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Abstract—As the enabling technolgies move up to the mmWave
and even to the TeraHertz bands for the next-generation wireless
systems, the signal processing of high-bandwidth orthogonal
frequency division multiplexing (OFDM) becomes increasingly
power-thirsty, owing to the following OFDM deficiencies: (1) the
high peak-to-average power ratio (PAPR); (2) the bandwidth
efficiency loss due to the cyclic prefix (CP) overhead; (3) the
sensitivity to carrier frequency offset; (4) the complex out-of-
band (OOB) filtering. Over the past six decades, a variety of
waveforms have been developed in order to mitigate these defi-
ciencies, which are generally achieved at the cost of compromising
some of OFDM’s beneficial properties, such as its subcarrier
(SC) orthogonality, its high throughput and its straighforward
adoption to multiple-input multiple-output (MIMO) systems.
Against this background, we propose a new waveform termed
as multi-band discrete Fourier transform spread-OFDM with
index modulation (MB-DFT-S-OFDM-IM), where the component
multi-carrier techniques are conceived to constructively function
together in order to mitigate the OFDM deficiencies without
compromising the beneficial OFDM properties. More explicitly,
first of all, the PAPR is reduced by the DFT-precoding. Secondly,
thanks to the IM design, MB-DFT-S-OFDM-IM is capable of
achieving a high throughput that is strictly equal to or higher
than the OFDM throughput. Thirdly, MB-DFT-S-OFDM-IM
achieves a beneficial frequency diversity gain, which leads to
a higher tolerance to carrier frequency offset. Fourthly, the
OOB filters are placed in each sub-band before DFT, so that
the SC orthogonality remains intact, which is unique to the
proposed MB-DFT-S-OFDM-IM structure. Last but not least, we
extend the proposed MB-DFT-S-OFDM-IM to support a variety
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of MIMO schemes, where the IM philosophy is integrated with
the space-, time- and frequency-domains within a singleunified
platform.

Index Terms—Index modulation, peak-to-average power ra-
tio, out-of-band, DFT-S-OFDM, frequency-domain equalization,
spatial modulation, space-time shift keying, OFDM-IM.

I. I NTRODUCTION

The classic orthogonal frequency division multiplexing
(OFDM) [1]–[3] constitutes the principal waveform of both
4G long-term evolution (LTE) and 5G new radio (NR).
The orthogonality of OFDM subcarriers (SCs) facilitates the
following benefits:(A.1) the robust immunity to frequency-
selective multipath effect;(A.2) the low-complexity single-
tap equalization;(A.3) the trivial bandwidth partition;(A.4)
the straighforward adoption to multiple-input multiple-output
(MIMO) systems. Nonetheless, the following OFDM defi-
ciencies are also widely recognized:(D.1) the large peak-
to-average power ratio (PAPR) that encumbers the power
amplifier (PA) design;(D.2) the bandwidth efficiency loss
due to the cyclic prefix (CP) overhead;(D.3) the sensitivity
to carrier frequency offset that includes Doppler shift and
oscillator mismatch;(D.4) the out-of-band (OOB) emission
that affects the coexistence of asynchronous users.

Over the past six decades, a variety of waveforms have
been developed in order to mitigate the OFDM deficiencies,
but they are generally at the cost of compromising some of
the key OFDM properties.Firstly, in order to reduce the
PAPR, the constant envelope OFDM concept was conceived
in [4], [5], where non-linear phase modulation is imposed
onto the OFDM signal’s time-domain (TD) samples. However,
as the result of compromising the OFDM orthogonality, the
receiver’s signal detection complexity is increased and non-
linear distortion is inflicted. Moreover, the discrete Fourier
transform spread-OFDM (DFT-S-OFDM), which is standard-
ized in the 4G LTE and 5G NR uplink [6], [7], emulates
single-carrier transmission that exhibits low PAPR. However,
DFT-S-OFDM’s rectangular TD pulse leads to a frequency-
domain (FD) sinc function that has high side lobes. As a
result, a pulse shaping filter that requires excess bandwidth
[8] becomes necessary for OOB suppression, which leads to
an inevitable loss in bandwidth efficiency.Secondly, in order
to mitigate the inconsistency in CP lengths, the zero-tail (ZT)
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and unique-word (UW) designs [9]–[11] remove the CP usage.
Instead, a guard interval is provided by embedding zeros or
predefined sequences into the tail of data-carrying OFDM
symbols, which leads to enhanced robustness against both time
and frequency offset. However, despite eliminating CP, the
ZT and UW designs still experience a bandwidth efficiency
loss, where the guard interval overhead scales with the tail
duration.Thirdly, in order to mitigate the OOB emission, the
universal filtered multicarrier (UFMC) principle [12]–[15] is
often invoked. However, the FD filtering compromises the
SC orthogonality, where the OFDM’s low-complexity one-
tap equalization is replaced by the UFMC’s computationally
complex matrix inversion that contains the shifted IDFT/DFT
matrices as well as the channel impulse response (CIR) matrix.

The recently developed OFDM relying on index modula-
tion (OFDM-IM) has attracted substantial attention [16]–[27].
More explicitly, OFDM-IM partitionsN OFDM SCs intoG

groups, whereNA out of (NG = N
G

) SCs are activated in
each group. As a result, in addition to the(GNA log2 L) bits
that are conveyed byLPSK/QAM symbols, the SC activation
index carries extra(G⌊log2 CNA

NG
⌋) IM bits, whereCNA

NG
refers

to the combination of choosingNA out of NG. It is proven in
[16] that the equivalent SNR on the activated SCs of OFDM-
IM is higher than that of OFDM. Nonetheless, the current
form of OFDM-IM still has the following limitations.Firstly,
it was acknowledged in [25]–[27] that the throughput of the
original OFDM-IM design cannot compete with that of its
OFDM counterparts. In order to improve this, on one hand,
the OFDM-IM throughput is further improved in [17]–[21]
by optimizing the bit-to-IM mapping, alternating constellation
modes and invoking full permutation of the indices. However,
the extra dependence imposed among the SCs leads to a sub-
stantially increased signal detection complexity at the receiver.
Secondly, the OFDM-IM performance may be enhanced by
transmit diversity techniques including rate reduction, coor-
dinate interleaving and precoding [22]–[24]. Nonetheless, we
note that these transmit diversity techniques are not unique to
OFDM-IM – they are often routinely invoked in the classic
OFDM systems [1]–[3].Finally, despite the fact that a low
PAPR was initially advocated as one of the key OFDM-IM
advantages [27]–[29], the simple reduction of the number
of activated SCs cannot effectively mitigate the multi-carrier
PAPR problem. More explicitly, OFDM’s TD samples become
approximately Gaussian distributed forN ≥ 64 activated SCs
[30]. Accordingly, a reasonable rule of thumb based on the
observations in [31] is that OFDM-IM can only exhibit a
reduced PAPR, when a very small number ofGNA ≤ 32

SCs are activated, which imposes a serious limitation on the
achievable throughput of OFDM-IM.

It is worth noting that as the enabling technolgies move up
from the centimeter Wave (cmWave) band to the millimeter
Wave (mmWave) [32]–[35] and even to the TeraHertz band
[36]–[38], the high PAPR drawback may outweigh the conven-
tional OFDM benefits in next-generation wireless scenarios.
This is due to the fact that the PAs dominate the energy
consumption in cellular networks, which contributes as much
as 50%∼80% of the power supply at a base station (BS) [39],
[40]. Moreover, in the era of 100 Gbps data rates [41], [42], the

signal processing of high-bandwidth signals becomes progres-
sively more power-thirsty. However, the maximum achievable
efficiency of commercially available PAs remains limited to
20%∼35% [40], [43], where most of the energy is simply
dissipated as heat. Furthermore, the PA’s dynamic range gen-
erally decreases upon increasing the carrier frequency [34]–
[36], [40], [43]–[45]. Therefore, processing high-bandwidth
high-PAPR OFDM signals becomes increasingly challenging
in the mmWave and TeraHertz bands.

Against this background, the following question arises:
Is it possible to improve OFDM’s throughput and BER
performance at reduced PAPR and OOB emission with-
out compromising the SC orthogonality?In our answer
to this question, we propose a new waveform termed as
multi-band DFT-S-OFDM with IM (MB-DFT-S-OFDM-IM),
which partitionsN SCs intoG groups of (NG = N

G
) SCs.

Unlike the conventional OFDM-IM, each group in MB-DFT-
S-OFDM-IM forms a sub-band that is precoded by DFT, as
seen in Fig. 1. The IM design is invoked either in FD or
TD, which constitute FD shift keying (FDSK) and TD shift
keying (TDSK) in Fig. 1, respectively. As discussed before,
DFT-S-OFDM alleviates OFDM’s high-PAPR at the cost of
a throughput loss, while OFDM-IM is capable of improving
OFDM’s throughput and performance at the cost of both high
PAPR and increased complexity. By contrast, MB-DFT-S-
OFDM-IM is capable of outperforming OFDM at(I) a lower
PAPR, (II) higher throughput,(III) frequency diversity gain,
(IV) improved frequency offset tolerance,(V) improved OOB
suppression,all at the same time, without compromising
the OFDM’s SC orthogonality, as explicitly exemplified by
Fig. 2. We emphasize here that the performance results of
Fig. 2 are definitely not based on cherry-picking the best-
performing arrangements of MB-DFT-S-OFDM-IM. Instead,
they are from the same set of parameters of MB-DFT-S-
OFDM-IM using TDSK associated with(N = 256), (G ≤ 16)

and QPSK. Moreover, the flexible configuration concerning
G can be customized for meeting specific communication
requirements. Explicitly, as boldly showcased by Fig. 2, in-
creasingG leads to improvements in throughput, complexity
and OOB suppression, but it also results in the gradually
increased PAPR and slightly degraded BER. In sumary, the
novel contributions are:

1) For MB-DFT-S-OFDM-IM using the FDSK scheme of
Fig. 1(a), theM non-zero SCs are evenly partitioned
into G groups of(MG = M

G
) non-zero SCs, which are

precoded by theMG-point DFT. Moreover, the positions
of the remaining(NG − MG) idle SCs in each group
convey extra IM bits. As a result, MB-DFT-S-OFDM-
IM subsumes the existing single-/multi-carrier systems
as special cases. Explicitly,(G = N) and(G = 1) conve-
niently lead to OFDM and DFT-S-OFDM, respectively.
Moreover, we have(NA = MG) for OFDM-IM, where
the DFT is switched off. For a total number ofU users,
one can either assign(NU = N/U) SCs to each user
as in LTE-style Orthogonal Frequency-Division Multiple
Access (OFDMA), or assign each sub-band to a user for
Frequency Division Multiple Access (FDMA).
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Fig. 1: Generic schematics of the proposed MB-DFT-S-OFDM-IM usingFDSK and TDSK.
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Fig. 2: The performance of the proposed MB-DFT-S-OFDM-IM in terms of PAPR, data rate, complexity and OOB suppression. The detailed
descriptions are given in Fig. 5(c), Fig. 6(b), Fig. 7(b), Fig. 11(a),Fig. 8(c), Fig. 12(a), Fig. 11(d) and Fig. 13(d), respectively.

2) However, the SC mapping of FDSK seen in Fig. 1(a)
cannot be randomized. Instead, the idle SCs can only be
distributed either locally or periodically in the same way
as in the DFT-S-OFDM regime [8], [46]–[48], which
limits the maximum number of IM bits that can be
conveyed. In order to improve this, we propose the
TDSK arrangement of Fig. 1(b), so that MB-DFT-S-
OFDM-IM becomes capable of achieving a throughput
that is strictly equal to or higher than that of OFDM, as
exemplified by Fig. 2(b).

3) As the benefit of DFT-precoding, on one hand, the
OFDM’s PAPR is effectively reduced by decreasing
G, as demonstrated by Fig. 2(a). On the other hand,
owing to the fact that the DFT-spreading distributes
the signal energy uniformly over the SCs, MB-DFT-

S-OFDM-IM achieves a beneficial frequency diversity
gain, which is sufficient for MB-DFT-S-OFDM-IM to
substantially outperform OFDM in the presence of both
carrier frequency offset and OOB filtering and in MIMO
systems, as exemplified by Figs. 2(e)-(h).

4) Instead of the frequency-domain filtering in the conven-
tional UFMC design [12]–[15], the OOB filtering opera-
tion of MB-DFT-S-OFDM-IM is performed in the time-
domain before DFT. As a result, the SC orthogonality
remains intact, which is unique to the proposed MB-
DFT-S-OFDM-IM structure of Fig. 1.

5) Furthermore, MB-DFT-S-OFDM-IM supportsdiverse
communication requirements within a singleunified
platform. Conventionally, the MB-DFT-S-OFDM model
using no IM is invoked in uplink only, where different
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TABLE I: Summary of key notations.
N number of SCs
G number of groups
NG = N

G
number of SCs in each group

M number of non-zero SCs
MG = M

G
DFT size in each group

NZ number of idle SCs
P = N

M
oversampling ratio

Nh number of multipath fading components
BPS number of bits per symbol
L = 2BPS number of PSK/QAM modulation levels

sub-bands are assigned to different users and there
is no benefit in increasingG within the bandwidth
assigned for a single user. By contrast, the proposed MB-
DFT-S-OFDM-IM is beneficial for both the uplink and
downlink, where increasingG leads to flexible trade-
off improvements concerning the PAPR, throughput,
complexity, OOB radiation as well as BER performance,
as exemplified by Fig. 2.

6) Finally, the proposed MB-DFT-S-OFDM-IM is extended
to support generic MIMO configurations. Our simu-
lation results demonstrate that the MB-DFT-S-OFDM-
IM aided Vertical-Bell Laboratories Layered Space-
Time (V-BLAST) scheme is capable of outperforming
both its OFDM and OFDM-IM counterparts [49] at a
reduced PAPR and an improved throughput. Moreover,
the single-carrier special case of MB-DFT-S-OFDM-IM
having (G = 1) is adopted for supporting single-RF
spatial modulation (SM) [50]–[55] and asynchronous
space-time shift keying (ASTSK) [56]–[61]. The ulti-
mate benefit of our new waveform supporting ASTSK
is that it is capable of simultaneously gleaning diversity
gains in the space-, time- and frequency-domains.

Moreover, as a minor contribution, we conceive a new single-
stream ML detection algorithm for OFDM-IM. In contrast to
the Log-Likelihood Ratio (LLR) based detector of Basaret al.
[16], the detection complexity of the proposed algorithm does
not increase with the constellation size.

For the sake of clarification, the key notations used in this
paper are summarized in Table I. The rest of the paper is
organized as follows. MB-DFT-S-OFDM-IM using FDSK and
TDSK are conceived in Sec. II, while our case studies in-
cluding OFDM-IM, uplink DFT-S-OFDM, OOB filtering and
carrier frequency offset are discussed in Sec III. The MIMO
applications are presented in Sec. IV, and the conclusions are
offered in Sec. V.

II. MB-DFT-S-OFDM-IM

A. Design Guidelines

The design guidelines of this paper follow the follwoing two
questions. Firstly, can the thoughput of IM compete with that
of its multiplexing-oriented and full-rate counterparts?The
answer is yes, but it is more realistic to achieve this goal in
the FD than in the original spatial domain (SD). To elaborate,
it has recently been proven in [62] that for a generalized
SM (GSM) scheme activatingNTxA out of NTx TAs, the
sufficient condition for GSM to have a higher throughput than
V-BLAST is (NTxA ≥ 2L). However, in the most up-to-date
5G standards, only up to four and eight MIMO streams are
supported for the uplink and downlink, respectively [6], [7].

The degree of freedom provided by large antenna arrays in
mmWave, where numerous half-wavelength-spaced antennas
can be accommodated within a compact form, has to be used
for beamforming. Hence supportingNTxA ≥ 2L activated
streams is in general unsustainable in the SD. However, in
the FD,NTx and NTxA are replaced by the numbers of SCs
N and GNA, whereGNA ≥ 2L can be readily satisfied by
considering that the number of SCs is often on the order of
thousands in modern communication systems.

Secondly, can the IM scheme invoke the single-stream ML
detector? In space-/time- domains, the SM and STSK schemes
do not impose any inter-channel interference (ICI), hence the
single-stream based ML detection is invoked without any per-
formance loss, as demonstrated in [51], [52], [55]. Similarly,
thanks to the SC orthogonality in the FD, we will conceive
single-stream detectors for both MB-DFT-S-OFDM-IM and
OFDM-IM, where no performance loss is imposed, while the
detection complexity does not grow with the constellation size.

Moreover, let us clarify the three-fold efficiencies used
for characterizing the performance in this paper.Bandwidth
Efficiency is directly quantified by the system throughput,
which is the maximum data rate that can be delivered within a
given bandwidth. For example, V-BLAST is considered to be
a bandwidth-efficient MIMO scheme, because its throughput
grows linearly withNTx. Power Efficiencyrefers to the signal
transmission power required for achieving a certain target
performance. In this scenario, a diversity gain is considered
beneficial, which typically leads to a reduction in SNR re-
quired for achieving a target BER.Energy Efficiency takes
into account the energy consumption of the transceiver. In a
nutshell, the three-fold efficiencies of OFDM including UFMC
[12]–[15], DFT-S-OFDM including ZT and UW [9]–[11],
OFDM-IM including precoding [16]–[27] and the proposed
MB-DFT-S-OFDM-IM are compared in Table II. Specifically,
in terms ofbandwidth efficiency, both OFDM-IM and MB-
DFT-S-OFDM-IM are capable of achieving higher throughput
than OFDM, thanks to the IM-based design. Moreover, it is of
salient importance for the waveforms to seamlessly supportV-
BLAST MIMO. In terms ofpower efficiency, both precoding
and DFT-spreading introduce frequency diversity gains, hence
the improved BER performance for DFT-S-OFDM, OFDM-
IM using precoding and MB-DFT-S-OFDM-IM. Finally, the
energy efficiencyis determined by the PAPR at the transmitter,
signal detection complexity at the receiver and the ability
to support single-/reduced-RF MIMO. In this category, MB-
DFT-S-OFDM-IM is capable of achieving a flexibly adjustable
low PAPR, of retaining SC orthogonality and of supporting
single-/reduced-RF MIMO. Nonetheless, we also have to
report that similar to OFDM-IM, MB-DFT-S-OFDM-IM has
extra IM detection complexity, which may pose a potential
disadvantage. However, thanks to the MB arrangement, the IM
detection complexity is reduced by increasingG. Furthermore,
the number of IM bits can also be flexibly configured in
order to take into account the complexity. These issues are
thoroughly investigated in the following sections.
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TABLE II: Summary on candidate waveforms.
Bandwidth efficiency Power efficiency Energy efficiency

Throughput Support BER BER compared BER compared PAPR Complexity Complexity Support
compared to V-BLAST compared to OFDM to OFDM (OOB filter) reduce-RF
OFDM MIMO to OFDM (freq. offset) (OOB filter) MIMO

OFDM
√

High SCs orthogonal SCs non- ×
(inc. UFMC) orthogonal

DFT-S-OFDM Lower (pulse
√

Better Better Better Low SCs orthogonal
√

(inc. ZT/UW) shaping)
OFDM-IM Higher due to

√
Better(with Better(with Better(with High SCs orthogonal SCs non- ×

(inc.precoding) IM precoding) precoding) precoding) (extra IM orthognal
complexity)

MB-DFT-S- Higher due to
√

Better Better Better Low SCs orthogonal SCs
√

OFDM-IM IM (adjustable (adjustable (extra IM comp- orthogonal (G = 1)
with G) with G) lexity adjustable)
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Fig. 3: Schematics of the generalized MB-DFT-S-OFDM-IM using FDSK and SC mapping.

B. The FDSK Arrangement

1) MB Signal Generation: The proposed MB-DFT-S-
OFDM-IM using FDSK of Fig. 1(a) is detailed in Fig. 3. The
N SCs andM non-zero SCs are evenly partitioned intoG

groups as(NG = N
G

) and (MG = M
G

), respectively. The total
number of zeros is(NZ = N −M) and the oversampling ratio
is (P = N

M
= NG

MG
). The positions of zeros in each group carry

(BPSFD-IM
G = BPSFD-IM

G
) IM bits, and the overall throughput is

given by (R = BPB
N

), where the bits per block (BPB) is given
by (BPB = MBPS+ BPSFD-IM), and we have(BPS= log2 L).

As seen in Fig. 3, in theg-th group, MG LPSK/QAM
symbols{xg,m}MG−1

m=0 are moduated in the TD. The transmitter
performsMG-point DFT precoding as:

Xg,k = 1√
MG

PMG−1
m=0 xg,mω−km

MG
, (1)

whereωMG = exp(j 2π
MG

). In order to retain the single-carrier
signal for each sub-band, theMG non-zero SCs have to
be distributed either locally or periodically [8], [46]–[48].
On one hand, the localized SC mapping seen in Fig. 3(b)
assignszg and (NG − MG − zg) zero before and after the
MG contiguous non-zero SCs, where indexzg is capable of
conveyingBPSFD-IM

G ≤ log2(NG − MG) IM bits. The localized
SC mapping is represented by:

Xg,k =


Xg,k, whenk = k + zg,
0, otherwise

, (2)

where we havek = 0, · · · , NG−1 and0 ≤ zg ≤ NG−MG−1. On
the other hand, the distributed SC mapping seen in Fig. 3(b)
further partitionsNG SCs into MG groups, wherezg and
(NG−MG

MG
−zg = P −1−zg) zeros are assigned before and after

the single activated SC in each group, while indexzg conveys
BPSFD-IM

G ≤ log2(P ) IM bits. The distributed SC mapping is
represented by:

Xg,k =


Xg,k, whenk = kP + zg,
0, otherwise

, (3)

wherek = 0, · · · , N − 1 and 0 ≤ zg ≤ P − 1. Following this,
the G × NG block interleaver [63] is employed asXkG+g =

Xg,k.The TD samples are generated by theN-point IFFT as:

xn =
q

P
N

PN−1
ek=0

Xekω
ekn
N =

q
P
N

PG−1
g=0

PNG−1

k=0
Xg,kω

(kG+g)n
N ,

(4)
whereek = kG + g, while the unity TD powerE{xn} = 1 is
always ensured.

Proposition 1 (Energy efficiency: PAPR):The TD samples
of MB-DFT-S-OFDM-IM are constituted by superpositions of
G single-carrier signals, whose PAPR scales withG for G <<

N .

Proof. For the localized SC mapping, (4) may be extended as:

xn = 1

MG

√
G

PG−1
g=0 ω

(zgG+g)n

N

PMG−1
m=0 xg,mf ′

0(n − Pm),

(5)
wheref ′

0(n) =
PMG−1

k=0 ωnk
NG

= ω
(MG−1)n/2
NG

sin( πn
P

)

sin( πn
NG

)
is a circular

version of a sinc pulse with zero excess bandwidth, limited to
a bandwidth of MG

NGTs
[8], [46], [47]. Explicitly, at the integer

index of n0 = n/P = g0MG + m0, the TD sample periodically
becomes:

xn = 1√
G

PG−1
g=0 ω

(zgG+g)n0

N xg0,m0
. (6)

Simiarly, for the distributed SC mapping, (4) becomes:

xn =
q

P
MGN

PG−1
g=0 ω

(zgG+g)n

N

PMG−1
m=0 xg,m

PMG−1
k=0 ω

k(n−m)
MG

= 1√
G

PG−1
g=0 ω

(zgG+g)n

N xg,n mod MG ,
(7)

which is also a superposition ofG rotated single-carrier signals.
As a result, when PSK is employed, the PAPR upper bound
is given by G with a probability of occurrence of( 1

L
)G−1,

where the same modulated PSK phases added constructively
at n = 0. Similarly, for square QAM signalling, the PAPR
upper bound is3G(

√
L−1)√

L+1
with a probability of occurrence of

4×( 1
L

)G [64]. Based on [30], [31], the superpositioned samples
of (6) and (7) become Gaussianized forG > 32, which should
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be avoided. In summary, for small values ofG << N , the
PAPR of MB-DFT-S-OFDM-IM scales linearly withG.

2) Bandwidth Efficiency:Based on Proposition 1, increas-
ing G for MB-DFT-S-OFDM-IM leads to a degraded energy
efficiency of PAPR. Nonetheless, increasingG would also lead
to an improved throughput, subject to the sufficient conditions
proven in the Proposition 2 below.

Proposition 2 (Bandwidth efficiency):For MB-DFT-S-
OFDM-IM using localized SC mapping, it is sufficient to
require 1 ≤ G ≤

q
N
2

, so that the BPB gain obtained from
increasingG > 1 is strictly non-negative and lower bounded
by BPBGain ≥ (G − 2) log2 G, which increases monotonically
with G. Similarly, for MB-DFT-S-OFDM-IM using distributed
SC mapping, it is sufficient to requireG ≥ 1, so that
BPBGain = (G − 1) log2 P also improves withG.

Proof. First of all, for localized SC mapping, the grouping
arrangement is only beneficial when the BPB gain is strictly
non-negative asBPBGain = G log2

NZ
G

− log2 NZ ≥ 0. This leads
to log2 NZ ≥ G

G−1
log2 G. Since we always haveG

G−1
≤ 2, it

is sufficient to requireG ≤
√

NZ . Let us assume that zero
padding is compulsary, which leads to the integerP > 1 and
henceNZ = N − N

P
≥ N

2
. Therefore, it becomes sufficient

to require G ≤
q

N
2

. By using G ≤
√

NZ , we arrive at
BPBGain ≥ (G − 2) log2 G. Secondly, for MB-DFT-S-OFDM-
IM using distributed SC mapping, we always have a grouping
gain, owing to the fact thatG log2

NG
MG

≥ log2
N
M

for G ≥ 1.
This leads to a strictly non-negativeBPBGain = (G − 1) log2 P ,
which also increases monotonically withG.

3) Single-Stream ML Detection:The signal received at the
-th RA is:

yn() =
PNh−1

τ=0 hτ ()x<n−τ>N + vn(), (8)

where< n − τ >N representsn − τ modulo N. The multipath
components and the additive white Gaussian noise (AWGN)
are generated according tohτ () ∈ CN (0, 1

Nh
) and vn() ∈

CN (0, N0,TD), respectively. ApplyingN-point FFT at each
RA, the FD received signal model is given by:

Yek =
√

PXekHek + Vek
(9)

where Yek = [Y ek(0), · · · , Y ek(NRx − 1)] ∈ C
1×NRx ,

Y ek() = 1√
N

PN−1
n=0 yn()ω−ekn

N , Hek = [Hek(0), · · · , Hek(NRx −
1)] ∈ C

1×NRx , Hek() =
PNh−1

τ=0 hτ ()ω−ekτ
N ,

Vek = [V ek(0), · · · , V ek(NRx − 1)] ∈ C
1×NRx ,

V ek() = 1√
N

PN−1
n=0 vn()ω−ekn

N and Xek = 1√
N

PN−1
n=0 xnω−ekn

N .
Similar to OFDM-IM, the noise power in FD at the
MB-DFT-S-OFDM-IM receiver is reduced to:

N0,FD =
N0,T D

P
. (10)

One of the major advantages of the MB-DFT-S-OFDM-IM
is that by using the same OFDM framework, the signal
processing at the receiver is carried out in the FD, which
facilitates the following one-tap MMSE FDE:

Uek = 1√
P

Yek
H

H
ek

‖Hek
‖2+N0

, 0 ≤ ek ≤ N − 1. (11)

This avoids invoking IDFT for allLMG combinations of
{xg,m}MG−1

m=0 . However, the optimal MLSE solution cannot be
obtained by the MMSE FDE without further decision feedback
[8], [46], [47]. Once again, owing to the SC orthogonality,

the proposed DFT-S-OFDM-IM is also free of ICI. Upon
obtaining Ug,k from block de-interleaving, the single-stream
based signal detection for theg-th group is summarized as:

Step 1 (SC demapping): U
zg

g,k =

(
Ug,k=k+zg

, localized
Ug,k=kP+zg

, distributed
.

Step 2 (MG-point IDFT): u
zg
g,m = 1√

MG

PMG−1
k=0 U

zg

g,kωkm
MG

,

0 ≤ m ≤ MG − 1.
Step 3 (Demodulation): x̂

zg
g,m = M

−1(u
zg
g,m), 0 ≤ m ≤ MG − 1.

Step 4 (FD-IM decision): ẑg = arg min∀zg

PMG−1
m=0 |uzg

g,m − x̂
zg
g,m|2.

Step 5 (Final decision): x̂g,m = x̂
ẑg
g,m, 0 ≤ m ≤ MG − 1.

(12)
There are a total number ofCFD-IM

G = 2BPSFD-IM
G candidates for

indexzg. Therefore, Steps 1-3 have to be repeatedCFD-IM
G times

in order to evaluate
PMG−1

m=0 |uzg
g,m−x̂

zg
g,m|2 in Step 4. Moreover,

since the IM indexzg is modulated in the FD, it may be
detected by:

ẑg = arg min
∀zg=0,··· ,CFD-IM

G

MG−1X

k=0

|Uzg

g,k−
1√
MG

MG−1X

m=0

x̂
zg
g,mω−km

M |2,

(13)
where the whole metric of{Uzg

g,m − 1√
MG

PMG−1
m=0 x̂

zg
g.mω−km

MG
}

is the DFT of an error signal{eg,m = u
zg
g,m− x̂

zg
g,m}. Therefore,

the FDSK’s IM index detection is carried out directly in the
TD as seen in Step 4 of (12) without invoking the DFT in
(13).

Moreover, we note that the single-stream PSK/QAM de-
modulator is invokedMGCFD-IM

G times in Step 3 of (12). For
example, when PSK is invoked, the demodulated index is
simply given by rounding the angle ofug,m to the nearest
PSK phase aŝlg,m = ⌊ L

2π
∠ug,m⌉. Similarly, for square QAM,

the demodulated index may be obtained by rounding the real
and imaginary parts ofug,m to the nearest magnitudes [52].
In summary, the detection complexity order of (12) is given
by O(MGCFD-IM

G ), which does not grow with the constellation
sizeL.

Proposition 3 (Energy efficiency: detection complexity):
Although the total number of IM bits is increased withG
as GBPSFD-IM

G = G log2
NZ
G

and GBPSFD-IM
G = G log2 P for

MB-DFT-S-OFDM-IM using localized and distributed SC
mapping, respectively, the overall detection complexity order
decreases asG grows.

Proof. For MB-DFT-S-OFDM-IM, there areNZ = N − M

zeros in total, but this is reduced toNZ/G zeros in each group.
As a result, the number of IM bits in each group is reduced
from BPSFD-IM ≤ ⌊log2(NZ)⌋ to BPSFD-IM

G ≤ ⌊log2(NZ/G)⌋, and
the complexity order of (12) is reduced fromO(MCFD-IM) to
O(GMGCFD-IM

G ), whereM = GMG.

Remark 1 (Flexibility on BPSFD-IM
G ): Since the detection

complexity order of MB-DFT-S-OFDM-IM using FDSK in-
creases exponentially withBPSFD-IM

G , it may not always be prac-
tical to convey the upper bounds ofBPSFD-IM

G , hence we always
denoteBPSFD-IM

G ≤ ⌊log2(NG −MG)⌋ andBPSFD-IM
G ≤ ⌊log2(P )⌋

throughout the paper for localized and distributed SC mapping,
respectively.

4) Diversity Analysis:The Pairwise Error Probability (PEP)
of OFDM-IM has been intensively analysed [63], [65], [66].
However, for the proposed MB-DFT-S-OFDM-IM, the theo-
retical analysis can only be used for evaluating the diversity
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order owing to the following reasons. First of all, MB-DFT-S-
OFDM-IM invokes MMSE FDE, which does not reach the
MLSE performance without further decision feedback [8],
[46], [47]. Secondly, OFDM-IM favours a large value forG

that leads to a small value for(NG = N
G

), which simplifies the
combination designCNA

NG
. By contrast, based on Proposition 1,

MB-DFT-S-OFDM-IM requires a small value ofG << N that
leads to a large(NG = N

G
), which prevents us from calculating

the PEP by simulation.
Proposition 4 (Power efficiency: diversity order):The fre-

quency diversity order of MB-DFT-S-OFDM-IM using FDSK
is given byr = min(MG, Nh).

Proof. First of all, theMG-point DFT of (1) may be formu-
lated in the following matrix form:

X = 1√
MG

PMG−1
m=0 xmAm, (14)

where the(MG×MG)-element FD signal matrix is represented
by the diagonal matrixX = diag(Xg,0, Xg,1, · · · , Xg,MG−1),
while the (MG × MG)-element equivalent dispersion matrix
is given by Am = diag(1, ω−m

MG
, · · · , ω

−m(MG−1)
MG

). The group
index g is omitted from (14) for the sake of convenience.
The associated distance matrix∆X = (X − X′)(X − X′)H is
of full rank with a non-vanishing determinant ofdet(∆X) ≥
|xm −x′

m|2MG , where the minimum is reached whenxm 6= x′
m

and {xm′ = x′
m′}∀m′ 6=m. Secondly, after theN-point IFFT

at each RA and block de-interleaving, the holistic received
signal matrix that contains allNG SCs of each group may be
expressed as:

Y =
√

P X H + V, (15)

where we haveY = [Y
T
g,0, · · · ,Y

T
g,NG−1]

T ∈ C
NG×NRx ,

H = [H
T
g,0, · · · ,H

T
g,NG−1]

T ∈ C
NG×NRx and V =

[V
T
g,0, · · · ,V

T
g,NG−1]

T ∈ C
NG×NRx . The (NG × NG)-element

diagonal matrix is given by:

X(k, k) =


X(k − zg, k − zg), localized SC mapping
X[(k − zg)/P, (k − zg)/P ], distributed SC mapping

.

(16)
Based on (15), the PEP may be expressed as:

p(X → X
′
) = EH


Q

»q
‖
√

P (X−X
′
)H‖2

2N0

–ff

≤
“

P
4N0

”−rNR ˆQr−1
ι=0 λι

˜−NR ,

(17)

where{λι}r−1
ι=0 are the non-zero eigenvalues of the difference

matrix∆ = ∆X∆H . The(NG×NG)-element difference matrix
∆X is a sparse diagonal matrix, whererank(∆ = ∆X∆H) is
given by the number of non-zero diagonal elements. For the
localized SC mapping, we have:

rank(∆X) =

8
<
:

MG, if zg = z′
g

MG + |z − z′|, if |zg − z′
g| ≤ MG

2MG, if |zg − z′
g| > MG

. (18)

Similarly, for the distributed SC mapping, we have:

rank(∆X) =


MG, if zg = z′

g

2MG, if zg 6= z′
g

. (19)

Moreover, the second(NG × NG)-element matrix in∆ is
given by ∆H = EH(HH

H
) = WH

NG
DWNG , where WNG

is DFT matrix, whileD hasNh non-zero diagonal elements
as D = diag( 1

Nh
, · · · , 1

Nh
, 0, · · · , 0). Therefore, the overall

frequency diversity order is given byr = rank(∆XD) =

min(MG, Nh).

N−point

IFFT

Subcarrier
Mapping

DFT
point

Subcarrier
Mapping

DFT
point

(Optional)

(Optional)

Block
Interleaving

bits

bits
to

Serial

Parallel

bits

bits
to

Serial

Parallel

bits

Groups

bits

MG

MG

NGMG
MG

NGMG
MG

BPSFD-IM
G

BPSFD-IM
G

N N

x = [x0, · · · , xz′−1, 0, xz′+1, · · · , xMG
]

M
MG log2 L

M
MG log2 L

{xm}
MG−2
m=0

{xm}
MG−2
m=0

G

BPSTD−IM = log2 MG

BPSTD−IM = log2 MG

Fig. 4: Schematics of the generalized MB-DFT-S-OFDM-IM using
TDSK.

Corollary 1 (Spectral and power efficiencies tradeoff):For
MB-DFT-S-OFDM-IM using FDSK associated with(MG > 1)

and(P > 1), the throughput of localized SC mapping is strictly
equal to or higher than its distributed SC mapping counterpart.
However, based on Proposition 4, the distributed SC mapping
is capable of achieving a higher effective frequency diversity
gain.

Proof. For (P ≥ 2), the range of the DFT size is2 ≤ MG ≤
NG
2

. Therefore, we haveBPSFD-IM
G = ⌊log2(NG − MG)⌋ =

log2 NG − 1 andBPSFD-IM
G = ⌊log2

“
NG
MG

”
⌋ ∈ [1, log2 NG − 1] for

the localized and distributed SC mapping, respectively, where
the former is strictly equal to or higher than the latter for
(MG ≥ 2). Moreover, based on (18) and (19), the diversity
order ofMG + |zg − z′

g| achieved by a subset of the localized
mapped codeword pairs associated withzg 6= z′

g is lower
than 2MG of the distributed counterpart, hence the latter
achieves a higher frequency diversity gain over the subset of
codewords.

C. The TDSK Arrangement
The throughput of MB-DFT-S-OFDM-IM using FDSK still

cannot compete with OFDM, unless the oversampling ratio
P = NG

MG
is no longer an integer. The smallestP = NG

NG−1

corresponds to the case of having a single zero in each group.
However, according to Proposition 1, the position of the zero
cannot be randomized in the FD, which limits the achievable
IM throughput. In order to improve the MB-DFT-S-OFDM-IM
throughput, we propose the TDSK arrangement of of Fig. 1(b),
which is detailed in Fig. 4. The TDSK of Fig. 4 is similar to
the FDSK of Fig. 3, except that the IM aided zero padding is
performed in the TD before the DFT precoding as:

z′
g↓

xg = [ xg,1 · · · xg,z′

g−1 0 xg,z′

g+1 · · · xg,MG−1],
(20)

where the single zero padding indexz′
g conveysBPSTD-IM

G =

log2 MG bits, while the rest of the(MG−1) modulated symbols
convey(MG − 1) log2 L bits.

Proposition 5 (Bandwidth efficiency gain over OFDM):
It is sufficient to requireMG = NG = N/G ≥ L, so that the
throughput of MB-DFT-S-OFDM-IM using TDSK becomes
R = G[log2 MG+(MG−1) log2 L]

N
, which is strictly equal to or

higher than the OFDM throughput oflog2 L.
This is significant because it is often assumed that the

OFDM-IM throughput cannot compete with that of OFDM
[26], [27]. Once again, the MB-DFT-S-OFDM-IM arrange-
ments generally favours small values of(G << N) for the
sake of low PAPR, which makes the condition ofMG = NG =
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N/G ≥ L easy to satisfy. Moreover, we note that the condition
of MG = NG implies that there is no zero padding in the FD.
For this reason, theBPSFD-IM

G in the FD is marked as optional
in Fig. 4. Without loss of generality, the parameters for the
MB-DFT-S-OFDM-IM using TDSK are configured to comply
with MG = NG = N/G ≥ L in the rest of this paper.

Proposition 6 (Bandwidth efficiency gain onG): For MB-
DFT-S-OFDM-IM using TDSK, it is sufficient to require1 ≤
G ≤

√
N , so that the BPB gain obtained from increasingG

is lower bounded byBPBGain ≥ (G − 2) log2 G, which grows
monotonically withG.

Proof. Similar to Proposition 2, increasingG for MB-DFT-
S-OFDM-IM is only beneficial whenBPBGain = G log2

N
G

−
log2 N ≥ 0. This leads to the requirement oflog2 N ≥

G
G−1

log2 G, which can be satisfied byG ≤
√

N because of
G

G−1
≤ 2. As a result, we arrive atBPBGain ≥ (G−2) log2 G.

Proposition 7 (Energy efficiency: PAPR):The TD samples
of the MB-DFT-S-OFDM-IM using TDSK are superpositions
of G single-carrier signals, whose PAPR scales withG for
G<<N .

Proof. After the same DFT precoding Xg,k =
1√
MG

PMG−1
m=0 xg,mω−km

MG
and the block interleaving

XkG+g = Xg,k, the N-point IFFT of (4) is extended
for MB-DFT-S-OFDM-IM using TDSK as:

xn =
q

PT
N

PG−1
g=0

PNG−1

k=0
Xg,kω

(kG+g)n
N

=
q

PT
NMG

PG−1
g=0 ωgn

N

PMG−1
m=0 xg,m

PMG−1
k=0 ω

(n−m)k
MG

=
q

PT
G

PG−1
g=0 ωgn

N xg,n mod MG ,
(21)

which is a superposition ofG single-carrier signals as seen in
Proposition 1. The normalizationPT = M

M−1
ensures unity TD

transmission power.

It is straightforward to see that Proposition 3 on detection
complexity and Proposition 4 on the diversity order also ap-
ply to the MB-DFT-S-OFDM-IM using TDSK. Furthermore,
the the detection procedures of MB-DFT-S-OFDM-IM using
TDSK are revised as:

Step 1 (M -point IDFT): ug,m = 1√
M

PMG−1
k=0 Ug,kωkm

MG
,

0 ≤ m ≤ MG − 1.
Step 2 (Demodulation): x̂g,m = M

−1(ug,m).

Step 3 (TD-IM decision): ẑ′
g = arg min∀z′

g
‖ug − x̂

z′

g
g ‖2.

Step 4 (Final decision): x̂g = x̂
ẑ′

g
g .

(22)

Explicitly, Ug,k = 1√
PT

Yg,kH
H
g,k

‖Hg,k‖2+N0

in Step 1 refers to the

MMSE FDE output. The(1×MG)-element matrices in Step 3
are given byug = [ug,0 ug,1 · · · ug,MG−1]

T and x̂
z′

g
g =

[x̂g,0 x̂g,1 · · · x̂g,MG−1]
T formulated based on (20) associated

with x̂g,z′

g
= 0. The detection complexity order is given by

O(MG), which decreases asG grows.

D. Performance Results

Fig. 5 portrays the PAPR trade-off onG. More explicitly,
Fig. 5(a) and (b) demonstrate that the PAPR of MB-DFT-S-
OFDM-IM using FDSK-localized scale withG for both N =

256 and N = 1024, respectively. The MB-DFT-S-OFDM-IM
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Fig. 5: Comparison of CCDFs of PAPRs of the proposed MB-DFT-
S-OFDM-IM using FDSK and TDSK, where QPSK is employed.
The DFT-S-OFDM, OFDM-IM and conventional OFDM schemes are
shown as benchmarks.

using FDSK-distributed and TDSK in Fig. 5(c) and (d) exhibits
lower PAPR starting from PAPR=0 dB forG = 1 owing to
the absence of the FDSK-localized sinc interpolated symbols
shown in Proposition 1. Furthermore, Fig. 5(a)-(d) demonstrate
that the PAPRs of MB-DFT-S-OFDM-IM are generally lower
than those of OFDM-IM and OFDM, but the gap becomes
smaller, when increasingG towards 16.

Fig. 6 portrays the data-rate gain achieved by the proposed
MB-DFT-S-OFDM-IM using FDSK and TDSK over DFT-S-
OFDM and OFDM, respectively. This is evaluated based on
the 5G numerology [6], [7]. The SC spacing is given by
SCS = 2µ × 15 kHz, whereµ = {0, 1, 2, 3, 4}. One slot
of 14 OFDM symbols is2−µ ms for normal CP. Explicitly,
Fig. 6(a) confirms Proposition 2 that the data rate of MB-
DFT-S-OFDM-IM FDSK increases withG, where the data
rate gain over the single-carrier DFT-S-OFDM without IM
is evaluated by2µ × 14 × (log2(

N
G

) − 1)G × 10−3 Mbits/s.
Furthermore, Fig. 6(b) confirms Proposition 6 that the data
rate of MB-DFT-S-OFDM-IM TDSK also grows withG,
where the data rate gain over the full OFDM throughput
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G × G × N × 10−3
˜

Mbits/s andˆ
2µ × 14 × (R − BPS) × N × 10−3

˜
Mbits/s according to the 5G

numerology [6], [7].

0

1e+08

2e+08

3e+08

4e+08

5e+08

6e+08

C
om

pl
ex

ity
(r

ea
l-v

al
ue

d
m

ul
tip

lic
at

io
ns

)

G=1 G=2 G=4 G=8 G=16

N=1024, M=512

(a) FDSK-localized

2e5

4e5

6e5

8e5

1e6

1.2e6

1.4e6

1.6e6

C
om

pl
ex

ity
(r

ea
l-v

al
ue

d
m

ul
tip

lic
at

io
ns

)

G=1 G=2 G=4 G=8 G=16

N=1024

(b) TDSK
Fig. 7: Complexity (real-valued multiplications) of MB-DFT-S-
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is given by 2µ × 14 × (R − log2 L)N × 10−3 Mbits/s and
R =

G[log2
N
G

+( N
G

−1) log2 L]

N
based on Proposition 5.

Fig. 7 presents the detection complexity of MB-DFT-S-
OFDM-IM using FDSK and TDSK, which confirm Propo-
sition 3, that the detection complexity indeed decreases asG

increases.
Fig. 8 presents our performance comparison between

the proposed MB-DFT-S-OFDM-IM using FDSK/TDSK to
OFDM-IM and OFDM. We note that performance losses
for using G > 1 in MB-DFT-S-OFDM-IM are recorded in
Figs. 8(a)-(d). This is expected because the suboptimal MMSE
FDE becomes less reliable asMG = M/G decreases. Nonethe-
less, Figs. 8(a)-(d) unequivocally confirm Proposition 4, that
the proposed MB-DFT-S-OFDM-IM using FDSK/TDSK are

capable of achieving beneficial frequency diversity gains over
their OFDM-IM and OFDM counterparts, where the power-
efficiency gains are as high as over 10 dB at the BER level of
10−4 for NRx = 1. This substantial performance improvement
is achieved at both a reduced PAPR and an increased BPB, as
explicitly indicated in the legends of Figs. 8(a)-(d).

III. C ASE STUDIES

A. OFDM-IM

OFDM-IM partitions N SCs into G groups, whereNA

out of NG = N
G are activated asXg,k = Xg,ka for k ∈ K.

The FD indices combinationK = {ka}NA−1
a=0 is determined by

BPSFD-IM
G = ⌊log2 CNA

NG
⌋ bits, where we haveka = 0, · · · , NG −1

andka 6= ka′ for eachK. Moreover, each activated SC conveys
a modulatedLPSK/QAM symbol, hence the overall OFDM-

IM throughput is R =
G(⌊log2 CNA

NG
⌋+NA log2 L)

N
. After block

interleaver, the TD samples are also generated by theN-
point IFFT of (4), and the received signals afterN-point FFT
are also represented by (9), whereP of MB-DFT-S-OFDM-
IM may be replaced byNG

NA
for OFDM-IM. After block de-

interleaving, the ML detection may be expressed as:

{X̂g,ka , K̂g} = arg min
∀{Xg,ka ,Kg}

NA−1X

a=0

‖Yg,ka−
r

NG

NA
Xg,kaHg,ka‖2,

(23)

which has an excessive complexity order ofO(2
⌊log2 CNA

NG
⌋
LNA).

As a remedy, a near-optimal LLR based detector is conceived
in [16], where the LLR associated with each possible activated
SC is evaluated and compared. Since the probability evalua-
tions have to visit allL constellation points, the associated
detection complexity order is given byO(NGL).

In fact, thanks to the SC orthogonality, there is no ICI
in OFDM-IM. Therefore, the same single-stream based ML
detection principles may also be applied to OFDM-IM. First of
all, let us streamline the matrix norm term in (23) as‖Yg,ka −q

NG
NA

Xg,kaHg,ka‖2 = (|Zg,ka − X̂g,ka |2 − |Zg,ka |2)κ2
g,ka

, where

we haveZg,k =
q

NA
NG

Yg,kH
H
g,k/κ2

g,k andκ2
g,k = ‖Hg,k‖2. As a

result, the OFDM-IM detection is decoupled into the following
steps:

Step 1 (Demodulation):X̂g,k = M
−1(Zg,k).

Step 2 (IM decision): K̂g = arg min∀KgPNA−1
a=0 (|Zg,ka−X̂g,ka |2−|Zg,ka |2)κ2

g,ka
.

Step 2 (Final decision):X̂g,ka = X̂g,k ∀ka ∈ K̂g.
(24)

The complexity order is reduced toO(NG), which does not
grow with the alphabet sizeL. Moreover, owing to the SC
orthogonality, the decoupling in (24) always leads to the ML
solution.

The BER and complexity comparisons between the sub-
optimal LLR detector [16] and the proposed single-stream
based ML detector of OFDM-IM are presented in Fig. 9.
We note that all the metrics of (24) including{Zg,k}NG−1

k=0 ,
{κg,k}NG−1

k=0 and{(|Zg,k − X̂g,k|2 − |Zg,k|2)κ2
g,k}NG−1

k=0 are eval-
uated only once. It is evidenced by Fig. 9 that the LLR-
based detector imposes a noticeable performance loss in the
low-SNR region, while the proposed detector retains the ML
performance, despite its substantially reduced complexity that
does not grow withL.
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Fig. 9: BER performance and complexity comparison between the
sub-optimal LLR detector [16] and the proposed single-stream based
ML detector for OFDM-IM.

B. Single-Carrier DFT-S-OFDM-IM

According to Proposition 1, MB-DFT-S-OFDM-IM using
FDSK associated with(G = 1), which is termed as DFT-
S-OFDM-IM in this section, becomes single-carrier trans-
mission, where the PAPR is exactly the same as that of
conventional DFT-S-OFDM, as confirmed by Fig. 5. The
advantage of DFT-S-OFDM-IM over DFT-S-OFDM is that IM
conveys extra bits in the FD. Figs. 10(a) and 10(b) confirm
that the proposed DFT-S-OFDM-IM achieves an improved
BER performance over the conventional DFT-S-OFDM. Fur-
thermore, its throughput gain increases substantially with both
the SC spacing andN , as evidenced by Fig. 10(c).

C. OOB Filtering
In this section, firstly, we opt for invoking the UFMC [12]–

[15], where the filtering operation is applied to a group of SCs.
As the number of filters increases toN or reduces to 1, UFMC
converges to filter band multicarrier or filtered multicarrier,
respectively, which operates either on each SC or on the entire
bandwidth [67]. This means that UFMC fits impeccably with
the group partitioning in both OFDM-IM and MB-DFT-S-
OFDM-IM, whereG also becomes the number of filters. More
explicitly, the TD samples of (4) are now generated by:

ex =
PG−1

g=0 F
g
W

g
X

g
= F W X, (25)

where X
g

= [Xg,0, · · · , Xg,NG−1]
T ∈ C

NG×1, while W
g

=
W[0 : N − 1, gNG : gNG + NG − 1] ∈ C

N×NG is the g-th
sub-matrix taken from the IDFT matrixW = WH . The g-
th filter matrix F

g ∈ C
N×N is a Toeplitz matrix whoes first

column containsLp non-zeros taps[f1, · · · , fLp, 0, · · · , 0]T ∈
C

N×1. Without loss of generality, we opt for invoking a
sinc filter with Hamming window, where the low-pass sinc
kernel is limited to the1/G bandwidth asfl = 2

G
sinc( 2

G
l)

for the shifted casual indexl = −Ltap−1

2
, · · · ,

Ltap−1

2
. Further-

more, we haveX = [(X
0
)T , · · · , (X

G−1
)T ]T ∈ C

N×1, W =

diag(W
0
, · · · ,W

G−1
) ∈ C

GN×N and F = [F
0
, · · · ,F

G−1
] ∈

C
N×GN in (25), where the SC orthogonality is no longer

retained, because the IDFT submatrices are shifted inW.
Following this, the received signals of (8) may be expressed
in matrix form as:

y = eHex + v = eHeffX + v, (26)

where we havey = [y0, · · · , yN−1]
T ∈ C

N×1 and v =
[v0, · · · , vN−1]

T ∈ C
N×1, while eH ∈ C

N×N refers to the
circulant CIR matrix. Moreover, the effective channel matrix
eHeff = eHF W ∈ C

N×N has to be equalized as:

U = ( eHH
eff

eHeff)
−1 eHH

eff, (27)

which can now be directly invoked by the MB-DFT-S-OFDM-
IM receiver of (12), (22) or the OFDM-IM receiver of (24).

It can be clearly seen that (27) of the conventional UFMC
has to invoke a(N × N)-size matrix inverse that contains the
shifted IDFT matrix, filter matrix and circulant CIR matrix.
The associated complexity hinders its applications to large N .
Let us recall that the MB-DFT-S-OFDM-IM using TDSK’s
TD samples of (21) is strictly constituted byG superposition
of single-carrier signals. Against this, we propose to apply the
OOB filtering in the TD before the DFT precoding of Fig. 4,
so that all the SC orthogonalities from the DFT and IFFT at
the transmitter to the FFT and IDFT at the receiver remain
intact. More explicitly, the TD signals in theg-th group are
filtered as:

x′
g = F

g
xg, (28)

where xg = [xg,0, · · · , xg,MG−1]
T ∈ C

MG×1 are the TD
modulated symbols, while the filter matrixF

g ∈ C
MG×MG is

formulated in the same way as defined in (25). Following this,
the filtered TD samplesx′

g = [x′
g,0, · · · , x′

g,MG−1]
T ∈ C

MG×1

are the input to theMG-point DFT of Fig. 4. At the receiver,
the equalization is simplied added to Step 1 of (22) as:

ug = [(F
g
)HF

g
]−1(F

g
)HWH

MG
Ug, (29)

where we haveUg = [Ug,0, · · · , Ug,MG−1]
T ∈ C

MG×1 andug =

[ug,0, · · · , ug,MG−1]
T ∈ C

MG×1, while WMG ∈ C
MG×MG is the

DFT matrix. It can be seen in (29) that the MB-DFT-S-OFDM-
IM receiver only needs to have thea priori knowledge of a
(MG × MG)-size matrix inverse that only contains the filter
matrix, which does not need to be updated over time.

Fig. 11(a) portrays the conventional UFMC aided MB-DFT-
S-OFDM-IM using TDSK, which evidences the following ob-
servations. First of all, the UFMC achieves OOB suppression
at the cost of in-band spectrum fluctuations. Secondly, the
OOB suppression improves as the number of filter tapsLp

and/or the number of filtersG increases, which also further
deteriorates the in-band spectrum. Moreover, the PSD of
Fig. 11(b) demonstrates that the proposed UFMC achieves
similar OOB suppressions, yet the in-band spectrum fluctu-
ations appear to be more intense. This is due to the fact that
the DFT and IFFT operations at the MB-DFT-S-OFDM-IM
transmitter impose phase rotations as seen in (21), which are
not taken into account by the filters placed before DFT of
(28). Fig. 11(c) confirms the modest performance degradation
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Fig. 11: The PSD and BER performance comparison between the
conventional and proposed UFMC for MB-DFT-S-OFDM-IM using
TDSK. The parameters for OFDM and OFDM-IM are the same as
those in Fig. 8(c) associated withR = 2.0.

imposed by the proposed UFMC compared to the conventional
UFMC. However, Fig. 11(d) further evidences that thanks
to the frequency diversity gain, MB-DFT-S-OFDM-IM using
the proposed UFMC is still capable of substantially outper-
forming their OFDM and OFDM-IM counterparts using the
conventional UFMC, where a stark 13 dB performance gain
is recorded at BER=10−4. Once again, we note that both the
conventional and the proposed UFMC can be applied to MB-
DFT-S-OFDM-IM, which constitutes an attractive benefit of
the new waveform. In contrast, both OFDM and OFDM-IM
can only employ the highly complex conventional UFMC.

D. Carrier Frequency Offset
The carrier frequency offset includes Doppler shift and

oscillator mismatch, which needs to be estimated and com-
pensated at the receiver. This is particularly difficult forasyn-
chronous uplink transmission [12]–[15], and an accuracy of
1%∼2% of SC spacing is normally required among different
users [67]. More explicitly, in the presence of carrier offset,
the received signals of (8) is revised in the matrix form as:

y = eDd
eHx + v, (30)

where x = [x1, · · · , xN ]T ∈ C
N×1 are TD transmitted sig-

nals and eH ∈ C
N×N is the circulant CIR matrix, while

y = [y0, · · · , yN−1]
T ∈ C

N×1 and v = [v0, · · · , vN−1]
T ∈
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Fig. 12: The BER performance comparison between OFDM, OFDM-
IM and the proposed MB-DFT-S-OFDM-IM using TDSK with and
without UFMC in the present of carrier frequency offset. The
parameters are the same as those in Fig. 8(c) and Fig. 11.

C
N×1 refer to the received signals and the AWGN, re-

spectively. The offset matrix in (30) is given byeDd =
diag[1, exp(j 2π

N
∆f), · · · , exp(j 2π(N−1)

N
∆f)], where ∆f is the

carrier offset normalized by the SC spacing. Following this,
the N-point FFT may be expressed in matrix form as:

Y = WNy = WN
eDdW

H
N

eDHX + WNv, (31)

where the FD CIR matrixeDH = WN
eHWH

N becomes diagonal,
but the offset termWN

eDdW
H
N is not diagonal, which erodes

the SC orthogonality.
Fig. 12(a) demonstrates that the carrier frequency offset

degrades the performance of all multi-carrier schemes, but
thanks to the frequency diversity gain, the proposed MB-
DFT-S-OFDM-IM (G = 4) is capable of tolerating a higher
∆f = 6%, where their OFDM and OFDM-IM counterparts
suffer from error floors. Moreover, it is worthy to note that
MB-DFT-S-OFDM-IM associated with an increased(G = 16)

also experiences an error floor, as seen in Fig. 12(a). This is
due to the fact that as discussed in Sec. II, the MMSE FDE is
not the MLSE solution, hence a higherG that leads to a smaller
NG in each group tends to degrade the detection reliability.
Nonetheless, we note that as previously evidenced by Fig. 8,
MB-DFT-S-OFDM-IM associated with(G = 16) does not
experience error floors in the absence of carrier frequency
offset. Moreover, Fig. 12(b) further demonstrates that as
expected, UFMC further imposes a performance degradation
to all the multi-carrier schemes in the presence of frequency
offset, but the proposed MB-DFT-S-OFDM-IM still retains a
substantial performance gain over their OFDM and OFDM-IM
counterparts.

IV. MIMO A PPLICATIONS

In this section, we opt for extending the proposed MB-
DFT-S-OFDM-IM using TDSK of Sec. II-C to support V-
BLAST MIMO, because the TDSK arrangement achieves the
highest throughput. Moreover, we further invoke the single-
carrier DFT-S-OFDM-IM of Sec. III-B to support the single-
RF SM and ASTSK.

A. V-BLAST

Considering that MB-DFT-S-OFDM-IM using TDSK is
capable of achieving a higher throughput than OFDM, the
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proposed V-BLAST MB-DFT-S-OFDM-IM TDSK is capa-
ble of achieving a further improved throughput that grows
monotonically with the three key parameters, namely with the
number of SCsN , the number of MB groupsG as well as the
number of TAsNTx.

At the transmitter, each TA independently performs MB-
DFT-S-OFDM-IM using TDSK of Sec. II-C. More explicitly,
the (1 × MG)-element modulated symbols of theg-th group
at the ı-th TA are given byxg(ı) = [xg,0(ı), · · · , xg,MG−1(ı)],
where thez′g-th element is zero, while the remaining(MG −
1) symbols are drawn from theLPSK/QAM constella-
tion. The MG-point DFT precoding is given byXg,k(ı) =

1√
MG

PMG−1
m=0 xg,m(ı)ω−km

MG
. Following this, the block inter-

leaver andN-point IFFT are invoked, leading to the TD
samples ofxn(ı) =

q
PT
G

PG−1
g=0 ωgn

N xg,n mod MG(ı). The nor-
malization PT = M

(M−1)NT x
ensures unity transmit power

accrossNTx TAs.

The received signals afterN-point FFT and block de-
interleaving are given byYg,k =

√
PT Xg,kHg,k + Vg,k,

where Y ∈ C
1×NRx , H ∈ C

NT x×NRx and V ∈ C
1×NRx

are modelled in the same way as seen in (9). The(1 ×
NTx)-element V-BLAST signals matrix is given byXg,k =

[Xg,k(0), · · · , Xg,k(NTx − 1)]. The MMSE FDE is given by
Ug,k = Yg,kGMMSE, where GMMSE = 1√

PT

(H
H
g,kHg,k +

NTxN0INR)−1H
H
g,k. As a result, the ICIs are completely

eliminated from the detection of‖Ug,k − Xg,k‖2 =PNT x−1
ı=0 |Ug,k(ı) − Xg,k(ı)|2, which may be decoupled for

signal detection of each TA. More explicitly, the single-stream
based V-BLAST MB-DFT-S-OFDM-IM TDSK detection is
summaried as follows:

Step 1 (MG-point IDFT): ug,m(ı) = 1√
M

PMG−1
k=0 Ug,k(ı)ωkm

MG
.

Step 2 (Demodulation): x̂g,m(ı) = M
−1(ug,m(ı)).

Step 3 (TD-IM decision): ẑ′
g(ı) = arg min∀z′

g
‖ug(ı) − x̂

z′

g
g (ı)‖2.

Step 4 (Final decision): x̂g(ı) = x̂
ẑ′

g
g (ı).

(32)
We haveug(ı) = [ug,0(ı) ug,1(ı) · · · ug,MG−1(ı)] and x̂

z′

g
g (ı) =

[x̂g,0(ı) x̂g,1(ı) · · · x̂g,MG−1(ı)] associated witĥxg,z′

g
(ı) = 0.

The detection complexity order is given byO(NTxMG).

Fig. 13 portrays our performance comparison between the
V-BLAST using the proposed MB-DFT-S-OFDM-IM TDSK
scheme as well as its OFDM-IM and OFDM counterparts. The
low-complexity linear MMSE FDE is invoked for V-BLAST
MB-DFT-S-OFDM-IM TDSK. Similarly, the linear MMSE
detector is invoked for OFDM-IM and OFDM. Once again,
we note that the performance difference between(G = 1)

and (G = 8) of MB-DFT-S-OFDM-IM seen in Figs. 13(a)-
(d) is due to the sub-optimal MMSE FDE, which is not the
MLSE solution. Nonetheless, the performance loss imposed by
increasingG is negligible compared to the performance im-
provements of MB-DFT-S-OFDM-IM over OFDM-IM, which
are well over 10 dB at the BER level of10−4 in Figs. 13(a)-
(d). Once again, the performance advantages of the proposed
MB-DFT-S-OFDM-IM TDSK over its OFDM-IM and OFDM
counterparts seen in Figs. 13(a)-(d) are achieved at both a
reduced PAPR and an increased BPB.
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Fig. 13: Performance results of V-BLAST using the proposed MB-
DFT-S-OFDM-IM TDSK as well as the OFDM-IM and OFDM
schemes.
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Fig. 14: Schematics of single-carrier DFT-S-OFDM-IM aided single-
RF SM.

B. SM and ASTSK

Based on Proposition 1 associated with(G = 1) and
based on Sec. III-B, the DFT-S-OFDM-IM transmission using
localized SC mapping contains the weighted superposition of
M symbols, which always activate all RF chains. As a result,
for SM using DFT-S-OFDM-IM with localized SC mapping, a
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RF chain has to be turned on and off for the whole DFT frame,
as seen in Fig. 14(a). The associated throughput is given by
R = M log2 L+BPSFD-IM+BPSSD-IM

N
, where theBPSSD-IM = log2 NTx

bits are assigned to activate a single one out ofNTx TAs. We
note that if the same is applied in a SM OFDM system as
seen in [62], the throughput is given byR = N log2 L+BPSTx

N
,

where theBPSSD-IM IM bits contribute a diminishing portion
compared toN log2 L as N increases. By contrast, the DFT
sizeM may be substantially smaller thanN .

The DFT precoding, SC mapping andN-point IFFT are
conducted independently on each TA, following the procedures
in Sec. II-B. After IFFT, the samples transmitted overNTx TAs
arexn = [0 · · · 0 xn(ı) 0 · · · 0], where indexı carriesBPSSD-IM

IM bits in the SD. The signal received at the-th RAs is
given by yn() =

PNT x−1
ı=0

PNh−1
τ=0 hτ (ı, )x<n−τ>N (ı) + vn().

After FFT at each RA, the received signal modelled in the
FD is given byYk =

√
PXkHk + Vk, where we haveXk =

[0 · · · 0 Xk(ı) 0 · · · 0] ∈ C
1×NT x , while the elements in the

(NTx × NRx)-element channel matrix are given byHk(ı, ) =PNh−1
τ=0 hτ (ı, )ω−kτ

N . The MIMO MMSE FDE is applied as
Uk = YkGMMSE, whereGMMSE = 1√

P
(H

H
k Hk + N0INR)−1H

H
k .

The(1×NTx)-elementUk = [Uk(0), · · · , Uk(NTx−1)] contains
the MMSE estimates for each TA. Bearing in mind that there
is no ICI in both SM’s spatial domain and DFT-S-OFDM’s
frequency domain, the single-stream based ML detection may
be expressed as:

Step 1 (SC demapping): Uz
k (ı) = Uk+z(ı),

0 ≤ k ≤ M − 1, 0 ≤ ı ≤ NTx − 1.

Step 2 (M -point IDFT): uz
m(ı) = 1√

M

PM−1
k=0 Uz

k (ı)ωkm
M ,

0 ≤ m ≤ M − 1, 0 ≤ ı ≤ NTx − 1.
Step 3 (Demodulation): x̂z

m(ı) = M
−1(uz

m(ı)),
0 ≤ m ≤ M − 1, 0 ≤ ı ≤ NTx − 1.

Step 4 (SD-IM decision): ı̂z = arg min∀ı d(i, z),

whered(i, z) =
PM−1

m=0 ‖uz
m − x̂z

m‖2,
Step 5 (FD-IM decision): ẑ = arg min∀z d(̂ız, z).
Step 6 (Final decisions): ı̂ = ı̂ẑ and x̂m = x̂ẑ

m(̂ı),
0 ≤ m ≤ M − 1.

(33)
The(1×NTx)-element row vectors in Step 4 are given byuz

m =

[uz
m(0), · · · , uz

m(NTx − 1)] and x̂z
m = [x̂z

m(0), · · · , x̂z
m(NTx −

1)]. The detection complexity order of (33) is given by
O(NTxMCFD-IM), which does not grow with the constellation
size but still increases with the number of IM combinations
in both the SD and FD.

In contrast to the localized SC mapping, the distributed SC
mapping results in repeated and rotated PSK/QAM symbols
in the TD, as demonstrated in Proposition 1 associated with
G = 1. This implies that the sparse signal matrices modulated
according to SM, GSM and ASTSK remain sparse after IFFT
at the transmitter. As a result, the DFT-S-OFDM-IM using
distributed SC mapping is the preferred choice for single-RF
and reduced-RF MIMO schemes. The schematic of SM DFT-
S-OFDM-IM using distributed SC mapping is portrayed in
Fig. 14(b). The associated throughput is increased toR =
M(log2 L+BPST x)+BPSFD-IM

N
. More explicitly, after IFFT at each TA,

the transmitted TD samples are given by:

ı(n mod M)

↓
xn = [ 0 · · · 0 ωzn

N x(n mod M) 0 · · · 0],
(34)

where x(n mod M) and ı(n mod M) carry log2 L and BPSSD-IM

bits, respectively. For SM DFT-S-OFDM-IM using distributed
SC mapping, the received signal model and the MMSE FDE
follow the same procedures as discussed above for the local-
ized SC mapping. Moreover, for the signal detection, the first
steps of SC demapping andM-point IDFT are also the same
as (33), except that the SC demapping index is replaced by
Uz

k = Uk=kP+z. After IDFT, the joint detection of modulated
symbols indices{lm}M−1

m=0 , SD-IM indices{ım}M−1
m=0 and FD-

IM index z may be formulated as:

{l̂m}M−1
m=0 , {ı̂m}M−1

m=0 , ẑ=arg min
∀{lm}M−1

m=0
∀{ım}M−1

m=0
∀z

M−1∑

m=0

dz
m(lm, ım),

(35)
where we havedz

m(lm, ım) = ‖uz
m − xlm,ım‖2. The (1×NTx)-

elementxlm,ım is formulated by (34), where theım-th non-
zero element is modulated asxlm . Once again, there is no ICI
in both SD and FD. Therefore, the remaining detection steps
are:

Step 3 (Demodulation): x̂z
m(ım) = M

−1(uz
m(ım)),

0 ≤ m ≤ M − 1, 0 ≤ ı ≤ NTx − 1.
Step 4 (SD-IM decision): ı̂zm = arg min∀ı dz

m(x̂z
m(ım), ım).

Step 5 (FD-IM decision): ẑ = arg min∀z

PM−1
m=0 dz

m(x̂z
m(̂ızm), ı̂zm).

Step 6 (Final decisions): ı̂m = ı̂ẑm and x̂m = x̂ẑ
m(̂ım).

(36)
The detection complexity order is given byO(NTxMCFD-IM).

For ASTSK DFT-S-OFDM-IM using distributed SC map-
ping, the sparse(T × NTx) signal matrix is modulated as
xlAq before DFT precoding, where the SD-TD-IM indexq
carrieslog2 Q bits. The(T ×NTx)-element dispersion matrices
{Aq}Q−1

q=0 are optimized for the sake of achieving a diversity
gain in both SD and TD [56], [57]. After the DFT precoding,
SC mapping and IFFT, the ASTSK signals are transmitted in
the same way as SM. The associated throughput is given by
R = (log2 L+log2 Q)M/T+BPSFD-IM

N
. At the receiver, after the same

N-point FFT, subcarrier demapping andM-point IDFT, the
joint detection of modulated symbols indices{lt}M/T−1

t=0 , SD-
TD-IM indices {qt}M/T−1

t=0 and FD-IM indexz is formulated
as:

{l̂t}
M/T−1
t=0 , {q̂t}

M/T−1
t=0 , ẑ=arg min

∀{lt}M/T−1

t=0
∀{qt}M/T−1

t=0
∀z

M/T−1∑

t=0

dz
t (lt, qt),

(37)
where we have dz

t (lt, qt) = ‖Uz
t − xltAqt‖2 and

the stacked (T × NTx)-element matrix Uz
t =

[(uz
tT )T , (uz

tT+1)
T , · · · , (uz

tT+T−1)
T ]T . Considering that

there is still no ICI in the SD, TD and FD, similar to (36),
the remaining ASTSK detection steps are:

Step 3 (Demodulation): x̂z
t (qt) = M

−1{tr(AH
qt

Uz
t /‖Aqt‖2)},

0 ≤ t ≤ M/T − 1, 0 ≤ q ≤ Q − 1.
Step 4 (SD-TD-IM decision): q̂z

t = arg min∀q dz
t (x̂

z
t (qt), qt).

Step 5 (FD-IM decision): ẑ = arg min∀z

PM/T−1
t=0 dz

t (x̂
z
t (q̂

z
t ), q̂z

t ).
Step 6 (Final decisions): q̂t = q̂ẑ

t and x̂t = x̂ẑ
t (q̂t).

(38)
The detection complexity order is given byO(QMCFD-IM).

Fig. 15 demonstrates that firstly, when employing the same
QPSK modulation and using the same DFT-S-OFDM-IM
parameters, SM using DFT-S-OFDM-IM with distributed SC
mapping achieves the highestBPB = R × N , followed by
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Fig. 16: Performance comparison between SM, ASTSK and SIMO usingDFT-S-OFDM-IM using distributed SC mapping, whereN = 256
and M = 16 are used, and PAPR=0 dB signal transmission is ensured. The parameters and descriptions of the ASTSK schemes may be
found in [57].
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Fig. 15: Performance comparison between SM DFT-S-OFDM-IM
using localized and distributed SC mapping as well as the single-
TA based SIMO DFT-S-OFDM-IM, whereN = 256, NTx = 2 and
QPSK are used.

SM using DFT-S-OFDM-IM with localized SC mapping and
SIMO using DFT-S-OFDM. Secondly, Fig. 15 shows that
the performance advantage of SM DFT-S-OFDM-IM using
distributed SC mapping over its localized counterpart improves
asM increases. Thirdly, Fig. 15 also demonstrates that the SM
schemes do not always achieve a performance gain over their
SIMO counterparts, when compared at the same throughput.
As a remedy, Fig. 16 confirms that ASTSK using DFT-S-
OFDM-IM is capable of outperforming its SM and SIMO
counterparts at the same throughput, thanks to the diversity
gains obtained from all the three SD, TD and FD.

V. CONCLUSIONS

In this work, we proposed a new waveform termed as MB-
DFT-S-OFDM-IM, which supportsdiverse communication
requirements within a singleunified platform. The beneficial
trade-off improvements that are adjustable by configuring
G are summarized in Table III. The MB-DFT-S-OFDM-IM
mitigates the OFDM deficiencies of high PAPR, complex OOB
filtering, bandwidth efficiency loss due to the CP overhead and
sensitivity to carrier frequency offsetwithout compromising on

the SC orthogonality, which ensures the maximum compati-
bility with the existing communication systems. Furthermore,
the proposed MB-DFT-S-OFDM-IM is extended to support
a variety of MIMO schemes, where the IM philosophy is
integrated with the space-, time- and frequency-domains to
support single-/multiple-carrier single-/multiple-RF MIMO in
a unified platform.
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TABLE III: Summary of the MB-DFT-S-OFDM-IM trade-offs onG.

Efficiency metrics Preference onG Basis
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