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Abstract—As the enabling technolgies move up to the mmWave of MIMO schemes, where the IM philosophy is integrated with
and even to the TeraHertz bands for the next-generation wireles the space-, time- and frequency-domains within a singlenified
systems, the signal processing of high-bandwidth orthogonal platform.
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 |. INTRODUCTION
waveforms have been developed in order to mitigate these defi- . - . .
ciencies, which are generally achieved at the cost of compromising The classic O”hog_ona' freque_ncy division multiplexing
some of OFDM’s beneficial properties, such as its subcarrier (OFDM) [1]-[3] constitutes the principal waveform of both
(SC) orthogonality, its high throughput and its straighforward 4G long-term evolution (LTE) and 5G new radio (NR).
adoption to multiple-input multiple-output (MIMO) systems.  The orthogonality of OFDM subcarriers (SCs) facilitates th

Against this background, we propose a new waveform termed ; e ; : _
as multi-band discrete Fourier transform spread-OFDM with following benefits: (A.1) the robust immunity to frequency

index modulation (MB-DFT-S-OFDM-IM), where the component selective _mul_tlpath effect(A_.Z_) the Iow-_complex_lt_y single-
multi-carrier techniques are conceived to constructively funcion  tap equalization(A.3) the trivial bandwidth partitiony(A.4)
together in order to mitigate the OFDM deficiencies without the straighforward adoption to multiple-input multipletput
compromising the beneficial OFDM propertiesMore explicitly,  (MIMO) systems. Nonetheless, the following OFDM defi-
first of all, the PAPR is reduced by the DFT-precoding. Secondly, ciencies are also widely recognize(D.1) the large peak-

thanks to the IM design, MB-DFT-S-OFDM-IM is capable of .
achieving a high throughput that is strictly equal to or higher ~(0-@verage power ratio (PAPR) that encumbers the power

than the OFDM throughput. Thirdly, MB-DFT-S-OFDM-IM  amplifier (PA) design;(D.2) the bandwidth efficiency loss
achieves a beneficial frequency diversity gain, which leads to due to the cyclic prefix (CP) overhea(D.3) the sensitivity
a higher tolerance to carrier frequency offset. Fourthly, the to carrier frequency offset that includes Doppler shift and

OOB filters are placed in each sub-band before DFT, so that ; ; ] _Af i
the SC orthogonality remains intact, which is unique to the oscillator mismatch{(D.4) the out-of-band (OOB) emission

proposed MB-DFT-S-OFDM-IM structure. Last but not least, we that affects the Coe_XiSIence of asynchronous users.
extend the proposed MB-DFT-S-OFDM-IM to support a variety Over the past six decades, a variety of waveforms have
been developed in order to mitigate the OFDM deficiencies,
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and unique-word (UW) designs [9]-[11] remove the CP usagggnal processing of high-bandwidth signals becomes psagr
Instead, a guard interval is provided by embedding zeros sively more power-thirsty. However, the maximum achiegabl
predefined sequences into the tail of data-carrying OFDefficiency of commercially available PAs remains limited to
symbols, which leads to enhanced robustness against bogh tP0%~35% [40], [43], where most of the energy is simply
and frequency offset. However, despite eliminating CP, tliissipated as heat. Furthermore, the PA's dynamic range gen
ZT and UW designs still experience a bandwidth efficienagrally decreases upon increasing the carrier frequencly-[34
loss, where the guard interval overhead scales with the tg8B], [40], [43]-[45]. Therefore, processing high-bandtti
duration. Thirdly, in order to mitigate the OOB emission, thehigh-PAPR OFDM signals becomes increasingly challenging
universal filtered multicarrier (UFMC) principle [12]-[1%s in the mmWave and TeraHertz bands.

often invoked. However, the FD filtering compromises the Against this background, the following question arises:
SC orthogonality, where the OFDM's low-complexity oneig it possible to improve OFDM's throughput and BER
tap equalization is replaced by the UFMC's computationallyerformance at reduced PAPR and OOB emission with-
complex matrix inversion that contains the shifted IDFTIDF oyt compromising the SC orthogonality?n our answer
matrices as well as the channel impulse response (CIRpMatfh this guestion, we propose a new waveform termed as
The recently developed OFDM relying on index modulayiti-band DET-S-OFDM with IM (MB-DFT-S-OFDM-IM),
tion (OFDM-IM) has attracted substantial attention [1&A.  \yhich partitions N SCs intoG groups of (N = &) SCs.
More explicitly, OFDM-IM partitionsN OFDM SCs intoG; - ypjike the conventional OFDM-IM, each group in MB-DFT-
groups, whereN, out of (Ng = &) SCs are activated in 5. OFDM-IM forms a sub-band that is precoded by DFT, as
each group. As a result, in addition to th€N.log, L) bitS  seen in Fig. 1. The IM design is invoked either in FD or
that are conveyed byPSK/QAM symbols, the SC activationTp which constitute FD shift keying (FDSK) and TD shift
index carries extrdG|log, Cy ]) IM bits, whereCy2 refers yeving (TDSK) in Fig. 1, respectively. As discussed before,
to the combination of choosiny out of N¢. It is proven in  pET.S.OFDM alleviates OFDM'’s high-PAPR at the cost of
[16]' tha_t the equivalent SNR on the activated SCs of OFDN; throughput loss, while OFDM-IM is capable of improving
IM is higher than that of OFDM. Nonetheless, the currefbrp\'s throughput and performance at the cost of both high
form of OFDM-IM sitill has the following limitationsFirstly, papR and increased complexity. By contrast, MB-DFT-S-
it was acknowledged in [25]-{27] that the throughput of theyepm-IM is capable of outperforming OFDM 4t) a lower
original OFDM-IM design cannot compete .Wlth that of I'SPAPR, (1) higher throughput(lll) frequency diversity gain,
OFDM counterparts. In order to improve this, on one hang) improved frequency offset tolerano@/) improved OOB
the OFDM-IM throughput is further improved in [17]-{21]syppressionall at the same time, without compromising
by optimizing the bit-to-IM mapping, alternating cons&bn the OFDM's SC orthogonality as explicitly exemplified by
modes and invoking full permutation of the indices. Howevegiy 2. \we emphasize here that the performance results of
the extra dependence imposed among the SCs leads to a - 2 gre definitely not based on cherry-picking the best-
stantially increased signal detection complexity at theeneer. performing arrangements of MB-DFT-S-OFDM-IM. Instead,
Secondly the OFDM-IM performance may be enhanced bjhey are from the same set of parameters of MB-DFT-S-
transmit diversity techniques including rate reductionpre  oEpM-IM using TDSK associated Withv = 256), (G < 16)
dinate interleaving and precoding [22]-{24]. Nonetheless 5nq QPSK. Moreover, the flexible configuration concerning
note that these transmit diversity techniques are not @niqu  can be customized for meeting specific communication
OFDM-IM — they are often routinely invoked in the classiGequirements. Explicitly, as boldly showcased by Fig. 2, in
OFDM systems [1]-[3].Finally, despite the fact that a low ¢reasingc leads to improvements in throughput, complexity
PAPR was initially advocated as one of the key OFDM-IMinq 0OB suppression, but it also results in the gradually

advantages [27]-{29], the simple reduction of the numbgcreased PAPR and slightly degraded BER. In sumary, the
of activated SCs cannot effectively mitigate the multiF@ar noyel contributions are:

PAPR problem. More explicitly, OFDM’s TD samples become
approximately Gaussian distributed far> 64 activated SCs 1) For MB-DFT-S-OFDM-IM using the FDSK scheme of
[30]. Accordingly, a reasonable rule of thumb based on the Fig. 1(a), theM non-zero SCs are evenly partitioned

observations in [31] is that OFDM-IM can only exhibit a into G groups of(Mq = 4%) non-zero SCs, which are
reduced PAPR, when a very small number ®N, < 32 precoded by th@/;-point DFT. Moreover, the positions
SCs are activated, which imposes a serious limitation on the of the remaining(Ne — M) idle SCs in each group
achievable throughput of OFDM-IM. convey extra IM bits. As a result, MB-DFT-S-OFDM-

It is worth noting that as the enabling technolgies move up  IM subsumes the existing single-/multi-carrier systems
from the centimeter Wave (cmWave) band to the millimeter  as special cases. Explicitl;; = N) and(G = 1) conve-
Wave (mmWave) [32]-[35] and even to the TeraHertz band niently lead to OFDM and DFT-S-OFDM, respectively.
[36]-[38], the high PAPR drawback may outweigh the conven-  Moreover, we haveé N4 = M) for OFDM-IM, where
tional OFDM benefits in next-generation wireless scenarios  the DFT is switched off. For a total number Bfusers,
This is due to the fact that the PAs dominate the energy one can either assigiVy = N/U) SCs to each user
consumption in cellular networks, which contributes as Imuc as in LTE-style Orthogonal Frequency-Division Multiple
as 50%-80% of the power supply at a base station (BS) [39], Access (OFDMA), or assign each sub-band to a user for
[40]. Moreover, in the era of 100 Gbps data rates [41], [48, t Frequency Division Multiple Access (FDMA).
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Fig. 1: Generic schematics of the proposed MB-DFT-S-OFDM-IM u$ib$K and TDSK.
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Fig. 2: The performance of the proposed MB-DFT-S-OFDM-IM in terofi PAPR, data rate, complexity and OOB suppression. The detailed
descriptions are given in Fig. 5(c), Fig. 6(b), Fig. 7(b), Fig. 11, 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) S-OFDM-IM achieves a beneficial frequency diversity
cannot be randomized. Instead, the idle SCs can only be gain, which is sufficient for MB-DFT-S-OFDM-IM to
distributed either locally or periodically in the same way substantially outperform OFDM in the presence of both
as in the DFT-S-OFDM regime [8], [46]-[48], which carrier frequency offset and OOB filtering and in MIMO
limits the maximum number of IM bits that can be systems, as exemplified by Figs. 2(e)-(h).
conveyed. In order to improve this, we propose the 4) Instead of the frequency-domain filtering in the conven-
TDSK arrangement of Fig. 1(b), so that MB-DFT-S- tional UFMC design [12]-[15], the OOB filtering opera-
OFDM-IM becomes capable of achieving a throughput  tion of MB-DFT-S-OFDM-IM is performed in the time-
that is strictly equal to or higher than that of OFDM, as domain before DFT. As a result, the SC orthogonality
exemplified by Fig. 2(b). remains intact, which is unique to the proposed MB-

3) As the benefit of DFT-precoding, on one hand, the DFT-S-OFDM-IM structure of Fig. 1.

OFDM'’'s PAPR is effectively reduced by decreasing 5) Furthermore, MB-DFT-S-OFDM-IM supportsliverse
G, as demonstrated by Fig. 2(a). On the other hand, = communication requirements within a singleified
owing to the fact that the DFT-spreading distributes platform. Conventionally, the MB-DFT-S-OFDM model
the signal energy uniformly over the SCs, MB-DFT- using no IM is invoked in uplink only, where different
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TABLE I: Summary of key notations.

X Eﬂﬂﬁi g; sgips The degree of freedom provided by large antenna arrays in

Noe=& number of SCs in each group mmWave, where numerous half-wavelength-spaced antennas

M number of non-zero SCs can be accommodated within a compact form, has to be used

Mg = & DFT size in each group . . .

Ny © e o7 dle 5Cs for beam_for_mlng. Hence supp_ortlng’T_zA > 2L activated _
- oversampling ratio streams is in general unsustainable in the SD. However, in

Nn number of multipath fading components the FD, Ny, and Ny, are replaced by the numbers of SCs

BPS number of bits per symbol . . e

T —o5FFS number of PSKIOAM modulation Tevels N and GN4, whereGN4 > 2L can be readily satisfied by

considering that the number of SCs is often on the order of
sub-bands are assigned to different users and th#@usands in modern communication systems.
is no benefit in increasingz within the bandwidth

assigned for asingle user. .B.y contrast, the proposed IVlB'SecondIy, can the IM scheme invoke the single-stream ML
DFT'S_'OFDM'IM IS bene_f|C|aI for both the_uplmk anddetector? In space-/time- domains, the SM and STSK schemes
dow_nllnk, where Increasing leads to flexible trade- ;. impose any inter-channel interference (ICl), hehee t
off Improvements concerning the PAPR, throughpuEingle-stream based ML detection is invoked without any per
complexny, .OOB raQ|at|on as well as BER performancg, ..o loss, as demonstrated in [51], [52], [55]. Sintylar
as exemplified by Fig. 2. ) hanks to the SC orthogonality in the FD, we will conceive
6) Finally, the propo;ed MB'DFT'S',OFDM'lM 1S exteqde ingle-stream detectors for both MB-DFT-S-OFDM-IM and
to support generic MIMO configurations. Our SIMUnep v, where no performance loss is imposed, while the

Iation_ results d_emonstrate that th_e MB-DFT-S-OFDMgay6ction complexity does not grow with the constellatime s
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 Moreover, let us clarify the three-fold efficiencies used
reduced PAPR and an improved throughput. Moreovder characterizing the performance in this pag@andwidth

the single-carrier special case of MB-DFT-S-OFDM-INEfficiency is directly quantified by the system throughput,

having (G = 1) is adopted for supporting single-RFwhich is the maximum data rate that can be delivered within a
spatial modulation (SM) [50]-[55] and asynchronougiven bandwidth. For example, V-BLAST is considered to be
space-time shift keying (ASTSK) [56]-[61]. The ulti-a bandwidth-efficient MIMO scheme, because its throughput
mate benefit of our new waveform supporting ASTSKrows linearly withNr.. Power Efficiencyrefers to the signal

is that it is capable of simultaneously gleaning diversitifansmission power required for achieving a certain target
gains in the space-, time- and frequency-domains. performance. In this scenario, a diversity gain is congider

Moreover, as a minor contribution, we conceive a new singl@éneficial, which typically leads to a reduction in SNR re-
stream ML detection algorithm for OFDM-IM. In contrast toduired for achieving a target BEREnergy Efficiency takes
the Log-Likelihood Ratio (LLR) based detector of Basaal. NtO account the energy consumption of the transceiver. In a
[16], the detection complexity of the proposed algorithneslo nutshell, the three-fold eﬁ|p|en0|¢s of OFDM including UEM
not increase with the constellation size. [12]-[15], DFT-S-OFDM including ZT and UW [9]-[11],
For the sake of clarification, the key notations used in thf8FPM-IM including precoding [16]-{27] and the proposed
paper are summarized in Table I. The rest of the paper 8-DFT-S-OFDM-IM are compared in Table Il Specifically,
organized as follows. MB-DFT-S-OFDM-IM using FDSK andn terms ofbandwidth efficiency both OFDM-IM and MB-
TDSK are conceived in Sec. II, while our case studies if?FT-S-OFDM-IM are capable of achieving higher throughput
cluding OFDM-IM, uplink DFT-S-OFDM, OOB filtering and than OFDM, thanks to the IM-based design. Moreover, it is of
carrier frequency offset are discussed in Sec Ill. The MiM&Rlient importance for the waveforms to seamlessly support

applications are presented in Sec. IV, and the conclusioms BLAST MIMO. In terms of power efficiency both precoding
offered in Sec. V. and DFT-spreading introduce frequency diversity gainache

the improved BER performance for DFT-S-OFDM, OFDM-
Il. MB-DFT-S-OFDM-IM IM using .pr.ecod.ing and MB-DFT-S-OFDM-IM. Finally, t.he
) o energy efficiencys determined by the PAPR at the transmitter,

A. Design Guidelines signal detection complexity at the receiver and the ability

The design guidelines of this paper follow the follwoing twdo support single-/reduced-RF MIMO. In this category, MB-
guestions. Firstly, can the thoughput of IM compete witht thDFT-S-OFDM-IM is capable of achieving a flexibly adjustable
of its multiplexing-oriented and full-rate counterpart¥fe low PAPR, of retaining SC orthogonality and of supporting
answer is yes, but it is more realistic to achieve this goal single-/reduced-RF MIMO. Nonetheless, we also have to
the FD than in the original spatial domain (SD). To elabqrateeport that similar to OFDM-IM, MB-DFT-S-OFDM-IM has
it has recently been proven in [62] that for a generalizezktra IM detection complexity, which may pose a potential
SM (GSM) scheme activatingvr,,, out of N, TAs, the disadvantage. However, thanks to the MB arrangement, the IM
sufficient condition for GSM to have a higher throughput thadetection complexity is reduced by increasi@gFurthermore,
V-BLAST is (Nr., > 2L). However, in the most up-to-datethe number of IM bits can also be flexibly configured in
5G standards, only up to four and eight MIMO streams amder to take into account the complexity. These issues are
supported for the uplink and downlink, respectively [6]].[7 thoroughly investigated in the following sections.
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TABLE Il: Summary on candidate waveforms.

Bandwidth efficiency Power efficienc 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 VA High SCs orthogonal SCs non- X
(inc. UFMC) orthogonal
DFT-S-OFDM Lower (pulse
(inc. ZT/UW) shaping)
OFDM-IM i SCs non- X
(inc.precoding) orthognal

MB-DFT-S-
OFDM-IM | IM(adjustable | | | | | (adjustable | (extra IM comp- | orthogonal | (G =1) |

Localized SC Mapping Distributed SC Mapplng
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Fig. 3: Schematics of the generalized MB-DFT-S-OFDM-IM using FD$Id &C mapping.

B. The FDSK Arrangement wherek = 0,---,N —1 and0 < z, < P — 1. Following this,

the G x Ng block interleaver [63] is employed ar.,, =

1) MB Signal Generation: The proposed MB-DFT-S- % The TD samples are generated by thepoint IFFT as:
OFDM-IM using FDSK of Fig. 1(a) is detailed in Fig. 3. The *

N SCs andM non-zero SCs are evenly partitioned into 7z, = \/72N 1X~w1v = \/72 Nc ' X,z wngﬂ)",

groups as{N¢ = &) and (M¢ = %), respectively. The total (4)

number of zeros i$N; = N — M) and the oversampling ratiowhere k = kG + g, while the unity TD powertE{z,} = 1 is

is (P = & = 2a). The positions of zeros in each group carrglways ensured.

(BPEPM — w) IM bits, and the overall throughput is Proposition 1 (Energy efficiency: PAPR)The TD samples

given by (R = 28), where the bits per block (BPB) is givenof MB-DFT-S-OFDM-IM are constituted by superpositions of

by (BPB= MBPS+BPS™™), and we havéBPS= log, L). G single-carrier signals, whose PAPR scales witfor G <<
As seen in Fig. 3, in the-th group, Mc LPSK/QAM N.

symbols{z,, m}MG ! are moduated in the TD. The transmitte

performs M..-point DFT precoding as: Proof. For the localized SC mapping, (4) may be extended as:

- (z GHg)n —~Mg—1 /
PR — o = i T T N e fin — ),
ok = g &em=0  Tom@iig (1) (5)
where Mg =1 nk _ ,(Mg=1)n/2 50(5) s 5 circular
fO (n) k=0 wNG wNG sin( 1"\‘;" )

wherewn, = exp(j75). In order to retain the single-carrier

version of a sinc pulse with zero excess baGndwidth limited t
signal for each sub- band, th&/; non-zero SCs have to z\f

at the integer
be distributed either Iocally or periodically [8], [46]-9#
On one hand, the localized SC mapping seen in Fig. 3 e(;(mogno ”/P_QOMG+m°' the TD sample periodically
assignsz, and (Ne¢ — Mg — z4) zero before and after the S

Mg contiguous non-zero SCs, where indexis capable of T, = L 5761 ,(2CGFano,, (6)
conveyingBPSP™ < log, (N — Mc) IM bits. The localized .@29*0 v e
SC mapping is represented by: Simiarly, for the distributed SC mapping, (4) becomes:
— _ z2qG n n—m
< 7_{ Xg.6, Whenk==k+ z,, @ Tn = MGNE (g +9) Z%ﬁolxngMG 1 k( )
kT i ’ z n
g 0, otherwise \F Z < gG+g> Tgn mod M

= )
Vgﬁg rgt‘r’]\':r hh?/rﬁi:tgg .di’sivri%attgngg %nggir]]\gcs_ej\gﬁ Tnl'F(i)gn ichis also a superposit'ion of rotated single-carrier signals.
further partitions N¢ SCs into Mg groups, wherez, and a result, when PSK is employed, the PAPR uppgr 1bound
(Maghe — 2, = P—1-2z,) zeros are assigned before and aftd given by G with a probability of occurrence of )
the si Agle activated SC in each group, while indgxconveys Wwhere the same modulated PSK phases added constructlvely

BPSP™ < log,(P) IM bits. The distributed SC mapping isat » = 0. Similarly, for square QAM signalling, the PAPR
represented by: upper bound is"“C/L=1) with a probability of occurrence of
- 4x(L)¢ [64]. Based on [30], [31], the superpositioned samples
< X henk = kP
Xor= { 079”“’ \cIJVth?err]wise +zg () of (6) and (7) become Gaussianized tor> 32, which should
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be avoided. In summary, for small values 6f << N, the the proposed DFT-S-OFDM-IM is also free of ICI. Upon
PAPR of MB-DFT-S-OFDM-IM scales linearly witty. [0 obtainingU, . from block de-interleaving, the single-stream
based signal detection for theth group is summarized as:
2) Bandwidth EfficiencyBased on Proposition 1, increas- _ B U,%_pss., localized
ing G for MB-DFT-S-OFDM-IM leads to a degraded energyteP 1(SC demapping): U, 5 = Ug’E:kPj . distributed °
efficiency of PAPR. Nonetheless, increasifigvould also lead : 24 L eMe- ek
X ! . 7 Step 2(Mg-point IDFT): ug%, = fe=t 29 yhm
to an improved throughput, subject to the sufficient condii P 2(Mc-poi ): ! VMg 2=y Uplii
proven in the Proposition 2 below. Step 3(D dulation): Azgo S_%EMZGQ_ 1‘0 <m<M 1
Proposition 2 (Bandwidth efficiency):For MB-DFT-S- SteP 3(Demodulation): g%, =M™ (uglm), 0 < m < Mg — 1.
. . ) o . Step 4 (FD-IM decision): 2, = arg miny., » S,
OFDM-IM using localized SC mapping, it is sufficient to . - . 2 g —m=
. ~ . . Step 5(Final decision): Z4m = Z¢'m, 0 <m < Mg — 1.
requirel < G < \/; so that the BPB gain obtained from (12)
increasingG > 1 is strictly non-negative and lower boundedhere are a total number @ff>™ — 28*<™ candidates for
by BPBaain > (G — 2)log, G, Which increases monotonicallyindexz,. Therefore, Steps 1-3 have to be repeatgd™ times
with G. Similarly, for MB-DFT-S-OFDM-IM using distributed in order to evaluatg 'S ™ |uy%m —i4/m|” in Step 4. Moreover,
SC mapping, it is sufficient to require > 1, so that SINce the IM indexz, Is modulated in the FD, it may be

. . tected by:
BPBgain = (G — 1) log, P also improves witha. detected by

gl — Zgom|*.

Mg—1 Mg—1

. . . . 1
Proof. First of all, for localized SC mapping, the groupings, — ar i Z [ — Z $29 k2
! ! 9 g min ‘ k Egfmwar |
arrangement is only beneficial when the BPB gain is strictly Vag=0. @M =T VMe T (3)
non-negative aBPBgain = G'log, % —log, Nz > 0. This leads _ v . Moo 29—
to log, Nz > % log, G. Since we always have®. < 2, it where the whole metric ofUy/m — =35 mwirg"}

~Zg

is sufficient to requireG < +/Nz. Let us assume that zerois the DFT of an error signdley, ., = ug’m —&3% }. Therefore,
padding is compulsary, which leads to the integer 1 and the FDSK’s IM index detection is carried out directly in the

henceN; = N — & > &. Therefore, it becomes sufficientTD as seen in Step 4 of (12) without invoking the DFT in

to require G < \/§ By using G < /Nz, we arrive at (13). _
BPBgan > (G — 2)log, G. Secondly, for MB-DFT-S-OFDM- Moreover, we note that the single-stream PSK/QAM de-

IM using distributed SC mapping, we always have a groupifgedulator is invoked\/Ce>™ times in Step 3 of (12). For
gain, owing to the fact thatrlog, Y& > log, & for G > 1. example, when PSK is invoked, the demodulated index is
S > >

This leads to a strictly non-negati&PBean = (G — 1) log, P, simply given by rounding the angle af,,, to the nearest

which also increases monotonically with PSK phase af,m = |5 Zug.]. Similarly, for square QAM,
the demodulated index may be obtained by rounding the real

and imaginary parts ofi, ., to the nearest magnitudes [52].
In summary, the detection complexity order of (12) is given
Yn(2) = XN e ()T <n—rs y + Vn(2), (8) by O(McCEP™), which does not grow with the constellation
where< n — 7 >y represents: — - modulo N. The multipath SZ€L. . _ _
components and the additive white Gaussian noise (AWGN)Proposition 3 (Energy efficiency: detection complexity):
are generated according 16 (5) € CN(0,y-) and v.(j) € Although the total number of IM bits is increased with

CN(0, No,rp), respectively. ApplyingN-point FFT at each as GBPSP™ — Glog, X2 and GBPSP™ = Glog, P for

3) Single-Stream ML Detectiorthe signal received at the
g-th RA is:

RA, the FD received signal model is given by: MB-DFT-S-OFDM-IM using localized and distributed SC

Y; = VPXH; +V; (9) mapping, respectively, the overall detection complexitgen
— — _ decreases as grows.

where Y% = [YE(0)7 e 7YE(NRI — 1)} € ClXNR’“,

Yi(5) = ﬁzf;ol yn()wy"", H; = [H(0), -, H;(Npo — Proof._For MB-DFT_—S_—OFDM-IM, there areN_Z =N-M

1)] c CxNre, T (y) _ S Vn =1 hT(j)w;VzT, zeros in total, but this is reduced IQ/G zeros in each group.

Vi = Vi), Vi(Npe — 1)] i Ccl*Nr.  As a resu[!tl,Mthe number of IM bltsmlﬂn each group is reduced

V() = ﬁ SN (™ and X; = \/% SNz W from BPS < |log,(Nz)| to BPS:; < LlogQ(Nz/CF?E))J”(/I and

Similar o OFDM-IM, the noise power in FD at thethe complexity order of (12) is reduced fro(A7C™™) to

MB-DFT-S-OFDM-IM receiver is reduced to: O(GMcCEF™), whereM = GMe. O

No,pp = 201D (10) Remark 1 (Flexibility on BPS?™): Since the detection

One of the major advantages of the MB-DFT-S-OFDM-IMfOMPlexity order of MB.'DFT[;?“;O.FDM'IM using FDSK in-
is that by using the same OFDM framework, the sign&feases exponentially witsPs>™, it may not always be prac-

processing at the receiver is carried out in the FD, whidfeal to convey the upper bounds BPS?™, hence we always
facilitates the following one-tap MMSE FDE: denoteBPSP™ < |log,(Ng — Mc)| andBPSP™ < |log,(P)]
throughout the paper for localized and distributed SC mappi

U — 1 YiH )
respectively.

F= ey 0SESN -1 (11)

This avoids invoking IDFT for allL™c combinations of 4) Diversity Analysis:The Pairwise Error Probability (PEP)
{zg.m}Me . However, the optimal MLSE solution cannot b

o Hf OFDM-IM has been intensively analysed [63], [65], [66].

obtained by the MMSE FDE without further decision feedbaddowever, for the proposed MB-DFT-S-OFDM-IM, the theo-
[8], [46], [47]. Once again, owing to the SC orthogonalityretical analysis can only be used for evaluating the ditersi
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(Optional)BPSE>™M e L W
order owing to the following reasons. First of all, MB-DF¥-S " —oe e e v poinbla"t;—»’\sﬂubc?:ieﬂ;:‘iNc i
OFDM-IM invokes MMSE FDE, which does not reach the'*kfu] —sparaigis™c oer | Mg ™" [ 7 H
MLSE performance without further decision feedback [8], [CREE I S AR F i
[46], [47]. Secondly, OFDM-IM favours a large value for G . norieavin q P
that leads to a small value foNe = %), which simplifies the Groups OptionaBPSEP™ A N N
combination desigy#. By contrast, based on Proposition 1, o Mo - ﬁ:sm\me? o
MB-DFT-S-OFDM-IM requires a small value @f << N that ;. . —® l:‘:ﬁwGMg POt 1 Mapping *No H '
leads to a largéNe = &), which prevents us from calculating  bis ol < F 2 e e -

—u

the PEP by simulation. Fig. 4: Schematics of the generalized MB-DFT-S-OFDM-IM usin
Proposition 4 (Power efficiency: diversity orderlhe fre- T:ZE)J.SK. chematics of the generalize It -V using

guency diversity order of MB-DFT-S-OFDM-IM using FDSK

is given byr = min(Mg, Np). Corollary 1 (Spectral and power efficiencies tradeoffjor
Proof. First of all, the Mc-point DFT of (1) may be formu- MB-DFT-S-OFDM-IM using FDSK associated witi/¢ > 1)
lated in the foIIowing matrix form: and(P > 1), the throughput of localized SC mapping is strictly
TV g AL (14) equal to or higher than its distributed SC mapping countérpa
\/MG ’ However, based on Proposition 4, the distributed SC mapping

where the(M¢ x M¢)-element FD signal matrix is representeds capable of achieving a higher effective frequency diters
by the diagonal matrixX = diag(X,,0, Xg,1, ", Xg,mc-1), gain.

while the (Mg x Mg)-element equivalent d|sper3|on matrix

is given by A,, = diag(1,w;", - - M&MMG D). The group Proof For (P > 2), the range of the DFT size B< Mg <
index ¢ is omitted from (15) for the sake of convenience™. Therefore, we haveBPSP™ = |log,(No — Mg)| =

The associated distance matidxx = (X — X')(X — X')# is log, Ng — 1 andBPS>™M — [log, EMG)J € [1,log, Ne — 1] for

of full rank with a non-vanishing determinant aét(Ax) 2 ; i
o — 2 ‘QMG where the minimum is reached whep = the localized and distributed SC mapping, respectivelyereh

and {z,y = @', bym'2m. Secondly, after thev-point IFFT the former is strictly equal to or higher than the latter for

at each RA and block de-interleaving, the holistic receivéd/c > 2). Moreover, based on (18) and (19), the diversity
signal matrix that contains alVe SCs of each group may beorder of M¢ + |z, — 2| achieved by a subset of the localized

expressed as: _ I mapped codeword pairs associated with # z; is lower
=VPXH+V, 15 than 2M¢ of the distributed counterpart, hence the latter
where we haveY = (Yoo, Ying1]T € CVoxNro, achieves a higher frequency diversity gain over the subiset o
H - [ﬁng . ﬁ;NG_I]T ¢ CNexNre and V codewords. O
Voo Vg 4|7 € CcNexNrx The (Ne x Ng)-element
dragonal matrix is grven by: C. The TDSK Arrangement
KE = HEThon | e e o e
’ X[(k = z9)/ P, (k — 24)/P], distributed SC r(nla6r))p| gols Flf]%e]onger n mte;ereﬁe semcjatlﬁu?ta plir g ra io
Mg - 1
Based on (15), the PEP may be expressed as: corresponds to the case of having a single zero in each group.
However, according to Proposition 1, the position of theozer
pX —X) = Ey {Q H\/ﬁ(ifi')ﬁlﬁ]} cannot be randomized in the FD, which limits the achievable
2No a7 M throughput. In order to improve the MB-DFT-S-OFDM-IM
- (L>—TNR = A }71\71?, throughput, we propose the TDSK arrangement of of Fig. 1(b),
— \4MNo v=0 7 ’ which is detailed in Fig. 4. The TDSK of Fig. 4 is similar to

r— ; ; FDSK of Fig. 3, except that the IM aided zero padding is
where {\,}7Z, are the non-zero eigenvalues of the dlf“ferenc%1e ; : '
matrix A — AxA . The(Ne x N )-element difference matrix Performed in the TD before the DFT precoding as:

A~ is a sparse diagonal matrix, whek A = A¢A5) iS p
given by the number of non-zero diagonal elements. For the B 69 (20)
localized SC mapping, we have: xg =[ 291 - Tgzp1 0@ pt1 - Tom1g-1);
M, if 2z, = 2, where the single zero padding indek conveysBPS?™ =
rank(A+) Mg+ |z =72, if|zg—2, <Ma . (18) log, Mc bits, while the rest of thepM—1) modulated symbols
{ 2Me, if |29 — 24| > Mc convey (M¢ — 1) log, L bits.

Proposition 5 (Bandwidth efficiency gain over OFDM):
_ ) It is sufficient to requireM¢ = Ng = N/G > L, so that the
rank Ax) = { %?’ !; Zg = %g (19) throughput of MB-DFT-S-OFDM-IM using TDSK becomes
@ 1z 72 R = GlosMat(Ma—llosa 1] - \hich is strictly equal to or
Moreover, the secondNg x Ng)-element matrix inA is higher than the OFDM throughput aofg, L

Similarly, for the distributed SC mapping, we have:

given by A = Ex(HH") = Wi, DWy,, where Wy, This is significant because it is often assumed that the
is DFT matrix, whileD has N, non-zero diagonal elementsOFDM-IM throughput cannot compete with that of OFDM
as D = diag(x—, -, 5,0,---,0). Therefore, the overall [26], [27]. Once again, the MB-DFT-S-OFDM-IM arrange-
frequency diversity order is given by = rankKA¢D) = ments generally favours small values @ << N) for the

min(Meg, Np,). [0 sake of low PAPR, which makes the conditioniaf; = N =
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—— MB-DFT-S-OFDM-IM, local. —— MB-DFT-S-OFDM-IM, local.
: Y (N=256,M=128,QPSK) (N=1024,M=512,QPSK)
N/G>L easy to .sat|sfy. Moreo_ver, we note tha_t thg condition | ___ DF-5-OFDM. loeal ---- DF-S-OFDM, focal
of Ms = N¢ implies that there is no zero padding in the FD. (N=256,M=128,QPSK) (N=1024,M=512,QPSK)
. . . . o] - ol R
For this reason, theP<>™ in the FD is marked as optional (=256 N4 N =1,QPSK) (m1094 N4 N=L.OPSK)
in Fig. 4. Without loss of generality, the parameters for the e OFDM (N=256,QPSK) e OFDM (N=1024,QPSK)

MB-DFT-S-OFDM-IM using TDSK are configured to comply
with Mg = Ne¢ = N/G > L in the rest of this paper.
Proposition 6 (Bandwidth efficiency gain owx): For MB-

DFT-S-OFDM-IM using TDSK, it is sufficient to require < o6l ]
G < /N, so that the BPB gain obtained from increasifig éos; T .-
. . 2L G=1,248 : ] I}
is lower bounded byBPBcan > (G — 2)log, G, which grows © oal N
monotonically withG. 0sl : ]

02 :

Proof. Similar to Proposition 2, increasing for MB-DFT-
S-OFDM-IM is only beneficial wherBPBean = Glog, & —
log, N > 0. This leads to the requirement abg, N >

01F %

0.0 Ll i, !
012345678910 0 2 4 6 8 10 12

o . L PAPR (dB) PAPR (dB)
&7 log, G, which can be satisfied by < N because of (5 Fpsk localizedy = 256 (b) FDSK localizedy — 1024

25 < 2. As aresult, we arrive @&PBgain > (G—2)log, G. 0O

.. _ —— MB-DFT-S-OFDM-IM, distri.
Proposition 7 (Energy efficiency: PAPR)The TD samples (N=256,M=128,QPSK)
H NS ---- DFT-S-OFDM, distri.
of the MB—DFT—S—OF_DM—IM using TDSK are superpositions (N=256,M=128,0PSK)
of G single-carrier signals, whose PAPR scales withfor OFDM-IM  MB-DFT-S-OFDMLIM. TDSK
G<<N (N=256(,N3=4,NA=1,QI§SK) (N=256,QPSK) '
e OFDM (N=256,QPSK) | | .. OFDM (YN:255,QPSK)
Proof. After the same DFT precoding Xy, = zz B B U S
1 Mg—1 —km i : 9 b 09 2 il
ﬁzmzo jg,mwMG and the block interleaving b 1 r ]
Xz6., = X,5 the N-point IFFT of (4) is extended o7l ] ol 1
for MB-DFT-SOFDM-IM using TDSK as: 06l ] ol
L L w e 7
_ 1= T n So — R [ap B
P G-1 Mg—1 Mg—1 (n—m)k T
= NJ\:;G Zq:O W Domo Tam DorH 5»1(; ) 03[~ B 03f- N
P G—-1 n 0.2 — 2 _
=\ Zg:o W Tg,n mod Mc s sl B 2217 ]
L . . . . (21)_ 0_.07‘\‘\”\‘\‘\‘\‘\ 0.0"\ Ll Xy
which is a superposition aff single-carrier signals as seen in 012345678810 Yo 2 4 6 8 10 12
Proposition 1. The normalizatioRr = -2 ensures unity TD PAPR (dB) PAPR (dB)
T M-1 (c) FDSK,distributedy =256 (d) TDSK, N = 256
transmission power. U Fig. 5: Comparison of CCDFs of PAPRs of the proposed MB-DFT-

It is straightforward to see that Proposition 3 on detectiopfOFPM-IM using FDSK and TDSK, where QPSK is employed.
complexity and Proposition 4 on the diversity order also ag® DFT-S-OFDM, OFDM-IM and conventional OFDM schemes are
ply to the MB-DFT-S-OFDM-IM using TDSK. Furthermore,Shown as benchmarks.
the the detection procedures of MB-DFT-S-OFDM-IM using

TDSK are revised as: using FDSK-distributed and TDSK in Fig. 5(c) and (d) extsbit
Step 1(M-point IDFT):  wg,m = k= 30147 Uy w7y, lower PAPR starting from PAPR=0 dB faf = 1 owing to
0<m< Mg-1. the absence of the FDSK-localized sinc interpolated symbol
Step 2(Demodulation):  &g,m =M™ (ug,m). , shown in Proposition 1. Furthermore, Fig. 5(a)-(d) dematst
Step 3(TD-IM decision):  Z; = arg miny.; [lug — %7012 that the PAPRs of MB-DFT-S-OFDM-IM are generally lower
% than those of OFDM-IM and OFDM, but the gap becomes

Step 4 (Final decision): %, = %x,7. ) )
(22) smaller, when increasing towards 16.
Explicitly, U, = ;Pm in Step 1 refers to the Fig. 6 portrays the data-rate gain achieved by the proposed
T 9, .
MMSE FDE output. The1 x Mc)-element matrices in Step 3MB-DFT-S-OFDM-IM using FDSK and TDSK over DFT-S-
: OFDM and OFDM, respectively. This is evaluated based on
[E0.0 #1 --- g10_1]” formulated based on (20) associate e 5G numerology [6], [7]. The SC spacing is given by

o B . . L CS = 2# x 15 kHz, wherep = {0,1,2,3,4}. One slot

VOVI(tJT/[s)g,’Z\%VhTCﬁ' d‘;fg;igicgrg&s\/rylexﬂy order is given byof 14 OFDM symbols i27# ms for normal CP. Explicitly,
Fig. 6(a) confirms Proposition 2 that the data rate of MB-

DFT-S-OFDM-IM FDSK increases witliy, where the data
D. Performance Results rate gain over the single-carrier DFT-S-OFDM without IM

Fig. 5 portrays the PAPR trade-off ai. More explicitly, is evaluated by2* x 14 x (log,(%) — 1)G x 10~° Mhbits/s.
Fig. 5(a) and (b) demonstrate that the PAPR of MB-DFT-S=urthermore, Fig. 6(b) confirms Proposition 6 that the data
OFDM-IM using FDSK-localized scale witly for both v = rate of MB-DFT-S-OFDM-IM TDSK also grows withG,
256 and N = 1024, respectively. The MB-DFT-S-OFDM-IM where the data rate gain over the full OFDM throughput

-  wH
Yg.eHy i

are given byu, = [ugo ug1 - ugme—1]T and x,° =
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N
o
T

capable of achieving beneficial frequency diversity gaivero
their OFDM-IM and OFDM counterparts, where the power-
efficiency gains are as high as over 10 dB at the BER level of
10~* for Ng, = 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).

P oo ANPRP ]

OOOOO [
=

Additional data rate (Mbits/s)

Ill. CASE STUDIES

() FDSK-localized over DFT-S-OFDM A. OFDM-IM
OFDM-IM partitions N SCs into G groups, whereN 4

Y[ e ] out of N = & are activated as(,, = X,, for k € K.
12|~ § o q The FD indices combinatiokt = {k,}"4, " is determined by
ol | ke ] BPP™ = |log, Cy2 | bits, where we have, = 0,--- ,No—1
i 1 andk, # k. for eachkC. Moreover, each activated SC conveys
| N=1024,QPSK N a modulatedLPSK/QAM symbol, hence the overall OFDM-

_cNa
] IM throughput is B = <(1o% CNG]JV+NA 22 After block
: interleaver, the TD samples are also generated by Nhe
point IFFT of (4), and the received signals afférpoint FFT
are also represented by (9), whareof MB-DFT-S-OFDM-
IM may be replaced b)Nﬂj for OFDM-IM. After block de-
p interleaving, the ML detection may be expressed as:

(b) TDSK over OFDM

Additional data rate (Mbits/s)
)

. . Na-1
Fig. 6: The data rate gain of MB-DFT-S-OFDM-IM FDSK over, P . Ng 2
DFT-S-OFDM as well as that of MB-DFT-S-OFDM-IM TDSK over {Xo.ke: Ko} = arg  min 5 ¥k =/ 57 Xon Hor I
OFDM. The data rate gains of FDSK and TDSK are respectively o a=0 (23)

evaluated by[2* x 14 x BPSF*“ x G x N x 107®] Mbits/s and , , , oy YA |
[2 x 14 x (R — BPY x N x 10~%] Mbits/s according to the s Which has an excessive complexity ordexup N [Na),
numerology [6], [7]. As a remedy, a near-optimal LLR based detector is conceived

in [16], where the LLR associated with each possible actiyat
SC is evaluated and compared. Since the probability evalua-
tions have to visit allL. constellation points, the associated

detection complexity order is given b9(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. Firfst o
all, let us streamline the matrix norm term in (23)|@5, ., —

A/ JN\TfXg,kaHg,ka H2 =(1Zg.ka — Xg,ka|2 - |Zg,ka|2)"53,kav where

6€+08

1.6e6

56408 N=1024, M=512

=P
[N
0] @
o o

4e+081 |
B le6
3e+08H | 8e5

P 6e5
2e+08 1+

Complexity (real-valued multiplications)
!
Complexity (real-valued multiplications)

5 4e5 we haveZ, . = /34 Y, Hy' /r; , ands] = [[Hgi|*. As a
1ev08 b 25 result, the OFDM-IM detection is decoupled into the follogi
. | :: steps:
G=1 G=2 G=4 G=8 G=16 G=1 G=2 G=4 G=8 G=16 . .
() FDSK-localized (b) TDSK Step 1(Demodulation): X, = M~ (Z.)-
Fig. 7: Complexity (real-valued multiplications) of MB-DFT-S- SteP 2(IM decision): K, S ore v, b o
OFDM-IM using FDSK and TDSK(N = 1024). ot U Zoka=Xgka "1 Zgka P Kl 1o
Step 2 (Final decision): X, = Xg,x Vka € Ky. 24)
L . -3 i . . :
IS g'\cﬁ?g %f(jl)ljgxum — log, L)N x 107 Mbits/s and The complexity order is reduced t0(N¢), which does not
R=——2—F *= based on Proposition 5. grow with the alphabet sizé&. Moreover, owing to the SC

Fig. 7 presents the detection complexity of MB-DFT-Serthogonality, the decoupling in (24) always leads to the ML
OFDM-IM using FDSK and TDSK, which confirm Propo-solution.
sition 3, that the detection complexity indeed decreaseS as The BER and complexity comparisons between the sub-
increases. optimal LLR detector [16] and the proposed single-stream
Fig. 8 presents our performance comparison betwebased ML detector of OFDM-IM are presented in Fig. 9.
the proposed MB-DFT-S-OFDM-IM using FDSK/TDSK toWe note that all the metrics of (24) includingZ, »}, < ",
OFDM-IM and OFDM. We note that performance losse$sy i} ' and{(|Zo. — Xo.kl* — | Zok|*)r2 c 110G, ' are eval-
for using G > 1 in MB-DFT-S-OFDM-IM are recorded in uated only once. It is evidenced by Fig. 9 that the LLR-
Figs. 8(a)-(d). This is expected because the suboptimal EM®ased detector imposes a noticeable performance loss in the
FDE becomes less reliable a&; = M/G decreases. Nonethe-low-SNR region, while the proposed detector retains the ML
less, Figs. 8(a)-(d) unequivocally confirm Proposition gttt performance, despite its substantially reduced compylet
the proposed MB-DFT-S-OFDM-IM using FDSK/TDSK aredoes not grow withl_.
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-~ MB-DFT-S-OFDM-IM,local.(N=256,M=128,G=1,QPSK): -~ MB-DFT-S-OFDM-IM,local.(N=1024,M=512,G=2,QPSK)
BPB=263 bits, PAPR=8.5dB BPB=1040 bits, PAPR=9.7dB
-4 MB-DFT-S-OFDM-IM,local.(N=256,M=128,G=4,QPSK): -4 MB-DFT-S-OFDM-IM,local.(N=1024,M=512,G=16,QPSK):
BPB=276 bits, PAPR=10.6dB BPB=1104 bits, PAPR=11.7dB
OFDM-IM(N=256,Ns=4,N,=1,QPSK): OFDM-IM(N=1024,N;=4,N,=1,QPSK):
BPB=256 bits, PAPR=11.7dB BPB=1024 bits, PAPR=12.8dB
----------- OFDM(N=256,BPSK): BPB=256 bits, PAPR=12.6dB s OFDM(N=1024,BPSK): BPB=1024 bits, PAPR=12.8dB
OFDM/OFDM-IM OFDM/OFDM-IM
- benchmark throughput: R=1.0 benchmark throughput: R=1.0
10% 10° -
o o
w w
3] o
10° 10° -
10* 104 -
10° 10°
-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30
Ey/N, (dB) Ey/No (dB)
(@ N =256, R=1.0 (b) N =1024, R=1.0
-k~ MB-DFT-S-OFDM-IM, TDSK(N=256,G=1,QPSK): -3k~ MB-DFT-S-OFDM-IM, TDSK(N=256,G=1,8PSK):
BPB=518 bits, PAPR=0dB BPB=773 bits, PAPR=0dB
-X- MB-DFT-S-OFDM-IM, TDSK(N=256,G=4,QPSK): ->¢- MB-DFT-S-OFDM-IM, TDSK(N=256,G=4,8PSK):
BPB=528 bits, PAPR=6.1dB BPB=780 bits, PAPR=6.1dB
@ MB-DFT-S-OFDM-IM, TDSK(N=256,G=16,QPSK) @ MB-DFT-S-OFDM-IM, TDSK(N=256,G=16,8PSK)
BPB=544 bits, PAPR=11.0dB BPB=784 bits, PAPR=11.3dB
OFDM-IM(N=256,Ns=4,N,=3,QPSK): OFDM-IM(N=256,Ns=8,N,=7,8PSK):
BPB=512 bits, PAPR=12.2dB BPB=768 bits, PAPR=12.3dB
I OFDM(N=256,QPSK): BPB=512 hits, PAPR=12.0¢B 1| OFDM(N=256,8PSK): BPB=768 bits, PAPR=12.0¢B
OFDM/OFDM-IM OFDM/OFDM-IM
benchmark throughput: R=2.0 benchmark throughput: R53.0
10" B 10° -
10% [~ 10
o o
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m o
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10° - 10

3!
Ey/N, (dB) °
(©) N =256, R = 2.0

Fig. 8: Performance comparison between the proposed MB-DFF3SM3IM

schemes are presented as benchmarks.

DFT-S-OFDM-IM DFT-S-OFDM-IM

Ey/N, (dB)
(d) N =256, R =3.0
using FDSK and TDSK, where the OFDM-IM and OFDM

distributed - distributed A BPSK
= [} m=4 N=256M=16 | ‘¢ gpsk
Ng=2 25
1 1 e640aM
----------- PS7i-0 2
J— -IM_ g 20—
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Q
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o | g L0~
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!
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(b) Effect of L

Ey/No (dB)
(a) Effect of M

30

(c) Data rate gain

Fig. 10: The BER performance gain and data rate gain of the singlexc®FT-S-OFDM-IM over the conventional single-carrier DFT-
S-OFDM (the case of BF8™ = ). The data rate gain is evaluated By x 14 x (log,(N) — 1) x 10~% Mbits/s according to the 5G
numerology [6], [7].
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------------ Suboptimal LLR - Suboptimal LLR
10°| — Proposed ML 16°) — Proposed ML column containsL, non-zeros taps$fi,-- -, fz,,0,---,0]" €
s S« N=256, cM*1, Without loss of generality, we opt for invoking a
16t 16t sinc filter with Hamming window, where the Iow—pass sinc
kernel is limited to thel/G bandwidth asf, = Zsing21)
102 102 for the shifted casual indek = L‘aé" Lo Beml CRurther-
x x more, we haveX = (X)), -, (X 1) 1* (CNXl W =
5 5 diagW',--- W) € cOVN andF = [Fo,m FO e
CNVXEN in (25), where the SC orthogonality is no longer
. . retained, because the IDFT submatrices are shiftedvin
10 10 Following this, the received signals of (8) may be expressed
in matrix form as:
10105 0 5 10 15 20 25 30 10105 0 5 10 15 20 25 30 y = HX 4+ v =HeX + v, (26)
Ey/No (dB) Ey/No (dB)
(8) BER,Ng = 4 (b) BER,Ng = 16 where we havey = [yo, - ,yx 1]T € C¥*! and v =
T Nx1 NXxN
B Suboptimal LLR B Suboptimal LLR [vo, -+, un—1]" € CV*', while H € C"*7 refers to the
500 7 Proposed ML 1000 7 Proposed ML C|rculant CIR matrix. Moreover, the effective channel ratr
asoF ] 900" He = HF W € CV*V has to be equalized as:
o T Na=1, L=4 -
200 - Ng=2, Na=1 800 |- Ng=2 U= (HeffHeff)7 Hefh (27)

350
300

L Ng=2 700

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 g N x N)-size matrix inverse that contains the
shifted IDFT matrix, filter matrix and circulant CIR matrix.
The associated complexity hinders its applications toeldyg
Let us recall that the MB-DFT-S-OFDM-IM using TDSK’s
/ TD samples of (21) is strictly constituted iy superposition
L=2 L=4 L=8 L=16 Ne=2 No=4 No=8 No=16 of single-carrier signals. Against this, we propose to pppé

(c) Complexity, effect off, (d) Complexity, effect ofNg; OOB filtering in the TD before the DFT precoding of Fig. 4,
Fig. 9: BER performance and complexity comparison between t Q t?at all tﬂe StC t%rthglg:(_)rnalltclje?[)flr:c_)rm iht% DFT a'nd IFFT at
sub-optimal LLR detector [16] and the proposed single-stream ba§ ransmitier 1o the an al the receiver remain
ML detector for OFDM-IM. ntact. More explicitly, the TD signals in theth group are
flltered as:

600
250
200

500 B
400 B
150 B 300 B
100 B 200 B

50 100

Complexity (real-valued multiplications)
Complexity (real-valued multiplications)

0

o

. . / :*g 28
B. Single-Carrier DFT-S-OFDM-IM xg = F'xg, (28)

— T M,
According to Proposition 1, MB-DFT-S-OFDM-IM using Nere x, gyrgfggl’s' el € mgtr%(;le are e 10
FDSK associated withG' = 1), which is termed as DFT- 5 jated in the same way as defined in (25). . Following this,
S-OFDM-IM in this section, becomes single-carrier transhe filtered TD samples, = [z}, , @) 1)’ € CMeXt

mission, where the PAPR is exactly the same as that afe the input to the/s-point DFT of Fig. 4.°At the receiver,
conventional DFT-S-OFDM, as confirmed by Fig. 5. Théhe equalization is simplied added to Step 1 of (22) as:
advantage of DFT-S-OFDM-IM over DFT-S-OFDM is that IM u, = [(F)"F) 1 (F) "W, U,, (29)
conveys extra bits in the FD. Figs. 10(a) and 10(b) confirm

that the proposed DFT-S-OFDM-IM achieves an improvéhere we haval, = [Ugo,- -+, Ugng-1]" € CYe*! andu, =
BER performance over the conventional DFT-S-OFDM. Fufug.o, -+ s ug,mg-1]" € CMe*", while Wy, e CMoxMe s the
thermore, its throughput gain increases substantially titth DFT matrix. It can be seen in (29) that the MB-DFT-S-OFDM-

the SC spacing and/, as evidenced by Fig. 10(c). IM receiver only needs to have ttee priori knowledge of a
(Me x Mg)-size matrix inverse that only contains the filter

C. OOB Filteri matrix, which does not need to be updated over time.
' fitering Fig. 11(a) portrays the conventional UFMC aided MB-DFT-

In this section, firstly, we opt for invoking the UFMC [12]-g_oFpM-IM using TDSK, which evidences the following ob-
[15], where the filtering operation is applied to a group o6SC : : . .
As the number of filters increases&oor reduces to 1, UFMC Servations. First of all, the UFMC achieves OOB suppression

converges to filter band multicarrier or filtered multicarri at the cost of in-band spectrum fluctuations. Secondly, the
respectively, which operates either on each SC or on theeenfDOB suppression improves as the number of filter taps
Fhaendv;/édth [6a7r]t t-g;llsn mer?nbsoiﬂaglégll\\ﬂﬂclhf/lltSaIanP&CBC%J'LXI_Vgtbnd/or the number of filters; increases, which also further
u itioning i
OFDQIJVI Il\ﬁ \F/)vhereG algso becomes the number of filters. Mordeterlorates the in-band spectrum. Moreover, the PSD of
explicitly, the TD samples of (4) are now generated by: 11(b) demonstrates that the proposed UFMC achieves
T S|m|Iar OOB suppressions, yet the in-band spectrum fluctu-

=Y FW X' =FWX, (25) ations appear to be more intense. This is due to the fact that
where X° = [Xyo,--  Xyno 1]’ € CN6X1, while W7 = the DF.T aqd IFFT operations.at the MB-DI_:T-S—OFDM—IM
W0 : N — 1,gNo : gNe + N — 1] € CV*Ne s the g-th transmltterllmpose phase rotatlops as seen in (21), whiegh ar
sub-matrix taken from the IDFT matriX¥ = W¥#. The g- not taken into account by the filters placed before DFT of
th filter matrix F* ¢ ¢V is a Toeplitz matrix whoes first (28). Fig. 11(c) confirms the modest performance degradatio
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Conven.UFMC (G=4,}=5)

Conven. UFMC (G=4,=15)
‘‘‘‘‘‘‘‘‘‘‘ Conven. UFMC (G=16 }=5)
—— Conven. UFMC (G=16,=15)

““““““““ Proposed UFMC (G=44=5)
— Proposed UFMC (G=4J=15)
= Proposed UFMC (G=165)

MB-DFT-S-OFDM-IM (G=4)
MB-DFT-S-OFDM-IM (G=16)
OFDM

OFDM-IM

12

X MB-DFT-S-OFDM-IM (G=4)

[J OFDM
= OFDM-IM

— Proposed UFMC (G=16=15)
—— OFDM without OOB filtering

0

---- Without UFMC OOB
- = With UFMC OOB

—— OFDM without OOB filtering

g —

10°

-20

PSD (dB)
PSD (dB)

@ N=256 X
Af0.02 §¢
OOB UF: G=4;,
Lp=5 3 X
0 5 10 15 0 25 30 35
Ey/No (dB)
(b) Compare with OOB

E/No (dB)
(a) Compare withA f
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.

frequency frequency

(a) PSD, conventional UFMC (b) PSD, proposed UFMC

->- Conven. UFMC (G=4,}=5)
—e— Conven. UFMC (G=16}=5) & - OFDM-IM (conventional UFMC)
-A- Conven. UFMC (G=16 }=15) - OFDM (conventional UFMC)

=¥ Proposed UFMC (G=4 }=5) —>- MB-DFT-S-OFDM-IM
X

cNV*! refer to the received signals and the AWGN, re-
spectively. The offset matrix in (30) is given b, =
diag1,exp(j 22 Af), - ,exp(jZZN=DA f)], where Af is the
carrier offset normalized by the SC spacing. Following this
B the N-point FFT may be expressed in matrix form as:

Y = WNy = WNf)dW%f)HX-i- WNV, (31)

o Proposed UFMC (G=1645) (conventional UFMC)
4\ Proposed UFMC (G=164=15) MB-DFT-S-OFDM-IM

d UFMC
AAAs , MB-DFT-S-OFDM-IM (propose )

4\

where the FD CIR matriDy = WyHWRX becomes diagonal,
but the offset termwW yD,WZ is not diagonal, which erodes
7 the SC orthogonality.
Fig. 12(a) demonstrates that the carrier frequency offset
degrades the performance of all multi-carrier schemes, but
Ey/No (dB) Ey/No (dB) thanks to the frequency diversity gain, the proposed MB-
() BER, proposed UFMC (d) BER, compare all DFT-S-OFDM-IM (G = 4) is capable of tolerating a higher

Fig. 11: The PSD and BER performance comparison between t _ ; _
conventional and proposed UEMC for MB-DFT.S.OFDNLIM uainge], = 6% where their OFDM and OFDM-IM counterparts

TDSK. The parameters for OFDM and OFDM-IM are the same suffer from error floors. Moreover, it is worthy to note that
those in Fig. 8(c) associated witR = 2.0. MB-DFT-S-OFDM-IM associated with an increaséd = 16)

also experiences an error floor, as seen in Fig. 12(a). This is
imposed by the proposed UFMC compared to the conventionile to the fact that as discussed in Sec. Il, the MMSE FDE is
UFMC. However, Fig. 11(d) further evidences that thanksot the MLSE solution, hence a high&ithat leads to a smaller
to the frequency diversity gain, MB-DFT-S-OFDM-IM usingNs in each group tends to degrade the detection reliability.
the proposed UFMC is still capable of substantially outpeNonetheless, we note that as previously evidenced by Fig. 8,
forming their OFDM and OFDM-IM counterparts using theMB-DFT-S-OFDM-IM associated withG = 16) does not
conventional UFMC, where a stark 13 dB performance gaéxperience error floors in the absence of carrier frequency
is recorded at BER® ™. Once again, we note that both theoffset. Moreover, Fig. 12(b) further demonstrates that as
conventional and the proposed UFMC can be applied to MBxpected, UFMC further imposes a performance degradation
DFT-S-OFDM-IM, which constitutes an attractive benefit ofo all the multi-carrier schemes in the presence of frequenc
the new waveform. In contrast, both OFDM and OFDM-IMoffset, but the proposed MB-DFT-S-OFDM-IM still retains a
can only employ the highly complex conventional UFMC. substantial performance gain over their OFDM and OFDM-IM

counterparts.

O““““ A
0 5 10 15 20 25 30 35

ol B H A\
0 5 10 15 20 25 30 35 40

D. Carrier Frequency Offset

The carrier frequency offset includes Doppler shift and . . .
oscillator mismatch, which needs to be estimated and com{n this section, we opt for extending the proposed MB-
pensated at the receiver. This is particularly difficult &syn- DFT-S-OFDM-IM using TDSK of Sec. II-C to support V-
chronous uplink transmission [12]-[15], and an accuracy 81 AST MIMO, because the TDSK arrangement achieves the
1%-~2% of SC spacing is normally required among differerfighest throughput. Moreover, we further invoke the single

users [67]. More explicitly, in the presence of carrier effs : .
the received signals of (8) is revised in the matrix form as:Ca/er DFT-S-OFDM-IM of Sec. ll-B to support the single-
g ® RF SM and ASTSK.

IV. MIMO A PPLICATIONS

y = D4HZ + v, (30)
A. V-BLAST

Considering that MB-DFT-S-OFDM-IM using TDSK is
capable of achieving a higher throughput than OFDM, the

wherex = [z1,---,zy]" € CV*' are TD transmitted sig-
nals andH € CV*¥ is the circulant CIR matrix, while
y = [y07"'ayN71}T S CNXl aﬂdv = [’l}(),'H”I_)N,l]T e
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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 th
number of SCsV, the number of MB group&' as well as the
number of TASN,.

At the transmitter, each TA independently performs MB-
DFT-S-OFDM-IM using TDSK of Sec. 1I-C. More explicitly,
the (1 x Mg)-element modulated symbols of theth group

k-

+ MB-DFT-S-OFDM-IM (G=8):

MB-DFT-S-OFDM-IM (G=1):
BPB=1036 bits, PAPR=0dB

BPB=1072 bits, PAPR=9.2dB
OFDM-IM (N=4,Ns=3):

BPB=1024 bits, PAPR=12.2dB
OFDM:
BPB=1024 bits, PAPR=12.0dB,

-k~ MB-DFT-S-OFDM-IM (G=1):

- MB-DFT-S-OFDM-IM (G=8):

----- OFDM:

BPB=1546 bits, PAPR=00B
BPB=1568 bits, PAPR=9.1dB|
OFDM-IM (N=8,N;=7):
BPB=1536 bits, PAPR=12.3dB

BPB=1536 bits, PAPR=12.0dB,

OFDM/OFDM-|
benchmark
™., @ throughput: R=4.0

OFDM/OFDM-IM
benchmark
throughput: R=6.0

at thes-th TA are given byx, (1) = [z4,0(2), - , g, n6-1(2)], i i

where thez;-th element is zero, while the remainirig/c — 10° - 10° - -
1) symbols are drawn from thelPSK/QAM constella- -

tion. The M-point DFT precoding is given byX, () = il M il M 5
A S Mt gy (1w, Following this, the block inter- N=256,QPSK N=256,8PSK

Mg —m=0 G

leaver andN-point IFFT are invoked, leading to the TD
samples ofz,, (1) = /£ S5 w2y n mod M (2). The nor-
malization Pr = —1j5,- €nsures unity transmit power
accrossNy, TAs.

The received signals afteN-point FFT and block de-

-10 -5 0 5 10 15 20 25 30 35 40

E/N, (dB)

(@)Nr,=2, Np,=2, QPSK

sttt 1 @

-10 -5 0 5 10 15 20 25 30 35 40

Ey/No (dB)

(b)N7y=2, Nps=2, 8PSK

ke

+ MB-DFT-S-OFDM-IM (G=8):

MB-DFT-S-OFDM-IM (G=1):
BPB=2056 bits, PAPR=2.57d

W

BPB=2064 bits, PAPR=10.5dB

-k~ MB-DFT-S-OFDM-IM (G=1):

- MB-DFT-S-OFDM-IM (G=8):

BPB=2072 bits, PAPR=0dB

BPB=2144 bits, PAPR=9.2dB

OFDM-IM (N=16,Ny=15):
BPB=2048 bits, PAPR=12.0dB
---------- OFDM:
BPB=2048 bits, PAPR=12.3dB,

OFDM/OFDM-IM

benchmark K2s,
throughput: R=8.6| 10t

OFDM-IM (N=4,N;s=3):
BPB=2048 bits, PAPR=12.2dB
---------- OFDM:
BPB=2048 bits, PAPR=12.0dB,
OFDM/OFDM-IM

benchmark
throughput: R=8.0

interleaving are given byY,r. = VPrX,:Hgr + Vi,
where Y ¢ CNere, H ¢ CN1o*Nre and V. e CVVas
are modelled in the same way as seen in (9). Thex
Nr,)-element V-BLAST signals matrix is given b¥X,, =
[Xg,k(0),- -+, Xgx(Nrs — 1)]. The MMSE FDE is given by
Uyr = Y,1Guuse, Where Guuse = L (ﬁ;{kﬁg,k +

NG
NroNoIn,) 'H, .. As a result, the ICls are completely
eliminated from the detection of|U,. — X, |*> = w0
SN U, k(1) — Xgk(2)]?, which may be decoupled for

signal detection of each TA. More explicitly, the singleestm
based V-BLAST MB-DFT-S-OFDM-IM TDSK detection is

summaried as follows:

BER
BER

10* FV-BLAST
Np=2,Ng,=2
N=256,16QAM | @
S IR S T S O

0 5 10 15 20 25 30 35 40 45 50

Ep/No (dB) Ey/No (dB)
(C)NTIZQv NRmZQv lGQAM (d)NTz:4v NRz:4v QPSK

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.
DFT-S-OFDM-IM | Y
Localized SC

10* FV-BLAST )
N7,=4,Nry=4

N=256,QPSK 3
) N I [
210 5 0 5 10 15 20 25 30 35 40

ug,m(2) = ﬁ ;:I:Go_l ng(’)”ﬂg-
Zg.m (1) = M~ (ug,m (1)).

2y(1) = arg miny.; lug(2) — %57 (2)]12.
!

%4(1) = %5 ().

Step 1(Mcg-point IDFT):
Step 2 (Demodulation):
Step 3(TD-IM decision):

MBPS;,
+BPSFD—IM
+BPS>P

bits

Step 4 (Final decision):

, (32)
We haveu, (1) = [ug,0(2) ug1(2) - ugme—1(2)] andx,?(2) =
[Zg.0(1) Eg,1(2) -+ Zg,mg-1(2)] @ssociated withi, ., (1) = 0.
The detection complexity order is given I8 Nr., M¢).
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

. . .. SD-4IM 2 (0
low-complexity linear MMSE FDE is invoked for V-BLAST M(BPSHB;:t SMIASTSK {.5 ©
Its

o e
Localized SC
(@) SM DFT-S-OFDM-IMlocalized SC mapping

BPSFP-Mhits

subcarrier mappin§

DFT-S-OFDM-IM
Distributed SC
oo

MB-DFT-S-OFDM-IM TDSK. Similarly, the linear MMSE Mapping |2 3 Oj
detector is invoked for OFDM-IM and OFDM. Once again, L Distributed SC_J %
we note that the performance difference betwgen= 1) {om(Nro = 1)} Fo(Nr, —1) =07

(b) SM DFT-S-OFDM-IM, distributed SC mapping

ig. 14: Schematics of single-carrier DFT-S-OFDM-IM aided single-
F SM.

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 th
MLSE solution. Nonetheless, the performance loss impoged b
increasingG is negligible compared to the performance im-
provements of MB-DFT-S-OFDM-IM over OFDM-IM, which & SM and ASTSK

are well over 10 dB at the BER level ab~* in Figs. 13(a)- Based on Proposition 1 associated with = 1) and
(d). Once again, the performance advantages of the propobaded on Sec. IlI-B, the DFT-S-OFDM-IM transmission using
MB-DFT-S-OFDM-IM TDSK over its OFDM-IM and OFDM localized SC mapping contains the weighted superpositfon o
counterparts seen in Figs. 13(a)-(d) are achieved at bothviasymbols, which always activate all RF chains. As a result,
reduced PAPR and an increased BPB. 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 frameyhere z(,, mod ary and 2, moa ary Carry log, L and Bps®™

as seen in Fig. 14(a). The associated throughput is given liits, respectively. For SM DFT-S-OFDM-IM using distribdte
R=2X 1°g2L+BP§D"M+BPSSD"M, where theBPS®™ = log, Ny, SC mapping, the received signal model and the MMSE FDE
bits are assigned to activate a single one ouvef TAs. We follow the same procedures as discussed above for the local-
note that if the same is applied in a SM OFDM system aged SC mapping. Moreover, for the signal detection, the firs
seen in [62], the throughput is given by = Y152 2875 - steps of SC demapping arid-point IDFT are also the same
where theBPS™™ M bits contribute a diminishing portion as (33), except that the SC demapping index is replaced by
compared toN log, L as N increases. By contrast, the DFTU}; = Uy_, p,.. After IDFT, the joint detection of modulated

size M may be substantially smaller than. symbols indices{/,,}}’Z}, SD-IM indices{:,,}}’=} and FD-
The DFT precoding, SC mapping and-point IFFT are IM index  may be formulated as:

conducted independently on each TA, following the proceslur M—1

in Sec. II-B. After IFFT, the samples transmitted over, TAs ] AM-1 5 AM-1 2, min Z A2 (Lt ),

arex, =0 --- 0%,(2) 0 --- 0], where index carriesBPs®>™ V{lm I 2o VH{em I 20 V2 0

IM bits in the SD. The signal received at theth RAs is (35)

given by y,(5) = SN SN by (1, )R cn ey (1) + vn(y).  WHET® We haVel, (I, 1) = [|uz, —x"' % The (1 x Nr.,)-

After FFT at each RA, the received signal modelled in th@lementx'~~ is formulated by (34), where the,-th non-

FD is given byY; = VPX H; + V5, where we hav&X; = zero element is modulated as'. Once again, there is no ICl

[0 - 0Xg(2) 0 --- 0] € C*N1= while the elements in the in both SD and FD. Therefore, the remaining detection steps

(N1 x Nrs)-element channel matrix are given B (:,5) = are

SN he (2, 7)wy™T. The MIMO MMSE FDE is applied as Step 3(Demodulation): &2, (¢m) = M (uZ, (4m)),

ﬁz = ?EGMMSEy whereGumse = %(ﬁgﬁgﬂ- NoINR)ilﬁg. 0<m<M-1,0<2< Nrp, — 1.

Step 4(SD-IM decision): 7, = arg minv, d;, (25, (tm),tm)-
Step 5(FD-IM decision): 2 = arg miny. Yo _o din (&5, (7). 7).
tep 6 (Final decisions): i, = t;, andZ, = &5, (im)-

The (1x Nr.)-elemenfUz = [U£(0), - - - , Uz(N7.—1)] contains
the MMSE estimates for each TA. Bearing in mind that ther

is no ICl in both SM’s spatial domain and DFT-S-OFDM'’s (36)
frequency domain, the single-stream based ML detection mMay detection complexity order is given Iay( Nz, MC™M).
be expressed as: For ASTSK DFT-S-OFDM-IM using distributed SC map-
Step 1(SC demapping): Uz (2) = Upy-(1), ping, the spars€T x Nr.) signal matrix is modulated as
0<k<M-1,0<:<Np,—1. z'A, before DFT precoding, where the SD-TD-IM index
Step 2(M-point IDFT):  u, (1) = k= 3000 UZ ()wiht”, carrieslog, Q bits. The(T x Nr,.)-element dispersion matrices
0<m<M-1,0<:<Np, — 1. {A}7) are optimized for the sake of achieving a diversity
Step 3(Demodulation): &7, () = M~ (uj, (), gain in both SD and TD [56], [57]. After the DFT precoding,

0<m<M-1,0<+< Npy — 1.
Step 4(SD-IM decision): i* = arg miny, d(i,z),
whered(i, z) = M1 |juz, — %2, ||%,

SC mapping and IFFT, the ASTSK signals are transmitted in
the same way as SM. The associated throughput is given by

Step 5(FD-IM decision): = arg miny. (2%, ). R = Uesaltloss QUITHORSZE At the receiver, after the same
Step 6(Final decisions): i =3i* andz., = &%, (), N-point FFT, subcarrier demapping and-point IDFT, the

0<m<M-—1. joint detection of modulated symbols indicés}/"~*, SD-

(33) T'D-IM indices qt Ni/ ! and FD-IM indexz is formulated
t=0
| he(l XNTI)'elell ent row vectors in Step 4 are givenlﬁy = as:

[ufn(0)7"' ,U;(NTZ - 1)} and )A(im = [‘i'fn(o)v 7‘ifn(NTz - M/T—1

1)]. The detection complexity order of (33) is given M/T—1p» \M/T—1,_ . =

(’)}(NT;CMCFD"M), which does not grow with the constellatio tho Ao ’Z;{irgﬁ/orf\jﬁt}th%nlw tz_; di (le: av),

size but still increases with the number of IM combinations - - - (37)

in both the SD and FD. where we have di(l;,q:) = |U; — z"*A,|* and
In contrast to the localized SC mapping, the distributed Sie  stacked (' x Nr,)-element matrix U} =

mapping results in repeated and rotated PSK/QAM symbd(s;r)”, (uir, )", -, (uiror_1)"]*.  Considering  that

in the TD, as demonstrated in Proposition 1 associated witkere is still no ICI in the SD, TD and FD, similar to (36),
G = 1. This implies that the sparse signal matrices modulat#te remaining ASTSK detection steps are:

according to S_M, GSM and ASTSK remain sparse after ”_:FTStep 3(Demodulation): () = M {tr(AZ U3 /|| Ag, |2)1,
at the transmitter. As a result, the DFT-S-OFDM-IM using 0<t<M/T—1,0<qg<Q—1.
distributed SC mapping is the preferred choice for singte-R Step 4 (SD-TD-IM decision): §; = arg miny, di (7 (q:), q¢).

and reduced-RF MIMO schemes. The schematic of SM DFTStep 5(FD-IM decision): £ = arg miny. > .70 " dj (£7(d7), 67)-
S-OFDM-IM using distributed SC mapping is portrayed in Step 6 (Final decisions): G = §; and iy = 27 (Gr)-

Fig. 14(b). The associated throughput is increased:te- _ _ o o (38)
sk More explicilly after IFFT at each TA, Thlezige;eSC ttljoer:n(c:)%g]t?;z:yﬂ?a:? z:sltslygl\/\\//ignmér?l]p\)/lfci/ing iﬁe same
the transmitted TD samples are given by: . '
P g y QPSK modulation and using the same DFT-S-OFDM-IM
Z<"f‘°d M) (34) parameters, SM using DFT-S-OFDM-IM with distributed SC
% =[0 - 0wiT(n mod 1y 0 -+ 0], mapping achieves the higheBPB = R x N, followed by
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¢ ASTSK DFT-S-OFDM-IM distri.(N=2,T=2,Q=4,.=2) —>¢ ASTSK DFT-S-OFDM-IM distri.(N,=4,T=4,Q=8,L=2) —¢ ASTSK DFT-S-OFDM-IM distri.(N,=4,T=2,Q=8,L=2)
(BPSsa=4 bits, BPB=36 hits) (BPSs5=4 bits, BPB=36 bits) (BPSspp=4 bits, BPB=52 bits)

-©- SM DFT-S-OFDM-IM distri.(Nr,=2,BPSK) -O- SSK DFT-S-OFDM-IM distri.(N,=4) - SM DFT-S-OFDM-IM distri.(N,=4,BPSK)
(BPSsap=4 bits, BPB=36 bits) (BPSsap=4 bits, BPB=36 bits) (BPS;55=4 bits, BPB=52 bits)

-®- SIMO DFT-S-OFDM-IM distri.(QPSK) -® - SIMO DFT-S-OFDM-IM distri.(QPSK) -®- SIMO DFT-S-OFDM-IM distri.(8PSK)
(BPSsap=4 bits, BPB=36 bits) (BPSsap=4 bits, BPB=36 bits) (BPSsap=4 bits, BPB=52 bits)

P~ 5 N=256, M=16 N=256, M=16 ' N=256, M=16
1R PAPR=0dB _| 16 PAPR=0dB _| 107 . PAPR=0dB _|
10% - = 10 = 10° B

o @ 2
w w w
o m [a1]
10° N o ] 10 ]
10* - — 10 — 10* -
S N R R AVTEFAVERAW 10° ! 106 \ \
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -5 0 5 10 15 -10 -5 0 5 10 15
Ey/No (dB) ) Ey/No (dB) ) Ey/No (dB) )
(a) Ny, = 2, BPB=36 hits (b) N7, = 4, BPB=36 bits (c) Ny, = 4, BPB=52 bits

Fig. 16: Performance comparison between SM, ASTSK and SIMO u3KiGS-OFDM-IM using distributed SC mapping, wheke = 256
and M = 16 are used, and PAPR=0 dB signal transmission is ensured. The pararaad descriptions of the ASTSK schemes may be
found in [57].

- SM DFT-S-OFDM-IM distri. - SM DFT-S-OFDM-IM distri.
(BPS:p.m=0 bits, BPB=6 bits) (BPS:p.=0 bits, BPB=48 bits i i i i
O DTS OFDVLIM focal O M BT OFDMM ot the SC orthogonalitywhich ensures the maximum compati
(BPS:p.=0 bits, BPB=5 bits) (BPS:5.=0 bits, BPB=33 bits bility with the existing communication systems. Furthersmo
-#- SIMO DFT-S-OFDM-IM distri. -®- SIMO DFT-S-OFDM-IM distri. H
(BPS.0.n,=0 bits, BPB=32 bits 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-RFIMIO in

a unified platform.
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