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ABSTRACT After the vision and the overall objectives of future wireless networks for 2020 and beyond
have been defined, standardization activities for fifth generation (5G) wireless networks have been started.
Although it is expected that 5G new radio (NR) will be based on cyclicly prefixed orthogonal fre-
quency division multiplexing (CP-OFDM)-based waveforms along with multiple waveform numerologies,
the sufficiency of CP-OFDM-based NR is quite disputable due to the continuing massive growth trend in
number of wireless devices and applications. Therefore, studies on novel radio access technologies (RATs)
including advanced waveforms and more flexible radio accessing schemes must continue for future wireless
networks. Generalized frequency division multiplexing (GFDM) is one of the prominent non-CP-OFDM-
based waveforms. It has recently attracted significant attention in research because of its beneficial properties
to fulfill the requirements of future wireless networks. Multiple-input multiple-output (MIMO)-friendliness
is a key ability for a physical layer scheme to satisfactorily match the foreseen requirements of future
wireless networks. On the other hand, the index modulation (IM) concept, which relies on conveying
additional information bits through indices of certain transmit entities, is an emerging technique to pro-
vide better spectral and energy efficiency. In this paper, considering the advantages of non-CP-OFDM-
based waveforms and the IM concept, we present a framework, which integrates GFDM with space and
frequency IM schemes to provide flexible and advanced novel RATs for future wireless networks. Several
MIMO-GFDM schemes are provided through the proposed framework and their bit error ratio performances,
computational complexities, and spectral efficiencies are analyzed. Based on the obtained results, a guideline
for selecting the proper MIMO-GFDM scheme considering target performance criterion is given. It has been
demonstrated that the proposed framework has a strong potential to engineer the space-frequency structure
according to channel conditions and use cases, and it provides a great flexibility that can be easily tuned to
address the required performance criterion.

INDEX TERMS 5Gwireless networks, GFDM, indexmodulation,MIMO systems, multicarrier modulation,
physical layer design, quadrature spatial modulation, spatial modulation.

I. INTRODUCTION
Wireless communications has become an essential tool for
our life. Starting from the first generation wireless net-
works (1G), there has been an exponential growth in number
of users and their applications. Owing to a broad range of
applications spanning from wireless regional area networks
to machine type communications, future wireless networks
have challenging objectives such as very high spectral and
energy efficiency, very low latency and very high data rate,
which require more effective physical layer (PHY) solu-
tions [1]. In this context, the vision and overall objectives
of future wireless networks for 2020 and beyond have been

defined by the International Telecommunication Union [2]
and standardization activities for fifth generation (5G) wire-
less networks have been started through discussions about
scenarios and requirements by Third Generation Partnership
Project (3GPP) [3].

Orthogonal frequency division multiplexing (OFDM) is
the core of the physical layer of fourth generation (4G) wire-
less networks and fulfills the requirements and challenges
of 4G scenarios. Despite of its proven advantages, OFDM
has some shortcomings that make it difficult to address
the scenarios foreseen for future 5G wireless networks.
In OFDM, every symbol requires a cyclic prefix (CP), which
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depends on the tap length of the channel. The insertion of CP
reduces the spectral efficiency and prevents obtaining a low
latency by shortening the symbols. Furthermore, OFDM is
very sensitive to time and frequency synchronization errors
and has high out-of-band (OOB) emission due to rectangu-
lar pulse shaping. Thus, OFDM can fulfill the requirements
of 5G wireless networks in a limited way.

In recent years, several waveform proposals have been
presented to overcome the above limitations of OFDM. These
proposals can be categorized into two main classes: cyclicly-
prefixed OFDM (CP-OFDM)-based and non-CP-OFDM-
based. The proposals in the first class, such as filtered OFDM
(f-OFDM) [4], [5] and windowed OFDM (W-OFDM) [6],
are the attempts to resolve the aforementioned problems by
keeping the orthogonality. The proposals in the second class
initially dismiss orthogonality to obtain better temporal and
spectral characteristics, thus, causes a major paradigm shift
in the context of waveform design, which may yield some
backward compatibility issues.

Generalized frequency division multiplexing (GFDM) [7]
is one of the prominent non-CP-OFDM-based waveforms.
It has recently attracted significant attention from the
researchers because of its beneficial properties to fulfill the
requirements of future wireless networks. A GFDM symbol
consists KM samples where each of K subcarriers carry
M timeslots. These parameters can be tuned to match the
requirements of the application. Consequently, GFDM has a
flexibility to engineer the time-frequency structure accord-
ing to corresponding scenario. In GFDM, each subcarrier is
filtered using circular convolution. Therefore, OOB emission
of GFDM is considerably low and it can serve for fragmented
and opportunistic spectrum allocation purposes. GFDM uses
a single CP for an entire block that contains multiple sub-
symbols. This enables frequency domain equalization (FDE)
and improves the spectral efficiency. Thus, flexible charac-
teristics of GFDM can be easily tuned to address the new
requirements.

Multiple-input multiple-output (MIMO)-friendliness is a
key ability for a physical layer scheme to satisfactorily
match the foreseen requirements of future wireless networks.
Since GFDM is a generalized form of OFDM, one can
expect that its combination with MIMO is feasible. This
was shown for space-time coding (STC) technique [7]–[10]
and spatial multiplexing [11]–[17]. In [11] and [12],
iterative MIMO decoders have been evaluated. In [13],
separate detection and demodulation (SDD) with minimum
mean squared error (MMSE) detector and zero-forcing (ZF)
GFDM demodulation was proposed. In [14], an equivalent
MIMO-GFDM channel model, which combines GFDM
modulation and MIMO channel, has been presented and
sphere decoding (SD) of subcarrier groups with successive
interference cancellation (SIC) was proposed. Based on
this equivalent MIMO channel model, MMSE with parallel
interference cancellation (MMSE-PIC) detector was pro-
posed in [15] and coded performance analysis of
MIMO-GFDM system was performed in [16]. In [17], a low

complexity implementation of MMSE equalization was
proposed and link level performance of MIMO-GFDM
was analyzed along with the CP-OFDM-based counterparts.
Nevertheless, when spatial multiplexing is employed with
GFDM, inter-antenna interference (IAI) is added to inherent
self-interference of GFDM and makes the receiver design
challenging.

The continuing demand for higher data rates motivates
the researchers to seek spectrally efficient new modulation
schemes. Spatial modulation (SM) is a MIMO transmission
method, which considers the transmit antennas as spatial
constellation points to carry additional information bits [18].
In SM, at each time interval, a single transmit antenna is
activated by the input bit sequences and other antennas
remain silent. For SMmulticarrier schemes, only one transmit
antenna is activated at any subcarrier. As a result, activating
single transmit antenna at a time or subcarrier eliminates IAI
and reduces the receiver complexity. Moreover, SM tech-
niques are more robust to channel imperfections and enhance
the error performance.

SM-based modulation schemes have recently received
a great deal of interest due to their attractive advantages
over classical MIMO systems. Space-shift keying (SSK) is
a special case of SM, where only active transmit antenna
indices are used to convey information. In SSK, phase shift
keying (PSK)/quadrature amplitudemodulation (QAM) sym-
bols are not used and active transmit antenna transmits a fixed
non-data bearing signal. Space-time shift keying (STSK)
is another SM-based modulation scheme, where both the
indices of multiple pre-assigned dispersion matrices and
signal constellation points are used to convey information.
Additionally, the concept of SM is extended to include both
the space and time dimensions. Quadrature SM (QSM) [19]
expands the spatial constellation symbols to in-phase and
quadrature components, and doubles the number of spa-
tially carried bits with respect to a conventional SM system.
In QSM, signal constellation symbol is divided into its real
and imaginary parts and their corresponding transmit anten-
nas are determined by the input bit sequences in a separate
fashion. It is demonstrated that QSM achieves the same error
performance and spectral efficiency using 3 dB less signal
power with respect to its SM counterpart without increasing
the receiver complexity [19].

OFDM with index modulation (IM) is an extension of
spatial modulation concept to subcarrier indices in multi-
carrier systems [20]–[22]. In OFDM-IM, active subcarriers
are selected by the input bit sequences and the informa-
tion bits are conveyed through both the activated subcarrier
indices and the conventional modulation symbols. While
OFDM-IM scheme improves the error performance by con-
veying extra information through active subcarrier indices,
it reduces throughput due to unused subcarriers. In [23],
a dual-mode (DM) OFDM-IM (DM-OFDM) scheme has
been proposed to prevent throughput loss still using sub-
carrier indices to convey extra information. In DM-OFDM
scheme, based on the OFDM subblocks concept in [20],
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two different constellation modes have been used to mod-
ulate the subcarriers with selected indices and the remain-
ing subcarriers. More recently, a multiple-mode DM-OFDM
scheme is proposed in [24] by considering full permutation
of modes. In order to improve the spectral efficiency, diver-
sity and coding gains of OFDM-IM, several studies have
been also performed in recent times [25]–[29]. Furthermore,
in [30]–[33], combination of the OFDM-IM technique with
MIMO methods has been investigated and significant per-
formance gains have been reported. For a comprehensive
overview of OFDM-IM and related literature, interested read-
ers are referred to [34].

Although 3GPP embraces a non-backward compatible
radio access technology (RAT) for 5G [35], it is expected
that 5G new radio (NR) will be based on CP-OFDM-
based waveforms along with the multiple OFDM numerolo-
gies due to complexity, latency and maturity issues of
non-CP-OFDM-based waveforms. However, considering the
continuing massive growth trend in number of wireless
devices and applications, the sufficiency of CP-OFDM-based
NR is quite disputable. Thus, research efforts on the novel
RATs including advanced waveforms and more flexible
radio accessing schemes must continue for future wireless
networks. In this context, more advanced parameterization
schemes in numerology design, e.g., numerology with new
parameters such as windowing and user-specific filters, and
novel frame design principles, e.g., frame design with multi-
ple base waveforms, are proposed in [36]. In addition to these
proposals, non-CP-OFDM-based waveforms along with the
promising schemes, such as IM, are one of the prominent
concepts to enhance the RAT flexibility.

Non-CP-OFDM-based waveform proposals suffer from
self-introduced interference, which eventually results much
increased receiver complexity especially for MIMO trans-
mission due to additional IAI. Keeping mind the appealing
advantages of the IM concept over classical OFDM, such
as flexible system design with adjustable number of active
subcarriers, improved error performance for low-to-mid spec-
tral efficiencies and simple transceiver design, we believe
that tight integration of GFDM with the IM concept has a
strong potential to fulfill the foreseen requirements of future
wireless networks in a satisfactory manner. In this context,
the application of the SM-GFDM system has been considered
in [37], where due to the use of a suboptimal receiver, a poor
error performance has been obtained. In addition, the combi-
nation of the IM technique [38] with GFDM has been inves-
tigated in [39], where a throughput loss was obtained due to
the unused subcarriers. Furthermore, combination of GFDM
with SM and IM techniques, namely space and frequency
IM (SFIM), has been investigated in [40] and significant
performance gains have been achieved at the expense of
increased computational complexity. As a result, the exist-
ing studies on the integration of GFDM with promising
IM techniques are not satisfactory to improve the spectral
efficiency as well as the error performance and computational
complexity at the same time.

In this paper, a framework that comprise the existing
studies on the combination of GFDM with IM concept is
presented and integration of GFDM with IM concept is dis-
cussed in detail to pave the way for innovative transceiver
structures. Then, by using this framework, novel transmitter
and receiver schemes for MIMO-GFDM applications are
proposed. Bit error ratio (BER) performances of the proposed
schemes are compared and their computational complexities
and spectral efficiencies are analyzed. Based on the obtained
results, a guideline for selecting the proper MIMO-GFDM
scheme considering target performance criterion is given. The
contributions of this paper can be summarized as follows:
• A GFDM-based flexible IM (FIM) transceiver, which is
capable of generating and decoding various IM schemes,
is proposed. Thanks to FIM, switching between different
IM schemes to adapt the channel conditions can be
possible using a single transceiver structure.

• FIM provides a multilayer transmission scheme by
effectively using space, frequency, and time dimensions
to adjust the BER performance and spectral efficiency,
and enables to support different use-cases by using com-
mon space, frequency, and time resources at the same
time.

• A novel QSM-based GFDM scheme is proposed as
a special case of FIM to enhance the spectral effi-
ciency while preserving the advantages of SM. To the
best of our knowledge, this contribution would be the
first approach that exploits multicarrier transmission for
QSM. In addition, QSM transmission is combined with
the SFIM scheme.

• A near-optimum detection scheme, which is based
on maximum likelihood (ML) detection with SIC, is
proposed.

• It is shown that ML-SIC detection scheme is also appli-
cable for single-input single-output (SISO), SM, IM,
SFIM, and SSK-based GFDM systems.

The remaining sections are organized as follows. The
system models of the GFDM-FIM transmitter and receiver
are presented in Section II and Section III, respectively.
In Sections IV and V, computational complexity and spectral
efficiency of the proposed GFDM-FIM schemes are ana-
lyzed. Numerical results about the BER performance, com-
putational complexity and spectral efficiency of the proposed
GFDM-FIM schemes are presented in Section VI and dis-
cussed in Section VII. Finally, Section VIII concludes the
paper.1

1Notation: Vectors and matrices are denoted by boldface lowercase and
capital letters, respectively. (·)T and (·)H denote transposition and Hermitian
transposition of a vector or a matrix, respectively, and (·)−1 indicates the
inverse of a matrix. C(u, v) denotes the binomial coefficient and b·c is the
floor function. X ∼ CN (0, σ 2X ) represents the distribution of a circularly
symmetric complexGaussian random variableX with variance σ 2X .<{X} and
={X} denote the real and imaginary parts of a complex variable X , respec-
tively. diag(·) denotes a diagonal matrix and ‖·‖ stands for the Euclidean
norm. S denotes Q-ary signal constellation and x(a : b) stands for all
elements of x between ath and bth indices, inclusive of a and b.
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FIGURE 1. Block diagram of the GFDM-FIM transmitter.

TABLE 1. System parameters.

II. GFDM-FIM TRANSMITTER
As mentioned earlier, GFDM has a block structure consisting
ofN = KM samples whereK subcarriers constitute a GFDM
subsymbol and M GFDM subsymbols constitute a GFDM
symbol. In this study, a MIMO-GFDM system with T trans-
mit and R receive antennas is considered. The system has four
control signals named as ENSM , ENQM , ENIM , and ENDM ,
which control SM, QSM, IM, and dual mode IM (DMIM)
operation modes, respectively, in an on/off fashion, where
ENSM , ENQM , ENIM , ENDM ∈ {0, 1}. The overall system
parameters are given in Table 1. Specific implementations of
SM and IM schemes with respect to control signals are given
in Table 2. Thanks to these control signals, existing schemes,
such as, GFDM-based IM, DMIM, SM, and SFIM and new
SM and IM schemes, such as, GFDM based QSM, space and

TABLE 2. Flexible IM control table.

frequency DMIM (SFDMIM), quadrature SFIM (QSFIM)
and quadrature SFDMIM (QSFDMIM) can be implemented
by using a single transmitter.

The block diagram of the proposed GFDM-FIM transmit-
ter is given in Fig. 1. Primary bit splitter block accepts P data
bits from the input bit stream along with the control signals
and splits these P bits into L groups with p bits, i.e., p = P/L.
Then, each group of p bits is mapped to a subcarrier
group with u elements in three stages. In this mapping
operation, antenna and subcarrier indices as well as Q-ary
QAM (Q-QAM) constellations can be used. Besides, constel-
lation symbols can be expanded to in-phase and quadrature
components. In order to apply this mapping, secondary bit
splitter partitions these p bits into four groups, which contain
pT , pIM , pA, and pB bits according to status of the control
signals.

The first stage of themapping is transmit antenna selection.
At this stage, Tx antenna selector block gets

pT = ENSM (1+ ENQM ) log2(T ) (1)
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bits and selects the indices of the transmit antennas. When
both SM and QSM modes are enabled, i.e., ENSM = 1,
ENQM = 1, the first and second log2(T )-bits parts of the
pT -bit sequence are used to determine the transmit antennas
corresponding to the real and the imaginary parts of the vector
of the modulated symbols for the subcarrier IM group as
tRl and t Il , respectively, where t

R
l , t

I
l ∈ {1, . . . ,T }. When the

QSMmode is disabled, i.e.,ENQM = 0, only tRl is determined
and it is used as the transmit antenna for both the real and
the imaginary parts of the vector of the modulated symbols.
Note that when the SM mode is disabled, i.e., ENSM = 0,
Tx antenna selector block remains inactive and transmission
is always realized through a pre-determined transmit antenna.

The second stage of the mapping is index selection. At this
stage, when IM mode is enabled, i.e., ENIM = 1, index
selector blocks gets pIM bits to select the indices of the
subcarriers in the primary IM subgroup, denoted as

IAl =
{
iAl,1, i

A
l,2, . . . , i

A
l,v

}
, (2)

where iAl,γ ∈ {1, . . . , u}, for γ = 1, . . . , v, and l ∈ {1, . . . ,L}.
Here, IAl is determined to modulate v subcarriers by a selec-
tion rule, besideswhen theDMIMmode is enabled alongwith
the IMmode, i.e., ENDM = 1, the remaining u−v subcarriers
constitute the indices of the subcarriers in the secondary IM
subgroup, denoted as,

IBl =
{
iBl,1, i

B
l,2, . . . , i

B
l,u−v

}
, (3)

where iBl,γ ∈ {1, . . . , u}, for γ = 1, . . . , u − v and l ∈
{1, . . . ,L}. Since IAl has c = 2pIM possible realizations, only
c out of C (u, v) possible combinations are used. Therefore,
pIM can be defined as

pIM = ENIMblog2 (C (u, v))c. (4)

Note that when the IM mode is disabled, i.e., ENIM = 0,
index selector block remains inactive and all subcarriers are
used without any selection.

The third stage of the mapping is QAMmodulation. At this
stage, mapper A gets pA bits to modulate the subcarriers
selected by IAl and uses constellation set of SA, which has
QA elements, to modulate v subcarriers. Therefore, pA can be
defined as

pA = v log2(QA). (5)

When the DMIM mode is enabled along with the IM mode,
i.e., ENDM = 1, mapper B gets pB bits to modulate the sub-
carriers selected by IBl and uses constellation set of SB, which
has QB elements, to modulate u − v subcarriers. Therefore,
pB can be defined as

pB = ENIMENDM (u− v) log2(QB). (6)

At this point, in order to reliably detect the subcarrier index
subgroups at the receiver, the constellations used by the map-
pers A and B have to be disjoint sets, i.e., SA ∩ SB = ∅.
As a result, the vector of the modulated symbols mapped

by mapper A for the index subgroup IAl , which carries pA
bits, and the vector of the modulated symbols mapped by
mapper B for the index subgroup IBl , which carries pB bits,
can be expressed by

sAl =
[
sAl (1) , s

A
l (2) , . . . , s

A
l (v)

]T
, (7)

sBl =
[
sBl (1) , s

B
l (2) , . . . , s

B
l (u− v)

]T
, (8)

where sAl (γ ) ∈ SA, for γ = 1, . . . , v, sBl (γ ) ∈ SB, for γ =
1, . . . , u − v, respectively. Note that, when the IM mode is
disabled, i.e., ENIM = 0, both u and v are equal to 1 and sAl
contains one Q-ary symbol and sBl is a null vector. Then, FIM
block creator combines sAl and s

B
l and creates the vector of the

modulated symbols for the subcarrier group l as

sl = [sl (1) , sl (2) , . . . , sl (u)]T , (9)

where sl (γ ) ∈
{
SA,SB, 0

}
, for γ = 1, . . . , u. After that,

transmit antenna assignment procedure is executed according
to status of the control signal ENQM . When the QSMmode is
enabled, i.e., ENQM = 1, the in-phase parts of sl are assigned
to antenna tRl and the quadrature parts of the sl are assigned
to antenna t Il as

stRl ,l =
[
stRl ,l (1) , stRl ,l (2) , . . . , stRl ,l (u)

]T
, (10)

st Il ,l =
[
st Il ,l (1) , st Il ,l (2) , . . . , st Il ,l (u)

]T
, (11)

where stRl ,l (γ ) ∈
{
<{SA},<{SB}, 0

}
, for tRl ∈ {1, . . . ,T },

st Il ,l (γ ) ∈
{
={SA},={SB}, 0

}
, for t Il ∈ {1, . . . ,T }, γ =

1, . . . , u. On the other hand, when the QSMmode is disabled,
i.e., ENQM = 0, both the in-phase and quadrature parts
of sl are assigned to transmit antenna tRl , i.e., stRl ,l (γ ) ∈{
SA,SB, 0

}
and st Il ,l is a null vector. Afterwards, FIM block

creator sets the subcarriers of the inactive antennas to zero and
arranges the transmit symbols for block l in a T×umatrixDl ,
where tRl th row of Dl is stRl ,l and t

I
l th row of Dl is st Il ,l . Then,

GFDM block creator combines the FIM blocks and we obtain

D = [D1,D2, . . . ,DL], (12)

where D is a T × N matrix. As a result, the GFDM symbol
for the transmit antenna t , which is tth row vector of D, can
be expressed by

dt =
[
dt,0,0, . . . , dt,K−1,0, dt,0,1, . . . , dt,K−1,1, . . . ,

dt,K−1,M−1
]
, (13)

where dt,k,m is the data symbol of mth timeslot on kth sub-
carrier belonging to tth antenna. In [32] and [39], a block
interleaver is used to render the channel memoryless; there-
fore, when the IM mode is active, i.e., ENIM = 1, L × u
block interleaving is applied to dt and the interleaved data
vector d̃t is obtained. After block interleaving, d̃t is mod-
ulated using a GFDM modulator and the overall GFDM
transmit signal xt (n) of tth transmit antenna is given by

xt (n) =
K−1∑
k=0

M−1∑
m=0

d̃t,k,mgk,m (n) , (14)
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FIGURE 2. Block diagram of the GFDM-FIM receiver.

where n ∈ {0, . . . ,N − 1} denotes the sampling index and

gk,m(n) = g ((n− mK )modN ) exp
(
j2π

kn
K

)
(15)

is the transmit filter circularly shifted to the mth timeslot and
modulated to the kth subcarrier. After collecting the filter
samples in a vector gk,m =

[
gk,m (0) , . . . , gk,m (N − 1)

]T ,
(14) can be rewritten as

xt = Ad̃t , (16)

where A is a KM × KM transmitter matrix [7] with the
following structure:

A =
[
g0,0, . . . , gK−1,0, g0,1, . . . , gK−1,1, . . . , gK−1,M−1

]
.

(17)

The last step at the transmitter side is the addition of a CPwith
length NCP in order to make the convolution with the channel
circular and the resulting vector

x̃t =
[
xt (KM − NCP + 1 : KM)T , xTt

]T
(18)

is obtained. Finally, x̃t is transmitted over a frequency-
selective Rayleigh fading channel.

III. GFDM-FIM RECEIVER
The block diagram of the proposed GFDM-FIM receiver is
given in Fig. 2. After the removal of CP, assuming that the
wireless channel remains constant during the transmission
of a GFDM block, CP is longer than the tap length of the

channel (NCh) and perfect synchronization is ensured,
the overall received signal can be expressed asy1...

yR

 =
H1,1 · · · H1,T

...
. . .

...

HR,1 · · · HR,T


x1
...

xT

+
w1
...

wR

, (19)

where yr = [yr (0), yr (1), . . . , yr (N − 1)]T is the vector
of received signals at the r th receive antenna, Hr,t , for
t = 1, . . . ,T , r = 1, . . . ,R, is the N × N cir-
cular convolution matrix constructed from the channel
impulse response coefficients between the tth transmit
antenna and the r th receive antenna given by hr,t =[
hr,t (0), hr,t (1), . . . , hr,t (NCh − 1)

]T, where hr,t (n) follows
CN (0, 1) distribution,wr is an N ×1 vector of additive white
Gaussian noise (AWGN) samples with elements distributed
as CN (0, σ 2

w). After substituting (16) in (19), we obtainy1...
yR

 =
H1,1A · · · H1,TA

...
. . .

...

HR,1A · · · HR,TA


d̃1
...

d̃T

+
w1
...

wR

. (20)

(20) can be rewritten in a more compact form as

y = H̃d̃+ w, (21)

where the dimensions of y, H̃, d̃ and w are NR×1, NR×NT ,
NT × 1 and NR × 1, respectively. The most critical part of
the GFDM-FIM receiver is the block of MIMO detection,
GFDM and SFIM demodulation. For MIMO-OFDM, MIMO
detection and SFIM demodulation can be performed at the
subcarrier level due to orthogonality in the frequency domain.
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FIGURE 3. Block diagram of the ZF-SDD based separate MIMO detection, GFDM and SFIM demodulation.

InGFDM, the inherent intercarrier interference (ICI) prevents
the frequency domain decoupling of GFDM subcarriers for
both SISO and MIMO transmission schemes. In [37], MIMO
detection, GFDM demodulation and spatial demodulation
are treated independently, where a poor error performance
has been obtained. In [39], GFDM demodulation and index
demodulation are handled as two distinct tasks. In [40],
while joint MIMO detection and GFDM demodulation has
been proposed, SFIM demodulation has been treated in an
independent way. As will be shown later, these methods are
also applicable for the GFDM-FIM receiver. Besides, in this
paper, a new method is proposed by treating MIMO detec-
tion, GFDM and SFIM demodulation jointly. These methods
will be presented as three alternatives for MIMO detection,
GFDM and SFIM demodulation block of the GFDM-FIM
receiver in the subsequent subsections.

After MIMO detection, GFDM and SFIM demodulation,
the information bits are recovered by applying the inverse
mapping process for both modulated symbols and indices of
the active transmit antennas and subcarriers. Then, the sec-
ondary bit combiner combines the outputs of the demappers
and forms the p-bit sequence, which is the estimate of the
input of the secondary bit splitter. Finally, the primary bit
combiner combines all p-bit groups and forms the original
P-bit data sequence.

A. ZF-SDD BASED SEPARATE MIMO DETECTION,
GFDM AND SFIM DEMODULATION
The block diagram of the proposed ZF-SDD Based Separate
MIMO Detection, GFDM and SFIM Demodulation method
is given in Fig. 3. Based on the system model of (19), after
performing fast Fourier transform (FFT) operations in each
antenna branch of the receiver, the input-output relation-
ship of the GFDM-FIM scheme in the frequency domain is
obtained as

yFr =
T∑
t=1

diag(xFt )h
F
r,t + wF

r , (22)

where yFr = [yFr (0), y
F
r (1), . . . , y

F
r (N − 1)]T is the vector of

received signals at the r th receive antenna, for r = 1, . . . ,R,

and hFr,t =
[
hFr,t (0), h

F
r,t (1), . . . , h

F
r,t (N − 1)

]T is the fre-
quency response of the wireless channel between the trans-
mit antenna t and receive antenna r , where hFr,t (γ ) follows
CN (0, 1) distribution,wF

r is an N×1 vector of noise samples
distributed as CN (0, σ 2

w). Since GFDM block is made up
of KM subcarriers, the following signal model is obtained
from (22) for kth subcarrier of mth subsymbol:
yF1 (k,m)

yF2 (k,m)
...

yFR (k,m)

=

hF1,1(k,m) · · · hF1,T (k,m)

hF2,1(k,m) · · · hF2,T (k,m)
...

. . .
...

hFR,1(k,m) · · · hFR,T (k,m)



xF1 (k,m)

xF2 (k,m)
...

xFT (k,m)



+


wF1 (k,m)

wF2 (k,m)
...

wFR (k,m)

. (23)

(23) can be rewritten in a more compact form as

yFk,m = HF
k,mx

F
k,m + wF

k,m, (24)

where yFk,m is the received signal vector, HF
k,m, for k =

0, . . . ,K −1,m = 0, . . . ,M −1, is the R×T corresponding
channel matrix that contains the channel coefficients between
transmit and receive antennas and assumed to be perfectly
known at the receiver, xFk,m is the data vector, which contains
the simultaneously transmitted symbols from all transmit
antennas and wF

k,m is the noise vector. Here, an estimate
of xFk,m can be obtained by using ZF detection approach as
follows:

x̂Fk,m =
(
HF
k,m

)−1
yFk,m. (25)

Rearranging of vectors x̂Fk,m as column vectors of a matrix
gives

X̂F
=

[
(̂xF0,0)

T , . . . , (̂xFK−1,0)
T , (̂xF0,1)

T , . . . , (̂xFK−1,M−1)
T
]
,

(26)

where each row contains an estimate of the frequency domain
representation of the transmit vector for the corresponding

VOLUME 5, 2017 24733



E. ÖZTÜRK et al.: GFDM With FIM

FIGURE 4. Block diagram of the MMSE-JDD based joint MIMO detection and GFDM
demodulation, separate SFIM demodulation.

antenna, that is:

X̂F
=


x̂F1
x̂F2
...

x̂FT

. (27)

Then, inverse FFT (IFFT) of size N is applied to x̂Ft and x̂t
is obtained. Afterwards, linear GFDM demodulation of the
x̂t is obtained by using ZF approach:

d̆t = A−1̂xt (28)

After this point, if block interleaving was applied at the
transmitter, L × u block deinterleaving is applied to d̆t and
d̂t is obtained. SFIM block splitter partitions d̂t into L groups
with length u and arranges these groups in a T × u matrix
given by

D̂l =

 ŝ1,l
...

ŝT ,l

 =
d̂1((l − 1)u+ 1 : lu)

...

d̂T ((l − 1)u+ 1 : lu)

. (29)

Note that when the IM mode is disabled, i.e., ENIM = 0, u is
equal to 1 and ŝt,l , for t = 1, . . . ,T , has only one element.
Then, SFIM block demodulator makes a joint decision on the
indices of transmit antennas corresponding to the in-phase
and the quadrature parts of the vector of the modulated
symbols, subcarrier index subgroups as well as constel-
lation symbols considering all possible realizations of Dl
by minimizing the following metric:{

t̂Rl , t̂
I
l , Î

A
l , ŝ

A
l , ŝ

B
l

}
= argmin

t,IA,SA,SB
‖D̂l − Dl‖

2
F . (30)

B. MMSE BASED JOINT MIMO DETECTION AND GFDM
DEMODULATION, SEPARATE SFIM DEMODULATION
The block diagram of the proposed MMSE Based Joint
MIMO Detection and GFDM Demodulation, Separate SFIM
Demodulation method is given in Fig. 4. Thanks to
system model of (21), unlike ZF-SDD based MIMO
detection, GFDM and SFIM demodulation, which uses

zero-forcing (ZF) detector in the frequency domain, thus,
handles MIMO detection and GFDM demodulation sepa-
rately, GFDMmodulation andMIMO channel can be linearly
modeled. As a result, joint MIMO detection and GFDM
demodulation (JDD) through MMSE filtering can be per-
formed by

D̆ =
(
H̃HH̃+ σ 2

wI
)−1

H̃Hy, (31)

where tth row of D̆ is d̆t , which is the estimation of the output
of the tth block interleaver. Then, block deinterleaving, SFIM
block splitting and SFIM block demodulation are performed
as explained in Section III-A.

C. ML-SIC BASED JOINT MIMO DETECTION,
GFDM AND SFIM DEMODULATION
The block diagram of the proposed ML-SIC Based Joint
MIMO Detection, GFDM and SFIM Demodulation method
is given in Fig. 5. In GFDM, asmentioned earlier, the inherent
ICI prevents the frequency domain decoupling of GFDM
subcarriers for both SISO and MIMO transmission schemes;
therefore, simultaneous detection of all subcarriers is required
for optimum decision. Since this process is computation-
ally infeasible, low complexity solutions are required for
the optimum detection problem of MIMO-GFDM. In [14],
an algorithm including SD of subcarrier groups with SIC is
proposed for spatial multiplexing. By properly organizing the
columns of H̃ in (21), the algorithm in [14] can be modified
to jointly detect the antenna and subcarrier indices as well
as the transmitted symbols for GFDM-FIM schemes. The
QR-decomposition [41] of the channel matrix H̃ is given as

H̃ = QRPT, (32)

where Q is an NR × NT unitary matrix, R is an NT × NT
upper triangular matrix, and P sorts the columns of H̃ prior to
decomposition to detect the transmitted symbols at the SFIM
block level. Note that if block interleaving was applied at
the transmitter, block deinterleaving must be applied to the
columns of H̃ prior to sorting. The QR decomposer com-
bines the received signals, i.e., y =

[
y1T, y2T, . . . , yRT

]T
,
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FIGURE 5. Block diagram of the ML-SIC based joint MIMO detection, GFDM and SFIM
demodulation.

TABLE 3. Computational complexity of ZF-SDD based GFDM-FIM receiver.

multiplies with QH from the left and obtains the modified
received signal vector

ỹ = QHy = Rd̃+ w̃, (33)

where w̃ = QHw and

d̃ = PTd =
[
z1T, z2T, . . . , zLT

]T
. (34)

Here, zl , for l = 1, . . . ,L, is an uT × 1 vector given by

zl =
[
s1,l, s2,l, . . . , sT ,l

]
, (35)

where st,l , for t = 1, . . . ,T and l ∈ {1, . . . ,L}, is an u × 1
vector denoted by

st,l =
[
st,l(1), st,l(2), . . . , st,l(u)

]
= [dt ((l − 1)u+ 1 : lu)].

(36)

As stated earlier, when the IM mode is disabled, i.e.,
ENIM = 0, u is equal to 1 and ŝt,l , for t = 1, . . . ,T , has
only one element. Then, with the help of the upper triangular
structure of R, the SFIM block ML detector finds the ML
solution for the last SFIMblock, cancels the interference orig-
inated from it, reduces the system size by uT and continues to
the next SFIM block until all SFIM blocks are detected. The
proposed detection algorithm is shown in Algorithm 1. Here,

Algorithm 1 ML-SIC Detection
1: Input = ỹ,R
2: Output = t̂Rl , t̂

I
l , Î

A
l , Î

B
l , ŝ

A
l , ŝ

B
l for l = 1, . . . ,L

3: for l ← L to 1 do
4: ẑl = argmin

t,IA,SA,SB
‖ỹuT − RuT ,uT zl‖2

5: ŷl = R:,uT ẑl, ỹ← ỹ− ŷl
6: ỹ← ỹ ¯uT ,R← R ¯uT , ¯uT
7: end for

the subscripts uT , ¯uT and : denote the last uT , all but the last
uT and all elements (column/rows) of the subscripted object,
respectively. After this point, for each SFIM block, transmit
antennas corresponding to the in-phase and the quadrature
parts of the vector of the modulated symbols, subcarrier index
subgroups as well as constellation symbols, are estimated
as t̂Rl , t̂

I
l , Î

A
l , Î

B
l , ŝ

A
l , ŝ

B
l , respectively.

IV. COMPLEXITY ANALYSIS
Computational complexity of four different GFDM-FIM
receivers is analyzed in terms of number of complex mul-
tiplications (CMs) performed in total and presented in
Tables 3, 4, 5 and 6. Here, 8J×I and 9J×I stand for J × I
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TABLE 4. Computational complexity of MMSE-JDD based GFDM-FIM receiver.

TABLE 5. Computational complexity of ML-SIC based GFDM-FIM receiver.

matrices, φJ×1 and ψJ×1 are used for J × 1 vectors, QR(·)
and (·)+ perform QR decomposition and pseudo-inversion,
respectively. The results are summarized in Table 7. Accord-
ing to Table 7, it is observed that whereas the receivers
with ML and ZF-SDD detection techniques have the highest
and the lowest complexity, respectively, the receivers with
ML-SIC andMMSE-JDD techniques provide an intermediate
solution in terms of detection complexity.

V. SPECTRAL EFFICIENCY ANALYSIS
As mentioned earlier, GFDM uses a single CP for the entire
symbol block composed of K subcarriers with M timeslots.
Thus, spectral efficiency gain of GFDM schemes over OFDM
schemes with the same system parameters becomes

ρGFDM = 100
NCP(M − 1)
KM + NCP

%. (37)

As we will show in Section VI, significant gains can
be obtained over OFDM schemes in spectral efficiency

according to (37). On the other hand, the activation of the
QSM operation, i.e., ENQM = 1, provides a spectral effi-
ciency gain with a negligible increase in detection complex-
ity and slightly decreased BER performance. For instance,
spectral efficiency gain of the QSM-GFDM system over
SM-OFDM with the same system parameters is given
by

ρQSM = 100
log2(T )

log2(TQA)
%. (38)

The spectral efficiency gain provided by the QSM opera-
tion is also viable for SFIM and SFDMIM schemes in a
decreased manner. Whereas spectral efficiency gain of the
QSFIM-GFDM system over SFIM-GFDM with the same
system parameters is given by

ρQSFIM = 100
log2(T )

log2(TcQ
v
A)
%, (39)
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TABLE 6. Computational complexity of ML based GFDM-FIM receiver.

TABLE 7. Summary of the computational complexity of four different receiver structures.

spectral efficiency gain of the QSFDMIM-GFDM system
over SFDMIM-GFDM becomes

ρQSFDMIM = 100
log2(T )

log2(TcQ
v
AQ

u−v
B )

%. (40)

Furthermore, enabling DMIM operation, i.e., ENDM = 1,
also provides spectral efficiency gain with a moderately
increased detection complexity and slightly decreased BER
performance. For instance, spectral efficiency gain of the
SFDMIM-GFDM system over SFIM-GFDM with the same
system parameters is given by

ρSFDMIM = 100
log2(Q

u−v
B )

log2(TcQ
v
A)
%. (41)

Spectral efficiency gains provided by QSM and DMIM
operations will be discussed along with the computational
complexity and BER performance through numerical results
in Section VI.

VI. NUMERICAL ANALYSIS
In this section, uncoded and coded BER performances of the
proposed GFDM-FIM schemes are evaluated by computer
simulations for Rayleigh fading with Extended Pedestrian
A (EPA) channel model [42] using the parameters given
in Table 8. The chosen pulse shape for the GFDM prototype
filter is the raised cosine (RC) filter.
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FIGURE 6. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2× 2 (b) 4× 4 SM schemes using 4-QAM
and a roll-off factor of 0.1.

FIGURE 7. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2× 2 (b) 4× 4 QSM schemes using 4-QAM
and a roll-off factor of 0.1.

A. BER PERFORMANCE OF SM AND QSM SCHEMES
Figs. 6 and 7 show the uncoded BER performance of the
proposed detection methods for SM-GFDM and QSM-
GFDM schemes, respectively, using 4-QAM and a roll-off
factor of 0.1. From Fig. 6(a), for a 2 × 2 MIMO config-
uration and at a BER value of 10−4, it is observed that
the proposed ML-SIC scheme achieves 18.1 and 13.7 dB
better BER performance than the ZF-SDD and MMSE-JDD
detection methods, respectively. In Fig. 6(b), BER perfor-
mance gains of the ML-SIC scheme with respect to ZF-SDD
and MMSE-JDD detection methods for a 4 × 4 MIMO
configuration are increased to 28.7 and 21 dB, respectively.
Besides, from Figs. 6 and 7, for 2×2 and 4×4 QSM-GFDM
systems using 4-QAM, it is observed that BER performance
gains of the ML-SIC scheme with respect to other methods
are approximately the same with SM-GFDM counterparts.
This significant performance improvement of the ML-SIC

TABLE 8. Simulation parameters.

TABLE 9. The total number of CMs for SM-GFDM receivers using 4-QAM.

TABLE 10. The total number of CMs for QSM-GFDM receivers
using 4-QAM.

detection method arises from the joint detection and demod-
ulation of the transmit antenna indices and the data sym-
bols in a near-optimal manner. In addition, it is observed
that increasing the number of antennas enhances the BER
performance of the ML-SIC detector. The reason behind this
improvement is the increased diversity order of the ML-SIC
detector with the number of receive antennas. On the other
hand, the number of CMs required to implement the configu-
rations given in Figs. 6 and 7 are given in Tables 9 and 10,
respectively. From Tables 9 and 10, as mentioned earlier,
it is observed that whereas the receivers with ML and
ZF-SDD detection techniques have the highest and the low-
est complexity, respectively, the receivers with ML-SIC and
MMSE-JDD techniques provide an intermediate solution in
terms of detection complexity. Therefore, ML-SIC detec-
tion technique can provide an interesting trade-off between
complexity and BER performance for SM-GFDM and
QSM-GFDM systems.

Figs. 6 and 7 include BER performances of OFDM appli-
cations with ML detection in addition to GFDM schemes.
From Figs. 6 and 7, it is observed that BER performances
of the SM-GFDM and QSM-GFDM systems with ML-SIC
detection are slightly worse than their OFDM counterparts
with ML detection. The performance loss of the GFDM
schemes with ML-SIC detection is due to nonorthogonal
subcarriers and the error propagation of the QR decomposi-
tion used in ML-SIC detection. However, according to (37)
and Table 8, the GFDM schemes provide 19% spectral effi-
ciency gain over the OFDM schemes. Furthermore, from (38)
and Table 8, it is observed that spectral efficiency gains
of QSM-GFDM scheme over SM-GFDM schemes using
4-QAMbecome 33% and 50% for 2×2 and 4×4MIMO con-
figurations, respectively, with a negligible increase in detec-
tion complexity and slightly decreased BER performance.

Fig. 8(a) compares the uncoded BER performances of
the 2 × 2 SM-GFDM system using 8-QAM and the 2 × 2
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FIGURE 8. Uncoded BER performance of SM-GFDM and QSM-GFDM
schemes using ML-SIC detection method for (a) 2× 2 (b) 4× 4 with
4-QAM and roll-off factors (a) of 0.1 and 0.5.

QSM-GFDM system using 4-QAM with the ML-SIC detec-
tion method considering roll-off factors of 0.1 and 0.5 in
order to achieve the same spectral efficiency. The results
in Fig. 8(a) demonstrate that the QSM-GFDM scheme
provides approximately 1.8 dB BER gain with respect to
SM-GFDM scheme for the 2 × 2 MIMO configuration at a
BER value of 10−4. Besides, fromFig. 8(b), it is observed that
4 × 4 QSM-GFDM system using 4-QAM provides approxi-
mately 2.8 dB BER gain with respect to 4 × 4 SM-GFDM
system using 16-QAM. On the other hand, according to
Tables 7 and 8, the computational complexity of the ML-SIC
based 2 × 2 SM-GFDM receiver for 8-QAM and 4 × 4
SM-GFDM receiver for 16-QAM are on the order of
4.21 × 109 and 3.36 × 1010, respectively. By comparing
these results with the computational complexity of 2 × 2
QSM-GFDM receiver for 4-QAM and 4 × 4 QSM-GFDM
receiver for 4-QAM in Table 10, it is observed that these
improvements are provided at no additional complexity.
Furthermore, from Figs. 8(a) and 8(b), it is observed
that increasing the roll-off factor slightly degrades the
performance.

B. BER PERFORMANCE OF SFIM AND QSFIM SCHEMES
Figs. 9 and 10 show the uncoded BER performance of the
proposed detection methods for SFIM and QSFIM schemes,
respectively, using 4-QAM and a roll-off factor of 0.1. Here,
the look-up table given in Table 11 is used to determine
the IM subgroups. From Fig. 9(a), for a 2 × 2 MIMO con-
figuration and at a BER value of 10−4, it is observed that
the proposed ML-SIC scheme achieves 25.7 and 13.4 dB
better BER performance than the ZF-SDD and MMSE-JDD
detection methods, respectively. In Fig. 9(b), for a 4 × 4
MIMOconfiguration, BER performance gains of theML-SIC
scheme with respect to ZF-SDD and MMSE-JDD detection
methods are increased to 32.8 and 15.8 dB, respectively.
From Figs. 9 and 10, for QSFIM scheme, it is observed that

TABLE 11. A look-up table example for IM subgroups with u = 4
and v = 2.

FIGURE 9. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2× 2 (b) 4× 4 SFIM schemes using 4-QAM
and a roll-off factor of 0.1.

BER performance gains of the ML-SIC scheme with respect
to other methods are approximately the samewith the gains in
SFIM systems as in the cases of SMandQSM. The significant
performance improvements observed in Figs. 9 and 10 are due
to joint detection and demodulation of the transmit antenna
indices and the active subcarrier indices as well as QAM
data symbols and the increased diversity order of ML-SIC.
On the other hand, the number of CMs required to imple-
ment the configurations given in Figs. 9 and 10 are given in
Tables 12 and 13, respectively. From Tables 12 and 13, it is
observed that an interesting trade-off between complexity
and BER performance is also valid for SFIM-GFDM and
QSFIM-GFDM systems when ML-SIC detection is used.
Besides, according to (39) and Table 8, QSFIM-GFDM
schemes provide 14% and 25% spectral efficiency gains over
SFIM-GFDM schemes for 2 × 2 and 4 × 4 MIMO config-
urations, respectively, with a negligible increase in detection
complexity and slightly decreased BER performance. Addi-
tionally, the performance loss of the GFDM systems using
ML-SIC detection with respect to OFDM systems is also
observed for SFIM and QSFIM schemes.

Fig. 11(a) investigates the effects of combination of SM
and IM schemes in terms of uncoded BER performance and
spectral efficiency for ML-SIC detection method using a roll-
off factor of 0.1. From Fig. 11(a), at a BER value of 10−4,
it is observed that 4 × 4 SFIM-GFDM system for binary
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FIGURE 10. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC
and ML detection methods for (a) 2× 2 (b) 4× 4 QSFIM schemes using
4-QAM and a roll-off factor of 0.1.

TABLE 12. The total number of CMs for SFIM-GFDM receivers
using 4-QAM.

TABLE 13. The total number of CMs for QSFIM-GFDM receivers
using 4-QAM.

PSK (BPSK) provides approximately 6.4 dB BER gain with
respect to 4 × 4 SM-GFDM system for BPSK at the same
computational complexity. Note that, for this configuration,
spectral efficiency of the SFIM-GFDM scheme is the half as
that of the SM-GFDM scheme. On the other hand, 4 × 4
SM-GFDM system for BPSK achieves 2 dB better BER
performance than 4 × 4 SFIM-GFDM system for 16-QAM
at the same spectral efficiency. The BER performance gain
of the SFIM scheme is due to the improved Euclidean dis-
tance spectrum of IM. As a result, it is observed that SFIM
scheme can provide an interesting trade-off between spectral
efficiency and BER performance.

Fig. 11(b) shows the uncoded BER performances of the
4 × 4 SFIM-GFDM system for 8-QAM and the 4 × 4
QSFIM-GFDM system for 4-QAM considering a roll-off
factor of 0.1 and 0.5 in order to achieve the same spectral
efficiency. The results in Fig. 11 demonstrate that theQSFIM-
GFDM scheme provides approximately 3.9 dB BER gain
with respect to SFIM-GFDM scheme for the 4 × 4 MIMO
configuration and at a BER value of 10−4. On the other hand,
according to Tables 7 and 8, the computational complexity of
the ML-SIC based 4×4 SFIM-GFDM receiver for 8-QAM is

FIGURE 11. Uncoded BER performance comparisons of SFIM-GFDM
with (a) SM-GFDM with a roll-off factor of 0.1 (b) QSFIM-GFDM with
roll-off factors (a) of 0.1 and 0.5, for a 4× 4 MIMO configuration with
ML-SIC detection method.

on the order of 3.36×1010. By comparing this result with the
computational complexity of 4 × 4 QSFIM-GFDM receiver
for 4-QAM in Table 13, it is observed that this improvement
is provided at no additional complexity. Besides, the results
show that slight degradation of BER performance due to
increased roll-off factor is also valid for SFIM-GFDM and
QSFIM-GFDM schemes.

Fig. 12 compares the uncoded BER performances of SM,
IM and QAM parts of the SFIM scheme for a 4 × 4 MIMO
configuration with ML-SIC detection method using 4-QAM
and a roll-off factor of 0.1. From Fig. 12, it is observed that
SM part has 2 dB better BER performance with respect to
overall SFIM BER. As a result, by proper mapping at the
primary and the secondary bit splitter parts of the transmitter,
information bits, which need high reliability, can be transmit-
ted through antenna indices and thus, SFIM scheme provides
an extra level of flexibility.

C. BER PERFORMANCE OF SFDMIM AND
QSFDMIM SCHEMES
Figs. 13 and 14 show the uncoded BER performance
of the proposed detection methods for SFDMIM and
QSFDMIM schemes, respectively, using 4-QAM and a
roll-off factor of 0.1. In order to determine the pri-
mary and secondary IM subgroups, the look-up table
given in Table 14 is used. For DMIM operation,
an 8-level QAM constellation, illustrated in Fig. 15 is
employed. The DMIM constellations are defined as SA ={
(1+ j)/

√
6, (−1+ j)/

√
6, (1− j)/

√
6, (−1− j)/

√
6
}

and

SB=
{
(3+ j)/

√
6, (−3+ j)/

√
6,(3− j)/

√
6, (−3− j)/

√
6
}

for Mapper A and Mapper B, respectively. From Fig. 13(a),
for a 2 × 2 MIMO configuration and at a BER value
of 10−4, it is observed that the proposed ML-SIC scheme
achieves 21.2 and 15.9 dB better BER performance than the
ZF-SDD and MMSE-JDD detection methods, respectively.
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FIGURE 12. Uncoded BER performance comparisons of SM, IM and QAM
parts of SFIM-GFDM scheme for a 4× 4 MIMO configuration with ML-SIC
detection method using 4-QAM and a roll-off factor of 0.1.

FIGURE 13. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC
and ML detection methods for (a) 2× 2 (b) 4× 4 SFDMIM schemes using
4-QAM and a roll-off factor of 0.1.

TABLE 14. A look-up table example for DMIM subgroups
with u = 4, v = 2.

In Fig. 13(b), for 4 × 4 MIMO configuration, BER per-
formance gains of the ML-SIC scheme with respect to
ZF-SDD and MMSE-JDD detection methods were increased
to 29.2 and 20.4 dB, respectively. From Fig. 14, for QSFD-
MIM scheme, it is observed that BER performance gains
of the ML-SIC scheme are approximately the same with

FIGURE 14. Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC
and ML detection methods for (a) 2× 2 (b) 4× 4 QSFDMIM schemes
using 4-QAM and a roll-off factor of 0.1.

TABLE 15. The total number of CMs for SFDMIM-GFDM receivers
using 4-QAM.

TABLE 16. The total number of CMs for QSFDMIM-GFDM receivers
using 4-QAM.

the SFDMIM system. On the other hand, the number of
CMs required to implement the configurations given in
Figs. 13 and 14 are given in Tables 15 and 16, respectively.
From Tables 15 and 16, it is observed that the interesting
trade-off between complexity and BER performance is also
valid for SFDMIM-GFDM and QSFDMIM-GFDM systems
when ML-SIC detection is used. Furthermore, from (41)
and Table 8, it is observed that spectral efficiency gains of
SFDMIM-GFDM scheme over SFIM-GFDM schemes using
4-QAM become 57% and 50% for 2 × 2 and 4 × 4 MIMO
configurations, respectively. On the other hand, from (40)
and Table 8, it is observed that spectral efficiency gains of
QSFDMIM-GFDM scheme over SFDMIM-GFDM schemes
using 4-QAM become 9% and 16% for 2×2 and 4×4MIMO
configurations, respectively. For both cases, a negligible
increase in detection complexity and a slightly decreased
BER performance are noticed. Additionally, the performance
loss of the GFDM systems using ML-SIC detection with
respect to OFDM systems is also observed for SFDMIM and
QSFDMIM schemes.

Fig. 16 investigates the effect of DMIM operation in terms
of uncoded BER performances for a 4 × 4 MIMO config-
uration with ML-SIC detection method and a roll-off factor
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FIGURE 15. An example of DMIM constellation design for QA and QB
with QA = QB = 4.

FIGURE 16. Uncoded BER performance comparisons of IM and DMIM
schemes using ML-SIC detection method for a 4× 4 MIMO configuration
and a roll-off factor of 0.1. (a) SFIM vs SFDMIM (b) QSFIM vs QSFDMIM.

of 0.1. From Fig. 16, at a BER value of 10−4, it is observed
that using DMIM scheme instead of IM provides 0.2 dB BER
gain for both SFIM and QSFIM schemes at the same spectral
efficiency. On the other hand, according to Tables 7 and 8,
the computational complexity of the ML-SIC based 4 × 4
SFIM-GFDM receiver for 16-QAMand 4×4QSFIM-GFDM
receiver for 16-QAM are on the order of 3.36 × 1010 and
3.37×1010, respectively. By comparing these results with the
computational complexity of 4×4 SFDMIM-GFDM receiver
for 4-QAMand 4×4QSFDMIM-GFDM receiver for 4-QAM
in Tables 15 and 16, respectively, it is observed that these
improvements are provided with increased computational
complexity.

D. CODED BER PERFORMANCE ANALYSIS
Fig. 17 shows the coded BER performances of the GFDM-
FIM schemes for a 4× 4 MIMO configuration with ML-SIC
detection method using 4-QAM and a roll-off factor of 0.1.

FIGURE 17. Coded BER performance of the convolutional coded
GFDM-FIM schemes using ML-SIC detection method for a 4× 4 MIMO
configuration with 4-QAM and a roll-off factor of 0.1.

FIGURE 18. Coded BER performance of the convolutional coded
GFDM-FIM schemes using ML-SIC detection method and a
roll-off factor of 0.1 for 3.81 bits/s/Hz spectral efficiency.

For the channel code, the rate 1/3 convolutional code with
generator sequence q = [133, 171, 165] was chosen [43].
From Fig. 17, it is observed that channel coding provides
significant BER gains between 5.4 and 8.1 dB with respect
to uncoded schemes. Note that coded BER performances get
worse with the increasing spectral efficiency.

Fig. 18 compares the coded BER performances of the
GFDM-FIM schemes using ML-SIC detection method and
a roll-off factor of 0.1 for 3.81 bits/s/Hz spectral efficiency.
Here, a 16-level QAM constellation, illustrated in Fig. 19 is
employed for 8-QAMDMIM operation. The DMIM constel-
lations are defined as SA = {(−3 + j)/

√
10, (−3 − j)/

√
10,

(−1 + j)/
√
10, (−1 − j)/

√
10, (3 + j)/

√
10, (3 − j)/

√
10,

(1 + j)/
√
10,(1 − j)/

√
10} and SB = {(−3 + 3j)/

√
10,

(−3−3j)/
√
10, (−1+3j)/

√
10, (−1−3j)/

√
10, (3+3j)/

√
10,

(3 − 3j)/
√
10, (1 + 3j)/

√
10, (1 − 3j)/

√
10} for Mapper
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FIGURE 19. An example of DMIM constellation design for QA and QB
with QA = QB = 8.

TABLE 17. Computational complexities sorted from the lowest to the
highest for a 4× 4 MIMO configuration with 4-QAM.

A and Mapper B, respectively. From Fig. 18, it is observed
that the BER performances of the GFDM-FIM schemes for a
4 × 4 MIMO configuration are significantly better than that
of the GFDM-FIM schemes for a 2 × 2 MIMO configura-
tion independent of the modulation order. Therefore, it can
be stated that the coded BER performances of the GFDM-
FIM schemes using ML-SIC detection method are mainly
determined by the number of receive antennas. Besides, it is
observed that the coded BER performances of the GFDM-
FIM schemes become worse with the increasing modulation
order for the same number of receive antennas. Thus, it can be
stated that the modulation order is a secondary factor on the
coded BER performances of the GFDM-FIM schemes using
the ML-SIC detection method.

VII. DISCUSSION
In this section, the obtained numerical results for BER perfor-
mance, computational complexity and spectral efficiency are

TABLE 18. Required Transmit Power sorted from the lowest to the
highest to achieve a BER value of 10−4 for a 4× 4 MIMO
configuration with 4-QAM.

TABLE 19. Spectral Efficiencies sorted from the highest to the lowest for
a 4× 4 MIMO configuration with 4-QAM.

discussed. Then, based on these results, a recommendation
table for selecting the proper GFDM-FIM scheme consider-
ing performance criterion is given. The obtained numerical
results are summarized below:

1. SM, IM, and SFIM schemes along with the QSM and
DMIM variants are all applicable with GFDM.

2. Suboptimal ZF-SDD and MMSE-JDD detection meth-
ods and near optimal ML-SIC detection method can be used
with all proposed MIMO-GFDM applications.

3. ML-SIC detection method provides significant BER
performance gains with respect to ZF-SDD and MMSE-JDD
detection methods at the cost of increased computational
complexity. This significant performance improvements arise
from the joint detection and demodulation of spatial and
frequency indices as well as QAM data symbols in a near-
optimal manner. Therefore, ML-SIC detection technique can
provide an interesting trade-off between complexity and BER
performance.

4. BER performance of the ML-SIC detection method
increases with increasing number of receive antennas. The
reason behind this improvement is the increased diversity
order of the ML-SIC detector with the number of receive
antennas.

5. BER performance of the ML-SIC detection methods
are slightly worse than their OFDM counterparts with ML
detection. This performance loss is due to nonorthogonal sub-
carriers and the error propagation of the QR decomposition.
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TABLE 20. Recommendations about selecting the proper GFDM-FIM scheme.

Note that for this case, GFDM provides significant spectral
efficiency gains with respect to OFDM.

6. Enabling QSM operation provides significant spectral
efficiency gains with a negligible increase in detection com-
plexity and slightly decreased BER performance. On the
other hand, QSM operation provides BER performance gains
at the same spectral efficiency with no additional complexity.

7. Increasing the roll-off factor of the pulse shaping fil-
ter slightly degrades the performance of the GFDM-FIM
schemes.

8. SFIM schemes provides BER performance gain at the
cost of decreased spectral efficiency. This BER performance
gain is due to the improved Euclidean distance spectrum of
IM. Therefore SFIM scheme can provide an interesting trade-
off between spectral efficiency and BER performance.

9. Enabling DMIM operation provides significant spectral
efficiency gains with an increased detection complexity and
slightly decreased BER performance. On the other hand,
DMIM operation improves the BER performance slightly at
the same spectral efficiency with additional complexity.

10. Thanks to using space and frequency indices together,
proposed SFIM scheme provides a multilayer scheme, which
reveals different BER performances and spectral efficiencies.
In this context, information bits transmitted through antenna
indices has an extra 2 dB BER performance gain in addition
to SFIM BER gain. As a result, SFIM scheme has a strong
potential to support different use-cases by using common
space, frequency and time resources at the same time.

11. Channel coding improves the BER performance of the
GFDM-FIM scheme as expected.

12. The coded BER performances of the GFDM-FIM
schemes using ML-SIC detection method are mainly deter-
mined by the number of receive antennas. Besides, the
modulation order is the secondary factor on the coded BER
performances of the GFDM-FIM schemes using ML-SIC
detection method.

In Table 17, the proposed MIMO-GFDM applications
are sorted from the lowest to the highest in terms of the
computational complexity for a 4 × 4 MIMO configuration
with 4-QAM transmission. As stated earlier, ZF-SDD detec-
tion method has the lowest complexity among the proposed
detection methods, since QSM, IM, and DMIM operations
increase the computational complexity. Table 18 lists the pro-
posed MIMO-GFDM applications from the lowest transmit

power to the highest transmit power for a 4 × 4 MIMO
configuration with 4-QAM transmission at a BER value
of 10−4. It is observed that, SFIM scheme needs the lowest
transmit power to reach the desired BER value. In Table 19,
the proposed MIMO-GFDM applications are ranked from
the highest to the lowest in terms of spectral efficiency for
a 4 × 4 MIMO configuration with 4-QAM transmission.
According to these results, QSM-GFDM has the highest
spectral efficiency among the proposed schemes. According
to Tables 17, 18 and 19, it is obvious that there is not any
scheme, which has best performance for all performance
criterion at the same time. Therefore, performance crite-
rion have to be prioritized and the proper scheme must be
selected considering the related criterion among the proposed
MIMO-GFDM schemes. In Table 20, based on the results in
Tables 17, 18 and 19, a recommendation table to select
the proper MIMO-GFDM scheme is given considering var-
ious emphasis of complexity, spectral efficiency and transmit
power criterion. Table 20 shows that GFDM-FIM has a strong
potential to engineer the space-frequency structure according
to channel conditions and use-cases and provides a great
flexibility, which can be easily tuned to address the required
performance criterion.

VIII. CONCLUSION
As the massive growth trend in number of wireless devices
and applications continues, novel RATs including advanced
waveforms and more flexible radio accessing schemes will
be a necessity. In this paper, based on the advantages of
non-CP-OFDM-based waveforms and the IM concept,
an FIM framework, which combines GFDM with space and
frequency IM schemes, has been proposed and novel trans-
mitter and receiver schemes for MIMO-GFDM applications
have been presented.

The proposed framework has an FIM transmitter, which
is capable of generating six different SFIM schemes. For
the receiver part, a near-optimum detection scheme, which
is based on ML detection with SIC, has been proposed.
The FIM receiver provides different levels of BER perfor-
mances and computational complexities by the proposed
ML-SIC detection scheme and the ZF-SDD andMMSE-JDD
detection schemes existing in the literature. Thanks to the
proposed FIM transmitter and receiver structures, transmis-
sion scheme and the detection method can be determined
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according to desired level of complexity, transmit power
and spectral efficiency of the use-cases. Besides, switching
between different IM schemes according to channel condi-
tions can be possible using a single transceiver structure.
Furthermore, FIM framework provides a multilayer scheme
by means of different levels of BER performances and spec-
tral efficiencies and enables to support different use-cases by
using common space, frequency, and time resources at the
same time. It has been shown that GFDM-FIM has a strong
potential to engineer the space-frequency structure according
to channel conditions and use-cases as well as it provides
a great flexibility, which can be easily tuned to address the
required performance criterion.

As mentioned earlier, GFDM has a flexibility to engi-
neer the time-frequency structure and beneficial properties to
fulfill the requirements of future wireless networks. By inte-
grating GFDMwith promising space and frequency indexing
schemes in a skilled framework, GFDM-FIM can be con-
sidered a promising PHY layer technique for future wire-
less networks. Our future work will focus on theoretical
analysis which can provide more insights on the impact of
some parameters on the system performance for systematic
optimization.
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