kth time slot and LFTN = 2Lf +1.Moreover,
the state transition of zk is given as

zk+1 = A · zk + B · xk+Lf+1, (16)

with A =

[
0Nt (LFTN−1)×Nt INt (LFTN−1)

0Nt×Nt 0Nt×Nt (LFTN−1)

]
and B =[

0Nt (LFTN−1)×Nt
INt

]
. Additionally, we define

yk = G̈T
· zk , (17)

where

G̈ =

 g−Lf . . . 0N ′t g0 0N ′t . . . gLf
. . .

. . .

g−Lf . . . 0N ′t g0 0N ′t . . . gLf


T

, (18)

which is a NtLFTN×Nt matrix and is obtained from the FTN
matrix (14). Note that by defining the expression as (15)-(18),
the number of messages passed on the factor graph is reduced
substantially. Similarly, we define the state qk as

qk = [yk−Lp+1, . . . , yk−1, yk ]
T
∈ CNtLp×1. (19)

The state transition of qk is given as

qk+1 = C · qk + D · yk+1, (20)

where C =

[
0[(Nt (Lp−1))]×Nt INt (Lp−1)

0Nt×Nt 0Nt×[Nt (Lp−1)]

]
and D =[

0[Nt (Lp−1)]×Nt
INt

]
. Finally, according to (11) we have

rk = ḦT
· qk + ξ k , (21)

where rk represents the (Nr × (k − 1) + 1)th to (Nr × k)th
elements of r, and Ḧ is given as

Ḧ = [HLp−1, . . . ,H0]T ∈ R(NtLp)×Nr . (22)

Based on the linear state-space model, given (15)-(22),
a Forney-style factor graph can be constructed as depicted
in Fig. 2. Note that the Forney-style factor graph only main-
tains one type of vertex: the function node, whereas the vari-
ables are represented by the edges. Furthermore, the equality
node performs exactly as a variable nodewhose representing
variable is shared by its neighboring function node.

B. GMP-BASED EQUALIZATION
With Gaussian assumption of messages passing on the factor
graph in Fig. 2, the message can be expressed in parametric
form, i.e. the GMP scheme. More specifically, the message
is characterized by its covariance matrix V (or the weight
matrixW = V−1) and its mean vectorm (or the transformed
meanWm).1 Moreover, the model-based GMP algorithm can
be efficiently exploited by handling the computation rules of
basic building blocks [38]. For ease of exposition, as shown
in Fig. 2, we divide the proposed GMP-based receiver into the
following four parts: 1©the IM bit-to-symbol mapping, 2©the
FTN equalization, 3©the multipath channel equalization and
4©the index modulation LLR calculating. Note that the factor
graph model in Fig. 2 corresponds to the FTN and multipath
equalization part. We detail the message updating scheme in
the remainder of this section, whereas the LLR calculation is
elaborated in the next subsection.

1Due to the sparseness of the transition matrix in our state-space model,
either V or W is singular for certain messages in some cases [37]. However
it is seldom a serious problem, as the singularity can be solved through
transforming the message from one parametric form to another owing to the
equivalence.
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FIGURE 2. Factor graph representation of the proposed message passing receiver.

1) BIT-TO-SYMBOL MAPPING FOR INDEX MODULATION
Provided that the channel decoder output the bit-wise extrin-
sic LLR as

LeD(cn,m) = ln
p(cn,m = 0)
p(cn,m = 1)

, (23)

where cn,m denotes the mth bit of the nth STMIM bit
sequence, n ∈ {1, . . . ,NS} and m ∈ {1, . . . ,C}. Define the
STMIM symbol set as

X = {χ1, . . . ,χk , . . . ,χK } ∈ CNsym×K , (24)

where K = 2C , Nsym = Nt × NTI. Obviously, the STMIM
symbol set X corresponds to a bit sequence set

9 = {ψ1, . . . ,ψk , . . . ,ψK } ∈ {0, 1}
C×K (25)

with a binary labeling mapF : {0, 1}C → χk . Assuming that
the information bits are independent, the a prior probability
of the nth STMIM symbol can be calculated as

pS̃n=χk =
C∏

m=1

p(cn,m = ψk,m), (26)

where S̃n ∈ CNsym×1 represents the spanned Sn after vector-
ization, hence S̃n ∈ X . Define the expanded signal symbol
set A as

A = {M1, . . . ,MNTI } ∪ {0}. (27)

Note that the set {0} should be considered in the proposed
STMIM system due to the existence of "0" symbol in spatial
domain. Furthermore, we arrive at the a priori probability of

symbol x, which is expressed as

px=αj =
Nsym∑
k=1

p(S̃n = χk , x = αj), (28)

where x is a symbol of S̃n and αj ∈ A. Then the parameters
of the input message corresponding to x in the tth iteration
can be obtained as

−→m t
x =

∑
αj∈A

αjpx=αj , (29)

and

−→v t
x =

∑
αj∈A
|αj|

2px=αj − |mx |
2, (30)

Note that the superscript t is omitted in the following part for
the sake of brevity.

2) MESSAGE UPDATING FOR FTN EQUALIZER
As shown in Fig. 2 part 2©, we start the message updating
from the forward to the backward, focusing on the kth state.
Provided that parameters−→m z̃k and

−→
V z̃k are available (initial-

ize them otherwise), given −→m xk+Lf and
−→
V xk+Lf from the IM

bit-to-symbol mapping, we have
−→
V zk =

−→
V z̃k + B

−→
V xk+Lf B

H , (31)
−→m zk =

−→m z̃k + B−→m xk+Lf . (32)

Then
−→
V z′′k

and −→m z′′k
can be obtained as

−→
V z′′k
=
−→
V zk −

−→
V zk G̈KG̈H−→V zk , (33)
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−→m z′′k
=
−→m zk +

−→
V zk G̈K

(
←−m yk − G̈H−→m zk

)
, (34)

where

K =
(
←−
Wyk + G̈H−→V zk G̈

)−1
, (35)

and
←−
Wyk ,

←−m yk denote the upward messages from the lower
part. Additionally, the

−→
V z̃k+1 and

−→m z̃k+1 for the next state are
given as

−→
V z̃k+1 = A

−→
V z′′k

AH , (36)
−→m z̃k+1 = A−→m z′′k

. (37)

Similarly, the backward messages can be obtained as
←−
Wzk =

←−
Wz′′k
+ G̈
←−
Wyk G̈

H , (38)
←−
Wzk
←−m zk =

←−
Wz′′k
←−m z′′k
+ G̈
←−
Wyk
←−m yk , (39)

and
←−
W z̃k =

←−
Wzk −

←−
WzkBMBH

←−
Wzk , (40)

←−
W z̃k
←−m z̃k =

(
ILFTN −

←−
WzkBMBH

)
·

(
←−
Wzk
←−m zk −

←−
WzkB

−→m xk+Lf

)
, (41)

where

M =
(
−→
V −1xk+Lf

+ BH
←−
WzkB

)−1
. (42)

Then the parameters for the next backward state are given as
←−
Wz′′k−1

= AH←−W z̃kA, (43)
←−
Wz′′k−1

←−m z′′k−1
= AH←−W z̃k

←−m z̃k . (44)

Finally, the downward message, which is passed to the mul-
tipath channel equalizer, can be characterized by

−→
V yk = G̈H−→V z′k

G̈, (45)

and

−→m yk = G̈H−→m z′k
, (46)

where
−→
V z′k

and −→m z′k
are given as

−→
V z′k
=

(
−→
V −1zk +

←−
Wz′′k

)−1
, (47)

and

−→m z′k
=
−→
V z′k

(
−→
V −1zk
−→m zk +

←−
Wz′′k
←−m z′′k

)
. (48)

3) MESSAGE UPDATING FOR MULTIPATH
CHANNEL EQUALIZER
In a similar way, we concentrate on the message updating in
the Fig. 2 part 3©, i.e. the multipath channel equalizer. The
parameters

−→
V qk and

−→m qk can be expressed as
−→
V qk =

−→
V q̃k + D

−→
V ykD

H , (49)
−→m qk =

−→m q̃k + D−→m yk , (50)

then we arrive at
−→
V q′′k
=
−→
V qk −

−→
V qk ḦQḦH−→V qk , (51)

−→m q′′k
=
−→m qk +

−→
V qk ḦQ

(
rk − ḦH−→m qk

)
, (52)

where

Q =
(
N0INt + ḦH−→V qk Ḧ

)−1
. (53)

Meanwhile,
−→
V q̃k+1 and −→m q̃k+1 for the next state qk+1 are

given as
−→
V q̃k+1 = C

−→
V q′′k

CH , (54)
−→m q̃k+1 = C−→m q′′k

. (55)

Similarly, the backwardmessages can be obtained in a similar
way. For the state qk , we have

←−
Wqk =

←−
Wq′′k
+

ḦḦH

N0
, (56)

←−
Wqk
←−m qk =

←−
Wq′′k
←−m q′′k
+

Ḧrk
N0

. (57)

Then
←−
V q̃k and

←−m q̃k are given as
←−
V q̃k =

←−
V qk + D

−→
V ykD, (58)

←−m q̃k =
←−m qk + D−→m yk . (59)

Finally, for the next backward state q′′k−1, we have
←−
Wq′′k−1

= CH←−V −1q̃k
C, (60)

←−
Wq′′k−1

←−m q′′k−1
= CH←−V −1q̃k

←−m q̃k . (61)

Furthermore, the upward message corresponding to yk+l
from the lower part to the upper part of the factor graph can
be characterized as

←−
Wqk = DH

(
−→
V q̃k +

←−
V qk

)−1
D, (62)

←−
Wqk
←−m qk = DH

(
−→
V q̃k +

←−
V qk

)−1(
←−mQqk −

−→m qk

)
. (63)

C. LLR CALCULATION FOR INDEX MODULATION
After all the messages are computed in Fig. 2 from downward
to upward, the outgoing message of symbol xk+Lf can be
parameterized by

←−
V xk+Lf =

(
BH
(
−→
V z̃k +

←−
V zk

)−1
B
)−1

, (64)

and
←−m xk+Lf =

←−
V xk+Lf ·

(
BH
(−→
V z̃k +

←−
V zk

)−1(←−m zk −
−→m z̃k

))
.

(65)

The extrinsic LLR LeIM(cn,m) of code bit cn,m passed from the
IM equalizer to the channel decoder is calculated based on the
soft information of each symbol. Note that STMIM symbol
S is the basic unit to convey information in the proposed
STMIM system, which is different from the conventional
systemwhose basic unit is essentially constellation symbol x.
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Consequently, the extrinsic LLR should be calculated through
S rather than x. According to turbo principle, we have

LeIM(cn,m) = ln
p(cn,m = 0|r)
p(cn,m = 1|r)

− LeD(cn,m)

= ln

∑
λi∈χ0

m

p(r|S̃n = λi)
∏

m′ 6=m
pD(cn,m′ = ψn,m′ )∑

λi∈χ1
m

p(r|S̃n = λi)
∏

m′ 6=m
pD(cn,m′ = ψn,m′ )

,

(66)

where LeD(cn,m) represents the extrinsic LLR from channel
decoder in the previous turbo iteration; χ0

m and χ1
m represent

the set of χk ∈ X whose corresponded bit sequence ψk ’s
mth element ψk,m equals 0 and 1, respectively. Recall that
X is the STMIM symbol set and 9 is the corresponded bit
sequence set. Assuming the independence between elements
of S̃n, the likelihood function in (66) can be factorized as

p(r|S̃n = λi) =
Nsym∏
l=1

p(r|S̃n,l = λi,l), (67)

where λi,l represents the lth symbol of λi and l =
1, 2, . . . ,Nsym. Considering the factor p(r|s̃n,l = λi,l), given
the Gaussian parameters of S̃n,l , i.e. ←−m n,l and

←−v n,l from
(64) and (65), a concise representation of the symbol-wise
likelihood function can be expressed as [39]

p(r|S̃n,l = λi,l) =
1

π←−v n,l
exp

(
−

(λi,l −
←−m n,l)2
←−v n,l

)
. (68)

Consequently, (67) can be rewritten as

p(r|S̃n = λi) =
exp

(
−

1
2

(
mn − λi

)TV−1n (
mn − λi

))
πNsym

∏
l vn,l

, (69)

where Vn and mn denote the Gaussian parameters of S̃n.
Finally, by substituting (67)-(69) into (66), LeIM(cn,m) can be
expressed as

LeIM(cn,m) = ln

∑
λi∈χ0

m

exp(mn,Vn,λi)
∏

m′ 6=m
pD,m′∑

λi∈χ1
m

exp(mn,Vn,λi)
∏

m′ 6=m
pD,m′

, (70)

where exp
(
−

1
2

(
mn − λi

)TV−1n (
mn − λi

))
and pD(cn,m′ =

ψn,m′ ) are briefly denoted by exp(mn,Vn,λi) and pD,m′ ,
respectively.

We summarize the details of the proposed GMP-based
receiver for IM system in Algorithm 1.

D. COMPLEXITY ANALYSIS
The computational complexity of the proposed GMP algo-
rithm is dominated by matrix inverse operations in (47)-(48),
(53) and (60)-(65). It is known that the complexity of inverse
operation for a non-sparse L × L matrix is O(L3), where O
denotes the order of complexity. As for (47)-(48), which is
related to the FTN equalization, the complexity of inverse
operation isO(N × (Nt ×LFTN)3) per transmission block per

Algorithm 1 The Proposed GMP-Based Iterative Receiver
for FTN-Aided STMIM System Over Frequency Selective
Channels
1: Initialization:

The extrinsic LLR from channel decoder in the first
iteration is initialized as L0D(cn,m) = 0.

2: Entering turbo iteration
3: for t = 1 to Iturbo do
4: Mapping the IM symbols according to (29) and (30);
5: Calculate the messages from FTN equalizer to multi-

path channel equalizer according to (45) and (46);
6: Calculate the messages from multipath channel equal-

izer back to FTN equalizer according to (62) and (63);

7: for n = 1 to NS do
8: Calculate the IM equalization extrinsic LLR

LeIM(cn,m) according to (70);
9: end for
10: Perform channel decoding algorithm and output the

extrinsic LLR L t+1D (cn,m) to equalizer.
11: end for
12: Decision of data bits.

iteration. In terms of the channel equalizer, the complexity
of (53) and (60)-(65) is O(N × (Nt × Lp)3). Hence, the total
computational complexity of the proposed GMP algorithm
is O

(
N
(
(NtLFTN)3 + (NtLp)3

))
per transmission block per

iteration, which increases linearly with the block length N .
Note that in practice, a sufficiently large LFTN can be chosen
at the receiver as the truncated unilateral interference length
with negligible performance loss, which can be much smaller
than Lp. As a comparison, the computational complexity of
the detectors in [40], the factor graph-based two-step detector
in [21] and Gaussian soft interference cancellation are all
O(N 3).

IV. LOW-COMPLEXITY LLR CALCULATION
BASED ON GMM
In this section, we develop a low-complexity LLR calcula-
tion method for the proposed STMIM-FTN scheme. More
specifically, a GMM-based likelihood function is considered
to replace the likelihood function in (70). By updating the
weights of each GMM components with a few iterations,
the modulation modes of time slots can be determined, result-
ing in a substantial reduction of the STMIM symbol sets.

Recall that in the kth STMIM symbol Sk , NTI modula-
tion modes {M1, . . . ,MNTI} are employed by NTI constella-
tion symbols [ak,1, . . . , ak,n, . . . , ak,NTI ]. Divide the STMIM
symbol set X into 2CT subsets

X = X1 ∪ . . . ∪ X l ∪ . . . ∪ X2CT , (71)

where X l ∈ CNsym×2C−CT denotes a subset of X corre-
sponding to a single combination of time-domain modulation
modes, and X1 ∩ . . . ∩ X l ∩ . . . ∩ X2CT = ∅ is satisfied.
Once the combination of modulation modes is determined,

VOLUME 7, 2019 162905



S. Li et al.: FTN Signaling-Aided Space-Time Multi-Mode IM Systems With a GMP-Based Receiver

the STMIM symbol set X in (70) can be replaced by a certain
subset X l , reducing the computational complexity of LLR
calculation.

Consider exp(mn,Vn,λi) as a linear combination of 2CT

Gaussian probability density functions, i.e. the Gaussian mix-
ture model

exp(mn,Vn,λi) =
2CT∑
l=1

πX l exp(mn,Vn,λ
l
i), (72)

where λli ∈ X l . The mixing coefficient πX l in GMM can
be regarded as the a priori probability of the lth component
exp(mn,Vn,λ

l
i), and satisfies

∑
l πX l = 1. Using Bayes’

theorem, the a posteriori probability of S̃n ∈ X l can be
obtained as [12]

p(S̃n ∈ X l |r) ∝ p(S̃n ∈ X l)p(r|S̃n ∈ X l). (73)

Substitute p(S̃n ∈ X l) in (73) by π t−1X l
which is obtained in

the (t − 1)th iteration and we arrive at

p(S̃n ∈ X l |r) ∝ π t−1X l

∑
λi∈X l

exp(mn,Vn,λli )
πNsym

∏
l vn,l

. (74)

Then we obtain the mixing coefficient of the tth iteration,
i.e. π tX l

, as

π tX l
=

p(S̃n ∈ X l |r)∑2CT
l=1 p(S̃n ∈ X l |r)

. (75)

According to (72)-(75), the GMM-based extrinsic LLR is
given as

LeGMM(cn,m)= ln

∑
λi∈X0

l

2CT∑
l=1
πX l exp(mn,Vn,λ

l
i)
∏

m′ 6=m
pD,m′

∑
λi∈X1

l

2CT∑
l=1
πX l exp(mn,Vn,λ

l
i)
∏

m′ 6=m
pD,m′

.

(76)

Note that the exponent exp(mn,Vn,λ
l
i) calculated in (74)

can be reused in (76), which avoids complexity increase
compared with (70). Furthermore, after IGMM iterations,
where IGMM is much smaller than Iturbo, we consider that the
combination of modulation modes is determined according
to π IGMM

X l
, leading to

LeGMM(cn,m)= ln

∑
λi∈X0

lM

exp(mn,Vn,λi)
∏

m′ 6=m
pD,m′

∑
λi∈X1

lM

exp(mn,Vn,λi)
∏

m′ 6=m
pD,m′

, (77)

where

X lM = argmax
X l

π
IGMM
X l

(78)

It can be seen that the STMIM symbol set X in (70) is
replaced by X lM in (77), which is much smaller than the
former. As a further comment, this reduction results from

the determination of modulation modes combination in the
first IGMM iterations. Hence, the GMM-based calculation is a
two-step method in a sense. However, distinguished from the
two-step detector with hard decision in [21] et al., the pro-
posed GMM-based method updates the soft probability of
modulation modes, i.e. πX l , during the first IGMM iterations.
Consequently, the computational complexity can be further
decreased in the GMM-based method along with a better
performance than the conventional two-step hard-decision
methods. It will be shown in simulation results that the
proposed GMM-based LLR calculation only exhibits slight
performance loss with a small IGMM.
Finally, we evaluate the complexity of GMM-based LLR

calculation in terms of the floating point (FLOP) operations
and compare it with the conventional method. Note that the
multiplication of two complex number needs six FLOPs,
exp(·) and log(·) can be operated through a look-up table.
Hence, calculation in (70) needs around 2CNS(18NTINt +
2C−1) FLOPs per transmission block per iteration, whereas
(77) needs 2CNS(18Nt + 2C−1/N 2

TI) FLOPs. Consequently,
the GMM-based LLR calculation is able to further reduce the
computational complexity of the proposed receiver.

We summarize the details of the proposed GMP-GMM
algorithm in Algorithm 2.

Algorithm 2 The Proposed GMP-Based Iterative Receiver
With GMM for FTN-Aided STMIM System Over Frequency
Selective Channels
1: Initialization:

The extrinsic LLR from channel decoder in the first
iteration is initialized as L0D(cn,m) = 0.

2: Entering turbo iteration
3: for t = 1 to Iturbo do
4: Mapping the IM symbols according to (29) and (30);
5: Calculate the messages from FTN equalizer to multi-

path channel equalizer according to (45) and (46);
6: Calculate the messages from multipath channel equal-

izer back to FTN equalizer according to (62) and (63);

7: if t ≤ IGMM then
8: Calculate theGMM-based IM equalization extrinsic

LLR LeIM(cn,m) according to (76);
9: else
10: Calculate theGMM-based IM equalization extrinsic

LLR LeIM(cn,m) according to (77) ;
11: end if
12: Perform channel decoding algorithm and output the

extrinsic LLR L t+1D (cn,m) to equalizer.
13: end for
14: Decision of data bits.

V. SIMULATION RESULTS
In this section, we evaluate the proposed STMIM-FTN sys-
tem and GMP-based receiver by Monte Carlo simulation.
Consider a low-density parity-check (LDPC) coded system
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FIGURE 3. BER performance of different systems with spectral efficiency
0.97 bps/Hz and 1.11 bps/Hz.

with coding rate Rcc = 1/2 and the maximum number
of decoding iteration I = 50. The number of transmitted
symbols in a block is N = 4608. A RRC shaping filter is
employed with the roll-off factor β = 0.8. The number of
antennas is Nt = Nr = 4. The frequency selective fading
MIMO channel is assumed to obtain Lp = 8 taps and each
Nr ×Nt channel block Hl in (12) is independently generated
according to the distribution hli,j ∼ N (0, d l), where hli,j is
the element in the ith row jth column of Hl , and the power
delay coefficient d l = exp(−0.05l). The number of iterations
of turbo equalization is set to Iturbo = 15, unless otherwise
specified.2

The BER performance versus the signal-to-noise ratio
(SNR) of several multi-antenna schemes with and without
IM over the same channel is shown in Fig. 3 and Fig. 4,
including the proposed STMIM-FTN system. In Fig. 3,
the STMIM and STMIM-FTN schemes have the following
parameters: {NTI,Nt; (M1, . . . ,Mj)} = {2, 4; (2, 2)}, M1 =

{+1,−1},M2 = {+j,−j}. Moreover, the FTN packing
factor of the STMIM-FTN scheme is τ = 0.875 and Lf
is set to 5. For the conventional SM scheme, a QPSK con-
stellation alphabet is utilized for modulating, and one out
of Nt antennas is selected by index bits to convey the con-
stellated symbol. In the space-time SIM (STSIM) scheme,
one slot is selected out of each two slots to transmit a 2Q-
PSK modulated symbol with Q = 5. The conventional
MIMOemploys a BPSK signal constellation, and all antennas
transmit serial-to-parallel converted symbol block in each
time slot. The average transmission power is maintained to be
unity [11] and the proposed GMP-based receiver is employed
at the receivers. Other parameters are all set to the same
as previously presented. Consequently, according to (10),

2The number of iterations can also be determined through testing certain
stop conditions during the detection. We choose a fixed iteration number
here in the simulation to illustrate the convergence behavior of the proposed
algorithm.

FIGURE 4. BER performance of different systems with spectral efficiency
1.25 bps/Hz and 1.39 bps/Hz.

the spectral efficiency of STMIM-FTN system, SM sys-
tem, STSIM system and conventional MIMO system are all
1.11 bps/Hz, except that the STMIM system is 0.97 bps/Hz.
As shown in Fig. 3, the STSIM contains inactivated time
slots, which leads to not only a waste of resource, but also
a serious performance deterioration, as a higher order con-
stellation has to be employed to obtain the same transmission
rate. The conventional MIMO system, however, suffers from
high ICI over the multipath MIMO channel. The proposed
STMIM and STMIM-FTN schemes achieve superior BER
performances among the five schemes. Meanwhile, the FTN
signaling with τ = 0.875 increases the spectral efficiency of
STMIM scheme from 0.97 bps/Hz to 1.11 bps/Hz with only
0.1 dB performance loss. On the other hand, the conventional
SM scheme undergoes a 0.6 dB performance loss. Com-
pared with the conventional SM scheme, the STMIM scheme
transfers part of the information conveyed by the modulated
symbols to the combination pattern of modulation modes,
hence it is more robust against interference [1]. In Fig. 4,
the parameters {NTI,Nt; (M1, . . . ,Mj); τ } of STMIM-FTN
system are set to {2, 4; (4, 4); 0.9}. The STMIM system with
spectral efficiency 1.25 bps/Hz has the system parameter
{NTI,Nt; (M1, . . . ,Mj)} = {2, 4; (4, 4)}. The STMIM system
with spectral efficiency 1.39 bps/Hz has the system param-
eter {2, 4; (4, 8)}, utilizing the (4, 8) constellation alphabet
designed in [13] employing Model B. The conventional SM
scheme utilizes an 8PSK constellation alphabet. Other param-
eters are the same as those used in Fig. 3. It can be seen that
among systems with spectral efficiency 1.39 bps/Hz, the pro-
posed STMIM-FTN delivers the best performance with per-
formance loss less than 0.3 dB. Although both SM and
STMIM increase the spectral efficiency from 1.25 bps/Hz to
1.39 bps/Hz, the combined space-time IM scheme has a better
BER performance than its spatial domain IM counterpart
resulting from the robustness of IM scheme in time domain.
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FIGURE 5. BER performance of SM and SM-FTN systems with spectral
efficiency 1.11 bps/Hz and 1.39 bps/Hz.

The BER performance of FTN signaling-aided SM sys-
tem compared with conventional SM systems is also illus-
trated in Fig. 5. The SM-QPSK and SM-8PSK employ a
QPSK and an 8PSK constellation alphabet, respectively,
while the FTN-aided SM system employs a QPSK con-
stellation with the FTN packing ratio τ = 0.8, which
increases the spectral efficiency to 1.39 bps/Hz as well.
Other parameters are the same as those used in Fig. 4. The
SM-8PSK increases the spectral efficiency from 1.11 bps/Hz
to 1.39 bps/Hz by conventionally employing higher order
constellation, while the SM-FTN utilizes FTN signaling to
enhance the spectral efficiency. However, the BER perfor-
mance loss is more than 2 dB and 0.7 dB, respectively. Conse-
quently, it can be demonstrated that the proposed FTN-aided
multi-antenna scheme is able to improve the spectral effi-
ciency with a better BER performance.

Fig. 6 shows the BER performance of the proposed
STMIM system, SM system and conventional MIMO system
in Nyquist and FTN scenarios. The parameters of SM and
STMIM systems are the same as those used in Fig. 5. The
conventional MIMO employs a BPSK constellation for a
5 × 5 MIMO system. The FTN packing ratio is τ = 0.9
for all systems. Hence the spectral efficiency of the three
systems in Nyquist and FTN scenarios are all 1.39 bps/Hz
and 1.54 bps/Hz, respectively. It can be seen that IM-aided
schemes outperform the conventional MIMO scheme in both
Nyquist and FTN scenarios. This benefit is achieved because
of the robustness of IM schemes in spatial and time domains
against interference.

The BER performance of the proposed GMP-based
receiver in the STMIM-FTN system with different FTN
packing factors is shown in Fig. 7. The system parameters
are the same as Fig. 3, unless otherwise stated. Moreover,
the performance of Nyquist signaling scenario over the same
channel is also plotted as a benchmark. It can be observed

FIGURE 6. BER performance of different systems with and without IM.

FIGURE 7. BER performance of the proposed GMP-based receiver for
STMIM-FTN system with different packing factors.

that the proposed FTN signaling receiver can approach the
BER performance of the Nyquist signaling with a packing
factor τ ≥ 0.875, i.e. a 14% increase of transmission rate.
Even for τ = 0.8, which leads to an increase of transmission
rate bymore than 25%, the performance gap is around 0.4 dB.
However, as for τ = 0.75, which refers to a 33% transmission
rate increase, the BER performance exhibits a non-negligible
deterioration.

We evaluate the BER performance of STMIM-FTN sys-
tems with different roll-off factors β in Fig. 8. Other system
parameters are all the same as those used in Fig. 4. It can
be shown that the BER performance loss resulting from the
pulse smearing effects of FTN signaling becomes greater as
β decreases. However, although the performance advantage
diminishes as β declines, the proposed FTN-aided system

162908 VOLUME 7, 2019



S. Li et al.: FTN Signaling-Aided Space-Time Multi-Mode IM Systems With a GMP-Based Receiver

FIGURE 8. BER performance of the proposed STMIM-FTN systems with
different β.

FIGURE 9. BER performance of the proposed GMP-based receiver with
different Lf .

still inevitably outperforms its Nyquist signaling counter-
parts.

BER performances with different Lf are shown in Fig. 9.
The parameters {NTI,Nt; (M1, . . . ,Mj); τ } are set to
{2, 4; (4, 4); 0.8}. Obviously, the complexity of the proposed
FTN equalizer depends on the length of adjacent symbol
interference considered at the receiver. As can be seen,
the BER gap between different Lf is limited. Specifically,
the BER gain owing to the Lf increasing from 5 to 10 is
marginal, while Lf = 2 and Lf = 1 undergoes a performance
penalty owing to the underestimation of the ISI length at
the receiver. Consequently, the Lf can be properly chosen
around 5 in the τ = 0.8 case. In practice, we can select
a certain length of Lf properly for the proposed algorithm,
considering the tradeoff between the BER performance and
the computational complexity.

FIGURE 10. Impact of IGMM on BER performance of the proposed
GMP-GMM algorithm.

In Fig. 10, the impact of IGMM on the proposed
GMP-GMM algorithm is illustrated with τ = 0.8. The IGMM
is set to 1, 2, 3, 5, and 15, respectively. The GMP-GMM
with IGMM = 1, which leads to a conventional two-step
hard decisionmethod, has theworst BER performance among
them. As the IGMM increases, i.e. the soft information of
IM modes is updated during iterations, the performance of
GMP-GMM is improved rapidly. We can see that the BER
performance gap between IGMM = 5 and IGMM = 15 is
negligible. Even for IGMM = 3, the performance gap is
around 0.05 dB.

Furthermore, the convergence behaviors of the iterative
message passing algorithms are evaluated in Fig. 11. The con-
vergence of Gaussian belief propagation is not guaranteed in
loopy factor graphs [41], while robust convergence can often
be observed. In Fig. 11(a), the BER performance of GMP
algorithm versus the number of iterations is plotted, with SNR
= 6.6 dB, 6.8 dB and 7.2 dB, τ = 0.8, 0.875 and 0.9, respec-
tively. It can be seen that the proposed algorithm has an out-
standing convergence performancewith all τ . In this scenario,
the proposed algorithm converges within 15 iterations. As for
the GMP-GMM algorithm with IGMM = 3, the convergence
performance is illustrated in Fig. 11(b). In addition, besides
its convergence, we can notice that after IGMM iterations,
i.e. the candidate set is limited within X lM , the proposed
GMP-GMM still achieve gain from iteration, for the modula-
tion mode pattern has been determined through the first IGMM
iterations.

We finally compare the BER performance of pro-
posed algorithms for IM scheme, namely IMGMP and
IMGMP-GMM respectively, with other methods. Since that
there is no existing work that can be applied directly on the
proposed STMIM-FTN system, we extend two estimators,
namely soft-MMSE extended from [40] and Gaussian-SIC,
to the FTN signaling over the same frequency selective

VOLUME 7, 2019 162909



S. Li et al.: FTN Signaling-Aided Space-Time Multi-Mode IM Systems With a GMP-Based Receiver

FIGURE 11. BER performance versus number of iterations for the
proposed algorithm. (a) GMP. (b) GMP-GMM.

FIGURE 12. BER performance of different algorithms for STMIM-FTN
system with parameters {2,4; (2,2); 0.8}.

fading MIMO channel. In Fig. 12 and Fig. 13, the param-
eters {NTI,Nt; (M1, . . . ,Mj); τ } are set to {2, 4; (2, 2); 0.8}
and {2, 4; (4, 4); 0.9}, respectively. The soft-MMSE equal-
izer minimize the overall mean square error caused by noise,
FTN-induced ISI and fading channel-induced ISI, at the cost
of imperfect interference elimination [40]. From Fig. 12,
it can be seen that the BER performance gap between
the proposed GMP algorithm and GMP-GMM algorithm
with IGMM = 3 is less than 0.6 dB. On the other hand,
a more than 1.2 dB performance loss can be observed for
soft-MMSE method in Fig. 12, whereas an even worse BER

FIGURE 13. BER performance of different algorithms for STMIM-FTN
system with parameters {2,4; (4,4); 0.9}.

performance can be seen in Fig. 13. The Gaussian-SIC
method approximate the noise and ISI interference to be
Gaussian. Owing to the straightforward Gaussian approxi-
mation, Gaussian-SIC method collapses as the interference
becomes severe.

VI. CONCLUSION
In this paper, we proposed an FTN signaling-aided multi-
dimensional multi-mode IM scheme, namely STMIM-FTN.
Combining multi-mode time-domain IM and SM, the pro-
posed scheme possesses the advantages of SM along with
the high efficiency of multi-mode time domain IM. Mean-
while, aided by FTN signaling, the spectral efficiency is
further increased with the same bandwidth. At the receiver
side, the problem was formulated to a state-space model,
leading to a Forney style factor graph. GMP was employed
to update the messages on the graph. The ISI imposed
by FTN and frequency selective fading channel was mit-
igated separately, utilizing the truncation of FTN-induced
ISI in the proposed algorithm. Moreover, a concise repre-
sentation of extrinsic messages from the output of equal-
izer was derived for IM scheme. To further reduce the
computational complexity, a two-step LLR calculation was
proposed based on GMM. Simulation results showed the
superior performance of the proposed STMIM-FTN system
compared to other systems with the same spectral efficiency.
The outstanding performance of the proposed GMP-based
receiver was also evaluated by comparing with other
methods.
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