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Comprehensive Performance Evaluation of Universal Time-Domain
Windowed OFDM-Based LTE Downlink System
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SUMMARY A variety of all-new systems such as a massive machine
type communication (mMTC) system will be supported in 5G and beyond.
Although eachmMTCdevice occupies quite narrow bandwidth, themassive
number of devices expected will generate a vast array of traffic and consume
enormous spectrum resources. Therefore, it is necessary to proactively
gather up and exploit fractional spectrum resources including guard bands
that are secured but unused by the existing Long Term Evolution (LTE) sys-
tems. The guard band is originally secured as a margin for high out-of-band
emission (OOBE) caused by the discontinuity between successive symbols
in the cyclic prefix-based orthogonal frequency division multiplexing (CP-
OFDM), and new-waveforms enabling high OOBE suppression have been
widely researched to efficiently allocate narrowband communication to the
frequency gap. Time-domain windowing is a well-known signal processing
technique for reducing OOBE with low complexity and a universal time-
domain windowed OFDM (UTW-OFDM) with a long transition duration
exceeding the CP length has demonstrated its ability in WLAN-based sys-
tems. In this paper, we apply UTW-OFDM to the LTE downlink system
and comprehensively evaluate its performance under the channel models
defined by 3GPP. Specifically, we evaluate OOBE reduction and block er-
ror rate (BLER) by computer simulation and clarify how far OOBE can
be reduced without degrading communication quality. Furthermore, we
estimate the implementation complexity of the proposed UTW-OFDM, the
conventional CP-OFDM, and the universal filtered-OFDM (UF-OFDM) by
calculating the number of required multiplications. These evaluation and
estimation results demonstrate that the proposed UTW-OFDM is a practical
new-waveform applicable to the 5G and beyond.
key words: CP-OFDM, UTW-OFDM, time-domain windowing, LTE, out-
of-band emission (OOBE), block error rate (BLER), complexity

1. Introduction

The fifth-generation mobile communications (5G) and be-
yond will support emerging all-new use cases collaborating
with the Internet-of-things (IoT) and massive machine type
communication (mMTC) services (e.g., monitoring systems
with agricultural, structural, and industrial sensor devices,
and telemedicine and e-healthcare systems with wearable
devices) [1]. Although the required data rate of the IoT and
mMTC devices is generally lower than that of the existing
cellular devices, considerable spectrum resources will be
consumed because an enormous number of devices simul-
taneously connect to the network. Millimeter waves being
discussed as new frequency bands for the 5G and beyond
can offer abundant spectrum resources, while the mMTC
systems require a wide coverage at low cost and still use
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the conventional microwave bands. In fact, new categories
such as Long Term Evolution for machines (LTE-M) and
narrow band IoT (NB-IoT), which have been standardized as
conventional LTE-based low power wide area (LPWA) tech-
nologies, are supposed to use sub-GHz bands with narrow
bandwidth (e.g., 1.4MHz for LTE-M and 200 kHz for NB-
IoT [2]). In the emerging LTE-based LPWA and existing
LTE systems, the cyclic prefix-based orthogonal frequency
division multiplexing (CP-OFDM) is applied as a digital en-
coding scheme for downlink. In general, the CP-OFDM re-
quires a guard band and/or an isolation distance as a margin
because of its high out-of-band emission (OOBE) caused
by the discontinuity between successive CP-OFDM sym-
bols. Although the occupied bandwidth is quite narrow in
the LTE-based LPWA systems, it is necessary to proactively
gather up and exploit fractional spectrum resources including
guard bands that are secured but unused. Since the conven-
tional LTE and LTE-based LPWA systems are operated in
the same microwave bands, new-waveforms with significant
low OOBE have been widely researched to enhance spectral
efficiency and to accommodate a massive number of mMTC
devices with less margin.

New-waveformswith significant lowOOBEare roughly
categorized into two types according to applied schemes:
filtering-based new-waveforms and windowing-based new-
waveforms. The formers are generated by convoluting the
transmission symbols with low pass filter coefficients in the
time-domain to smooth the discontinuity at the beginning
and the end of OFDM symbols, enabling OOBE reduction.
The filter bank multicarrier (FBMC) [3], [4], the filtered
OFDM (f-OFDM) [5], and the universal filteredOFDM (UF-
OFDM) [6]–[8] are typical but disparate new-waveforms
based on filtering. In common, a filtering process to achieve
sufficient OOBE reduction lavishes plenty of multiplications
and increases size and complexity in the transmitter. Fur-
thermore, an additional filtering process entails, in part, al-
terations of the conventional LTE transmission signal format.
For example, the UF-OFDM applies zero-padding (ZP) in-
sertion instead of CP insertion [7] and literally breaks com-
patibility with the conventional CP-OFDM. Such high com-
plexity and low compatibility are major challenges for the
smooth application of filtering-based new-waveforms to the
5G and beyond.

Time-domain windowing is a well-known signal pro-
cessing technique for reducing OOBE with less complex-
ity compared to the time-domain filtering. The window-
ing process can smooth the discontinuity between succes-
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sive CP-OFDM symbols by multiplying a windowing coef-
ficient in the time-domain and thus, only one multiplication
is consumed [9]–[11]. The OOBE reduction performance of
the time-domain windowing depends on the physical layer
(PHY) parameter set of the system (e.g., subcarrier interval,
sampling frequency, symbol duration, CP length, etc.), an
applied windowing function, and its transition duration (i.e.,
the number of time samples for smoothing). Here, long tran-
sition duration exceeding the CP length can reduce OOBE
significantly but may deteriorate communication quality due
to the inter-symbol interference (ISI) and inter-carrier inter-
ference (ICI) caused by intensive waveform shaping. Mean-
while, our previous works demonstrated that a channel cod-
ing scheme with error correction mitigated bit errors caused
by the ISI and ICI and resulted in significant OOBE reduc-
tion without the degradation of communication quality [12].
We proposed the universal time-domain windowed OFDM
(UTW-OFDM) inwhich the appliedwindowing function and
its transition duration are selected appropriately and flexibly
for the used PHY parameter set and channel condition in
2013 [13]. If necessary, a long transition duration exceeding
the CP length can be applied in the proposed UTW-OFDM
within a range not to affect the communication quality. In
[12], the proposed UTW-OFDM was applied to the IEEE
802.11af system that is a WLAN system using the television
white space (TVWS) [11]. For TVWS communication sys-
tems, leading countries regulated a strict spectrum mask to
avoid interferencewith primary users (i.e., TV broadcasters).
In our case, by applying a long transition duration exceeding
the CP length, the transmission signal achieved the FCC re-
quirement [14] while maintaining sufficient communication
quality [12]. This result implies that the UTW-OFDM has
the potential to reduce OOBE without degrading communi-
cation quality even in the LTE system since the turbo coding
has a powerful error correction capability.

In this paper, we apply the UTW-OFDM to the LTE
downlink system [15], [16] and comprehensively evaluate
its performance. First, OOBE reduction performance of the
UTW-OFDM-based LTE downlink transmission signal is
evaluated by changing the UTW transition duration. Then,
BLER characteristics are evaluated under the 3GPP channel
models of the Extended Typical Urban (ETU) and the Ex-
tended Vehicular A (EVA) with a 70Hz Doppler shift (i.e.,
ETU70 and EVA70) [17]. Furthermore, the implementation
complexity of the UTW-OFDM is compared to the conven-
tional CP-OFDM and the UF-OFDM. Our comprehensive
evaluation results demonstrate the practicality of the UTW-
OFDM for the LTE-based 5G and beyond downlink.

The rest of this paper is organized as follows. The
overviews of the conventional CP-OFDM and the OOBE re-
duced new-waveforms for the 5G and beyond are described
in Sect. 2. Then, the transceiver architecture of the proposed
UTW-OFDM-based LTE system is described in Sect. 3, and
performance of the proposed UTW-OFDM-based LTE sys-
tem is comprehensively evaluated in Sect. 4. In Sect. 5, we
discuss the trade-off between OOBE reduction performance
and BLER characteristics and evaluate implementation com-

plexity to confirm the practicality. Finally, we conclude this
paper in Sect. 6.

2. Overview of New-Waveforms for OOBE Reduction

In the existing fourth-generation mobile communications
(4G), the CP-OFDM and the CP-DFTs-OFDM are applied as
downlink and uplink radio access schemes, respectively. For
the smooth transition from the 4G to the 5G and beyond,
a CP-OFDM-based waveform will be ongoingly applied.
Since the CP-OFDM has the drawback of high OOBE, vari-
ous new-waveformswith lowOOBEhave been proposed. As
shown in Fig. 1, the new-waveforms can be roughly catego-
rized into two types: filtering-based new-waveforms [3]–[8]
and windowing-based new-waveforms [12], [13], [18]). In
the following subsections, the conventional CP-OFDM and
various new-waveforms with low OOBE are overviewed.

2.1 Conventional CP-OFDM

The conventional CP-OFDM is a multi-carrier waveform
widely used for the existing wireless communication sys-
tems. Let us define the n-th subcarrier signal of the m-th
symbol as xm,n, then the CP-OFDM waveform for the m-th
symbol sCPm ∈ CN+NG can be generated as follows:

sCPm = F−1
G xm, (1)

xm =
[
xm,0, xm,1, · · · , xm,N−1

]T , (2)(
F−1

G

)
(g,q)
= exp

[
j2πq (g − NG)

N

]
, (3)

where N and NG denote the number of subcarriers in one
symbol and the number of samples of the CP, respec-
tively, and F−1

G ∈ CN+NG×N is an inverse discrete Fourier
transform (IDFT) matrix including the CP insertion with
0 ≤ g < N + NG and 0 ≤ q < N . Each OFDM symbol with
a CP has the property of a continuous signal, while the CP-
OFDM transmission signal has discontinuity at the transi-
tion point between successive symbols, causing high OOBE.
Since higher OOBE limits the effective use of the spectrum
at neighboring channels, a new-waveform with low-OOBE
is required for the 5G and beyond.

Fig. 1 New-waveforms with low OOBE for 5G and beyond.
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2.2 Filtering-Based New-Waveforms

The FBMC [3], [4], the f-OFDM[5], and theUF-OFDM[6]–
[8] are typical filtering-based new-waveforms. In particular,
the FBMC offers tremendous OOBE reduction potential as
it uses FBMC filtering for wave shaping (e.g., the OOBE
of the FBMC with LTE parameters is lower than −130 dBr
(dB relative to the maximum power spectrum density (PSD)
of the transmit signal) at the channel-edge [4]). However,
FBMC-based systems have poor compatibility with the con-
ventional LTE system because the FBMC requires some al-
terations of the LTE parameters and transceiver architecture.
For instance, to apply the FBMC filtering, offset-quadrature
amplitude modulation (O-QAM) and a frequency spreading
process are additionally required in the pre-processing as
shown in Fig. 1.

On the other hand, the f-OFDM is more compatible
with the conventional CP-OFDM than the FBMC because
only its transmitter needs to be changed with the addition of
time-domain filtering for wave shaping. Unfortunately, the
filtering process uses a large number of taps for f-OFDM and
implementation is hindered by the huge number of multipli-
cations needed. Moreover, the f-OFDM requires different
filter designs depending on the number of transmission sub-
carriers.

In the UF-OFDM, subcarriers in the transmission band
are grouped into several sub-bands (e.g., 300 subcarriers are
divided into 25 sub-bands and each sub-band has 12 subcar-
riers when the 5 MHz bandwidth LTE downlink parameters
are applied [7]) and OFDM symbol for each sub-band is gen-
erated by using IDFT. Then, the universal filtering is applied
to each sub-band OFDM symbol before generating the UF-
OFDM symbol. In the UF-OFDM, the same filter design
can be applied to each sub-band OFDM symbol unlike the
f-OFDM. When the 5 MHz bandwidth LTE downlink pa-
rameters are applied, the UF-OFDM can reduce the OOBE
at the channel edge (i.e., an offset frequency of 2.5MHz)
by about 25 dB compared with the conventional CP-OFDM.
However, the UF-OFDM also requires some alterations of
the conventional LTE parameters. For example, ZP inser-
tion is required instead of CP insertion as shown in Fig. 1
because the impulse response of the universal filter is used
as the guard interval. Furthermore, the filtering process con-
sumes a large number of multiplications and thus, increases
implementation complexity.

2.3 Windowing-Based New-Waveforms

2.3.1 Time-Domain Windowing for OOBE Suppression

Time-domain windowing is a well-known signal process-
ing technique for reducing OOBE of the CP-OFDM with
low complexity [9]–[11]. To reduce OOBE, the disconti-
nuity between successive CP-OFDM symbols is smoothed
by multiplying a windowing coefficient in the time-domain
with only one multiplication. Here, the both edges of the

windowed CP-OFDM symbol can be overlapped with the
successive windowed CP-OFDM symbols for retaining con-
stant transmission power. The OOBE suppression perfor-
mance depends on PHY parameters of the applied system,
an applied windowing function, and its transition duration.
In general, longer transition duration can reduceOOBEmore
significantly but deteriorates communication quality due to
the ISI and ICI caused by waveform distortion, especially in
the case that the transition duration exceeds the CP length.

This scheme is currently applied to the existing CP-
OFDM-based wireless communication systems such as the
IEEE 802.11a/g/n/ac. Spectrum masks defined in these sys-
tems are not strict and thus, the minimum transition duration
(i.e., one or few samples in the time-domain) is sufficient
for achieving the requirements. In existing WLAN system
with a sampling frequency of 20MHz [11], for example, the
amplitude of the transmission signal at both edges of the
CP-OFDM symbol is reduced to half, and the leftmost sam-
ple of the m-th CP-OFDM symbol and the rightmost one of
the (m − 1)-th CP-OFDM are overlapped. By applying this
scheme, the transmission waveform satisfies the spectrum
mask requirement defined as 0 dBr, −20 dBr, −28 dBr, and
−40 dBr at an offset frequency of 9MHz, 11MHz, 20MHz,
and 30MHz, respectively, with a 100 kHz resolution band-
width (RBW) [11].

2.3.2 UTW-OFDM for TVWS Communication System

In the case of the IEEE 802.11af [11], the time-domain win-
dowing exerted its full potential to achieve a strict spectrum
requirement. The IEEE 802.11af was standardized as the
WLAN system operating in the TV white-spaces (TVWS).
To protect the primary users (i.e., TV broadcasting systems),
leading countries imposed strict transmission spectrummask
on the TVWS communication systems during the opera-
tion. For example, the FCC in the U.S. limits in-band PSD
as +2.6 dBm/100 kHz and OOBE as −52.8 dBm/100 kHz
(i.e., −55.4 dBr/100 kHz) in the entire TV band even at the
channel-edge with an offset frequency of 3MHz for mobile
devices (defined as Mode II TV band devices in [14]). Since
the transmission signal must achieve this requirement, it is
necessary to consider a more severe spectrummask since the
distortion caused by the nonlinearity of the RF circuit might
deteriorate OOBE.

The implementation of an array of analog RF filters
specified for each channel is one of the simplest methods to
comply with the strict transmission mask, while the imple-
mentation of a large number of not small analog RF filters
(e.g., for the TV band in the UHF, 40 channels are assigned
from 470MHz to 710MHz in Japan, and 56 channels are as-
signed from 470MHz to 806MHz in the U.S.) increases size
and cost and impairs the design flexibility. A digital base-
band filter is one of the options to relax the requirements
for RF filters and can offer flexible operation by changing
its parameters according to the using channel. Meanwhile,
more than a hundred taps are required to comply with the
FCC regulation [19].
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The UTW-OFDM with a long transition duration ex-
ceeding the CP length achieved the strict spectrum mask
requirement and demonstrated its practicality for the IEEE
802.11af [12]. Concerned negative effects of the ICI and
ISI were greatly alleviated by the convolutional coding (i.e.,
forward error correction (FEC)). In the case of 64QAM and
a coding rate of 5/6 with a 6MHz bandwidth and a CP
length of 1/4, the UTW-OFDM with the raised-cosine win-
dow achieved an averaged PSDof about−95 dBr (i.e., around
40 dB margin for the FCC regulation) at the channel-edge
without throughput degradation under the spatial channel
model extended (SCME) micro urban channel model [20].
This result indicates that the UTW-OFDM with a long tran-
sition duration exceeding the CP length has the potential
to greatly reduce OOBE without degrading communication
quality even in the LTE system since the turbo coding has a
powerful error correction capability.

3. Transceiver Architecture for UTW-OFDM-Based
LTE Downlink System

Fundamental PHY parameters such as a sampling frequency,
a subcarrier spacing, a CP length, and a channel coding
scheme are different between the IEEE802.11af and theLTE.
In this section, we explain how to apply the UTW-OFDM
to the LTE downlink system with a proposed transceiver
architecture.

3.1 Transmitter Architecture

Figure 2 shows the proposed UTW-OFDM transmitter ar-
chitecture. The transmission binary data are channel-coded,
modulated, and then, allocated to appropriate subcarriers
by the PHY layer mapping controller (e.g., the PHY sched-
uler). The allocated subcarrier signals are converted to the
time-domain OFDM symbol by the IDFT or the inverse fast
Fourier transform (IFFT). Let us define the sampling fre-
quency and the length of the time-domain OFDM symbol
as FS and TF, respectively, then the number of time-domain
samples of theOFDMsymbol can be expressed as N = TFFS.
After that, the CP for reducing the effect of multi-path prop-
agation delay and overlap margins (OMs) are generated by
copying the beginning and the end of the OFDM symbol as
shown in Fig. 3(a). Since the OFDM symbol has periodicity,
the symbol with inserted CP and OMs retains continuity.

Fig. 2 Block diagram of transmitter for proposed UTW-OFDM.

The m-th OFDM symbol sm ∈ CNGM with the NG samples
CP, the NM samples prefix-OM, and the (NM+1) samples
suffix-OM can be expressed as

sm = F−1
GMxm, (4)

where an IDFT matrix including the inserted CP and OMs
F−1

GM ∈ C
NGM×N is defined by(

F−1
GM

)
(p,q)

= exp
[
j2πq (p − NG − NM)

N

]
, (5)

where 0 ≤ p < NGM and NGM = N + NG + 2NM + 1. By
multiplexing a UTW to the OFDM symbol with the CP and
OMs insertion as shown in Fig. 3(b), the m-th UTW-OFDM
symbol sUTWm ∈ CNGM can be generated as

sUTWm = WUTWF−1
GMxm, (6)

where WUTW = diag
(
wUTW

)
∈ CNGM×NGM denotes the

UTW matrix and diag(d) represents a diagonal matrix
generation function by using a vertical vector d. Here,
wUTW ∈ CNGM is a UTW vector and can be expressed as
follows:

wUTW =



0(NM−NTR/2)×1

wTR

1(N+NG−NTR+1)×1

wI
TR

0(NM−NTR/2)×1



, (7)

where 0P×Q is a P-by-Q zero matrix and 1P×Q is a P-by-
Q matrix in which all factors are one. Here, NTR denotes
the UTW transition duration, in which the UTW amplitude
changes from zero to one or vice versa. A UTW transition
vector wTR ∈ C

NTR and an inverse UTW transition vector
wI
TR ∈ C

NTR are defined by

wTR =
[
w0, w1, · · · , wNTR−2, wNTR−1

]T , (8)
wI
TR =

[
wNTR−1, wNTR−2, · · · , w1, w0

]T . (9)

A variety of windowing functions can be applied as theUTW
transition vectors. In the case of the raised-cosinewindowing
function, wn can be defined by

wn = 0.5 − 0.5 cos
(
πn

NTR

)
. (10)

Finally, each UTW-OFDM symbol is concatenated with the
successive symbols by overlapping the OM durations to
generate the UTW-OFDM transmission signal as shown in
Fig. 3(c). In the UTW-OFDM, applied windowing function
and its transition duration are flexibly configured according
to the system parameters including the RF and the baseband
circuit characteristics of the transmitter, desired transmission
power, and a propagation environment [13].

3.2 Receiver Architecture

The receiver architecture of the conventional CP-OFDM
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Fig. 3 Transmission signal generation flow of proposed UTW-OFDM.

Fig. 4 Block diagram of receiver for proposed UTW-OFDM.

shown in Fig. 4 can be used for the proposed UTW-OFDM
without any modification. Let us define the propagation
channel matrix as Hm ∈ C

NGM×NGM and the Gaussian noise
with zero mean and σ2 variance for the n-th subcarrier of the
m-th symbol as nm,n, then the m-th symbol duration of the
UTW-OFDM received signal rm ∈ CNGM can be expressed
as follows:

rm = Hm sUTW,†
m + nm, (11)

nm =
[
nm,−(NM+NG), · · · , nm,0, · · · , nm,N+NM

]T , (12)

where sUTW,†
m ∈ CNGM denotes the ISI component for the

m-th UTW-OFDM symbol from the successive symbols and
can be described as follows:

sUTW,†
m = sUTWm + s(−)

m + s(+)
m , (13)

where s(−)
m ∈ CNGM and s(+)

m ∈ CNGM represent the ISI com-
ponents from the (m − 1)-th symbol and the (m + 1)-th

symbol, respectively, and can be calculated by

s(−)
m = WUTW

(−)

[(
F−1

(−)

)T
, 0N×(N+NG)

]T
xm−1, (14)

s(+)
m = WUTW

(+)

[
0N×(N+NG),

(
F−1

(+)

)T]T
xm+1, (15)

where F−1
(−) and F−1

(+) denote IDFT matrices to express ISI
components from the (m − 1)-th symbol and the (m + 1)-th
symbol, respectively, and these ISI components are defined
as follows:

(
F−1

(−)

)
(p(−),q) = exp

[
j2πq

(
p(−) − NG − NM

)
N

]
, (16)

(
F−1

(+)

)
(p(+),q) = exp

[
j2πq

(
p(+) − NG − NM

)
N

]
, (17)

where N + NG < p(−) < NGM and 0 ≤ p(+) ≤ 2NM + 1.
Here, WUTW

(−) = diag
(
wUTW

(−)

)
∈ CNGM×NGM and WUTW

(+) =

diag
(
wUTW

(+)

)
∈ CNGM×NGM representing the UTW of the

(m − 1)-th and (m + 1)-th symbols, respectively, can be
expressed as

wUTW
(−) =



1
(
NM−

NTR
2

)
×1

wI
TR

0
(
N+NG+NM−

NTR
2 +1

)
×1



, (18)
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wUTW
(+) =



0
(
N+NG+NM−

NTR
2 +1

)
×1

wI
TR

1
(
NM−

NTR
2

)
×1



. (19)

The subcarrier signal vector of the m-th symbol ym ∈ C
N is

obtained by the frame synchronization, the CP removal, and
the fast Fourier transform (FFT) operation as follows:

ym = FDrm, (20)

where F ∈ CN×N and D ∈ CNGM×N are an FFT matrix and
a frame synchronization matrix, respectively, and defined by

(F)(r,q) = exp
[
−j2πqr

N

]
, (21)

D =
[
0(NGM×NS), I (N ), 0(NGM×(NGM−NS−N ))

]
, (22)

where 0 ≤ r < N , I (N ) ∈ CN×N denotes the N-by-N iden-
titymatrix, and NS represents a frame synchronization offset.
After that, channel estimation and equalization are applied
to each subcarrier signal by using reference signals (RSs).
Finally, demodulation and channel decoding are applied to
obtain received binary data.

4. Performance Evaluation

In this section, we evaluate the performance of the pro-
posed UTW-OFDM-based LTE downlink system [15], [16]
by computer simulation from the aspects of OOBE reduction
and BLER.

4.1 OOBE Reduction

The OOBE reduction performance of the proposed UTW-
OFDM is evaluated with the 5MHz bandwidth LTE down-
link parameters shown in Table 1 [21]. Figure 5 shows
the average PSD of the proposed UTW-OFDM with an
RBW of 100 kHz and an oversampling factor of four. In
this evaluation, the raised-cosine windowing function ex-
pressed in Eq. (10) is applied as the UTW. Obviously, the
proposed UTW-OFDM remarkably reduces OOBE com-
pared to the conventional CP-OFDM by increasing the
UTW transition duration NTR. For the quantitative eval-
uation of the OOBE reduction, the averaged PSD at the
channel-edge is plotted as a function of relative NTR as
shown in Fig. 6. From the result, the proposed UTW-
OFDM consistently reduces OOBE regardless of the modu-
lation scheme. The averaged PSD of the conventional CP-
OFDM at the channel-edge is −26 dBr/100 kHz. By apply-
ing time-domain window with minimum transition duration
(i.e., NTR/N = 2/512 = 0.004), the averaged PSD of the
CP-OFDM at an offset frequency of 5MHz is reduced by
about 10 dB, while the averaged PSD at the channel-edge
is same. In contrast, the averaged PSD of the proposed
UTW-OFDM-based signal at the channel-edge reduces to
−44 dBr/100 kHz, when the relative UTW transition du-
ration NTR/N is set to 36/512 ≈ 0.07 equivalent to the

Table 1 Specification of evaluated LTE downlink signal [21].

Fig. 5 PSD of proposed UTW-OFDM-based LTE downlink signal.

Fig. 6 OOBE reduction performance of proposed UTW-OFDM-based
LTE downlink signal at channel-edge.

Normal-CP length (4.7 µs). Moreover, when NTR/N is set
to 128/512 = 0.25, 256/512 = 0.5, and 512/512 = 1.0,
the averaged PSD at the channel-edge becomes −71, −82,
and −94 dBr/100 kHz (i.e., reduced by 45, 56, and 68 dB
compared to the conventional CP-OFDM-based signal), re-
spectively.
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Table 2 Parameters for BLER evaluation.

Table 3 3GPP channel models [18].

4.2 Block Error Rate (BLER)

BLER characteristics of the proposedUTW-OFDMare eval-
uated by computer simulation with the 5MHz bandwidth
LTE downlink parameters in Table 1. Table 2 shows the
simulation parameters. Because the proposed UTW-OFDM
eats away the effective CP length by applying the long UTW
transition duration, two kinds of channel models assuming
different multipath fading environments are considered to
confirm the effect of the long-delay multipath fading; the
3GPP EVA channel model with a 2.5 µs maximum delay
and the 3GPP ETU channel model with a 5.0 µs maximum
delay summarized in Table 3 [17]. Doppler shift is set to
70Hz (i.e., 30.2 km/h at a carrier frequency of 2.5GHz).
For the evaluations, BLER = 10−1 (i.e., the target BLER
for channel quality indicator (CQI) table of LTE [22]–[24])
and BLER = 10−3 (i.e., the reference BLER to achieve an
almost 100% throughput without hybrid automatic repeat
request (HARQ) [25], [26]) are used as the target BLER.
In the reception process, the channels at the RSs, which
are known signals at both transmitter and receiver, are first
estimated, and then, the channels of the resource elements
(REs) are estimated by interpolation and extrapolation in
the time-domain as shown in Fig. 7(a). Secondly, the chan-
nels of the remaining REs are estimated by interpolation and
extrapolation in the frequency-domain as shown in Fig. 7(b).

Fig. 7 Channel estimation process.

4.2.1 Evaluation under EVA70 Channel Model

Figure 8 shows the BLER characteristics of the proposed
UTW-OFDM-based LTE downlink system under the 3GPP
EVA70 channel model with a variety of modulation and cod-
ing schemes (MCSs): MCS-9 (i.e., QPSK with coding rate
R = 0.50), MCS-16 (i.e., 16QAM with R = 0.48), MCS-
22 (i.e., 64QAM with R = 0.48), MCS-24 (i.e., 64QAM
with R = 0.57), MCS-26 (i.e., 64QAM with R = 0.64),
MCS-27 (i.e., 64QAM with R = 0.66), and MCS-28 (i.e.,
64QAMwith R = 0.77). Here, the UTW-OFDM-based LTE
systemwith NTR/N = 0 is equivalent to the conventional CP-
OFDM-based LTE system. Furthermore, NTR/N = 0.004 is
theminimum transition duration of the time-domainwindow.

In the case of MCS-9, the ES/N0 to achieve BLER
of 10−3 is not degraded from the conventional CP-OFDM
with NTR/N ≤ 0.25 and hardly deteriorated within 1.0 dB
even with NTR/N = 1.0. In the case of MCS-16, almost
no BLER degradation is observed as well as QPSK when
NTR/N ≤ 0.25. As NTR/N increases from 0.25, the ES/N0
to achieve BLER of 10−3 deteriorates, and an error floor
is observed when NTR/N = 1.0. In the case of MCS-22,
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Fig. 8 BLER of proposed UTW-OFDM-based LTE downlink system with variable UTW transition
duration under EVA70 channel model: (a) MCS 9 (QPSK, R = 0.50), (b) MCS 16 (16QAM, R = 0.48),
(c) MCS 22 (64QAM, R = 0.48), (d) MCS 24 (64QAM, R = 0.57), (e) MCS 26 (64QAM, R = 0.64),
(f) MCS 27 (64QAM, R = 0.66), (g) MCS 28 (64QAM, R = 0.77).

Fig. 9 BLER of proposed UTW-OFDM-based LTE downlink system with variable UTW transition
duration under ETU70 channel model: (a) MCS 9 (QPSK, R = 0.50), (b) MCS 16 (16QAM, R = 0.48),
(c) MCS 22 (64QAM, R = 0.48), (d) MCS 24 (64QAM, R = 0.57), (e) MCS 26 (64QAM, R = 0.64),
(f) MCS 27 (64QAM, R = 0.66), (g) MCS 28 (64QAM, R = 0.77).

the ES/N0 to achieve BLER of 10−3 is hardly deteriorated
with NTR/N ≤ 0.13 (i.e., 64/512). However, the ES/N0
to achieve BLER of 10−3 deteriorates with NTR/N > 0.25.
Specifically, in the case of NTR/N = 0.25, the ES/N0 to
achieve BLER of 10−3 is deteriorated by about 2.7 dB. In
the case of NTR/N = 0.5, an error floor is observed. In
the cases of MCS-24, MCS-26, and MCS-27, the ES/N0 to
achieve BLER of 10−3 are degraded by about 2.2 dB, 3.2 dB,
and 5.6 dB, respectively, when NTR/N is set to 0.13. In the
case ofMCS-28, UTW transition duration with the condition
of NTR/N = 0.07 can achieve BLER of 10−3 with ES/N0
degradation of 6.1 dB, however, an error floor is observed
when NTR/N ≥ 0.13.

4.2.2 Evaluation under ETU70 Channel Model

Figure 9 shows the BLER characteristics of the proposed
UTW-OFDM-based LTE downlink system with MCS-9,

MCS-16, MCS-22, MCS-24, MCS-26, MCS-27, and MCS-
28 under the 3GPP ETU70 channel model. In the case of
MCS-9, the ES/N0 to achieve BLER of 10−3 is slightly de-
teriorated only within 1.7 dB even with NTR/N = 1.0. In
the case of MCS-16, the ES/N0 to achieve BLER of 10−3 is
deteriorated by only 0.6 dB with NTR/N = 0.25. However,
the ES/N0 to achieve BLER of 10−3 remarkably deterio-
rates with NTR/N > 0.5, and an error floor is observed with
NTR/N = 1.0. In the case of MCS-22, the ES/N0 to achieve
BLER of 10−3 is hardly deteriorated with NTR/N ≤ 0.13.
However, the ES/N0 to achieve BLER of 10−3 is deterio-
rated by about 2.8 dB with NTR/N = 0.25, and an error floor
is observed with NTR/N ≥ 0.5. In the case of MCS-24,
BLER of 10−3 can be achieved within a 4.0 dB degradation
of the required ES/N0 when NTR/N ≤ 0.19. In the cases
of MCS-26 and MCS-27, the ES/N0 to achieve BLER of
10−3 are degraded by within about 0.5 dB and 1.2 dB, re-
spectively, when NTR/N ≤ 0.07. In the case of MCS-28,
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the UTW transition duration with any conditions of NTR/N
cannot achieve BLER of 10−3.

5. Discussion

From the results in Sect. 4, the proposedUTW-OFDM-based
LTE downlink system achieves sufficient OOBE reduction,
and the turbo coding scheme can compensate the waveform
distortion to some extent caused by long UTW transition
duration. To confirm the feasibility and practicality of the
proposed UTW-OFDM, we clarify how far OOBE can be
reduced without the degradation of communication quality
in this section. Furthermore, we discuss the implementation
complexity of the proposed UTW-OFDMwith respect to the
number of required multiplications.

5.1 Potential of OOBE Reduction without BLER Degra-
dation

To confirm the potential of the proposed UTW-OFDM, we
first discuss the trade-off between the OOBE reduction and
the BLER. Figures 10(a) and (b) show the relationship be-
tween the averaged PSD at the channel-edge (i.e., OOBE
reduction performance) and the ES/N0 to achieve BLER of
10−1 with various NTR evaluated under the 3GPPEVA70 and
ETU70 channelmodels, respectively. The characteristics un-
der EVA70 and ETU70 show almost the same tendency for
the change of the NTR/N in each MCS. In the case of MCS-
9, the proposed UTW-OFDM can reduce OOBE by about
45 dB without BLER degradation compared to the conven-
tional CP-OFDM. When an about 2.0 dB degradation of the
ES/N0 to achieve BLER of 10−1 is acceptable, the proposed
UTW-OFDM can reduce OOBE by about 68 dB. In the case
of MCS-16, when an about 0.5 dB degradation of the ES/N0
to achieve BLER of 10−1 is acceptable, the proposed UTW-
OFDM can reduce OOBE by about 45 dB. Furthermore,
when an about 2.0 dB degradation of the ES/N0 to achieve
BLER of 10−1 is acceptable, the proposed UTW-OFDM
can reduce OOBE by about 56 dB. In the case of MCS-22,
when an about 0.5 dB degradation of the ES/N0 to achieve
BLER of 10−1 is acceptable, the proposed UTW-OFDM
can reduce OOBE by about 32 dB. Furthermore, when an
about 2.0 dB degradation of the ES/N0 to achieve BLER of
10−1 is acceptable, the proposed UTW-OFDM can reduce
OOBE by about 45 dB. As the coding rate increases, the in-
fluence of the ISI and ICI due to the long UTW transition
duration also increases, resulting in the degradation of com-
munication quality or the limitation of the OOBE reduction
performance of the proposed UTW-OFDM. Specifically, for
when MCS-26, the performance of the OOBE reduction is
limited to 40 dB, and then it is required to allow about 5 dB
degradation of the ES/N0 to achieve BLER of 10−1.

Figures 11(a) and (b) show the relationship between the
averaged PSD at the channel-edge and the ES/N0 to achieve
BLER of 10−3 with various NTR evaluated under the 3GPP
EVA70 and ETU70 channel models, respectively. The char-
acteristics under EVA70 and ETU70 show almost the same

Fig. 10 OOBE reduction performance vs ES/N0 to achieve BLER of
10−3.

tendency for the change of the NTR/N in each MCS. In the
case of MCS-9, when an about 0.5 dB or 2.0 dB degradation
of the ES/N0 to achieve BLER of 10−3 is acceptable, the
proposed UTW-OFDM can reduce OOBE by about 45 dB
or 68 dB, respectively, compared to the conventional CP-
OFDM. In the case of MCS-16, when an about 0.5 dB or
2.0 dB degradation of the ES/N0 to achieve BLER of 10−3 is
acceptable, the proposed UTW-OFDM can reduce OOBE by
about 45 dB or 56 dB, respectively. In the case of MCS-22,
when an about 1.0 dB or 3.0 dB degradation of the ES/N0
to achieve BLER of 10−3 is acceptable, the proposed UTW-
OFDM can reduce OOBE by about 32 dB or 45 dB, respec-
tively. As the coding rate increases, the influence of the ISI
and ICI due to the long UTW transition duration increases,
resulting in the degradation of communication quality or
the limitation of the OOBE reduction performance of the
proposed UTW-OFDM. Specifically, for when MCS-26, the
performance of the OOBE reduction is limited to 40 dB, and
then it is required to allow about 5 dB degradation of the
ES/N0 to achieve BLER of 10−3.
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Fig. 11 OOBE reduction performance vs ES/N0 to achieve BLER of
10−1.

From these results, when the half coding rate is applied,
the proposed UTW-OFDM significantly reduces OOBE
without BLER degradation compared to the conventional
CP-OFDM for any modulation scheme, even though the
propagation channel has long multi-path delay exceeding the
CP length. On the other hand, when the higher coding rate is
applied with 64QAM, the OOBE reduction performance of
the proposed UTW-OFDM gradually decreases. Therefore,
the advantage of the proposed UTW-OFDM appears promi-
nently when applying lower MCS level under the low ES/N0
environment.

5.2 Complexity

As described in Sect. 3, the proposedUTW-OFDMhas high-
compatibility with the conventional CP-OFDMbecause only
two multiplications (and a storage memory of the UTW co-
efficient) are additionally required to the transmitter. In this
section, we discuss the implementation complexity by calcu-
lating and comparing the required number of multiplications

Fig. 12 Transceiver architecture of conventional CP-OFDM-based LTE
downlink system.

for the conventional CP-OFDM, the proposed UTW-OFDM,
and the UF-OFDM (as a typical filtering-based OFDM).
Note that these schemes differ in the implementation com-
plexity but achieve equivalent throughput in environments
with adequate ES/N0. In this evaluation, the number of re-
quired complex multiplications is used as metrics of imple-
mentation complexity and calculated for the IFFT (or IDFT)
in the encoder, the FFT (or DFT) in the decoder, and addi-
tional processing (i.e., windowing or filtering) individually.

5.2.1 Conventional CP-OFDM-Based System

A typical transceiver architecture of the conventional CP-
OFDM-based LTE downlink system is depicted in Fig. 12.
The N-point IFFT and the N-size ring buffer are imple-
mented in the transmitter, and the CP is inserted by using
the ring buffer. In the receiver, the N-point FFT is imple-
mented. When the Cooley-Tukey algorithm (Radix-2 FFT)
[27] is applied, the N-point IFFT and the N-point FFT re-
quire (N/2) log2 N complex multiplications.

5.2.2 UTW-OFDM-Based System

Figure 13 shows a transceiver architecture of the UTW-
OFDM-based LTE downlink system. In the transmitter, the
OM insertion and the windowing process are added to the
conventional CP-OFDM transmitter. The OM insertion can
be performed by extending the CP insertion process. When
the read start index of the ring buffer is changed from 0
to (N − NM − 1), the suffix-OM of NM + 1 sample points
can be inserted. Similarly, when the read end index of the
ring buffer is changed from NG to (NG + NM), the prefix-
OM of NM sample points can be prefixed to the CP of NG
sample points. Therefore, the OM insertion processing by
no means increases any complexity compared with the con-
ventional CP-OFDM-based transmitter. An additional win-
dowing process requires only one multiplication to multiple
the UTW function, while two windowing processors (i.e.,
two additional multiplications) are necessary to overlap suc-
cessive symbols in real time. Therefore, 2 + (N/2) log2 N
complex multiplications are required in the transmitter. On
the other hand, since the conventional CP-OFDM receiver
can be applied to the UTW-OFDM-based LTE downlink sys-
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Fig. 13 Transceiver architecture of UTW-OFDM-based LTE downlink
system.

Fig. 14 Transceiver architecture of UF-OFDM-based LTE downlink sys-
tem.

tem, the (N/2) log2 N complex multiplications are required
in the receiver as well as the CP-OFDM.

5.2.3 UF-OFDM-Based System

Figure 14 shows a transceiver architecture of the UF-OFDM-
based LTE downlink system [6]–[8]. In the transmitter, sub-
carriers in the transmission band are firstly grouped into B
sub-bands, and each sub-band contains M subcarriers. In
each sub-band, M subcarriers are converted to the sub-band
OFDM symbol by using the M-N-point IDFT. Then, each
sub-band OFDM symbol is converted to the sub-band UF-
OFDM symbol with the K-taps universal filter. Finally,
the sub-band UF-OFDM symbols are summed up to gener-
ate the UF-OFDM symbol. The M-N-point IDFT in each
sub-band has M N complex multiplications and thus, BM N
complex multiplications are totally required for the IDFTs.
Furthermore, the K-taps universal filter in each sub-band
has K complex multiplications, and BK complex multipli-
cations are required for the universal filter process. In the
receiver, a double-size FFT (i.e., 2N-point FFT) that re-
quires N log2(2N ) complex multiplications is used to obtain
subcarrier signals from the received UF-OFDM symbol.

5.2.4 Complexity Evaluation with LTE Downlink Param-
eters

The required number of complex multiplications for each
transceiver is summarized in Table 4. Figure 15 shows the

Table 4 Number of complex multiplications for transceivers.

Fig. 15 Number of complex multiplications for transmitter and receiver
of CP-OFDM-, UF-OFDM-, and UTW-OFDM-based LTE downlink sys-
tems.

Table 5 Parameter sets of {N, B, M, K }.

calculated number of complex multiplications for the con-
ventional CP-OFDM, the proposed UTW-OFDM, and the
UF-OFDM systems by using the 200 kHz bandwidth NB-
IoT parameters and 1.4MHz, 5MHz, 10MHz, and 20MHz
bandwidth LTE downlink parameters shown in Table 5.

First, we discuss the complexity of the transmitter with
Fig. 15(a). Regardless of the bandwidth, the complexity of
the UTW-OFDM transmitter is almost the same as that of the
CP-OFDM transmitter. When the bandwidth is 5MHz, the
required number of complex multiplications in the conven-
tional CP-OFDM transmitter and the UTW-OFDM transmit-
ter is 2,304 and 2,306, respectively. In contrast, the required
number of complex multiplications in the UF-OFDM trans-
mitter comes to 154,525 due to the multiple DFTs and a large
number of filter taps. As a result, the complexity of the UF-
OFDM transmitter increases by about 67 times compared
to the UTW-OFDM. As the bandwidth increases, the dif-
ference of the required number of complex multiplications
in the UTW-OFDM transmitter and the UF-OFDM trans-
mitter becomes large. When the bandwidth is 20 MHz, the
complexity of the UF-OFDM transmitter increases by about
two hundred times compared to the UTW-OFDM. On the
other hand, as the bandwidth decreases, the difference of the
required number of complex multiplications in the UTW-
OFDM transmitter and the UF-OFDM transmitter becomes
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small. However, there still has a five-fold difference when
the bandwidth is 200 kHz.

Second, we discuss the complexity of the receiver with
Fig. 15(b). Regardless of the bandwidth, the UF-OFDM
receiver almost doubles the complexity compared to the CP-
OFDM and the UTW-OFDM due to the double-size FFT.
When the bandwidth is 5MHz, the required number of com-
plex multiplications in the conventional CP-OFDM receiver
and the UTW-OFDM receiver is 2,304. On the other hand,
the required number of complex multiplications in the UF-
OFDM receiver comes to 5,120. From the viewpoint of the
number of complex multiplications, the UTW-OFDM-based
system ismore compatiblewith the conventional CP-OFDM-
based system than the UF-OFDM-based system.

6. Conclusion

In this paper, the performance of the proposedUTW-OFDM-
based LTE downlink system is comprehensively evaluated to
confirm its feasibility and practicality for the 5G and beyond
from the aspects of OOBE reduction performance, BLER
characteristics, and implementation complexity. Under the
channel models of 3GPP EVA70 and 3GPP ETU70, the
proposed UTW-OFDM reduces OOBE by 45 dB with only
2.0 dB degradation of the ES/N0 to achieve BLER = 10−1

compared to the conventional CP-OFDM, even if 64QAM
with a half coding rate is applied. Furthermore, the UTW-
OFDM-based system has almost the same complexity as the
conventional CP-OFDM-based system (which is low), and
so is much less complex than the UF-OFDM-based system.
These results demonstrate that the proposed UTW-OFDM is
a practical waveform applicable to 5G and beyond. In the
future work, we will evaluate the performance of the pro-
posed UTW-OFDM applying the low-density parity-check
(LDPC) coding, which is a more powerful channel coding
technique commonly used in the 5G.
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