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Abstract—In this paper we investigate the time-frequency
localization tradeoffs in practical implementation of filter bank
multicarrier (FBMC) waveforms in short burst transmission. Fre-
quency localization is considered as an important characteristic
for future wireless communication systems, including 5G, but it
comes with the cost of not-so-good time localization. This appears
in the form of relatively long ’tails’ of the generated transmis-
sion burst. Truncation of the burst tails is an obvious choice
for reducing the time-overheads in short burst based multiple
access or duplexing schemes, but it introduces transients in the
inband interference and out-of-band radiation characteristics.
We study the burst truncation effects while utilizing a flexible
FBMC waveform generation scheme based on fast-convolution
processing. Also a novel method to optimize the used symbol
waveform taking into account the truncation effects is developed.

I. INTRODUCTION

Orthogonal frequency-division multiplexing (OFDM) is the
most important multicarrier technique and it is extensively
utilized in modern broadband radio access systems. This is
due to the simple and robust way of channel equalization,
high flexibility and efficiency in allocating spectral resources to
different users, as well as simplicity of combining multiantenna
schemes with the core functionality [1]. However, OFDM has
one major limitation in challenging new spectrum use scenar-
i0s, like opportunistic dynamic spectrum access, heterogeneous
wireless system coexistence, and asynchronous multiple access
in general: limitations in spectral containment, which lead to
high sensitivity to interferences from asynchronous spectral
components.

An alternative scheme is offered by the filter bank based
methods of waveform processing and channelization filter-
ing [2]-[4]. The transmitted waveforms generated by these
methods are spectrally well-contained and the unused portions
of the spectrum allocated for dynamic/fragmented use are
inherently clean. The filter bank processing on the receiver
side is able to suppress the interferences from the unused
parts of the allocated spectrum. Naturally, there are limitations
in the reachable levels of attenuation, mostly determined by
the analog RF imperfections, notably power amplifier non-
linearity on the transmitter side. A relatively widely studied
filter bank based waveform is FBMC/OQAM (filter bank
multicarrier/offset-QAM, also known as OFDM/OQAM) [3]
[4]. While reaching high spectral containment, it keeps many
of the important features of OFDM.

In this paper, we consider FBMC/OQAM waveform gen-
eration utilizing fast-convolution filter bank (FC-FB) structure.
FC-FB has recently been introduced in the waveform pro-
cessing context as an efficient implementation architecture for
different FBMC schemes with greatly increased flexibility and
improved support for asynchronous multi-user operation [5].

Good frequency localization of a communication waveform
comes with the cost of not-so-good time localization. The
subcarrier level Nyquist pulse shaping utilized in FBMC
has impulse response length exceeding the symbol interval.
Therefore, relatively long ’tails’ are generated around each
transmission burst. Truncation of the burst tails reduces the
time-overheads in short burst based multiple access or du-
plexing schemes, but it degrades the spectral characteristics
of the waveform and introduces transients in the inband (IB)
interference and out-of-band (OoB) radiation characteristics.
In this paper, we investigate the burst truncation effects while
utilizing the flexible FBMC waveform generation scheme
based on fast-convolution (FC) processing.

In traditional polyphase implementation, the overall FBMC
symbol length depends on the overlap factor of the prototype
filter design, K. In well-frequency-localized cases, K = 4
is commonly used, in which case the transmission burst is
extended on both sides by ’tails” which have a length of almost
two symbol intervals. In [6], the burst truncation effects for
FBMC were investigated, and it was found that the burst tails
can be truncated to the length of half of the symbol interval
without severe impact on the IB and OoB effects.

In FC-FB implementation, the burst truncation effects are
combined with the cyclic distortion effects, which cannot be
avoided in computationally efficient implementation of FC
processing. In [5] a precise linear periodically time-variant
(LPTV) model was developed for overlap-save type FC pro-
cessing. This model can be used for evaluating the IB and
OoB interference effects. Also the burst truncation effects can
be modeled as a LPTV system and, in case of FC-FB based
waveform generation, this effect can be combined with the
cyclic distortion model. Our approach to FC-FB design is
based on optimizing directly the FFT-domain weight mask,
utilizing the LPTV model. In this paper, we include the burst
truncation model in the optimization. Generally, we explore the
burst truncation effects in short burst transmission based time
division multiple access (TDMA), highlighting the required
guard-times between the bursts in order to control the time-
and frequency-domain interference leakage effects.

In Section II, the FC-FB processing structure and the LPTV
system model are briefly reviewed. In Section III, the used
TDMA system model is explained, assuming asynchronous
burst transmission, leading to uncertainty in the arrival times of
different transmission bursts at the receiver. Then the combined
LPTV model, including the burst truncation effect together
with the cyclic distortion effect, is explained. In Section IV,
numerical results and comparison of the power leakage char-
acteristics of different FC-FB designs are provided. Finally,
conclusions are drawn in Section V.
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Fig. 1. (a) FC-based synthesis filter bank using overlap-save processing.
(b) Notations used for the number of samples in overlap-save blocks.

II. FAST-CONVOLUTION FILTER BANKS

The main idea of the FC-based multirate filter banks
is that a high-order filter can be implemented effectively
through multiplication in frequency domain, after taking DFT’s
of the input sequence and the filter impulse response. The
time-domain output signal is obtained by IDFT. In practice,
efficient implementation techniques, like FFT/IFFT, are used
for the transforms, and overlap-save processing is applied for
processing long sequences. The application of FC to multirate
filters has been presented in [7], and FC implementations of
channelization filters have been considered in [8]-[10]. The
authors have introduced the idea of FC implementation of
nearly perfect-reconstruction filter bank systems and detailed
analysis and FC-FB optimization methods are developed in
[5]. These papers demonstrate the flexibility and efficiency of
FC-FB in communication signal processing.

Figure 1 shows the structure of FC-based flexible synthesis
filter bank, for a case where several narrowband signals with
adjustable frequency responses and adjustable sampling rates
are to be combined into high rate, wideband signal. It is
assumed that the input signals are oversampled by the factor of
two. We also note that different subbands may be overlapping.
The dual structure of Fig. 1 can be used on the receiver side
as an analysis bank for splitting wideband signal into multiple
low-rate, narrowband signals. Figure 1 includes sampling rate
increase by factors

Ry = N/Ly = Ns/Ls,k ey

where £ is the subband index. In other words, the sampling
rate conversion factor is determined by the FFT size, and can
be configured for each subband individually. The FFT size
determines the maximum number of frequency bins, i.e., the
bandwidth of the subband. Based on (1), the input and output
block lengths are related through the interpolation factor. The
input and output block lengths have to exactly match, taking
into account the sampling rate conversion factor. Consequently,
it is required that Ly/N = Lgj/Ns. We can see that the
configurability of the input sampling rate depends greatly on
the choice of NV and Ng. Later discussions focus on uniform
filter banks, and the subband index k is dropped for clarity.

There are two key parameters which have an effect on the
spectral characteristics of the FC-FB scheme:
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Fig. 2. Examples of FFT-domain weight masks for different waveforms
which can be implemented using the FC-FB structure. (a) FBMC/OQAM type
multiplex of six subchannels, (b) FMT type multiplex of three subchannels,
and (c) single-carrier transmission channel.

e The FFT (short transform) length L defines how well the
filter frequency response can be optimized. Increasing the
value of L helps to improve the stopband attenuation,
because a higher number of frequency domain weights are
used for shaping the transition bands.

e The overlap factor 1 — Lg/L: In FC based multirate
signal processing, there is a cyclic distortion effect. This
effect can be reduced by increasing the overlap factor.
But increased overlap means also higher computational
complexity. The cyclic distortion disappears only with the
maximum overlapping factor of (L — 1)/L, which usually
leads to quite high complexity.

In [5] these effects were analyzed using a periodically time-
variant model for FC and effective tools for frequency response
analysis and FC filter optimization were developed. It is
also shown that the complexity of the FC-based filter banks
is reduced when compared with the traditional polyphase
implementations of FBMC [5].

Figure 2(a) shows an FBMC/OQAM type multiplex of
six subchannels. The subchannel filters are defined by weight
masks. The FFT length corresponds to the subchannel band-
width whereas the subchannel spacing is half of the subchannel
bandwidth (cf. Fig. 2(a)). Therefore, the subchannels are
oversampled by two, which is also necessary for staggered,
OQAM type subchannel processing. OQAM subcarrier signal
model, in turn, is necessary for reaching (near) orthogonality
of overlapping subcarriers in FB systems. The transition band
shape should be of the square-root Nyquist filter type. The
root-raised-cosine model can be used straightforwardly for
constructing such transition bands. However, depending on
the FC parameters, optimization of the weights may give
significant improvement in the spectral characteristics [5].
Figures 2(b)—(c) highlight the flexibility of the FC-FB scheme
by also showing weight masks for filtered multitone (FMT)
and FB based single-carrier waveform generation. In all these
cases, the same transition band weight values are utilized.

A. LPTV Model for FC-FB

Next we briefly review the LPTV model for FC-FB. The
process applied to a single FC block can be modeled as a
linear time-variant system that is described by a set of impulse
responses hy,[n], n = 1,2,..., A. Assume that the input signal
is a complex exponential (tone) x[n] = Ce/“"™. Now the nth



output sample can be obtained using convolution as follows
yln] = > halnlafn —n) (2a)
n

= Ce*™ Y " hp[nle " = Cel*"Hy () (2b)
n

where H, 1 (€7%) is the discrete-time Fourier transform of o [7].

We can see that each output sample of a data block is
multiplied by a complex coefficient which corresponds to
the Fourier transform of corresponding equivalent impulse
response at the frequency of the input tone. In general, these
complex coefficients are different for different samples n
within the output data block. Thus, for a single input tone,
the cyclic distortion can be modeled as a modulation by a
periodic sequence H,(e’*) which depends on target impulse
response and the parameters of FC processing [5], [8], [11].

B. Frequency Response Calculation

Our FC filter bank design process is based on the FFT-
domain model of the lowpass prototype filter, in terms of
the weight coefficients. This model leads to the minimum
number of free parameters in the optimization. The definition
of frequency response is based on the total interference at a
subband output due to a tone at the analysis filter bank input.
Based on the multirate FC processing model presented above,
the process for evaluating the frequency response can then be
summarized as follows [5]:

1) Assume that N, L, and Lg are given, together with L
frequency-domain weight values.

2) Calculate the ideal linear time-invariant filter impulse
response h[r] using IFFT.

3) Construct h,[n] for the selected set of Lg resampling
phases n € A.

4) Calculate H,,(e’“*) using FFT for n € A and for the set
of frequencies w; € (2 used in the analysis or design.

5) Calculate the total interference values for the used set
of frequencies. For stopband tones (1), we calculate
the total interference, containing both the regular aliased
signal power and modulated tones:

Is(wi) = LLS Zlﬁn(ejwi)

2 forw; € Q. (3)

neA
For passband tones (€2,,), the gain experienced by the tone
is given by
1 L
g(w;) = Is Z H,(e?*") for w; € Q, 4)

neA

and the interference due to modulated tones is given by

1 ~ .
L(wi) = y > | Hn(e7) — gwi)[* for w; € Q.
neA
(5

In the basic FC-FB design process, at Step 3, the impulse
responses h,[n] are derived from the cyclic convolution model.
The effect of burst truncation can be included in these impulse
responses, together with cyclic distortion effects, as described
below. It can also be noted that the LPTV model can be used
also for analyzing the effects of burst truncation in traditional
polyphase implementations of FBMC.
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Fig. 3. Illustration of asynchronous TDMA transmission bursts in different

groups of subcarriers.

III. FBMC BURST TRUNCATION

In traditional polyphase implementation, the overlap factor
of the prototype filter design, K, determines the impulse
response length as Ly = K Lsymb, Where Lgymp is the
multicarrier symbol interval in samples. Due to the OQAM
signal model, the overall FBMC symbol length becomes
Lot = K Lgymp + Lgymb/2. In well-frequency-localized cases,
K =4 is commonly used [6], in which case the transmission
burst is extended on both sides by ’tails’ which have the length
of Lt = (Liot — Lsymb)/2 = (2K — 1) Lgymp /4 = 1.75 Lgymp.

In [6], the burst truncation effects for FBMC/OQAM with
the traditional polyphase implementation structure were inves-
tigated, and it was found that the burst tails can be truncated
to the length of 0.5Lgymp, while the inband (IB) interference
remains below 40 dBc and out-of-band (OoB) spectral leakage
remains below 50 dBc, measured at the second subcarrier from
the edge of an active group of subcarriers.

In this section we will evaluate the burst truncation effects
in FC-FB implementation of FBMC/OQAM, considering al-
ternative FC-FB designs, including novel optimized designs
based on combining the cyclic distortion and burst truncation
effects in the LPTV model. This combination can be expressed
in a simple way, using the following LPTV impulse response
model:

hn [77} = Wrunc [TL} : hn [77]3 (6)

where wWeyync[1] is the used truncation window. In the numerical
results, a rectangular window corresponding to the truncated
tail length is used, but the model applies for arbitrary trans-
mission block level windowing.

We examine the burst truncation effects in case of asyn-
chronous system with both TDMA and FDMA elements, and
having in mind an LTE uplink -like parametrization and frame
structure. It is assumed that different users are transmitting
blocks of FBMC/OQAM type multicarrier symbols in differ-
ent groups of subcarriers without precise time alignment, as
illustrated in Figure 3. We consider also the possibility that
the turn-over periods are not aligned in adjacent groups of
subcarriers. Therefore it is important to control the power leak-
age to adjacent subcarriers also during the turn-over period. In
FC-FB based receiver processing, it is possible to effectively
compensate the timing offsets of the received data blocks [12].
It is also possible to effectively compensate the possible carrier
frequency offsets of different users [13], but this element is not
included in the following discussions.



In this transmission scenario, three different kinds of inter-
ference effects will be considered:

e Inband interference, which is due to (i) non-perfect recon-
struction nature of the filter bank, (ii) cyclic distortion due
to FC implementation, and (iii) burst truncation.

e Out-of-band power leakage due to (i) imperfect frequency
localization of the ideal linear filter bank, (ii) cyclic dis-
tortion, and (iii) burst truncation.

e Time-domain power leakage between consecutive trans-
mission bursts due to the impulse response tails, and de-
pending on the FC-FB design and burst truncation effects.

It can be mentioned that in the considered uplink trans-
mission case, overlap of the burst tails with the data blocks is
possible and tolerable, if the interference level is small enough.
However, burst truncation may help to reduce the interference
and also reduce the complexity because generating the burst
tails fully may require higher number of FC processing blocks
per transmission burst.

The main parameters affecting the three types of inter-
ference leakage are: (i) Initial FC-FB design, (ii) truncation
length of the burst tails, and (iii) guard interval between
transmission bursts. Experiments with smooth, raised-cosine
-shaped truncation confirmed the conclusions of [6] that hard
truncation with rectangular window gives the best results in
the considered cases.

IV. NUMERICAL RESULTS

In our case study, we use parameters similar to the 5 MHz
3GPP LTE system [1]: 512 subcarriers, out of which 300 are
active, and 15 kHz subcarrier spacing is used. For the FC-
FB based FBMC/OQAM solution, we choose I. = 16 and
Lg = 10, which has been found to provide a good tradeoff
between implementation complexity and performance. The
long transform length becomes N = 4096. The transmission
block length is 15 symbols, i.e., 30 subcarrier samples. The
results are shown by averaging the interference power over
100 isolated transmission blocks, i.e., the time-domain leakage
effect is not directly included in the figures.

Figures 4(a)—(b) show the results when the tail is truncated
to the length of 768 samples, which corresponds to 1.5 symbol
intervals. These results are shown for the case where the
FFT-domain weights are calculated directly from the square
root raised cosine (RRC) function and for the case where the
weights are optimized without burst truncation effects. These
figures show mean-squared error (MSE) in the transmitted
symbols, characterizing the inband interference. Also the active
subcarrier power level is shown. Outside the transmission
block of 30 samples, this curve represents the worst-case time-
domain power leakage between time-adjacent transmission
blocks. If the consecutive transmission blocks are perfectly
synchronized (i.e., the time difference is a multiple of half-
symbol interval), the time-domain power leakage becomes very
small.

The OoB power leakage is shown in the same figures
for 2nd, 4th, and 10th subcarrier from the group of active
subcarriers. In uplink transmission, one-subcarrier guardband
is assumed between different users’ active subcarrier carrier
groups. Consequently, the 2nd subcarrier in Figs. 4(a)-(b)
represents the case where the frequency-domain power leakage
is strongest. From these figures we can see that no transients
in the interference effects are seen at the beginning and end

of the transmission block. However, the cyclic distortion effect
is increased towards the ends of each FC processing block of
Ls = 10 samples, which is the cause of the periodicity of
the interference patterns. We can also notice that optimized
design has significantly lower IB and OoB interference levels
than the direct RRC design. With higher time differences, the
time-domain power leakage is also significantly lower in the
optimized design.

Figures 5(a)—(c) show the corresponding results when the
burst tails are truncated to 256 samples, i.e., half of the symbol
interval. Here also the optimized FC-FB design taking into
account the burst truncation effect is included. Again, both
optimized designs have significantly reduced inband interfer-
ence compared to the direct RRC case. Burst truncation in
the RRC case increases the OoB interference over the whole
transmission block, while in the optimized cases, OoB inter-
ference transients are introduced around the burst truncation
instances. When the burst truncation effect is included in the
optimization, the transients are reduced by about 4 dB, 7 dB,
and 9 dB in the 2nd, 4th, and 10th subcarrier, respectively.
Also the time-domain power leakage is reduced in the 2nd
and 3rd subcarrier sample outside the transmission block by
about 2.5 dB and 5 dB, respectively.

Concerning the guard-time between consecutive transmis-
sion blocks we can conclude the following:

e When the guard-time is equal to the half-symbol interval,
the time-domain power leakage corresponds to the second
subcarrier sample outside the transmission block, and the
power leakage is —20. . .—24 dBc depending on the design.

e When the guard-time is equal to the symbol interval,
the time-domain power leakage corresponds to the third
subcarrier sample outside the transmission block, and the
power leakage is —25...—35 dBc depending on the design.

e When the guard-time is equal to 1.5 times the symbol
interval, the time-domain power leakage corresponds to the
fourth subcarrier sample outside the transmission block,
and the power leakage is —35... — 45 dBc depending on
the design.

In asynchronous uplink transmission, the unpredictability
of the arrival times of the transmission bursts should be taken
into consideration. As an example, if the time delay variation
is £0.25T4ymp, Where Tgymp is the symbol duration, then the
frame structure could be designed for the target guard interval
of 1.5Tymp, in which case the shortest actual guard interval
would be Ty, and the time-domain power leakage would be
below —35 dBc with proper FC-FB design.

V. CONCLUDING REMARKS

Truncation of the bursts in short burst based multiple ac-
cess or duplexing schemes utilizing FBMC/OQAM waveform
introduces transients in the inband interference and out-of-
band radiation characteristics. In fast convolution (FC) based
implementation of FBMC/OQAM, these effect can be reduced
by utilizing the proposed optimization method combining
the cyclic distortion and burst truncation effect in the linear
periodically time-variant model of overlap-save FC processing.
Significant gains are obtained in terms of interference level
reduction through the proposed optimization method. The cost
function used in the optimization was the total interference
power in the second OoB subcarrier during the first (or last)
FC block. In our future work, the goal is to modify the
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Fig. 4. Interference effects in FC-FB implementation of FBMC/OQAM when
the burst tails are truncated to 1.5 times the multicarrier symbol interval. The
active subcarrier samples are in the index range [8...37]. (a) Direct RRC
design. (b) Optimized design.

optimization process for more generic cost functions, in order
to make a balanced tradeoff between different interference
effects, depending also on the application scenario. Another
topic is the application of LTPV model for optimized burst
truncation in case of polyphase FB based FBMC waveforms.
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