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Novel UF-OFDM transmitter: significant complexity
reduction without signal approximation

Jeremy Nadal Student Member, IEEE, Charbel Abdel Nour Member, IEEE, Amer Baghdadi Senior Member, IEEE

Abstract—The upcomping 5th generation (5G) of mobile
communication system aims to support multiple new services
and use cases towards a flexible and unified connectivity. In
order to meet the corresponding requirements, Universal-Filtered
Orthogonal Frequency-Division Multiplexing (UF-OFDM) was
proposed to replace the existing waveform since it combines the
advantages related to OFDM with better spectral properties and
with improved robustness against time-frequency misalignments.
However, its main drawback resides in the computational com-
plexity of the transmitter reaching up to 200 times that of OFDM
if no simplification is applied. While still of high complexity,
most efficient simplification techniques significantly compromise
the achieved spectral confinement through signal approximations.
In this context, a novel low-complexity UF-OFDM transmitter
without any signal quality loss is proposed. For small subband
sizes, the complexity becomes comparable to OFDM regardless
of the number of allocated subbands. Furthermore, the proposed
transmitter architecture is flexible and can be easily adapted to
support OFDM modulation.

Index Terms—OFDM, UF-OFDM, multicarrier modulation,
5G

I. INTRODUCTION

The 5th generation (5G) of mobile communication systems
is foreseen to support multiple new services while coexisting
with the typical mobile broadband service of 4G/Long Term
Evolution (LTE). For internet-of-things applications, massive
Machine-Type Communication (mMTC) service is introduced,
adding specific requirements such as the support of imper-
fect synchronization. Other applications, like Mission Critical
Communication (MCC), may require the support of low-
latency communication, which can be achieved by reducing
the time transmission interval. Therefore, multiple waveform
parameters on the same carrier (often referred to as numerol-
ogy) may be required to support all types of applications,
which raises the issue of their coexistence. To partly answer
these new challenges, novel waveforms have been designed
and proposed for the upcoming 5G standard.

Universal-Filtered Orthogonal Frequency-Division Multi-
plexing (UF-OFDM) is one of the key 5G candidate wave-
forms and was originally proposed in [1]. The original idea
of this waveform consists in grouping multiple allocated
subcarriers into subbands, independently filtered in the time
domain. Thus, the filtering is realized subband-wise and not
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subcarrier-wise as in the Filter-Bank Multi-Carrier with Offset-
Quadrature Amplitude Modulation (FBMC/OQAM) [2]. UF-
OFDM shows advantages for low-latency communications
(MCC services) and enables the use of open-loop synchro-
nization to save bandwidth and energy [3]. In addition, unlike
other 5G candidate waveforms such as FBMC/OQAM, the
majority of the techniques employed in OFDM can be reused
without significant modifications. For instance, the techniques
presented in [4] are applicable to UF-OFDM.

However, the main drawback of the UF-OFDM modulation
resides in the complexity of the transmitter. The baseline
implementation is estimated to be up to 200 times more com-
putationally complex than OFDM [5]. Some recent techniques
have been proposed to reduce the computational complexity
[5][6]. However, these still require up to 10 times the com-
plexity of OFDM [5], while calling for an approximated signal
implying a penalty in bit error rate and in spectral confinement.

In this work, we propose a novel and significantly simplified
UF-OFDM transmitter able to generate a signal exempt from
any approximation when compared to the baseline solution.
The complexity reduction is obtained by exploiting two main
ideas:

o First, the processing related to the subbands and the
processing related to the subcarriers are separated. The
subband processing can be performed at a low complexity
by computing multiple Inverse Fast Fourier Transforms
(IFFTs) of a small size.

o Second, the subcarrier processing is subdivided into 3
parts corresponding to the generation of the prefix, the
core and the suffix parts of the UF-OFDM symbol. The
core part of the signal can be efficiently generated using
multiple IFFTs of small size, and the suffix part can be
simply deduced from the prefix and core parts of the
signal, which further lowers the complexity.

The originality of the proposed technique resides in avoiding
redundant operations performed by the baseline technique
without altering the original signal. Thus, being mathemati-
cally identical to the baseline solution, the proposed technique
does not have any impact on the Out-Of-Band Power Leakage
(OOBPL) with respect to the baseline solution. To the best of
our knowledge, this is the first time that such UF-OFDM tech-
nique is proposed in the literature. Furthermore, the technique
can be easily adapted to perform OFDM modulation and thus
enables direct compatibility with 4G/LTE.

The rest of the paper is organized as follows. Section II gives
a technical description of the UF-OFDM baseline transmitter
and the solutions provided in the literature to reduce the
computational complexity. Section III details the proposed UF-
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Fig. 1. Baseline UF-OFDM transmitter

OFDM technique. Section IV provides computational com-
plexity analysis and comparisons with the existing techniques
in the literature. Finally, Section V concludes the paper.

II. UF-OFDM TECHNICAL DESCRIPTION AND EXISTING
SOLUTIONS

A. Baseline UF-OFDM transmitter

The principle of the UF-OFDM modulation is to group the
complex samples carrying information into several subbands,
each composed of () subcarriers. These complex samples can
be, for instance, symbols from a Quadrature Amplitude Mod-
ulation (QAM) constellation. A maximum of K = |N/Q]
subbands carrying () subcarriers can be used, where N is
the total number of subcarriers, and || represents the largest
integer less than or equal to = (floor operator). The secondary
sidelobes (residual power outside the subbands) of each sub-
band are attenuated by independent subband-wise filtering of
length L samples. The resulting discrete time signal represents
the sum of the signals emanating from the filtered subbands. It
forms the UF-OFDM symbol, composed of N+ L—1 samples.
The baseline UF-OFDM transmitter is represented in Fig. 1.

Let ¢ be a vector of length B(@ containing the complex
symbols to be transmitted. To map each symbol in ¢ to the
allocated subbands, we first group the symbols into B subsets
¢i(q), for ¢ € [0,Q — 1](= {0,1,...,Q — 1}), such that
¢i(q) = c(¢+Qk). In order to support an arbitrary assignment
of symbol groups to subbands, we define a bijective function
i = ¢(k) that maps the index k € Qg of an allocated subband
to a symbol group i, where (g is the set of the B allocated
subband indexes. The segmented samples sy (q) for subcarrier
index ¢ of subband k € [0, K — 1] can then be expressed as

, ke Qp,
Sk(q):{g¢(k)(Q) kzﬁi 0

In the frequency domain, a total of N subcarriers are
defined. Thus, the samples si(¢) must be zero padded with

N — @ zeros:
/ _ S (q)a qe[[on_l]]
RS e I o

where s (q) represents the zero padded version of sj. Then,
a circular shift of kQ + ko samples is applied, to move each

subband into its respective subband position in the frequency
domain. The obtained signal V},(¢) is expressed as

Vi(q) = sp(mody (g — (kQ + ko))),

where mody corresponds to the modulo N operator,
ko € [0,Q — 1] corresponds to the value of the shift in
number of subcarriers. This shift at subcarrier level can be
used to move each subband to the center of the allocated
bandwidth. For each index k, the Vj(q) signal for subband
k contains N samples, one for each subcarrier. However,
only @ subcarriers, defining the subband number k, carry
the information to transmit. The remaining subcarriers are
not used (zero padded). Thus, each subband is isolated
from the others, and can be processed independently. The
subband mapping block represented in Fig. 1 corresponds
to the segmentation, the zero padding and the circular shift
operations detailed above.

Next, the Vi (q) samples are transformed to the time domain
using an IFFT of size IV for each subband k:

N—1

vg(n) = Ry(n) Z Vi(q)e'™ N ne0,N+L-2], (2)
q=0

where L is the length of the impulse response of the subband

filter and Ry (n) represents the rectangular window of length

N: Ry(n) = 1,n € [0,N — 1] else 0. The windowing

operation has negligible complexity and is omitted from Fig.

1 for clarity.

Then, as shown in Fig. 1, each subband is filtered separately
using a linear convolution by the impulse response of the
subband filter gg:

L-1
wi(n) = Z g (Dvg(n —1),n € [0,N + L — 2],
1=0
where wy(n) represents the result of the filtering operation.
The impulse response of these filters can be obtained from
the impulse response of a common filter fo(n), that we refer
to as the subband prototype filter, as

gr(n) = fo(n)e?>™ % n e [0,L — 1].

In fact, the impulse response of the subband filter num-
ber k£ corresponds to the impulse response of the subband
prototype filter, shifted in frequency by k(@) subcarriers. This
frequency shift aligns the frequency response of the filter to
the subband position k. Furthermore, the frequency response
of the subband prototype filter fg is centered around the
subcarrier index @Q/2 if @ is even (or around (@ — 1)/2 if
@ is odd), corresponding to the center of a subband. If f(n)
is the impulse response of the subband prototype filter, then,
for n € [0, L — 1], we have

% Q even, 3)
Q-1 () odd.
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In the literature, a typical choice for the subband prototype
filter is the Dolph-Chebyshev filter [7]. More recently, a
specific filter design has been studied to reduce the out-of-
band power spectral leakage for UF-OFDM [8] and to improve
robustness against frequency/timing-offset errors [9].

Finally, the N + L — 1 time domain samples of the filtered
subbands are summed together to form the UF-OFDM symbol
y(n), implicitly sampled at the frequency f:

K—1
y(n) = Zwk(n),ne[[O,N—FL—Q]]. 4)
k=0
In a practical implementation, only the B allocated sub-
bands are considered to calculate the UF-OFDM symbol, since
the B — K other subbands correspond to zero-valued samples
in the time domain:

Z wg(n),n € [0,N + L —2].
keQp

y(n) =

While this solution has an acceptable computational com-
plexity for a limited number of allocated subbands, it be-
comes computationally expensive when the number of al-
located subbands increases. Indeed, the computation of one
subband requires the use of an IFFT of size N (complexity in
O(Nlog,NN)) and a linear convolution operation (complexity
in O(L? + LN))). Therefore, the computation of only one
subband already requires a larger number of operations than
needed to compute one OFDM symbol (one IFFT of size
N), due to the complexity overhead introduced by the linear
convolution of the subband filtering stage. These operations
have to be repeated for each allocated subband. For B = 100,
which corresponds to the maximum number of resource blocks
(Q = 12) that can be allocated in 4G/LTE, the computational
complexity exceeds 200 times the computational complexity
of the OFDM transmitter [5].

Few techniques with lower computational complexity have
been investigated in the literature. Among existing techniques,
one applies the subband filtering in the frequency domain
instead of the time domain, and a second approximates the
UF-OFDM signal by decomposing it into multiple windowed
OFDM signals that are then summed. These approaches are
reviewed in the following subsections. They reduce the com-
putational complexity of the UF-OFDM transmitter, but at the
cost of a degradation of the original signal.

B. Frequency domain UF-OFDM transmitter

In this approach [5], the filtering stage and the summation
of all subbands are computed in the oversampled frequency
domain (FD), i.e. before the IFFT. We refer to this technique
as FD UF-OFDM in this paper. The IFFT size is multiplied
by Nogs which corresponds to a chosen oversampling factor.
In general, this parameter is set to Npgs = 2 since this
value provides the best compromise between approximation
errors and computational complexity [5]. Additionally, the
computation of the filtering stage in the frequency domain
requires an IFFT of size Ny and an FFT of size NpogsNy for
each subband, where Ny > (@ is a design parameter. Note that

the computational complexity increases with the value of Ng.
However, the impact on the OOBPL is reduced with respect
to the baseline solution. Finally, only N + L — 1 samples,
corresponding to the length of one UF-OFDM symbol, are
kept after the computation of the IFFT of size NogN.

Since this technique uses a smaller IFFT size per processed
subband than the baseline solution presented in Subsection
II-A, the computational complexity is significantly reduced.
However, it is still higher than that of OFDM, due to the
use of an IFFT of size NpogN instead of N, and due to the
additionnal small IFFT/FFT of size Ny and Npg Ny for each
allocated subband. According to [5], the required number of
multipliers and adders can be up to 10 times higher than in
the case of OFDM.

C. Time domain windowed UF-OFDM transmitter

The second simplified UF-OFDM transmitter is based on
a time-domain processing without oversampling [6]. We refer
to it as Time-Domain-Windowed (TDW) UF-OFDM in this
paper. It consists of subdividing each subband into small
groups of subcarriers, each group being subcarrier-wise filtered
by a dedicated filter. This subcarrier-wise filtering can be
efficiently implemented by using a windowing operation in
the time domain (after IFFT). The impulse response of the
common group filter is used as window coefficients. It results
into an approximated UF-OFDM signal. This results in an
approximation of the UF-OFDM signal, which is obtained by
summing multiple windowed OFDM symbols as

Nyp—1
> win)ui(n),n € [0,N + L —2].
=0

y(n) ~

The computational complexity increases linearly with the
number of windows being employed (in O(Nyw N log,N))
comparable to Ny, times the complexity of a typical OFDM
transmitter. However, increasing the number of windows de-
creases the approximation errors and reduces the OOBPL.
Similarly to the FD UF-OFDM technique, a trade-off between
approximation errors and computational complexity must be
considered.

III. PROPOSED LOW-COMPLEXITY UF-OFDM
TRANSMITTER

For all simplified UF-OFDM transmitters, a compromise
must be found between performance and complexity. Thus,
a novel UF-OFDM technique that reduces the computational
complexity to an acceptable level without altering the original
signal is of high interest. The proposed approach achieves this
goal by exploiting a specific decomposition into subband and
subcarrier processing.

A. Description of the proposed technique

The proposed technique exploits two main ideas to re-
duce the computational complexity of the UF-OFDM baseline
implementation. First, the required UF-OFDM processing is
divided into subband-wise and subcarrier-wise computations
in such a way to avoid redundant operations, especially when
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a high number of subbands is allocated. The second core
idea is to divide the UF-OFDM symbol into prefix, core and
suffix parts, which are efficiently processed by exploiting the
previous decomposition into subband-wise and subcarrier-wise
processing. The suffix part is deduced from the core part
and the prefix part by a simple subtraction. These two core
ideas exploit the UF-OFDM baseline equation. Therefore the
resulting signal is not altered when compared to this baseline
solution.

By using the circular shift property of the IFFT, (2) can be
rewritten as

N—-1

vp(n) = Ry (n) ej%(m%m s).(q)e? K
q=0
= (a+kQ)
= N Ry(n) 3 si(@)e> R ()
q=0

To simplify the development of the following equations,
the number of shifted subcarriers is assumed to be equal to
zero (kg = 0). This constraint does not alter the following
demonstration, since the frequency shifted UF-OFDM symbol
can be recovered by applying a simple linear phase rotation
to the unshifted UF-OFDM symbol. Thus, expression (4) of
the UF-OFDM symbol combined with (5) becomes, for n €
[0,N + L —1],

K—

,_.

L—

=

(foe™ % Ry(n 1)
k=0 1=0

Q-1
X E sk(q 32”(1%(9(”71)).
q=0

It is possible to simplify this equation by rearranging the order
of the three summations as

Q-1L-1
y(n) = (fo)Ry(n 1)
q=0 =0
Sy l k L kEQL
X sp(q)el?m RS )
k=0
Q-1 K-1 rgn
= > (falm) Y- srl@)e® ), (6)
q=0 k=0
with
Zf@ JRy(n— e "5 (1)

=0

These equations are further developed, by assuming that the
total number of subcarriers across all the subbands (V) can be
decomposed into an integer number of subbands (modg(N) =
0). Then we have K = N/Q, and (6) can be rewritten as

Q-1
n) =Y fy(n)z,(n), )
q=0

o

Subband index

K-

=

Fig. 2. Separation of the subband processing and the subcarrier processing
with

K-1 o
=3 sulg)e® %, 9)
k=0

where z,4(n) corresponds to the IFFT of size K of the samples
related to the subcarrier number ¢ of each of the K subbands.
Then, by exploiting the fact that the IFFT of size K is a
periodic function of K samples, the first N samples of the UF-
OFDM symbol (y(n)) can be decomposed into () fragments of
K samples (N = K x Q). The fragmented symbol y,(n’) =
y(n' + pK), for n’ € [0,K — 1] and p € [0,Q — 1], its
expression can be written as

qu

Thus, it is possible to separate the processing of each
subband (for a given subcarrier index) and the processing of
each subcarrier (for a given subband index), as illustrated in
Fig. 2. The subband processing consists of calculating the
xq(n') samples from (9) using an IFFT of size K. This
processing must be repeated for all the () subcarrier indexes,
and K samples are generated per subband processing to
obtain a total of N samples. Then, the UF-OFDM symbol
is generated by the subcarrier processing that computes the
yp(n’) samples (for each subcarrier index ¢) from the subband
processing according to (10).

This separation between subband processing and subcarrier
processing is the first core idea of the proposed technique and
enables to reduce the computational complexity to process
the first N samples of the UF-OFDM symbol. Indeed, the
required number of operations scales in O(Nlog,(K)) which
is less computationally demanding than the processing of
one IFFT of size N (in O(Nlog,(N))). Furthermore, the
computational complexity does not depend anymore on the
number of allocated subbands B. However, the corresponding

"+ pK)ag(n). (10)
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Fig. 3. Decomposition of the subcarrier processing into a prefix, core, and
suffix parts.

overhead introduced by the subcarrier processing (complexity
in O(Q(N + L))) is not negligible.

In fact, it is possible to further simplify the subcarrier pro-
cessing by decomposing the UF-OFDM symbol into 3 distinct
parts, as shown in Fig. 3:

o The first part of the UF-OFDM symbol corresponds to
the first L samples processed by the linear convolution
operation (subband filtering). This part of the UF-OFDM
symbol has a signal envelope that corresponds to the
shape of the first half of the impulse response of the
subband prototype filter. We refer to this part as the prefix
part of the UF-OFDM symbol.

e The second part of the UF-OFDM symbol, which we
call the core part, is composed of N — L samples and
corresponds to the samples in the interval n € [L, N —1].
This part of the symbol can be seen as the result of a
circular convolution applied to the output of the IFFTs
of size N of the UF-OFDM baseline solution.

o Finally, the last part of the UF-OFDM symbol corre-
sponds to the last L — 1 samples processed by the linear
convolution operation. This part of the UF-OFDM symbol
has a signal envelope that corresponds to the shape of
the second half of the impulse response of the subband
prototype filter. We refer to this part as the suffix part of
the UF-OFDM symbol.

The core part of the UF-OFDM symbol can be efficiently

computed by noting that (7) can be simplified when n €
[L,N —1] as

L-1
. n - L
faln) = TR Y fo(l)e R
1=0
Furthermore, these coefficients can be segmented as

oW +pK) = > F,(n'), (0 +pK) € [L, N 1], (11)

with
, L—1
Fy(n') = 5 fo()ei¥ (12)
=0

The coefficients F,(n’) can be obtained by applying an
FFT of size N on the impulse response of the subband
prototype filter fo(l). From the result of this FFT, only the
first () coefficients are useful (since ¢ € [0,Q — 1]). Then,
a linear phase rotation is applied (the exponential term) for
each subcarrier index ¢. In total, @ x K = N coefficients
are generated. These coefficients constitute the filter core
coefficients.

By combining the equation of the segmented samples (10)
with the equation of the segmented filter coefficients (11), we
obtain

—

Q,
yp(n') = > 24(n)e*" S (0 +pK) € [L,N —1], (13)
=0

s}

with

2q(n') = Fy(n')aq(n'). (14)

The z,(n') samples are obtained after multiplication of the
xq(n’) samples by the filter core coefficients F,(n') defined
in (12), and can be seen as a windowing operation. Then, the
n/-th samples of each of the Q) fragments are calculated using
an IFFT of size @ of the windowed samples z,(n’) across the
@ subcarriers. With the proposed separation between subband
and subcarrier processing, it is then possible to efficiently
compute the core part of the UF-OFDM symbol by using K
IFFTs of size (), reducing the computational complexity to
O(Nlog,(Q)). As shown in Fig. 2, the ) input samples of the
subcarrier processing number n’ € [0, K — 1] corresponds to
the output samples number n’ of the @) subbands processing.
Thus, for the subcarrier processing, the order in which the
subcarrier and subband samples are processed is interleaved
when compared to the subband processing. Each subcarrier
processing requires one windowing stage and one IFFT of size
Q@ to generate ) samples of the segmented core part. Then,
the core part is recovered using the following equation:

ycore(n) =Yn/K| (mOdK (n)) (15)

After the computation of the core part (n € [L, N —1]), the

prefix (n € [0, L — 1]) and suffix (n € [N, N + L — 2]) parts

of the UF-OFDM symbol must be calculated. When n, €

[0, L — 1], n, being the sample index of the prefix part, (7)
becomes

(16)

The P,(n,) coefficients constitute the prefix tail coefficients.
An efficient way to calculate these coefficients is by exploiting
the following:

1

,‘27r4q("1’+1) s —jon &

= e N E fQ(l)e JeTm N
=0

= fo(ny +1) + Pq(”p)eﬂﬂ%-

Py(np + 1)
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Fig. 4. Proposed low-complexity UF-OFDM transmitter

Thus, the prefix tail coefficient number n, + 1 can be
recursively calculated by adding the sample number n, + 1
of the impulse response of the subband prototype filter to the
previously calculated prefix tail coefficients (number n,,), after
multiplication by a linear phase rotation term. This efficient
way to compute the prefix tail coefficients is interesting if
there is a requirement to generate these filters in real time, for
instance to support multiple types of filter coefficients and/or
filter lengths. Otherwise, such coefficients can be simply pre-
computed and stored in a Look-Up-Table (LUT).

Then, the prefix part of the UF-OFDM symbol prefix (72
can be deduced from equation (8)

Q-1

Ypretix (11p) = Z Py(np)zq(np),np € [0, L —1].
q=0

A7)

The samples corresponding to the prefix part of the UF-OFDM
symbol are obtained by:

o Multiplying the x,(n,) samples by the prefix tail co-
efficients P,(n,), which can be seen as a windowing
operation.

« Summing over the subcarrier index g all the () windowed
samples for each sample n of the prefix part.

The generation of the prefix part can be included in the sub-
carrier processing of Fig. 2 since the interconnections between
the subband and the subcarrier processing are unchanged. The
sample number n of the prefix part is generated from the
output number n of each of the () subband processing blocks.

For the suffix part of the UF-OFDM symbol, we have n; €
[N,N + L — 2], and in that case (7) becomes

L—-1
fa(ne) =% N" 0 fo(l)e R,
l=ns—N-+1
= Sy(ns).

The coefficients S,(ns) denote the suffix tail coefficients.
These coefficients can be deduced by subtracting the filter core
coefficients from the prefix tail coefficients as

L—-1 ns—N
Sy(ns) = 7% (3 foll)e ™ = 3 foe %),
=0 =0
= Fy(ns) — Py(ns — N).

Then, the suffix part of the UF-OFDM symbol can be deduced
from (8)

y(n) = 3 (Faln)=By(ne=N) g (ns), n, € [N, N+L—2].

Due to the periodicity of z4(ns) and F,(n,), the above
equation is equivalent to

Q-1

3 (Fq(ns — N) = Py(n, — N))a:q(ns — N).

q=0

y(ns) =

Thus, the suffix part ygmx(ns) can be expressed as follows
for ng € [0, L — 2]:

Ysuftix (s) = y(ns + V)
= 3 (Fulns) = Py(n.) g ns)

= ycore(ns) - ypreﬁx(ns)7 (18)

where the support of ycoe(n) is extended to n € [0, N — 1]
instead of [L, N — 1] as in (13). The samples in the interval
n € [0, L — 1] are only generated to compute the suffix part
of the UF-OFDM symbol. This shows that the suffix part of
the UF-OFDM symbol can be simply deduced by subtracting
the core part of the UF-OFDM symbol from its prefix part,
avoiding additional computational complexity overhead.
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Finally, the complete UF-OFDM symbol is obtained by the
concatenation of the prefix part, the core part and the suffix
part:

ypreﬁx(n), n e [[07 L— ]_]]
y(n) = Yoore(R), mE[L,N —1] (19)
Yaufix(n — N), n€[N,N+ L —2]

The proposed UF-OFDM transmitter is illustrated in detail
in Fig. 4 and can be summarized by the 8 steps:

Step 1) Segment the complex source symbols ¢ into B sub-
bands of () subcarriers.

Step 2) Compute the IFFT of size K of the segmented
samples (from step 1) corresponding to the qth subcarrier
of each of the K subbands. This IFFT has to be computed
@ times, for each subcarrier ¢ € [0, Q — 1] to obtain the
z4(n) samples.

Step 3) Multiply the z,(n’) samples (from step 2) by the
subband prototype filter coefficients F,(n') to obtain the
windowed samples z,(n’).

Step 4) Compute the IFFT of size () of the windowed sample
z¢(n') for the n-th sample index of each of the @
subcarriers. This IFFT has to be computed K times, for
each sample, to obtain the fragmented samples y,(n’).

Step 5) Recover the core part of the UF-OFDM symbol from
the fragmented samples y,(n’).

Step 6) Calculate the prefix part of the UF-OFDM symbol
by multiplying the z,(n,) samples by the prefix tail
coefficients P,(n,), and by summing them over each
subcarrier index ¢ € [0, Q — 1].

Step 7) Calculate the suffix part of the UF-OFDM symbol
(ysufiix (ns)) by subtracting the samples of the core part
(Yeore(n5)) from the samples of the prefix part (Yprefix (725))
for ns € [0, L — 2].

Step 8) Concatenate the prefix part, the core part and the
suffix part to obtain the UF-OFDM symbol.

Note that the generation of the prefix and the core parts
being independent, step 4/5 and step 6 can be processed in any
order. Only the generation of the suffix part (step 7) requires
to first compute the prefix part and the core part of the UF-
OFDM symbol.

The proposed UF-OFDM technique generates the UF-
OFDM symbol without frequency shift, since it was assumed
to be equal to 0 to simplify the development of the equations.
When the frequency shift by (ko subcarriers) is taken into
account, the equation of the frequency shifted UF-OFDM
symbol is given by

/ i kgn
y'(n) =€~ y(n),n €[0,N + L —2].

This additional linear phase rotation would increase the com-
plexity of the transmitter by adding N 4+ L — 1 complex multi-
pliers. It is however possible to calculate the frequency shifted
UF-OFDM symbol more efficiently. Indeed, for the prefix part
of the UF-OFDM symbol (ypresix (7)), the linear phase rotation
term can be included in the prefix tail coefficients:

e "p
Py(ny) = 27 RS o (e 2R,
=0

Concerning the core part of the UF-OFDM symbol ycore (),
the fragmented samples y,(n') can be expressed as
k Q! kgn'
 kop kg’
yp(n') = PTGy (g (n)eIPT R TG,

=0

The term exp[j27(kon')/N] can be included in the core filter
coefficients F,(n) and the term exp[j27(kop)/Q)] is equivalent
to a circular shift of ky samples applied to the inputs of the
IFFT of size () (on the windowed samples z,(n)):

Q-1
yﬁ”(n/) = Z Zq—ko(n/)ejzﬂ-%’
q=0

with the filter core coefficients given by

L—1
.o (q+kg)n’ o gl
Fy(n') = e 58S (foe7mH).
1=0
Therefore, the frequency shift of kg subcarriers does not
introduce any computational complexity overhead.

B. Adaptation of the proposed technique for any subband size

The technique detailed in Subsection III-A assumes that the
total number of subcarriers across all the subbands N can be
divided into an integer number of subbands (modg(N) = 0).
However, in the particular case of 4G/LTE systems, the
minimum allocation size, called a Resource Block (RB), cor-
responds to 12 subcarriers (frequency) and 7 OFDM symbols
(time). Thus, the subband size () must be equal to a multiple
of 12, whereas the IFFT size in 4G/LTE is defined to be a
power of 2 in most cases. The only exception concerns the
numerology related to the 15 MHz bandwidth case, where the
IFFT size is equal to 1536 and the proposed technique can be
directly applied for this case since mod;2(1536) = 0.

One straightforward solution is to adapt the subband size
to satisfy both the simplification constraints and the LTE
allocation size. Such condition is satisfied if () = 4, implying
that each allocated RB is divided into 3 subbands. However,
the spectral confinement and system performance would be
negatively affected for such values.

A second solution is to use a subband size that is a power of
2,allocate the information-carrying symbols to the center of the
corresponding allocated subbands, and pad with zero-valued
samples the edge of the first and last allocated subbands to
complete the subband allocation. As an example, if 1 RB must
be allocated, then () = 16 and B = 1 can be chosen, and (Q —
12)/2 = 2 zeros must be inserted at the beginning and end of
the allocated subbands. More generally, if P corresponds to the
minimum allocation size (in number of subcarriers) supported
by the communication system (P = 12 in 4G/LTE) and Np
is the number of groups of P subcarriers, then, if the subband
size (@ is fixed, we have

Np x P
B= |~~~
el
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where Nz p corresponds to the number of zero valued samples
which must be padded at each edge of the allocated subbands.
If the number of allocated subbands B is equal to 1, any
subband size superior to P can be used and leads to the same
spectral confinement as the baseline solution with Q = P,
since the subband prototype filter coefficients (f(n)) do not
depend on the subband size (). However, for a higher number
of allocated subbands, the presence of zero-padded samples at
the edges of the allocated subbands can impact the spectral
confinement and the performance of the system. Thankfully,
this solution can be used without performance degradation
when Nzp = 0, namely when modg(Np x P) = 0, but
this does not cover all the 4G/LTE RB allocation possibilities.

A third solution is to increase, at the transmitter side, the
total number of subcarriers and the frequency sampling by a
factor 3 such that

modp(BN)=0,1 <8< 2,

with 8 = 1.5 to support 4G/LTE numerology. The subcarrier
spacing being equal to the ratio between the frequency sam-
pling and the total number of subcarriers (Af = fs/N), it
remains unchanged (15 kHz for 4G/LTE). The subband size
is now a multiple of P, satisfying the condition to employ the
proposed technique. Note that this solution does not require
changing the frequency sampling and the total number of
subcarriers at the receiver side, since it is an oversampling
technique. Thus, such solution is transparent for the receiver
and is totally compatible with 4G/LTE numerology. Using an
IFFT size which is not a power of 2 can be seen as a drawback,
but as mentioned in the beginning of this subsection, 4G/LTE
numerology requires the support of an IFFT of size 1536
(= B x 219), and the FFT precoder of the Single Carrier
(SC) OFDM modulation used in LTE uplink already requires
a size that is a multiple of 12 (more precisely, FFT of size
N = 223b5¢ < 1200). Furthermore, if Q # 2" can be
decomposed into a product such that @@ = Qn x R, with
@n = 2™ and n, R integers, then it is possible to calculate
an IFFT of size ) from R IFFTs of size Qn as

RQN_l . k
z(n)= Y X(k)e* TRy
k=0
R—1 Qn-—1
=S R Y X(kQn + DTN (20)
k=0 =0

As an example, if the subband size is set to the 4G/LTE RB
size composed of 12 subcarriers, then the IFFT of the subcar-
rier processing part can be calculated using 3 IFFTs of size
4. The main issue with this solution is that the computational
complexity is increased due to the oversampling.

C. Flexibility to support classical OFDM modulation

With the increasing number of scenarios supported in 5G,
some applications may require the reuse of the classical
OFDM modulation of 4G/LTE in addition to the support of
novel multicarrier waveforms such as UF-OFDM. This implies

that the transmitter should be able to switch between UF-
OFDM and OFDM modulations without major modifications
to the computation core, to avoid the duplication of the
processing units when considering hardware implementation
issues.

In fact, the signal decomposition presented in Sub-
section III-A can be applied for OFDM. Indeed, the OFDM
symbol with the extension of a cyclic prefix of length L can
be generated as

k)e’?™ % n e [-L,N —1].

Il
=N 2
M
(o)

The signal y(n) can be decomposed into virtual (non-filtered)
subbands as

it (e+Qin
q n
y(n) = (g + Qk)e?T
4=0 k=0
Q-1 K—-1
_ Z 67271'% Sk 67271"}?
q=0 k=0
Q-1
n
= 3 e
q=0

2

Similarly to an UF-OFDM symbol, the OFDM symbol can be
segmented as

Q-1
yp(n') =D Fy(n')ag(n)e*™
q=0

with

F(;(n') = 2"

Therefore, the OFDM symbol without the cyclic prefix can
be generated by using the equation of the UF-OFDM core
part and changing the filter core coefficients to I (n'). The
cyclic prefix part can be generated by using (17) (step 6 of
the method), and is given by

=

Qf
Yprefix (M) = y(np— Py (nyp),n, € [0, L—1],

q=0
with

. (np—L))
’ o ]2.”‘11’7
Pq(np) =e€ N

The prefix tail coefficients of the UF-OFDM modulation
(16) must be replaced by the P, (n) coefficients defined above.

An alternative way to generate the cyclic prefix is simply by
copying the last L samples of the core part. This can be done
during the recover step (step 5) since it is a concatenation
operation. The cyclic prefix can be inserted at the same
time, without any complexity increase. Note that, for the
two proposed cyclic-prefix insertion methods, the cyclic prefix
length in OFDM mode can be different from the filter length
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in UF-OFDM mode. The related processing unit just has to
be adapted to process the corresponding length.

IV. COMPUTATIONAL COMPLEXITY ANALYSIS AND
COMPARISONS

A. Complexity analysis

We evaluate the computational complexity of the proposed
technique in terms of the number of real-valued additions
(RAs) and real-valued multiplications (RMs) required to com-
pute one UF-OFDM symbol, and compare it with state-of-the-
art approaches for UF-OFDM modulation. We distinguish RAs
and RMs because their impact on implementation complexity
can differ depending on the type of implementation. For
instance, when considering a dedicated hardware implemen-
tation, a RM requires more hardware resources (more logic
gates) than a RA.

For complex-valued operations, it is necessary to define
the number of RMs and RAs required to compute one
complex multiplication (CM). We denote by Crm(z) and
Cra(z) respectively the number of RMs and RAs required for
the operation z. Typically, a complex multiplication requires
CrM(CM) = 4 RMs and Cra(CM) = 2 RAs. But a complex
multiplication can be also be counted as Cry(CM) = 3 RMs
and Cra(CM) = 5 RAs by using the following development:

(a+7b)(c+jd) = cla+b) —blc+d)+j(c(a+b)+a(d—c)).

Furthermore, if a complex sample is multiplied
by pre-computed complex coefficients (for instance,
filter coefficients)) 2 RAs can be removed and

Cra(complexMultiplier) = 3. Indeed, if ¢ + jd is the
pre-computed complex coefficient, then ¢ 4+ d and d — ¢ can
also be pre-computed instead of directly calculated. Since
all the complex multiplications of the UF-OFDM techniques
involve a pre-computed coefficient, only 3 RAs are required
for any complex multiplication. Thus, Ckm(CM) = 3 RMs
and Cra(CM) = 3 are considered in this paper.

In addition, the choice of the IFFT computation technique
is another critical aspect when considering complexity, since
this choice has a significant impact on the required number of
RMs and RAs. A well-known and efficient IFFT computation
technique is the split radix IFFT [10], which can be used when
the IFFT size is a power of 2 (N = 2™). The computational
complexity of the split radix IFFT of size N, refered as
Crarm(IFFTy), is given by [11]

CRM(IFFTN) = N10g2(N) — 3N + 47

Cra(IFFTy) = 3Nlog,(N) — 3N + 4.

The computational complexity of the baseline UF-OFDM
technique is not considered in this section due to its rela-
tively high complexity when compared to the other presented
techniques. This baseline solution is generally presented for
understanding and illustrating the UF-OFDM modulation and
its specific per-subband filtering. On the other hand, com-
putational complexity analysis of the FD UF-OFDM, the

TABLE I
CHOICE OF Ny DEPENDING ON THE SUBBAND SIZE FOR THE FD
UF-OFDM TECHNIQUE

Subband size | Ng NMSE (dB)
12 64 -25.8
16 64 -25.6
48 128 -29.3
64 128 -28

TDW UF-OFDM and the proposed UF-OFDM techniques are
derived in the rest of this subsection.

1) FD UF-OFDM complexity analysis: As explained in
Subsection II-B, the FD UF-OFDM technique employs mul-
tiple small IFFTs of size proportional to Ny in the over-
sampled frequency domain (by an oversampling factor Npg)
to efficiently process the subband filter. In this section, the
oversampling factor Npg is fixed to 2 since this value pro-
vides a good trade-off between the signal approximation error
and the computational complexity. Thus, the computational
complexity of the FD UF-OFDM technique is given by

Cirm(FD UF-OFDM) =B (CR m(FFT ) 4 Crm(IFF T2y, )

n 6N0) +Crar(IFFTsy),

Cga(FD UF-OFDM) =B (CRA(FFT No) + Cra (IFFTy )

+ 6N0) +Cra (IFFTay )
+4(B=1)N,.

Due to the IFFT of size 2N, the FD UF-OFDM is in any
case more computational complex than an OFDM transmitter
which only requires an IFFT of size N. Furthermore, the
complexity is dependent on the number of allocated subbands
and the chosen small IFFT size Ny. For each allocated
subband, one FFT of size Ny, one IFFT of size 2Ny and
2Ny complex multiplications (subband filtering) have to be
computed. Thus, the computational complexity increases
linearly with the number of allocated subbands. Additionally,
when the subband size changes, the choice of Ny must be
reconsidered such that the approximation errors are kept
within an acceptable level. The choice of Ny = 64 determined
in [8] is applicable for () = 12. However, for other subband
sizes, no analysis has been performed in the literature. In
order to fairly evaluate the computational complexity, the
Normalized Mean Square Error (NMSE) of the approximated
UF-OFDM symbol has been evaluated for the subband size
of 12, 16, 48 and 64 subcarriers for different Ny values.
Table I shows the Ny values corresponding to each of these
subband sizes for an NMSE inferior to —25 dB, assuming a
Dolph-Chebyshev filter [7] with a sidelobe level of 70 dB.
This value was chosen to obtain an NMSE level comparable
to the one obtained for the case where Q = 12 and Ny = 64,
to keep an acceptable approximation error. It can be seen
from Table I that the Ny value is only doubled if the subband
size is multiplied by 4. This implies that the computational
complexity does not increase linearly with the subband
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size, contrary to the number of allocated subbands. Thus,
it is preferable to use few subbands of large size instead
of multiple subbands of short size when considering this
technique.

2) TDW UF-OFDM complexity analysis: The complexity
of this method mainly depends on the number of windows
N,,. A TDW UF-OFDM transmitter using N,, windows will
be denoted by TDW ,, UF-OFDM in this section. According
to [6], the computational complexity of this technique in terms
of number of required RMs and RAs is

Crm(TDW ., UF-OFDM) =N,, (C’R 2 (IFFT )

+aN+L—U)

w

Cra(TDWy, UF-OFDM) =N,, (CRA(IFFTN)

+3(N+L— 1))
+ (Ny —1)(N+L-1).

Contrary to the FD UF-OFDM technique, the computational
complexity does not increase with the number of allocated
subbands B. However, it increases linearly with the number
of windows NN,,. When only 1 window is used (/V,, = 1), the
computational complexity is close to the one of an IFFT of size
N. Thus, the computational complexity is at least N,, times
larger than the computational complexity required to compute
an OFDM symbol. In the original paper [6], the number of
windows NN, considered was set to:

¢ N, = 1 for the lowest computational complexity, but at

the cost of higher approximation errors leading to lower
spectral confinement.

e N, = 3 for a good compromise between computational

complexity and approximation errors.

In this section, TDW; UF-OFDM and TDW3; UF-OFDM
techniques are considered, since N,, > 3 leads to a high
computational complexity largely undermining the interest of
using this technique.

3) Proposed UF-OFDM complexity analysis: Table 11
shows the number of required RMs and RAs per step (see
Subsection III-A for the details of each step) to compute one
UF-OFDM symbol using the proposed technique, assuming
modg (N) = 0. The total computational complexity in number
of RMs and RAs to calculate one UF-OFDM symbol is given
by

8
CRM/RA (UF—OFDM) = Z CRM/RA(Stepi)a

i=1

qmammeMy:qmanNy+MQ+J(—U+3Né,

L
Cia(UF-OFDM) =Cia (IFFTy) + 4(Q + K — 1) + 3N
+2L 1.

TABLE II
NUMBER OF REQUIRED RMS AND RAS PER STEP FOR THE PROPOSED
UF-OFDM TECHNIQUE.

Step Operation CrM CRrA
1 Segmentation 0 0
2 IFFTs of size K | Q x Crm(IFFTg) | @ x Cra(IFFTg)
3 Core windowing 3Q x K =3N 3Q x K =3N
4 IFFTs of size @ | K x Cru(IFFTq) | K x Cra(IFFTg)
5 Reconstruction 0 0
6 Prefix calculation Q x 3L Q x 3L
7 Suffix calculation 0 2(L—-1)
8 Concatenation 0 0

Similarly to the TDW UF-OFDM technique, the compu-
tational complexity does not depend on B, the number of
allocated subbands. Furthermore, the computational complex-
ity is equivalent to the one required to compute an OFDM
symbol (IFFT of size V) plus an overhead term. This overhead
term depends on the ratio between the filter length L and the
total number of subbands K (o« = L/K). In other words, the
proposed technique has a computational complexity almost
equivalent to OFDM for short subband sizes (for any number
of allocated subbands), and the complexity increases with the
subband size Q.

When considering any subband size, the oversampling tech-
niques presented in Subsection III-B can be used at the cost
of an increase in the computational complexity, as the total
number of subcarriers must be multiplied by a factor 5 (= 1.5
for 4G/LTE). Since the IFFT of the subcarrier processing part
is no longer a power 2, the split radix FFT technique cannot
be directly applied, except if this IFFT is computed using (20)
which mostly requires R IFFTs of size Qn and (R—1)RQxy
complex multiplications by the exp[j2w(kn)/R] terms (for
k € [1, R — 1]). The computational complexity related to the
multiplication by the exponential terms can be greatly reduced
by noting that exp[j2m(kn)/R] = 1 when modgr(n) = 0,
for any k € [1,R — 1] values. Thus, Q/R = Qx complex
multiplications can be avoided per k values. In this case, the
computation complexity of an IFFT of size Q = R X Qu
becomes

Crm(IFFTR o, ) =RCiru(IFFTo,, )
+ BQN (R - 1)27

Cra(IFFTR,qgy) =RCra(IFFTgnN)
+3Qn(R—1)* +2(R - 1)RQx.
In this section, only the oversampled solution is considered, as
it enables to support any subband size without any restriction,

while being less computationally complex than the solution
based on multiple intermediate UF-OFDM symbols.

B. Complexity comparison

The computational complexity of the FD UF-OFDM, TDW
UF-OFDM and the proposed UF-OFDM are compared with
respect to OFDM using the following ratio:

Crwra (UF-OFDM)
CRM/RA (OFDM) ’

Ratio-to-OFDMgmRA =
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TABLE III
ANALYTICAL EXPRESSION OF THE COMPUTATIONAL COMPLEXITY FOR EACH CONSIDERED UF-OFDM TRANSMITTER

Transmitter Crm

CRra

OFDM

Nlog,(N) — 3N 1 4

3NTog,(N) — 3N + 4

FD UF-OFDM

B (3N010g2(N0) — No+ 8)
+ 2Nlog, (2N) — 6N + 4

B<9N010g2(N0) +7No + 8)
+ 6Nlog,(2N) — 6N — 4Np + 4

TDWy,, UF-OFDM

Nu <N10gN +3L+ 1)

Nu (3N10gN +N+4L>7N7L+ 1

Proposed UF-OFDM (modg (N) = 0)

Nlogy(N) —3N +4(Q + K) +3N &

3Nlogy(N) —3N +4(Q+ K)+3NL +2L—1

BN R-12 AL BN T 3
Proposed UF-OFDM (modg (N) # 0) | PV (log?(f) +3( R K 1) ON (3(10g <?)+3’8E AR L - 1)
+4(Q + KR) +4(Q+ KR) +2(BL - 1)

TABLE IV
SELECTED CONFIGURATIONS FOR COMPLEXITY COMPARISON.
Number of subband allocated B | Subband size )
Configuration A 1 16
Configuration B 1 64
Configuration C 37 16
Configuration D 9 64
Configuration E 50 12
Configuration F 12 48
where the required numbers of RMs and RAs

Crmra(UF-OFDM) are analytically evaluated in the
previous subsection for each technique and summarized in
Table III. Note that Crvyra (OFDM) = Cryira (IFFT ) since
an OFDM transmitter only requires an IFFT of size V.
Several representative sets of subband sizes and number of
allocated subbands must be considered to fairly compare the
different UF-OFDM techniques. For this purpose, 6 different
configurations are considered. They are detailed in Table IV.
For all these configurations, the total number of subcarriers is
fixed to 1024 and the length of the subband prototype filter
is equal to L = 73 samples. Short and large subband sizes
are considered to evaluate their impact on the complexity. In
addition, subband sizes compatible with a 4G/LTE system
are considered for configuration E and F. Configuration A
and B represent the cases where only 1 subband is allocated,
which is adequate for low data rate services like massive
machine communications. Configurations C to F represent
the cases where multiple subbands are allocated: the number
of allocated subbands is determined such that the entire
bandwidth that can be allocated in 4G/LTE is occupied (at
most 600 active subcarriers from the total 1024 subcarriers).
This corresponds to the extreme cases where a user occupies
the totality of the available bandwidth to achieve high date
rates.

The computational complexity results are illustrated in Fig.
5a for configuration A. The proposed UF-OFDM technique
requires almost the same number of RMs and RAs when
compared to the TDW; UF-OFDM technique, and only 53%
more RMs and 14% more RAs when compared to OFDM.
Furthermore, the proposed technique requires 37% less RM
and 51% less RAs than the FD UF-OFDM technique. The
TDW3; UF-OFDM technique has the highest computational
complexity for this configuration, and is therefore the least
interesting technique. When considering configuration B, the

proposed UF-OFDM technique requires 13% more RMs when
compared to the FD UF-OFDM technique, as shown in Fig.
5b. However, the number of RAs being reduced by 40%, the
proposed UF-OFDM technique is still less complex than the
FD UF-OFDM technique if the total number of operations is
considered (28% less number of RMs and RAs).

Concerning the TDW1 UF-OFDM technique, its complexity
reduction comes at the price of an accuracy loss. Thus, the
effect of the approximation errors must be considered for a
fair comparison. For this purpose, the power spectral densities
of the considered UF-OFDM techniques are presented in Fig.
6 for the following parameters:

o allocation of 1 subband of 48 subcarriers,

« use of 1024 subcarriers in total, for a sampling frequency
of 15.36 MHz as defined in 4G/LTE,

« application of the Dolph-Chebyshev filter with a sidelobe
level of 70 dB.

The OOBPL located outside the allocated subband is higher
in the case of the FD UF-OFDM technique by around 5 dB
when compared to the proposed technique. As mentioned in
[8], this part of the spectrum is not as important as the OOBPL
located at each edge of the allocated subband. Indeed, in a
practical system, such low OOBPL is never achieved due to
the imperfection of the front end components, for instance
due to the non-linearity of the power amplifier. Therefore,
the approximation errors introduced by the FD UF-OFDM
technique do not degrade much the spectral confinement.
When considering the TDW UF-OFDM technique, the number
of windows has a great impact on the signal approximation
and the resulting OOBPL. This is illustrated in Fig. 6, which
shows the Power Spectral Density (PSD) of each UF-OFDM
transmitter, assuming that the subbands are normalized: the
distortion caused by the subband filter is compensated by
readjusting the power of each sub-carrier. It can be seen that
the use of only 1 window greatly degrades the OOBPL at the
edges of the allocated subband. When 3 windows are used,
the spectral confinement is improved, but not as much as with
the proposed technique: at —40 dB, the frequency difference
between the TDW3 UF-OFDM and the proposed UF-OFDM
techniques is around 50 kHz, which is not negligible since
it corresponds to more than 3 subcarriers. Thus, a larger
guard interval may be required between users to offer the
same spectral isolation as the proposed UF-OFDM technique,
leading to a data rate loss. A larger number of windows can
be employed to reduce the approximation errors, at the cost of



PREPRINT 12

f8FD UF-OFDM l3TDW, UF-OFDM 8 TDW; UF-OFDM Io Proposed UF-OFDM
5 L 5 I
4.38 4.38
4 B 4 ’
= =
a A
o 3 B = 30 ’
o @]
Q Q
& -
S 2k f 2 21 ]
~ o<1
1r B 1r ’
0 T T 0 T T
Real multiplier Real adder  Real multiplier + adder Real multiplier Real adder  Real multiplier + adder
a) 1 subband of size 16 b) 1 subband of size 64
I 6 I
8| 7.45 2 o2
a6l 1 &4t |
153 =
o o
e I
.2 =}
& & 2 1.52
2 B
0 T T I 0 1 i
Real multiplier Real adder  Real multiplier + adder Real multiplier Real adder  Real multiplier + adder
¢) 37 subbands of size 16 d) 9 subbands of size 64
I I
101 9.29 9.42 ) 6.1 6.2
6L B
= 8 1 =
g a 4.381.42
© gl 1 Oyl ]
8 Q
2
2 2
z 4 1 %
~ 2.91 ~
2 B
2 B
0 1 1 T 0 T 1 1
Real multiplier Real adder ~ Real multiplier + adder Real multiplier Real adder ~ Real multiplier + adder
e) 50 subbands of size 12 f) 12 subbands of size 48

Fig. 5. Computational complexity of the FD UF-OFDM, TDW UF-OFDM and proposed UF-OFDM for different subband configurations.

an increased computational complexity. Concerning the TDW;
UF-OFDM technique, the original signal is highly degraded
along with the OOBPL. In fact, the TDW; UF-OFDM is closer
to windowed-OFDM than UF-OFDM.

When considering a subband size of 12 subcarriers for
configuration A and a subband of size of 48 subcarriers for
configuration B, the same complexity results are obtained.
Indeed, Subsection III-B shows that the proposed technique
is compatible with any subband size when B = 1: the active
carriers can be allocated at the middle of the subband, and
zero-valued samples can be padded at its extremities. Thus,
the proposed UF-OFDM technique is the most interesting 20 . o e s 1 o )
technique for B = 1, since it has the lowest computational
complexity while preserving the signal quality. Fig. 6. Power spectral density of the UF-OFDM techniques.

Concerning configuration C, the proposed UF-OFDM tech-
nique is employed without any oversampling since the total
number of subcarriers can be divided into an integer number of

Proposed UF-OFDM

TD UF-OFDM (1 window)
——TD UF-OFDM (3 windows)
—e—FD UF-OFDM
—OFDM

Power Spectral Density (dB)

0
Frequency (MHz)
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subbands. It can be shown in Fig. 5c shows that the proposed
technique has a lower complexity than the FD UF-OFDM and
the TDW3 UF-OFDM techniques. Particularly, the FD UF-
OFDM technique requires 4.18 times more RMs and 5.51
times more RA than the proposed UF-OFDM technique. Thus,
the FD UF-OFDM loses its appeal when a large number of
subbands is employed. When considering a larger subband
size with configuration D (Fig. 5d), the proposed UF-OFDM
still has a lower complexity than the other techniques, with the
exception of the TDW; UF-OFDM, which has an unacceptable
spectral confinement.

Next, configuration E and F represent cases where multiple
subbands are allocated, but the subband size is not a multiple
of the total number of subcarriers (modg(N) > 0). In this
context, the oversampling technique described in Subsection
III-B must be employed for the proposed technique. While
this increases the complexity, our proposal still offers reduced
complexity when compared to the FD UF-OFDM and to the
TDW UF-OFDM techniques, as shown in Fig. Se and in Fig.
5f.

Therefore, for all the configurations considered, the pro-
posed technique offers significant reductions in computational
complexity while preserving the signal accuracy. Note also that
the complexity is close to OFDM for a subband size () = 16,
regardless of the number of allocated subbands. Finally, our
proposed transmitter architecture can be easily adapted to
generate an OFDM symbol as demonstrated in Subsection
III-C, which is more difficult for techniques like FD UF-
OFDM where the IFFT size must be doubled (assuming
Nos = 2). This is particularly interesting from a hardware
implementation perspective, where resources must be shared
to reduce the hardware complexity.

Finally, the proposed technique assumes that each sub-
band contains the same number of subcarriers. Therefore,
the use of different subband sizes on the same carrier is
not directly supported. In fact, for downlink communication,
multiple communication services using different numerologies
are considered in 5G. For instance, narrow subbands can be
employed for mMTC, whereas wider subbands can be used for
broadband communication. For the uplink, the user equipment
being configured for a particular application, the subband
size should be kept constant. Note that the TDW UF-OFDM
technique suffers from the same drawback, and only the FD
UF-OFDM transmitter can support multiple subband sizes in
the same bandwidth. For the latter, the stage of IFFT/FFT
(of size Np) can simply be adapted for a given subband
configuration, since subbands are processed separately and
independently. In our case, the support of multiple subband
sizes can be done by duplicating the transmitter. Assuming that
the whole bandwidth is allocated and both subband sizes of 16
and 64 subcarriers must be supported, the proposed transmitter
remains 18% to 43% less complex (in number of RM) than
the FD UF-OFDM transmitter, despite the replication. These
values are obtained by considering the lowest and highest com-
plexity of the FD UF-OFDM transmitter, which correspond to
9 subbands of size 64 and 37 subbands of size 16 respectively.
If subbands of size 12 and 48 are considered, the complexity of
the proposed transmitter is comparable to the FD UF-OFDM

transmitter (between 26% less and 11% more complex).

V. CONCLUSION

In this paper, a novel UF-OFDM technique with low com-
putational complexity is proposed. One of the main features
of this novel technique is that, contrary to the ones proposed
in the literature, it does not introduce any approximation of
the original signal. Additionally, appropriate solutions have
been detailed to support any subband size as defined in
4G/LTE numerology. Comparisons were performed with the
techniques presented in the literature using different set of
subband allocations and subband sizes. The results show
that the proposed UF-OFDM technique provides significant
computational complexity reduction in most cases. Finally,
power spectral density comparisons were conducted showing
that the proposed technique preserves the spectral confinement
of UF-OFDM, contrary to the TDW UF-OFDM technique.
This demonstrates for the first time the possibility to design
a low-complexity UF-OFDM transmitter without any signal
degradation, making the UF-OFDM particularly appealing for
adoption in upcoming wireless applications and standards.
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