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Abstract— Orthogonal frequency-division multiplexing
(OFDM) has been selected as the basis for the fifth-generation
new radio (5G NR) waveform developments. However, effective
signal processing tools are needed for enhancing the OFDM
spectrum in various advanced transmission scenarios. In earlier
work, we have shown that fast-convolution (FC) processing
is a very flexible and efficient tool for filtered-OFDM signal
generation and receiver-side subband filtering, e.g., for the
mixed-numerology scenarios of the 5G NR. FC filtering
approximates linear convolution through effective fast Fourier
transform (FFT)-based circular convolutions using partly
overlapping processing blocks. However, with the continuous
overlap-and-save and overlap-and-add processing models with
fixed block-size and fixed overlap, the FC-processing blocks
cannot be aligned with all OFDM symbols of a transmission
frame. Furthermore, 5G NR numerology does not allow to use
transform lengths shorter than 128 because this would lead to
non-integer cyclic prefix (CP) lengths. In this article, we present
new FC-processing schemes which solve or avoid the mentioned
limitations. These schemes are based on dynamically adjusting
the overlap periods and extrapolating the CP samples, which
make it possible to align the FC blocks with each OFDM
symbol, even in case of variable CP lengths. This reduces
complexity and latency, e.g., in mini-slot transmissions and,
as an example, allows to use 16-point transforms in case of
a 12-subcarrier-wide subband allocation, greatly reducing the
implementation complexity. On the receiver side, the proposed
scheme makes it possible to effectively combine cascaded
inverse and forward FFT units in FC-filtered OFDM processing.
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Transform decomposition is used to simplify these computations,
leading to significantly reduced implementation complexity in
various transmission scenarios. A very extensive set of numerical
results is also provided, in terms of the radio-link performance
and associated processing complexity.

Index Terms—Filtered OFDM, multicarrier, waveforms, fast-
convolution, physical layer, 5G, 5G new radio.

I. INTRODUCTION

RTHOGONAL frequency-division multiplexing
(OFDM) is the dominating multicarrier modulation
scheme and it is extensively deployed in modern radio access
systems. OFDM offers high flexibility and efficiency in
allocating spectral resources to different users through the
division of subcarriers, simple and robust way of channel
equalization due to the inclusion of cyclic prefix (CP), as well
as simplicity of combining multi-antenna schemes with the
core physical-layer processing [2]. The main drawback is the
limited spectrum localization, especially in challenging new
spectrum use scenarios like asynchronous multiple access,
as well as mixed-numerology cases aiming to use adjustable
symbol and CP lengths, subcarrier spacings (SCSs), and frame

structures depending on the service requirements [3]—[7].
Various enhanced OFDM schemes have in general been
proposed in the literature for solving the high out-of-band
(OOB) emission problem. These include adaptive symbol
transition [8], cancellation carriers [9], constellation expan-
sion [10], polynomial cancellation coding [11], [12], subcarrier
weighting [13], and precoding-based schemes [14], [15]. Two
additional techniques, namely the time-domain windowing
and subband- or carrier-level filtering [16], [17] are mainly
considered in long-term evolution (LTE) and fifth-generation
new radio (5G NR) context. To this end, the time-domain
windowing with overlapping processing blocks, commonly
referred to as weighted overlap-and-add (WOLA) in the
5G NR context, is a straightforward approach to sidelobe
suppression by smoothing the discontinuities at the OFDM
symbol boundaries [18]-[23]. This approach has a very low
complexity and it can be applied also on the receiver (RX) side
for suppressing interference leakage from adjacent channels.
However, its effectiveness depends on the length of cyclic
extensions of OFDM symbols, and there is an inevitable trade-
off between sidelobe suppression performance and overhead
in the throughput. The low complexity of WOLA makes it
good alternative for user equipment (UE) side spectral control,
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Fig. 1. Example PSDs of CP-OFDM, WOLA, FC-F-OFDM, and
time-domain filtered OFDM (TD-F-OFDM) in 10 MHz 5G NR channel with
15kHz SCS. The lower subfigure shows the overall responses while the
upper subfigure shows the transition-band details. The PSDs are averaged
with measurement bandwidth (MBW) of 100 kHz. The minimum attenuation
at SEM mask edge, As, is given for each waveform.

however, meeting the strict base-station-side spectral emission
mask (SEM) requirements of 3GPP and FCC with WOLA is
challenging.

A. Filtered OFDM State-of-the-Art

Initial studies on filtered OFDM were based on time-domain
filtering [24]-[26], and later also polyphase filter-bank-
based solutions have been presented [22], [27]-[29]. Fast-
convolution-based filtered OFDM (FC-F-OFDM) has been
presented in [30]-[33]. Especially in [33], the flexibility,
good performance, and low computational complexity of
FC-F-OFDM was clearly demonstrated in the 5G NR context.
These schemes typically apply filtering in continuous manner
over a frame of CP-OFDM (or zero-prefix-OFDM) symbols.

An example PSD performance of CP-OFDM, WOLA, and
frequency-domain and time-domain filtering-based CP-OFDM
waveforms are shown in Fig. 1. As seen from this fig-
ure, the spectral containment of filtering-based enhanced-
OFDM approaches is considerably better when compared
to windowing-based WOLA. The problematic or inconve-
nient aspect of the conventional time-domain filtering-based
schemes is their high complexity. In [34], it was shown
that the complexity of time-domain filtering-based solutions
in mixed-numerology case is 70 times the complexity of
CP-OFDM processing. This complexity can be reduced using
classical (e.g., polyphase) filter-bank models, however, these
solutions have highly reduced flexibility in adjusting the sub-
band center frequencies and bandwidths. Especially in 5G NR,
where the subband size can, in theory, vary from one to 275
physical resource blocks (PRBs) and the center frequency of
the subband can vary within a 100 MHz channel bandwidth,
it is practically impossible to cover all possible subband
sizes and center frequencies with a polyphase filter-bank
implementation.
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Universally filtered multicarrier (UFMC), also called
universal filtered OFDM (UF-OFDM), is basically also a
filtered-OFDM scheme, but it makes use of the zero pre-
fix (ZP)-OFDM signal structure, instead of CP [35]. For
UEMC, the filter length is basically limited by the ZP length
which, e.g., for 5SG NR numerologies, implies very short filters
and, consequently, poor spectral containment. Also, ZP-based
OFDM is not compatible with LTE and 5G NR physical layer
standardization.

Yet another line of study is that of filter-bank multicarrier
(FBMC) waveforms, which can reach excellent spectral local-
ization. However, when targeting to maximize the spectrum
utilization with FBMC, it is necessary to use offset quadrature
amplitude modulation for subcarriers to reach orthogonal-
ity [36]. Due to the resulting inconveniences in the signal
structure, the increase in computational complexity that FBMC
entails, and the incompatibly with OFDM, its practical use
has so far been limited to certain specific applications only.
In addition, for FBMC waveforms, the excellent spectral local-
ization implies poor time localization, making them unfeasible
for short burst transmissions [34].

B. Contributions and Novelty

Building on our early work in [1], this article proposes
and describes symbol-synchronized discontinuous FC process-
ing targeting at increased flexibility and reduced complexity
of FC-F-OFDM. It is shown that the proposed processing
supports more flexible parametrization of the FC engine,
resulting in reduced complexity and latency with narrow
subband allocations and in mini-slot transmission. Important
use cases are seen, e.g., in spectrally well-contained narrow-
band internet-of-things (NB IoT) transmission with one PRB
allocation and in ultra-reliable low-latency communications
(URLLC) for generating short transmission bursts, so-called
mini-slots, to reduce the radio link latency. However, the pro-
posed schemes can be used for wide-band allocations as well.

Since FC is a block-wise processing scheme with fixed
block length, the position of the useful parts of the OFDM
symbols vary within a frame of transmitted OFDM symbols.
With the continuous FC-processing model as described in [30],
[33], it is necessary that the CP lengths and useful symbol
durations correspond to an integer number of samples at the
lower sampling rate used for transmitter OFDM processing at
each subband. In case of narrow-band allocations, this limits
the choice of the transform lengths, significantly increasing
the computational complexity. With 3GPP LTE and 5G NR
numerologies, the shortest possible transform length is 128,
while length-16 transform would be sufficient when a subband
contains one PRB (12 subcarriers) only. This restriction applies
to plain CP-OFDM processing, time-domain filtering-based
CP-OFDM, and FC-based solutions with continuous process-
ing model. On the receiver side, the proposed scheme makes
it possible to effectively combine cascaded inverse and for-
ward fast Fourier transform (FFT) units in FC-filtered OFDM
processing. Transform decomposition is used to simplify these
computations, leading to significantly reduced implementation
complexity in various transmission scenarios.
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The proposed scheme allows to reduce the complexity in
the case of (i) short transmissions (e.g. mini-slot), (i) in mul-
tiplexing multiple relatively narrow subbands (e.g., gateway
for massive machine-type communications (MTC)), and (iii)
UE side transmitter (TX) processing, assuming that only one
numerology is transmitted. Moreover, in case of parallelized
hardware implementations, it is a benefit that each OFDM
symbol can be generated and filtered independently of the
others. This also minimizes the TX signal processing latency.

In this article, we develop and describe discontinuous
symbol-synchronized FC-based processing techniques, with
emphasis on exact mathematical descriptions and the corre-
sponding insight in the involved processing stages. The main
contributions can be listed and summarized as follows:

» Mathematical models for discontinuous symbol-
synchronized FC-based TX and RX processing are
described. Both overlap-and-add (OLA) and overlap-
and-save (OLS) variants are discussed.

» Extrapolating TX FC processing is suggested for reducing
the required inverse fast Fourier transform (IFFT) length
for OFDM modulation by relaxing the CP length related
constraints on the IFFT length.

» Model for simplifying the IFFT computations in RX
processing is proposed. The computational savings are
achieved by effectively combining the computations of
the IFFT of the FC module and the FFT of subband
OFDM processing through transform decomposition.

» Extensive numerical results are provided, including com-
prehensive 5G NR radio link simulations, verifying the
validity of the proposed models, and illustrating the bene-
fits of the proposed FC-based filtered-OFDM processing.

» Complexity evaluations are given quantifying the savings
achieved using the proposed techniques.

» Discontinuous FC processing is proposed as an additional
useful element in the toolbox for frequency-domain wave-
form processing, and it can be expected to find applica-
tions also in other areas of digital signal processing.

The remainder of this paper is organized as follows.
Section II, first shortly reviews the continuous FC-based
filtered-OFDM processing, for reference. Then, the proposed
discontinuous TX FC-processing model is described with
implementation alternatives resulting to the reduced complex-
ity and latency in Section III for TX and in Section IV for
RX. Section V presents an analysis of the computational com-
plexity of considered alternative FC schemes. In Section VI,
the performance of the discontinuous processing is analyzed
in terms of uncoded bit error rate (BER) in different inter-
ference/multiplexing scenarios and channel conditions, while
also numerical results for the complexity for alternative FC
schemes are provided. Finally, the conclusions are drawn in
Section VII.

II. CONTINUOUS FAST-CONVOLUTION PROCESSING

A. Basic Operation Principle

The block diagram for the basic continuous, symbol-
nonsychronized OLA-based FC-F-OFDM TX processing
proposed originally in [30], [33], serving as the main state-
of-the-art reference, is shown in Fig. 2. Let us denote by
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Lact,m the number of active subcarriers on subband m. The
CP-OFDM signal is first generated by using the smallest
IFFT length equal to or larger than L, ,, supporting an
integer length CP. Let us denote this transform (IFFT)
length by Lorpm,m. Then, low-rate CP of length Lcp p.p
is added to each of the Borpm,» OFDM symbols for n =
0,1,..., Borpm,m — 1 and the signal is converted to serial
format. These are all operations equivalent to basic CP-OFDM
TX processing.

The actual FC processing per subband starts by partition-
ing the time-domain input sample stream into so-called FC
processing blocks, which include overlapping zero-padded
extensions, as illustrated in Fig. 3. Here, the basic idea is to
approximate linear convolution through series of overlapping
circular convolutions carried out per FC processing block.
The exact number of these blocks depends on the input
sequence length, overlap factor, and the FFT length L,,. Next,
we take L,,-point FFT of each processing block and apply
FFT-shift operation which essentially places the DC-carrier in
the middle of each vector. Then, a frequency-domain window
D,, is applied to implement the designed filter response. After
frequency-domain windowing the given subband is placed
at the allocated FFT bins with transition-band values possi-
bly exceeding the nominal allocation range. The overlapping
transition-band bins of adjacent subbands are added together
finalizing the subband-wise processing.

The N-point IFFT is common part for all subbands. It con-
verts all the low-rate frequency-division multiplexed subband
signals to time domain per FC block. By using the common
IFFT block for all subbands, the complexity of processing
can be considerably reduced. In addition, it provides the
sampling-rate conversion by the factor of I,,, = N/L,,. Next,
OLA processing is used to concatenate the high-rate FC blocks
in order to construct the filtered time-domain representation of
the transmitted signal.

In addition to OLA approach, FC processing can be realized
using OLS scheme. In this case, the zero padding in block par-
titioning is replaced by the straightforward segmentation into
the overlapping blocks and the OLA after the last transform is
replaced by the discarding of the overlapping output segments.
More detailed description of the FC filtering process can be
found, e.g., from [33], [37].

The basic continuous FC-processing flow of FC-F-OFDM
transmitter for Lorpm,m = Ly, is illustrated in Fig. 3. We use
mini slot of two OFDM symbols (Boppm,» = 2) as an
example to illustrate our point of more efficient processing of
short symbol bursts with the discontinuous processing defined
in the next section. The assumed overlap between processing
blocks is 50% (the overlap factor is A = 0.5). From Fig. 3 we
can observe how the FC processing is continuous by collecting
Lorom,m /2 = Ly, /2 samples from the input sample stream to
each FC processing block. Also, the overlap factor is constant
over all FC processing blocks.

The inconvenient aspects of the original continuous FC
processing in the considered short burst transmission scenario
are threefold: First, there is inherent latency in processing flow
since each FC processing block may contain samples of two
OFDM symbols. For example, the filtering of the first OFDM
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Fig. 3. FC-processing block partitioning in basic continuous OLA-based
FC-F-OFDM. FC blocks are not synchronized to CP-OFDM symbols. Five
FC-processing blocks are needed for two OFDM symbols.

symbol cannot be finalized until the second OFDM symbol
in the third FC processing block is available as illustrated
Fig. 3. Second, the number of required FC processing blocks
is somewhat higher, e.g., the fifth FC block is almost empty
making processing inefficient. This “extra” overhead of the
continuous FC processing, however, decreases with increasing
number of OFDM symbols, or increased length of transmitted
signal. Third, the OFDM transform lengths supported by the
continuous FC processing, or any other continuous filtering
alternative, are restricted by the CP length requirement, often
making the processing excessively complex for narrow-band
allocations.

B. Continuous FC-Filtered CP-OFDM TX Processing Model

The CP-OFDM TX processing, as illustrated in left-hand
side block in Fig. 2, is formally expressed as

(1a)

—1
XOFDM,m,n = w LorpM. m Xm,n
and

XCP-0FDM,m,n = K Lepn 0 XOFDM,m,m5 (1b)

on Lot m active subcarriers, W1 e ClomwmxLomwm g

the unitary inverse discrete Fourier transform (IDFT) matrix
(i'e" WWH = I)’ and KLCP.m.n c Z(LOFDM.m+ch.m.n)XLOFDM,m
is the CP insertion matrix. In general, the CP length could be
different for each symbol, while for 5G NR and LTE, two CP
lengths are used for normal CP configuration [38], [39] such
that the first symbol of a half subframe (0.5 ms) is longer than
the others. For example, with Loppm,m = 128, the CP length
for the first symbol in a half subframe is Lcp ., = 10 for
nmod 7 =0 and Lcp ,n = 9, otherwise.

FC-based filtering, as proposed originally in [30], [33],
carries out the processing in overlapping blocks. In the
synthesis filter bank (SFB) case, the input block length of
the mth subband is L,, and the output block length is N.
The overlap between the input blocks is determined by the
number of overlapping input samples Lo ,,. The number of
non-overlapping input samples is given as Ls ,,, = Ly, — Lo,m
while the overlap factor is expressed using these values as

A= LO,m/Lm = (Lm - LSm)/Lm (2)

The number of overlapping input samples can be further

divided into leading and tailing overlapping parts as follows:

LL,m, = ’—LO,m/Q—I and LT,m = I_LO,m/2J- (3)

The corresponding number of overlapping and non-

overlapping output samples are determined as No AN

and Ng (I — AN, respectively. Similarly, the number

of overlapping output samples are divided into leading and
tailing parts, Ny and Nr, respectively.

The FC processing increases the sampling rate by the factor
of

I = N/Lm, “)
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resulting in OFDM symbol and CP durations of Noppm,m =
Im,LOFDM,m, and NCP,m,,n = Im,LCP,m,,n» reSpeCtiVely' Here
Lorpm,m and Lcp ., must have integer values.

In continuous FC SFB, the filtering of the mth CP-OFDM
subband signal for the generation of the high-rate waveform
w,, can be represented as

O(L,,—Ls,m)x1
XCP-OFDM,m )
O(Lp— L m+Vim) x1

Wm = Fm,

(5a)

where F,,, is the block diagonal transform matrix of the form

Fm, - diag(Fm,,O((Pm,,O); Fm,l(@m,l); R

Fm,,Rm—l(SOm,Rm—l)) (Sb)

with R, overlapping blocks Fy, ,(¢m,) € CN*Em for

r = 071;---7Rm — 1. Here, XCP-OFDM,m is the column
vector formed by concatenating the Xcp.orpMm,m,n for n =
0,1,...,Borpm,m — 1. In order to properly segment the

beginning and the end of the input stream with OLS or
OLA scheme, zero padding of Sy ., = 2(L., — Lsm) + Vin
samples in total are inserted before and after the CP-OFDM
signal, where V,,, is the number of samples needed to fill
the non-overlapping part of the last FC processing block. The
overall high-rate waveform to be transmitted is then obtained
by combining all the subband waveforms as follows:

M-1
XFC-F-OFDM = Z Wm. (6)
m=0
The multirate version of the FC SFB can be represented
either using the OLA block processing by decomposing the
F. r(¢m,r)’s as the following matrix

F;?{;’A) (@m,r) = W]TIIMm (@m,r)DmP(LL,;n/Q)WLm Ag??
(7a)

or OLS block processing when the F,, (¢, »)’s are decom-
posed as
F(OLS)(QOm,,r) - S(TX)WX/'le (@m,,r)DmP(LI::L/Q)WL

m,r m,r m*

(7b)

Here, W, € CEmxEm and W' € CV*N are unitary
discrete Fourier transform (DFT) and IDFT matrices, respec-
tively. The DFT shift matrix P(LL/ ) ¢ NLm*Lum s circulant
permutation matrix, as expressed by

pLn/2) _ |OLLpn /2] x[Lm /2]

L,/
8
fm Lrr,. /21 ®

0120 /21 (Lm/2) )

placing the zero-frequency bin in the middle of the
frequency-domain representation of the waveform while
D,, € REm>*Lm is diagonal matrix with diagonal elements
being the weights of the subband m. The frequency-domain
mapping matrix M, (@, ) € NV*Em maps L,,, consecutive
frequency-domain bins of the input signal to L,, consecutive
frequency-domain bins of the output signal as follows:

m.r, If 2(p) =
[Mm(%n,,r)]%p = {SO ’ 1 (p) q (9a)

0, otherwise
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Fig. 4. Discontinuous OLA-based block partitioning for FC-F-OFDM TX
processing. FC processing blocks are synchronized to the OFDM symbols.
Four FC-processing blocks are needed for two OFDM symbols. The FC
overlap factor is dynamic: 0.5 — Ncp,,, /N for the first block and 0.5 for
the second block of each OFDM symbol.

with

=(p) = (¢m — [Lm/2] +p—1mod N) + 1, (9b)

where ¢, is the center bin of the subband m. In other
words, Mm(gamﬂ«) provides frequency translation or modula-
tion by shifting the L,, bins in frequency domain by ¢,, bins.
The phase rotation needed to maintain the phase continuity
between the consecutive overlapping processing blocks is
given as

Pm,r = eXp(jZTrTCmLS,m/Lm)- (9¢)

For further details, see [33].

For OLA processing, the time-domain analysis window
matrix A,,, € NEm*Lm js a diagonal weighting matrix as
given by

OLme x1
]-Ls,m x1
OLT,,,,L x1
(10a)

AT = diag (ap,,)  with

Amr =

For OLS processing, the time-domain synthesis window
matrix S,, , € NV*¥ is given by

ONLXI
1ngx1
0N’1‘><1

SO = diag (sm,r)  with . (10b)

Sm,r =
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T OFDM
| _ samples
Low-rate input samples T CP samples
Interpolated CP samples Overlap period of two FC blocks T g)a\‘/;rplzl:\gspmg
High-rate output samples
Extrapolated CP samples
Fig. 5. Discontinuous OLA processing for a single CP-OFDM symbol with 50% FC overlap, interpolation factor of four (I, = 4), and high-rate OFDM

symbol duration of 64 samples. CP length is one sample at low rate and six samples at high rate (corresponding to one and half low-rate samples).

III. PROPOSED SYMBOL-SYNCHRONIZED
DiscONTINUOUS FC-BASED FILTERED-OFDM
TX PROCESSING

A. Basic Idea and Operating Principle

Fig. 4 illustrates the proposed discontinuous TX
FC-F-OFDM processing flow for a mini-slot of two OFDM
symbols (Borpm,m = 2). Here, the block segmentation
of the discontinuous FC processing is specifically tailored
to follow the OFDM waveform structure by dynamically
adjusting the overlap between the FC blocks. It can be
seen that in discontinuous processing, two FC processing
blocks are synchronized to each OFDM symbol. With the
chosen parameters, the first FC block contains the first half
of the OFDM symbol and the second FC block contains
the second half of the OFDM symbol. In addition, the first
FC processing block contains the low-rate CP samples. This
reduces the overlap in the beginning of the first FC block,
that is, the overlap factor becomes A = 0.5 — Lcp,m.n/Lm.-
Here, Lcp,m,» is the CP length of the nth symbol on subband
m. In practice, this reduction is relatively small, causing
only minor increase in the related distortion effects which
do not essentially contribute to link level performance.
For discontinuous processing, only four FC processing
blocks are used, instead of five in the continuous processing
model (see Fig. 3), resulting in reduced complexity. For
longer transmission bursts, the discontinuous processing
systematically requires one or two FC processing blocks less
than the continuous one. Obviously, the segmentation can
also be carried out, e.g., by dividing the CP-OFDM symbol
into two segments such that these segments have equal length
in both FC processing blocks (assuming that the CP length is
even). However, for the proposed approach, the payload part
of symbol is better protected by the reduced overlap since
the increased cyclic distortion falls above the CP part of the
symbol.

Fig. 5 shows a detailed example of the sample-level inter-
polation and extrapolation process. The CP part is included
in the leading overlap section of the first FC block of each
OFDM symbol and the CP length is fine-tuned in the OLA
processing for consecutive OFDM symbols at high rate. The
time resolution in adjusting the CP length is equal to the
sampling interval at high rate (as in traditional CP-OFDM).

In generic setting, the discontinuous FC-F-OFDM process
can be formulated as follows. First, the CP-OFDM symbols are
generated at the minimum feasible sampling rate for each sub-
band and, if needed, the CP length is truncated to the highest

Lcpmn LorpM,m
XCP-OFDM,m,n } CP-OFDM symbol
SLmn ST,m
U Zm,n D } Zero-padded symbol
- [ OFDM symbol
P % Cyclic prefix
Lim LS LTm @ Zeros
0 22 1]} 15t Fe block DMl 7O windows

7/ /|
I I Overlappi t
i ([ 2 [0} 2nd Fe block Lo ~YeraPRIng parts

| Block-wise interpolating circular convolution

NL Ns Nt l

L 2

Fig. 6. Overlap-and-add (OLA)-based block processing of one CP-OFDM
symbol using two FC-processing blocks.

|} Filtered output

integer number of low-rate samples which does not exceed
the CP length of the transmitted signal. FC-based filtering
(or interpolation) is then applied to each CP-OFDM symbol
individually to generate filtered symbols at the high (output)
sampling rate. Finally, the CP-OFDM signal for a transmission
slot is constructed from the generated individual symbols using
the OLA principle. When combining the individual symbols,
their spacing in time direction is adjusted (with the precision of
the output sampling interval) to correspond to the precise CP
duration in the “CP length adjustment (extrapolation)” block
in Fig. 4.

In basic form, the proposed scheme is suitable for scenarios
where the overall symbol durations of all subband signals to be
transmitted have equal lengths and the symbols are synchro-
nized. It is notable that different durations (e.g., different CP
lengths) are allowed for different CP-OFDM symbol intervals
within a transmission slot.

B. Symbol-Synchronized TX FC Processing for One
CP-OFDM Symbol

Fig. 6 illustrates the OLA-based FC processing of one
CP-OFDM symbol in two processing blocks corresponding
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to overlap factor of A = 0.5. Here, it is assumed that the
OFDM modulation IFFT lengths and the FC-processing short
transform (FFT) lengths are the same, that is, Lorpm,m = Lm
for m = 0,1,..., M — 1. This is due to the fact, that some
additional simplifications especially on RX can be provided if
Ly, = Lorpwm,m and the FC processing with overlap of (about)
50% has turned out to provide sufficient performance for LTE
and 5G NR channelization purposes. However, the proposed
scheme can be generalized for other overlap factors and
transform lengths as well if desired.

In symbol-synchronized processing, the incoming symbol is
first zero padded in the beginning and the end by St ., =
Li,m — Lcpyn,n and Lt ,, zeros, respectively, to form a
zero-padded symbol z,, ,, of length 3/2L,, as follows

OSL,m,n X (LorpM,m +Lcp,m,n)
ILOFDM.m +Lcp,m,n
OLT,m X (LoroM,m +Lcp,m,n)
This zero padding is needed in order to divide one CP-OFDM
symbol of length Lcp . + Lorpm,m into the two FC blocks
of length L,,, with 50% overlap. Now F,,, (¢, )’s for r =
0,1, (e.g., the synthesis matrix of (7a)) essentially process
(filter and possibly interpolate) two overlapping segments of
length L,, from the zero-padded symbol. Let us denote these
segments by zﬁ,’{,?n € Clm>1 for r = 0,1 and the samples

belonging to these processing segments are given by

Zn,n = XCP-OFDM,m,n- (11)

20, = (R ) 2 (12a)
for r = 0,1 where
I 1) 0r,,/2xL,
RO — Lm and RO — /2% L |
Em = 0p,, /2% L, Lom I,
(12b)

The effective overlap factor for the first processing block
is reduced to 0.5 — Lcp, m,n/ Ly due to inclusion of CP and,
therefore, the first time-domain analysis window has to be
redefined as

OSL,m,n x1
1(Ls,m+LCP,m,n) x1
0L, x1

Am,0 = (13)

in order to prevent CP samples being zeroed by the analysis
window of (10a). Let w'r), € CV*1 for r = 0,1 denote the
product of the processing blocks by the synthesis matrices as
expressed by

Wi = Fonr (9m,r0n)2l0), (142)
for » = 0, 1. Here, an additional phase rotation as given by
0, = exp(j2TCemen) (14b)
with
T
on =12 Nevma (14c)

g=1
is included to compensate the truncation of the CP length to
integer samples on the low-rate side. This additional phase
rotation is included to guarantee the phase continuity of the
signal segments generated in the following OLA stages.
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Fig. 7. Overlap-and-save (OLS)-based block processing of one CP-OFDM
symbol using two FC-processing blocks.

The filtered high-rate subband waveform of length 3/2N
corresponding the nth symbol on the mth subband can finally
obtained be combining these filtered blocks by following the
OLA scheme as

Wi = 3 RYwWE), (152)
r=0,1
where
RY = | ¥ and R = |92 (15p)
N Onyjoxn N Iy

Alternative to OLA scheme, the above processing can also
be carried out following the OLS approach as illustrated
in Fig. 7. The basic difference is that now the time-domain
windowing is realized after the convolution and only one of
the filtered blocks is non-zero in the overlapping regions.
The abrupt truncation of output waveform at the edges of
the filtered symbol can be avoided by smoothly tapering the
raising edge of the first time-domain synthesis window s,, o
and the falling edge of the second time-domain window s, 1,
as illustrated using the dashed line in Fig. 7. Discontinuities
in the output waveform give raise to a high spectral leakage
and, therefore, the OLA scheme is preferable on the TX side
in general.

C. Symbol-Synchronized TX FC Processing for Multiple
Symbols

The final stage of the proposed discontinuous FC processing
consists of combining the filtered CP-OFDM symbols, pro-
vided that more than one symbol is included in the trans-
mission slot. In this case, the high-rate filtered symbols are
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Fig. 8. Symbol-wise overlap-and-add processing for concatenating the filtered
CP-OFDM symbols.

combined with symbol-wise OLA processing as follows

Borpm,m —1

W= ToWnn (16a)
n=0
with
n
On = nNOFDM,m + Z NCP,m,q (16b)

q=1

being the starting index of the nth filtered block w,, , of
length 3/2Norpm,m in Wy, as illustrated in Fig. 8. Here,
Q)-by-3/2N matrix

0,%3/2N
I30n
0(Q-3/2N—p)x3/2N

T, = (16¢)

with
Borpm,m —1
@ = Nvr,m + Nt,m~+ Borpm,m Norpm,m + Z Nep,mn

n=1

(16d)

aligns the filtered symbols to their desired time-domain
locations at the high-rate output sequence. In other words,
the filtered CP-OFDM symbols are aligned in time direc-
tion such that the transmitted stream of the symbols can
be received by using a plain CP-OFDM RX without any
additional processing.

D. CP Extrapolation by TX FC Processing

Suppose that Lorpm,m, is chosen such that the CP length on
the low-rate side is not an integer, that is, Lorpm,m < 128 for
5G NR and LTE numerologies. In this case, CP length can be
rounded to next smaller integer as given by

LCP,mm = LNCP,m,n/ImJ

and the FC-based filtering with the accompanying
symbol-wise overlap-and-add processing as given by (16)
inherently extrapolates Ncpm.pn — N/LpyLcpm,n Ssamples
at the high-rate side corresponding to fractional part of the
low-rate CP, as illustrated in Fig. 5.

As an example, in the 10MHz 5G NR or LTE case with
15kHz SCS and normal CP length, the output sampling rate
iS foou = 15.36 MHz, the useful OFDM symbol duration is

a7

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 20, NO. 10, OCTOBER 2021

Ncpmn NOFDM.n
\ Win,n Win,n+1 % \} RX waveform
N Ns Nr_

y r—

W |} 1st Fc block L __! Input blocks
v, . .

Won ‘ |} 2nd FC block % Cyclic prefix

[ A e | ]}3rdFcblock

|} 4th FC block

il ‘ Wr(nl,r)x+l ‘

l Block-wise decimating circular convolution l

sl e

J_I_ TD windows
Sm,1 Sm, 1 D Zeros
Lim Ls.m Ltm r OFDM symbol

L_d

)] 2% [} 15t Fe block [ 28] ]} 3rd FC block
[0 %8 [} 2nd Fe block [zt ]} 4th FC block

Fig. 9. Discontinuous OLS processing for FC-F-OFDM receiver with overlap
factor of A = 0.5. FC processing blocks are synchronized to the OFDM
symbols. Four FC-processing blocks are needed for two OFDM symbols.

Norpm,m = 1024 high-rate samples, and the CP length is
Ncp,m,n = 80 high-rate samples for the first symbol (for
nmod 7 = 0) of each slot of 7 symbols, and Ncp,m,n =
72 samples for the others (for n mod 7 # 0). Then in the con-
tinuous processing model, the smallest possible OFDM IFFT
length is Loppm,m = 128, corresponding to fgin = 1.92MHz
input sampling rate, and the CP lengths are Lcp ., = 10 and
Lcp,m,n = 9 low-rate samples for the first and other symbols,
respectively. However, using the discontinuous FC processing
model with narrow subband allocations, like 12, 24, or 48
subcarriers (SCs), the OFDM IFFT length Lorpwm,,» can be
reduced to 16, 32, or 64, respectively. These transform lengths
correspond at the low-rate side to CP lengths, Lcp, p, n, of 1.25,
2.5, and 5.0 samples for the first symbol or 1.125, 2.25, and
4.5 samples for the others. The same transform (IFFT) lengths
are used for the subband OFDM signal generation.

One important case is NB IoT using 180kHz transmission
bandwidth corresponding to a single PRB (12 SCs) and need-
ing IFFT of length Lorpm,» = 128 and input sampling rate of
fsin = 1.92MHz in traditional implementation. Discontinuous
processing allows to generate the signal by using the FFT
length of 16 for the OFDM symbol generation and FC process-
ing at the input sampling rate of fy;, = 16/128 x 1.92MHz =
240kHz.

IV. SYMBOL-SYNCHRONIZED DISCONTINUOUS
FC-BASED FILTERED-OFDM RX PROCESSING

As for the TX side, the basic continuous FC-processing
flow of FC-F-OFDM RX requires five FC-processing blocks
in order to process two CP-OFDM symbols. In this case,
the CPs are discarded after the FC filtering as part of normal
RX CP-OFDM reception. With continuous processing, the
FC-processing chain needs to wait for varying number of
samples belonging to the second OFDM symbol before it
can start processing the third FC-processing block in order to
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obtain final samples in the output for the first OFDM symbol.
In discontinuous processing, as seen in Fig. 9, the RX waits
only for the samples belonging to the first OFDM symbol and
desired amount of overlapping samples from the beginning
of the second symbol, after which it can start processing
the second FC processing block, providing at the output the
last filtered samples of the first OFDM symbol. This allows
to provide constant delay for RX processing and also can lead
to reduced buffering requirements in the RX.

In the case of maximal timing-adjustment flexibility,
the number of samples collected from the following
CP-OFDM symbol corresponds to the number of overlapping
samples at the end of FC processing block. In addition,
in discontinuous processing, two first FC processing blocks
can be processed independently from the two following FC
processing blocks, as they represent different OFDM symbols.
In continuous processing, two OFDM symbols are linked
through common samples in the third FC processing block.

Because the content (FC block contains first or second
half of OFDM symbol) and processing of even and odd
FC processing blocks remain constant over the whole RX
signal, we can process even and odd blocks separately from
each other. This allows for an implementation where even
and odd FC processing blocks are processed in parallel FC
processing chains, allowing to minimize the latency of the
RX implementation.

Due to the orthogonality, the analysis matrix on the RX
side is the conjugate transpose of the synthesis matrix on the
TX side [40]. Furthermore, since the order of the operations
in the transposition is reversed, the OLS scheme on the TX
side becomes the OLA scheme on the RX side and vice versa.
Thus, the analysis matrix for the OLS and OLA schemes are
given as

G(OLS)(QOm 1") = F(OLA)(§0m T)H
N Ly /2 H
= (W5 Mo (o ) D P W, ATTY)
= S(RX)WZvlnP(L;L"”/Q)DmMm(gOm,r)TWN

m,r

(18a)
and
G(v(n)f}A)@Pm,r) = F(v(n)f}S)@Pm,r)H
= WE,l,LP(L_,,,LLm//Q)DmMm,r(QOm,r)T
x Wy ARY, (18b)

while the time-domain analysis and synthesis window matrices
are now given as

_ONL x1
AN = diag | |Lngxa (19a)
| Oy x1
and )
®X) ) OLL,,,,L x1
Sm,r = dlag ]-Ls,m><1 s (19b)
_OLT,,,,L x1
respectively.

Similar to TX, the RX side discontinuous FC process-
ing starts by segmenting the received high-rate wave-
form Xpcporpm into overlapping blocks. However, now the
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Fig. 10. Block diagram for discontinuous FC-F-OFDM receiver processing
using the overlap-and-save model.

processing is carried out in blocks of length 3/2N as
Borpm,m —1

~ T A
Winn = E I, XrcF-oFDM-
n=0

(20)

Here, it is assumed for simplicity that the length of the received
waveform is ) as given by (16d) and that the waveform is
synchronized such that it contains I,,, Si m,» samples before
the first data symbol such that the number of zero samples
inserted on the TX side and the number of samples to be
removed on the RX side match. The high-rate symbols W, ,,
are further divided into two overlapping blocks of length N
as

W = (RY) W, 1)

for r = 0, 1. These blocks are processed by G, »(¢©m,r)’s as
(22)

Zsrc)n = Gmﬂ" (9077747“)‘5{,'(”7;,)71

for » = 0,1 to obtain filtered low-rate FC blocks correspond-
ing to first and second half of the nth symbol on subband m.
Finally, the filtered blocks are concatenated and the extensions
are removed as

0 T
ST,m,n X LorpM, m

S R{a,
r=0,1

iOFDM,m R ILOFDM ,m (23)

OLT,m X LorpM, m
and the resulting low-rate OFDM symbol is converted back
to frequency domain as a part of the OFDM demodulation
process as follows:

Kin,n = W Lorou,m XOFDM,m,n - (24)

It is noted, that the CP part is also removed in the above
processing together with the extensions due to zero padding.
Alternatively, the concatenation and the removal of the exten-
sions can be combined in

(L7;'L/4)252?7,, + Pé:nL'm/‘l)z(l) (253.)

XOFDM,m,n = PL m,ns
where

P(LL,,,TL"’M) _ {OLm/zmeM I,./2 OLm/zme/zt] (25b)

0L, /2xL,
and
_ 0
plLim/Y _ L /2X Ly (25¢
Lom 0r,./2xLm/4 X0, 72 O, /2510 /4 (25¢)
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This latter form is beneficial when finding the simpli-
fied implementations for the discontinuous RX processing,
as described in next section.

For clarity, it is noted that for the proposed approach,
the channel estimation and equalization are carried out as for
the conventional (non-filtered) CP-OFDM waveform, that is,
the channel is estimated based on the known pilot or refer-
ence symbols and subcarrier-wise frequency-domain equalizer
coefficients are determined based on the estimated channel.

V. IMPLEMENTATION COMPLEXITY

The FC processing complexity can be divided into
high-rate side complexity, Chighrae» corresponding to long
FC-processing transform and low-rate (or subband-wise)
complexity, Clow-rate,m. corresponding to short FC-processing
transform, frequency-domain windowing, and OFDM
(de)modulation transform. Let us denote the FC RX
processing long transform (FFT) and short transform (IFFT)
complexities given in terms of number of real multiplications
by wu(N) and p(L,,), respectively, and OFDM transform
(FFT) complexity by p(Lorpm,m,)-

The number of real multiplications per received data symbol
can now be evaluated as

M—1
Chigh—rale + Zm:o Clow—rale,m
M-—1 )
Em:O Lacl,m

where the high-rate and low-rate complexities per subband are
defined, respectively, as

Chigh—rale = O‘M(N)

C(mull = (263)

(26b)
and

Clow—rale,m = aﬁH(Lm) + 6OéLTBW,m + M(LOFDM,m)-
(26¢)

Here, Ltpw,, is the number of transition-band bins per
transition band, o = 2 is the number of FC blocks per OFDM
symbol, and 3 < 1 is the implementation related factor as
described in the next subsection. Factor of 6 in (26¢) is due
to fact that two transition bands are needed for each subband
and one complex non-trivial transition-band bin requires three
real multiplications in general.

For 5G NR and LTE numerologies, the minimum allocation
size is one PRB corresponding to 12 subcarriers. In this case,
the minimum usable FFT length for continuous processing is
Lorpm,m = Ly, = 128 whereas for discontinuous processing,
FFT of length Loppm,m = L, = 16 can be used. Assuming
that an efficient implementation (using split-radix algorithm)
requires

w(L) = Llogy(L) — 3L+ 4 (27)

real multiplications for transform of length L, each transform
of length 128 requires u(128) = 516 real multiplications
and each transform of length 16 requires p(16) = 20 real
multiplications. These complexities are evaluated according
to scheme requiring three real multiplications per complex
multiplication as detailed in [41].
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Fig. 11. Discontinuous processing for one output OFDM symbol. Dashed
block represents the processing that can be simplified by sharing the IFFT
computations.

A. Simplified Implementation

The basic idea for joint processing of the IFFTs of the
FC-based filter and the FFT of OFDM receiver is shown
in Fig. 11. This structure is made possible by the proposed
symbol-synchronized discontinuous RX processing scheme.

Here, it is assumed that the length of the subband-wise
OFDM symbol and the length of the IFFT used in discontinu-
ous RX FC processing are the same L = Lorpm,m = L. L is
selected such that it contains all active SCs per subband and
transition-band bins used in the frequency-domain windowing
performed in the “Block-wise FFT, subband FFT bin selection
and weighting” block.

For simplicity, we denote the time-domain synthesis window
matrix S,, , by S. Now, the processing of the nth symbol from
the frequency-domain FC output blocks g, 2, and g, 2511
can be written as

im,,n = WL P(LL/4) SWZ ! gm,2n +P27L/4) SWZ 1gm,2n+1
(28)

Here, P{"/* and P{""/* are given by (25b). Alternatively,
(28) can be represented as

X = Fo8m.2n + F18m 2n+1, (29a)
where
Fo = W, P/ Ysw ! (29b)
and
F, = W, P /Ysw ! (29¢)

are circular convolution matrices.
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16-point IFFT
16-point FFT

Fig. 12.  Simplified discontinuous processing for L = 16 as described
by (30). The dashed region can be further simplified by decomposing
transforms into smaller transforms.

After some manipulations (28) can be reformulated as

im,n = QfL/4[F(gm,2n - QL/2g7rz,,2n+1) + QL/2g7rz,,2n+1]a

(30a)
where
F=0Q,,,CQ 1, (30b)
with
C=W,SwW;! (30c)
and
Q, = diag ([Wg Wi Wg@”f) (30d)

with Wy, = exp(—j27/L). Here, S € ZF*L as given by

§=p\"/gp{t/Y (30e)

is the time-domain synthesis window matrix circularly left and
up shifted by L/4 samples.

The above formulation relies on rotating the g, 2n+1
and the corresponding window by L/2 samples. In this
case, the transfer functions provided by the Fy and F;
form a lowpass-highpass filter pair essentially meaning that
FoF; = I.. The low-rate complexity of (30) per OFDM sym-
bol is one IFFT and one FFT of length L as depicted in Fig. 12.
The direct approach, as illustrated in Fig. 11, requires two
IFFTs and one FFT of length L, that is, the saving in number
of real multiplications for this simplified processing is 33.3%.
In (26), § = 1/2 gives the complexity of the simplified
processing whereas 5 = 1 gives the complexity of the direct
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TABLE I
OPTIMIZED TRANSITION-BAND WEIGHTS

Transition-band 8 and 44 624

weight active SCs active SCs

£,,(0) —-0.011485978  —0.002 130603
&, (D 0.238202518  —0.002 679 098
£,(2) 0.827879 691 0.026473274
£,(3) 1.010936 145 0.128 753910
&4 0.259017 465
£.(5) 0.496 440727
£,,(6) 0.703 755536
E,(71 0.846 182217

approach. The half-band filtering provided by (30c) can be
further decomposed into smaller transforms to achieve some
savings in implementation, however, these decompositions are
beyond the scope of this paper.

VI. NUMERICAL RESULTS

In this section, we will analyze the performance of the
discontinuous FC processing in terms of uncoded BER in
different interference and channel conditions, and also show
complexity comparison between continuous and discontinuous
FC processing. Here we assume the overlap factor of A = 0.5.
Continuous FC processing with the overlap of A = 0.25
marginally degrades the spectral containment and error vector
magnitude (EVM) performance compared to the overlap of
A = 0.5 with the benefit of somewhat lower implementation
complexity. The performance of continuous FC processing
with 25% and 50% overlaps is compared in [33].

The filter transition-band weights are tabulated in Table I.
The transition-band weights used by narrow-band allocations
of Subsection VI.A are given by the second column while
third column gives the weights for the wide-band allocations of
Subsection VI.B. These transition-band weights are optimized
for minimizing the in-band EVM subject to subband leakage
ratio as proposed in [33]. Same transition-band weights are
used for continuous and discontinuous FC processing.

The frequency-domain weights on subband m consist of
two symmetric transition bands with non-trivial values &, (p)
for p = 0,1,..., Ltew,m — 1, where Ltgw,, also defines
the transition-band width. All passband weights are set to one
and all stopband weights are set to zero, that is, the frequency-
domain window is expressed as

_0( [[Lm—Lacr,m]/2]—Ltew,m) X1
fm(o)
Em(1)

fm(LTBW,m, - 1)
1LACT,7n><1
Em(Lrew,m — 1)
Em(LrBw,m — 2)

€19

£m(0)

LO( UL —Lact,m]/2] — Ltsw,m) x 1
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TABLE 11
NARROW-BAND TRANSMISSION SCENARIOS AND FILTERING CONFIGURATIONS

Channel model Additive white Gaussian noise (AWGN)

Tapped-delay line (TDL)-C with 300 ns and 1000 ns root mean
squared (RMS) channel delay spread

Synchronicity
between different uplink signals

Quasi-synchronous: No timing offset and no frequency offset

Asynchronous: Timing offset of 256 samples (Logppm/4)
between the target subband for BER evaluation and adjacent
subbands on both sides

Allocated subband width
bands between adjacent active subbands

1PRB, 12 subcarriers (SCs): 8 active SCs and 4-SC guard-

4 PRBs, 48 SCs: 44 active SCs and 4-SC guardband between
adjacent active subbands

Filtering configuration >
each burst consist of 14 OFDM symbols.

OLA processing on the TX side and OLS on the RX side (if FC RX is used). The number of burst transmission is 1000 while

1) No filtering on TX and RX sides

2) No TX filtering, RX filtering with
continuous FC model with Lpy = 128

3) Continuous TX filtering, continuous
RX filtering, Lty = Lgx = 128

4) Discontinuous TX filtering, continu-
ous RX filtering, L1y = Lgx = 128

5) Discontinuous TX filtering, continu-
ous RX filtering, Lty = 16 with 1 PRB,
Lyx = 64 with 4PRBs, and Lgx = 128

6) Discontinuous TX and RX filtering,
Ltx = 16 with 1 PRB, Ltx = 64 with
4PRBs, and Lpy = 128
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Simulation results with AWGN channel and 64-QAM. (a) Quasi-synchronous cases and (b) asynchronous cases (quarter-symbol timing offset).

Single PRB allocated for each of the three subbands (12 subcarriers (SCs), 8 active SCs, and 4 SCs for guardband).

TABLE III

WIDE-BAND TRANSMISSION SCENARIOS
AND FILTERING CONFIGURATIONS

Channel models AWGN and TDL-C with 1000ns RMS channel

delay spread

Synchronicity Quasi-synchronous: No timing offset and no fre-

quency offset between different uplink signals

Allocated subband
width

52 PRBs, 624 active subcarriers (SCs) and 8-SC
guardband around the active subband

Filtering config-
uration

1) Continuous filtering on TX and RX sides

2) Continuous TX and discontinuous RX filtering
3) Discontinuous TX and continuous RX filtering
4) Discontinuous filtering on TX and RX sides

A. Bit-Error Rate Performance in Narrow-Band Allocations

Figs. 13—-16 compare the simulated uncoded BER perfor-
mance of different CP-OFDM configurations, with or without
subband filtering in 10 MHz 5G NR uplink scenario, with
high-rate IFFT length of N = 1024 and SCS of 15kHz.
Table II shows details of the considered scenarios and filtering
configurations. The used channel models are additive white

Gaussian noise (AWGN) and tapped-delay line (TDL)-C,
which is one of the channel models considered in the 5G NR
development [42]. Two different values of the root-mean-
squared (RMS) channel delay spread, 300ns and 1000 ns,
are used for TDL-C channel. Two subband configurations
are considered: single PRB or four PRBs of 12 subcarriers.
In both cases, four deactivated subcarriers are used as for
guard bands. Focusing on the asynchronous up-link scenario,
different instances of the channel model are always used
for the three adjacent subbands included in the simulations.
Perfect power control is assumed in such a way that the three
adjacent subbands are always received at the same power level
and constant SNR for all channel instances.

Fig. 13(a) shows the BER simulation results for AWGN
channel in synchronous scenario with single PRB per subband.
In this case, the performance of the TX filtered contin-
uous and discontinuous approaches and the RX-filtering-
only scheme are practically the same. When compared with
the basic synchronous OFDM, the filtered schemes have a
minor performance loss. In asynchronous scenario, as depicted
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Fig. 14. Performance simulation results with TDL-C 300 ns channel and 64-QAM. (a) Quasi-synchronous cases and (b) asynchronous cases (quarter-symbol
timing offset). Single PRB allocated for each subband (12 SCs, 8 active SCs, and 4 SCs for guardband).
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Fig. 15. Performance simulation results with TDL-C 300 ns channel and 64-QAM. (a) Quasi-synchronous cases and (b) asynchronous cases (quarter-symbol
timing offset). Four PRBs allocated for each subband (48 SCs, 44 active SCs, and 4 SCs for guardband).

in Fig. 13(b), the performance of TX filtered schemes
remains close to theoretical one whereas the BER floor for
RX-filtering-only and basic OFDM schemes is about 0.5%
and 3%, respectively. Fig. 14(a) shows the BER simulation
results for TDL-C 300 ns channel in synchronous scenario with
single PRB per subband. In this case, the channel maximum
delay spread (about 2.6 us) is well below the CP length (about
4.7 us). When comparing with basic synchronous OFDM,
we can see minor performance degradation of the schemes
with filtering at both ends, while the degradation of the
RX-filtering-only scheme is more visible. In the asynchronous
case, the benefits of subband-filtered OFDM are clearly visible
as illustrated in Fig. 14(b).

Fig. 15(a) compares the performance for TDL-C 300ns
channel in synchronous scenario with four PRBs per sub-
band. Now the performance difference between the schemes
has been decreased due to the fact that, on the average,
the wider subbands suffer less from the interference between

the subbands. The same trend can also be seen from simulation
results of asynchronous scenario as shown in Fig. 15(b) where
the performance degradation of RX-filtering-only and basic
OFDM schemes is less obvious.

Fig. 16(a) shows the BER simulation results for TDL-C
1000ns channel with single PRB per subband. In this case
the channel maximum delay spread (about 8.7 us) exceeds
the CP duration (about 4.7 us), resulting in higher error floor
in all configurations. The same conclusions can be made as
above, except that the TX filtered schemes have now better
performance than the basic OFDM. The performance degra-
dation of basic OFDM scheme is due to the inter-carrier inter-
ference (ICI) induced by the increased frequency dispersion
of the channel whereas, for TX filtered OFDM, the better
spectral containment provides also better protection against
the ICI [43], [44]. For asynchronous scenario, as illustrated
in Fig. 16(b), the performance of TX filtered schemes are
approximately the same as in synchronous scenario whereas
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(a) Performance simulation results with AWGN channel and QPSK, 16-QAM, and 64-QAM. The number of PRBs allocated for single subband is

52 (624 active SCs and 8 SCs for guardband). (b) Power spectral densities for continuous and discontinuous processing. In-band region (active subcarriers)
is denoted by the vertical dashed lines. (c) Error-vector magnitude on active subcarriers with 64-QAM modulation.

the basic OFDM and RX-filtering-only schemes have consid-
erably higher error floors than the synchronous cases. The
performance improvement of the FC filtered waveforms in
TDL-C 1000 ns channel remain consistent with other results.

B. Bit-Error Rate Performance in Wide-Band Allocations

Fig. 17 compares the simulated uncoded BER perfor-
mance of continuous and discontinuous subband filtering in
10 MHz 5G NR uplink scenario, with high-rate IFFT length of
N = 1024 and SCS of 15kHz. Single subband configuration
is considered with 52 active PRBs of 12 subcarriers. In this
case, eight non-active subcarriers are used as for transition
bands. Table III shows details of the considered scenarios and
filtering configurations. The used channel models are AWGN
and TDL-C.

Fig. 17(a) shows the uncoded BER for QPSK, 16-QAM,
and 64-QAM. As seen from this figure, both the continu-
ous and discontinuous processing reach the theoretical BER

performance in AWGN channel. The PSDs, as illustrated
in Fig. 17(b), show that both the continuous and discontinuous
processing have approximately the same spectral containment.
The average in-band EVM values, as shown in Fig. 17(c),
are 63.5dB and 63.3dB for continuous and discontinuous
processing, respectively.

The performance of all the unfiltered and filtered schemes
are approximately the same in TDL-C channel with 300ns
delay spread. However, for channel model with maximum
delay spread exceeding the CP duration, the pulse shaping
provided by the filtering gives slightly improved performance
over the plain CP-OFDM waveform.

C. Implementation Complexity

Figs. 18 and 19 compare the computational complexity
of different FC-based filtered OFDM schemes for different
subband configurations, again in the 10 MHz 5G NR or LTE
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case. The overlap factors of A = 0.25 and A\ = 0.5 are used
for continuous processing, and A = 0.5 for discontinuous
processing. The complexity is plotted as a function of the slot
(TX burst) length, in the range from 1 to 14 OFDM symbols,
using the number of real multiplications per transmitted QAM
symbol as the complexity metric.

The short FC-transform length L,, is equal to the IFFT
length in OFDM generation and it is selected as the smallest
feasible power-of-two value. Notably, the smallest value of
L., in continuous processing is 128, while in discontin-
uous processing we can use L,, = 16 for single PRB
(Lact,m = 12 subcarriers) allocation and L,, = 64 for
four-PRB (Lqci,m = 48 subcarriers) allocation. In addition
to the 1-PRB and 4-PRB subband cases, also the fullband
allocation with 52 PRBs and L,.o = 624 active subcarriers
is included in the comparison.

From Figs. 18 and 19, we can observe the following:

1) Discontinuous processing for all parameterizations and

slot lengths provides lower complexity than continuous

2)

3)

4)

processing with 50% overlap. Discontinuous processing
also provides constant complexity over different slot
lengths. With short slot lengths, the complexity of dis-
continuous schemes is significantly lower than that of
continuous transmission with 50% overlap.

With multiple relatively narrow subbands, this bene-
fit is pronounced and significant also for higher slot
lengths. In these cases, the complexity of discontinuous
processing is lower or similar to that of the continuous
processing with 25% overlap.

We remind that with 50% overlap, the imperfections of
FC processing can be ignored, while the use of 25%
overlap degrades the performance with high modulation
and coding schemes (MCSs).

The use of non-power-of-two short transform length (L)
in building the CP-OFDM symbols and FC processing
blocks may give significant complexity reduction in both
continuous and discontinuous FC processing, especially
in the channel filter use case. This is shown for the
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full-band transmission case with L = 768 instead of
L = 1024 (channel filtering example). This transform
length can be efficiently implemented by three FFTs of
length 256 and some additional twiddle factors.

5) Discontinuous processing allows to generate a
single-PRB subband signal (e.g. for NB IoT) by
using the FFT length of 16 for the OFDM symbol
generation and FC processing at the input sampling
rate of 240kHz, while prior art implementation require
sampling rate of 1.92 MHz with the FFT length of 128.

The complexity evaluations for time-domain filtered OFDM

and WOLA schemes and their relative complexity with respect
to continuous FC processing are given in [33], [37].

VII. CONCLUSION

In this article, discontinuous symbol-synchronized fast-
convolution (FC) processing technique was proposed, with
particular emphasis on the physical layer processing in 5G-NR
and beyond mobile radio networks. The proposed process-
ing approach was shown to offer various benefits over the
basic continuous FC scheme, specifically in terms of reduced
complexity and latency as well as increased parameterization
flexibility. The additional in-band distortion effects, stemming
from the proposed scheme, were found to have only a very
minor impact on the link-level performance. The benefits
are particularly important in specific application scenarios,
like transmission of single or multiple narrow subbands,
or in mini-slot type transmission, which is a core element
in the ultra-reliable low-latency transmission service of fifth-
generation new radio (5G NR) networks.

Generally, discontinuous FC processing can be regarded
as an additional useful element in the toolbox for
frequency-domain waveform processing algorithms, and it can
be useful for various other signal processing applications as
well.
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