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Abstract

Orthogonal frequency division multiplexing (OFDM) waveforms have been used success-
fully in the 3GPP Long Term Evolution (LTE) air interface to overcome the channel
selectivity and to provide good spectrum efficiency and high transmission data rates. The
forthcoming 5G communication system aims to support more services than its predeces-
sor, such as enhanced mobile broadband, machine-type communications and low latency
communications, and considers many other application scenarios such as the fragmented
spectrum use. This diversity of services with different requirements cannot be supported
by conventional OFDM since OFDM configures the entire bandwidth with parameters
attending one service in particular. Also, substantial intercarrier interference (ICI) can
occur when conventional OFDM is used with asynchronous multiuser multiplexing and
this is due to the high out-of-band (OOB) emissions of the subcarriers and the violation
of the signal orthogonality constraint. Therefore, to meet the requirements of future 5G
wireless applications, the development of an innovative air interface with new capabili-
ties becomes necessary, in particular, a new waveform more spectrally agile than OFDM
capable of supporting multiple configurations, suppressing the inter-user interference ef-

fectively, and with straightforward integration with the upper layers.

This work focuses on two pulse shaping techniques to reduce the OOB emission and im-
prove the in-band and OOB performances of OFDM-based waveforms. Pulse shaping can
enable the use of multiple parameterizations within the waveform and abandon the strict
paradigms of orthogonality and synchronism with relatively low performance degradation

caused by intersymbol interference (ISI) and ICI.

The first part addresses a pulse shaping method based on per-subcarrier filtering to reduce
both OOB emission in the transmitter and adjacent channel interference (ACI) in the
receiver. It can be implemented using window functions and some window formats are
presented in this part. The first uses the existing cyclic prefix (CP) of OFDM symbols to
smooth abrupt transitions of the signal, thus the large sinc spectral sidelobes caused by the
rectangular filters. This guarantees backwards compatibility in systems using conventional
cyclic prefixed OFDM (CP-OFDM). The second window format extends the CP length to
retain the waveform ability to combat channel delay spread. The effects on performance
of IST and ICT are studied in terms of the signal to interference ratio (SIR) and bit error

rate (BER) using LTE waveforms in a multi-user fragmented spectrum scenario.

The second part of this work addresses the design and analysis of a filters for flexible
spectral containment in subband-based filtering transceivers. This filter, called here semi-
equiripple, exhibits better stopband attenuation to reduce the inter-subband interferences
than equiripple and windowed truncated sinc filters and also has good impulse response

characteristics to reduce ISI. The design is based on the Parks-McClellan algorithm to



obtain different stopband decay rates and meet arbitrary spectrum emission masks (SEM)
specifications with low in-band distortion. Therefore, it can be useful to achieve low OOB
emission and configure subbands with independent parameters since the asynchronous
interference is contained by the filters. Three ISI distortions in the filter are studied:
symbol spreading related to the filter causality, symbol echoes due to in-band ripples,
and ISI amplification due to outlier samples in the tails of its impulse response. The
performance of the filter is assessed in terms of the power spectrum density (PSD) and
compliance with tight SEMs, modulation error rate (MER) and operation in a multi-
service asynchronous scheme using a single waveform. The SIR and the effect of filtering
on the modulation accuracy are evaluated using OFDM ISDB-T and LTE waveforms.

Flexible hardware structures are also proposed for actual implementations.

The results show that these pulse shaping methods enable the waveform to exploit the
available spectrum fragments and support multiple services without significant perfor-

mance penalty, which can allow a more flexible air interface.

Keywords: OFDM, pulse shaping, digital filters, 5G waveforms, air interface.



Resumo

As formas de onda com multiplexagdo ortogonal por divisao de freqiiéncia (OFDM) foram
utilizadas com sucesso na interface aérea 3GPP LTE para superar a seletividade do canal
e proporcionar uma boa eficiéncia espectral e altas taxas de transmissao de dados. O
proximo sistema de comunicagoes 5G tem como objetivo oferecer suporte a mais servigos
do que o antecessor, como comunicacoes de banda larga moéveis, comunicagoes de tipo
maquina e comunicacoes de baixa laténcia, e considera muitos outros cenérios de apli-
cagao, como o uso de espectro fragmentado. Esta diversidade de servigos com diferentes
requisitos nao pode ser suportada pela OFDM convencional, pois OFDM configura toda
a largura de banda com parametros que atendem a um servico em particular. Além disso,
pode ocorrer interferéncia interportadora (ICI) quando a OFDM convencional é usada
com multiplexacao assincrona de miltiplos usuarios e isso é devido as altas emissoes fora
de banda (OOB) das subportadoras e a viola¢ao da condigao de ortogonalidade do sinal.
Portanto, para atender aos requisitos das futuras aplicagdes sem fio 5G, o desenvolvi-
mento de uma interface aérea inovadora com novas capacidades torna-se necessario, em
particular, uma nova forma de onda mais espectralmente agil do que OFDM capaz de
suportar multiplas configuracoes, suprimindo efetivamente a interferéncia entre usuarios,

e com integracao direta com as camadas superiores.

Este trabalho centra-se em duas técnicas de conformagao de pulsos para reduzir a emissoes
fora de banda e melhorar o desempenho de formas de onda baseadas em OFDM. A
conformacao de pulsos pode permitir o uso de parametrizacoes multiplas dentro da forma
de onda e abandonar os paradigmas rigidos de ortogonalidade e sincronismo com uma
degradagao de desempenho causada por interferéncia intersymbol (ISI) e ICI relativamente

baixa.

A primeira parte aborda um método de modelagem de pulso baseado na filtragem por
subportadora para reduzir a emissao fora de banda no transmissor e interferéncia de canal
adjacente (ACI) no receptor. Ele pode ser implementado usando fungoes de janela e alguns
formatos de janela sdo apresentados nesta parte. O primeiro usa o prefixo ciclico (CP)
existente dos simbolos para suavizar as transi¢oes abruptas do sinal, portanto, os grandes
16bulos espectrais sinc causados pelos filtros retangulares. Isso garante a compatibilidade
retroativa em sistemas que usam OFDM com prefixo ciclico (CP-OFDM). O formato da
segunda janela estende o comprimento do CP para reter a capacidade da forma de onda
para combater a propagac¢ao do atraso do canal. Os efeitos no desempenho do ISI e ICI
sao estudados em termos de relagao de sinal para interferéncia (SIR) e taxa de erro de bit

(BER) usando formas de onda LTE em um cenario de espectro fragmentado multi-usuério.

A segunda parte deste trabalho aborda o desenho e analise de filtros para a contengao

espectral flexivel em transceptores com filtragem baseada em sub-banda. Este filtro, cha-



mado aqui semi-equiripple, exibe melhor atenuacao na banda de rejeicao para reduzir
as interferéncias entre subbandas do que os filtros equiripple e filtros sinc baseados em
janelamento e também possui boas caracteristicas de resposta ao impulso para reduzir
o ISI. O projeto de filtros baseia-se no algoritmo Parks-McClellan para obter diferentes
taxas de decaimento da banda de parada e atende a especifica¢oes arbitrarias de mascaras
de emissao de espectro (SEM) com baixa distor¢do dentro da banda. Portanto, pode ser
util para obter baixas emissoes fora da banda e configurar sub-bandas com parametros
independentes, uma vez que a interferéncia assincrona é contida pelos filtros. Sao estuda-
das trés distorcoes de ISI no filtro: espalhamento de simbolos relacionado a causalidade
do filtro, ecos de simbolos devido a ondulacoes na banda e amplificacao de ISI devido a
amostras de valores anomalas nas caudas de sua resposta de impulso. O desempenho do
filtro é avaliado em termos de densidade de espectro de poténcia (PSD) e conformidade
com SEMs, taxa de erro de modulacdo (MER) e operagdo em um esquema assincrono
multi-servico usando uma tnica forma de onda. O SIR e o efeito da filtragem na precisao
da modulacao sdo avaliados usando formas de onda OFDM ISDB-T e LTE. Estruturas

de hardware flexiveis também sdo propostas para implementacoes reais.

Os resultados mostram que esses métodos de conformacao de pulso permitem que a forma
de onda explore os fragmentos de espectro disponiveis e oferega suporte a multiplos servi-
¢os sem uma penalidade de desempenho significativa, o que pode permitir uma interface

aérea mais flexivel.

Palavras-chaves: OFDM, conformacao de pulso, filtros digitais, forma de onda 5@G, in-

terface aérea.
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1 Introduction

1.1 Motivation and background

Over the past years, the development of wireless communications technology has been
largely influenced by the increasing traffic demand. Nowadays, emergent applications re-
quiring low latency, higher connection density and ubiquitous gigabit connectivity impose
new technical requirements which are motivating an intense research work on the compo-
nents of the forthcoming fifth generation (5G) of mobile communication systems. However,
the wide variety of these requirements such as the support for heterogeneous services us-
ing a single waveform and flexible spectrum use can not be met by the current LTE air
interface. The LTE physical layer (PHY) uses orthogonal frequency division multiplexing
(OFDM) to overcome the channel selectivity problem, achieve high data rates and boost
the spectrum efficiency, but since LTE OFDM waveforms have been designed with strict
orthogonality and synchronism constraints and embedded in a frame structure not able
to accommodate different services, a more flexible air interface requires the redesign of

the conventional OFDM waveform.

Emerging applications requiring high bit rates (e.g. UHD video) can demand large band-
widths. However, since contiguous spectrum is not always available, the simultaneous
access to non-contiguous blocks of unused spectrum or underused ones becomes neces-
sary. The use of OFDM for fragmented spectrum access is not satisfactory because of the
potential adjacent channel interference (ACI) arising from the out-of-band (OOB) spec-
tral leakage which in turn is due to the discontinuity between adjacent OFDM symbols.
This problem has been addressed by several current systems such as LTE, ISDB-T and
IEEE 802.11 by using guard bands to meet spectrum emission mask (SEM) requirements
but sacrificing spectrum efficiency (e.g. in LTE the guard band constitutes 10% of the
allocated bandwidth). Thus, methods to reduce the out-of-band emission (OOBE) are
necessary to use OFDM in new communication scenarios and constitute an important

research topic.

The rectangular pulses for subcarrier modulation in conventional OFDM generate unde-
sired spectral sinc sidelobes out of the useful bandwidth. Some techniques in the time
and frequency domains for OOBE reduction have been studied in several works. One of
these techniques is the polynomial cancellation coding [1] which is based on obtaining a
better frequency domain representation for OFDM. Each data symbol (e.g. QAM sym-
bol) is represented by a group of symbols which are then multiplied by the coefficients
of a polynomial. At the receiver side, the sidelobes of one subcarrier are reduced by the

sidelobes of the other subcarriers in the group. Another technique is the cancellation car-
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rier method which consists in inserting optimized subcarriers at both sides of the active
spectrum such that the sidelobes of the inserted subcarriers and the sidelobes of the signal
cancel each other within a desired frequency range [2]. The subcarrier weighting method
proposed in [3] is based on the multiplication of the data symbols with real numbers
(weights) such that the powers of the sidelobes are minimized. However, the weighting
factors are constrained in magnitude to ensure that each data symbol remains within
its original decision region so that they can be detected by the receiver without having
prior knowledge of the weights. The dynamic deactivation of edge subcarriers offers a
flexible way to shape the spectrum [4], however the use of guard bands wastes spectrum
frequencies. The cancellation carrier and polynomial cancellation coding methods also
suffer this penalty in spectrum efficiency. Another option to reduce the OOBE is filtering,
however for a fragmented spectrum scenario, filtering can be expensive to implement since
separate filters have to be used for each fragment. Another alternative is to smooth the
symbol transitions by windowing the edges of each symbol with an appropriate function
[4, 5]. The idea behind this method is to filter each subcarrier to contain the OOBE.
A transceiver architecture using digital subcarrier filters was presented in [6]. However,
the analysis of the in-band performance when some CP samples are used for windowing
has been not analyzed in these works. The characteristics of this per-subcarrier filtered
waveform, also known as windowed OFDM (W-OFDM) and the analysis of the trade-offs

between the OOB and in-band performances are addressed in Chapter 2.

On the other hand, guaranteeing orthogonality and synchronism in OFDM, and thus
avoiding intercarrier interference (ICI), might require significant control signaling, creating
severe network congestion. A single configuration applied to the entire OFDM bandwidth
in LTE prevents in-band support of different applications simultaneously whether they are
synchronous or asynchronous, as for instance, vehicle-to-vehicle (V2V) communications
could require not only short frames for low latency but also wider subcarrier spacing
for robustness against Doppler shift or a custom CP size should be necessary for service
coverage in different cell areas. Thus, in order to multiplex different parameters on the

same OFDM waveform, the orthogonality constraint needs to be removed or relaxed.

Several non-orthogonal waveforms have been proposed aiming to retain the advantages
of OFDM and to overcome its related drawbacks. These waveforms are based on splitting
and filtering the overall bandwidth on either a per-subcarrier basis such as the generalized
frequency division multiplexing (GFDM) [7] and filter bank multicarrier (FBMC) [8, 9]
waveforms or a per-subband basis such as the universal filtered multicarrier (UFMC) [10]
and filtered-OFDM (F-OFDM) [11, 12| waveforms. Filters are key components in these
waveforms to reduce the OOBE and, in case of subband-based filtering transceivers, to re-
duce the inter-subband interference (ISBI) [11, 13, 14]. UFMC is seen as a generalization
of the full-band filtered OFDM (FB-F-OFDM) and FBMC modulations. FB-F-OFDM
filters the entire band and FBMC filters individual subcarriers, while UFMC filters sub-
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bands. Since UFMC is an intermediary case between subcarrier filtering and full-band
filtering, it is taken as a reference in this part of the work. UFMC collects the advan-
tages of both schemes while avoiding their disadvantages (e.g. UFMC uses shorter filters
lengths in comparison to FBMC and has reduced OOBE than OFDM). Also, UFMC sub-
bands can be allocated to different services which allows UFMC to be a highly adaptive

waveform [14].

A block diagram of a subband-based filtering transceiver based on the idea of UFMC is
shown in Fig. 1. As can be seen, the available bandwidth can be divided in a number of
subbands (K), each with a different number of subcarriers and modulation schemes (e.g.
QPSK, M-QAM) and some subbands can be deactivated for a given transmission. Then,
the complex data symbols of each subband are transformed into time domain signals us-
ing inverse fast Fourier transform (IFFT) computations. An arbitrary CP is appended
to each subband signal which is then filtered to reduce the spectral sidelobes. All the
filtered signals are summed to generate the transmit baseband signal. Each subband can
be allocated to a service or user (multiple or single carrier) in particular with arbitrary
sets of parameters (e.g. subcarrier spacing, shaping filter, FFT order, CP length). UFMC
considers the filter length is in the order of the CP size to prevent ISI, and the same filter
Dolph-Chebyshev of constant sidelobe level is used for all the sub-bands [15]. However,
short filter lengths can be insufficient to achieve adequate stopband attenuation for low
interference between adjacent subbands. In Chapter 3, this work introduces an alternative
filter, called semi-equiripple, which exhibits better stopband attenuation for reduction of
the ISBI than equiripple and windowed sinc filters and also better impulse response char-
acteristics for reduction of the ISI. The results indicate that a filter order greater than
the CP size can be employed to improve the spectrum containment and the orthogonal-
ity within the subband can be sacrificed with low performance penalties (e.g. low BER
degradation and ISI distortion) for the benefit of a reduction of the OOBE. Also, filters
with narrow transition regions can reduce the number of guard bands and allow more

efficient use of the available bandwidth.

Filter F1

Data symbol mod. 1 IFFT, order = 2M _ . Filter F1 Remove EFT, order = 2M

Subcarrier spacing 1] +P/S ] Add CPL = I[::gz: - I[l(L(J,F:p?cF)DM) Length = L1 (F-OFDM) [ cp1 [ ] +P/S [ Detector
Filter F2 N

Data symbol mod. 2 IFFT, order = 2M2 — -~ | Y Filter F2 Remove FFT, order = 2™

Subcarrier spacing 2| | +P/S [~ Add CP2 =] ::Z:gt: z ::Z(L(Jf:h?CFFM) I Length = L2 (F-OFDM) [ | cP2 | | +P/S [ Detector

Data symbol mod. K| _IIFFT, order = 2%| _f 114 cpk | Eitnert?; LK (F-OFDM) Filter FK | .| Remove | _|FFT, order = 2"| | Detector

Subcarrier spacing K| +P/S Length = L (UFMC) Length = LK (F-OFDM) CPK +P/S

Figure 1 — Block diagram of an enhanced UFMC transceiver

The generation of the waveform and pulse shaping filters can be performed flexibly using
software-defined radio (SDR) techniques. From the point of view of hardware implemen-
tation, suitable filter architectures for fixed-point realizations are required to minimize

the finite word-length effects. These effects are analyzed at the end of Chapter 3.
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1.2  Outline

The purpose of this work is to analyze two flexible pulse shaping techniques to reduce
the OOBE and ACI of OFDM-based waveforms. The filters here studied can be applied
to enable the use of non-contiguous spectrum blocks for transmission and the relaxation
of the OFDM orthogonality and synchronism constraints in order to multiplex different

services or users in a single waveform, where each can have an arbitrary set of parameters.

This work addresses the window-based pulse shaping to reduce the OOBE in the trans-
mitter and ACI in the receiver. As a matter of flexibility, the use of raised cosine (RC)
filters for all the OFDM subcarriers has been considered and efficient realizations in the
time domain are obtained. The effects of the window roll-off length on the in-band per-
formance is analyzed mathematically in terms of ISI/ICI and expressed as SIR variations.
The reduction of the OOBE is analyzed by simulations of power spectrum density (PSD)
of LTE waveforms. Link-level simulations are performed for a fragmented spectrum sce-
nario to analyze the effectiveness of pulse shaping to reduce the ACI and exploit the

spectrum holes.

This work addresses the design of pulse shaping filters with small stopband sidelobes for
subband filtering. They are designed using the conventional Parks-McClellan algorithm
for equiripple filters with a customization of the weighting function to obtain configurable
frequency responses able to meet arbitrary SEMs. They have been called semi-equiripple
because of its equiripple passband and non-equiripple stopband characteristics. As an

example, compliance with ISDB-T and LTE SEM specifications is analyzed.

The ISI caused by symbol dispersion related to the group delay, symbol echoes due to the
passband ripples and IST amplification due to the outlier samples in the tails of the impulse
response are analyzed mathematically and simulated using test signals. The tail samples of
semi-equiripple filters are successively attenuated which might act as a protection against
ISI. Then, a comparison of the impulse responses of semi-equiripple filters with those
of windowed truncated sinc and equiripple filters is performed. Through simulations of
SIR and statistical error vector magnitude (EVM) for several filters, it is observed the
relationship and trade-offs between the ISI and ICI levels and the filter order, passband
ripple magnitudes and CP length.

This work proposes filter structures for actual implementations for low complexity and
operation at high speed. Modular structures based on cascade filters as well as methods for
datapath scaling to minimize the round-off noise and overflow occurrences are presented.
The reduction of round-off noise is analyzed by simulation considering the effect of section
sequencing. It is also presented an implementation proposal of the filter using a systolic
structure and dedicated DSP blocks of a field programmable gate array (FPGA).

The remainder of this work is structured as follows:
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Chapter 2 adresses the per-subcarrier pulse shaping method based on windowing. A math-
ematical model of OFDM is presented in section 2.2 as background to analyze the spectral
leakage. In section 2.3, two window formats are presented and the suppression of OOBE
is analyzed. Section 2.4 focuses on analytic derivations of constraints to limit the ISI and
ICI contributions when some samples of CP are used for windowing, and an expression
for the SIR is obtained. Section 2.5 analyzes a window format for receive pulse shaping
for reduction of ACI and section 2.6 presents numerical simulations of in-band and OOB

performances. These results have been partially published in [16].

Chapter 3 addresses the design and performance analysis of filters for subband-based pulse
shaping. Section 3.2 presents the design of semi-equiripple filters. Section 3.3 analyzes
the ISI caused by the in-band ripple distortion to study appropriate design trade-offs
between the filter characteristics and the waveform performance. Section 3.4 presents
architectures and considerations for fixed-point implementations. Section 3.5 is devoted
to performance analysis in terms of the PSD, modulation performance and support of
asynchronous transmissions in multiple subbands of a single waveform. The effects of

section scaling and section sequencing are analyzed at the end of this section.

Finally, this work is concluded and future works are proposed.
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2 Window-based OFDM Pulse Shaping

2.1 Introduction

The challenges imposed by the requirements of the forthcoming 5G cellular technology
make the development of waveforms with better frequency localization than OFDM and

new transmission techniques of paramount importance [17, 18].

OFDM is the modulation method adopted in 4G LTE cellular technology and the idea
behind it is the subdivision of a high rate serial data stream in a high number of low rate
parallel data streams which modulate a group of baseband overlapped orthogonal sub-
carriers. As a consequence, a wideband frequency selective channel is reduced to various
narrowband flat fading channels which makes OFDM robust against multipath fading and
enables the use of low-complexity equalizers to compensate the channel response. Further,
OFDM offers high immunity to channel delay spread and ISI using symbols with cyclic
prefix, it can be implemented very efficiently using FF'T and inverse FFT algorithms, and

it supports adaptive data modulation.

However, OFDM is not free from constraints and drawbacks. Its poor spectral containment
(large OOBE around active subcarriers) limits its ability to provide multiple heteroge-
neous services within the waveform, as well as its use in shared and fragmented spectrum
scenarios. In OFDM, a rectangular pulse shape is used to modulate each subcarrier which
results in high spectral sidelobes and eventually in OOBE. Carrier frequency offset (CFO)
may cause loss of orthogonality between subcarriers (i.e., ICI) originating the high sensi-
tivity of the waveform to frequency synchronization errors [19]. ISI and ICI are introduced
into a received signal when CP is not sufficient to contain the time dispersion of previ-
ous symbols. Additionally, OFDM suffers from high peak-to-average power ratio (PAPR).
Thus, given these drawbacks and the strict synchronization and orthogonality paradigms,
the use of OFDM in 5G systems is not taken for granted [18, 13].

This chapter addresses a pulse shaping method to reduce the OOBE and adjacent channel
interference (ACI) of OFDM waveforms on the transmitter and receiver respectively whilst
the benefits of OFDM are preserved. A mathematical model of OFDM is developed below

that includes the pulse shaping operation as part of waveform formulation.
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2.2  System model

A baseband continuous-time OFDM signal with N subcarriers and arbitrary pulse shaping

function can be expressed as

w N-—
= Z Z Sk lp t—lT eﬂwfk(t ZT) (2.1)

=00 k=0

where j = 4/—1, N is the inverse FFT length, f; is the frequency of the k-th subcarrier,
p (t) is the time-limited pulse shaping function, 7" is the total symbol duration, and Sy,
is the input data symbol sequence transmitted on the k-th subcarrier during the [-th
OFDM symbol where k = 0,1,..., N — 1. It is assumed that Si; € {Sos, S14,-..s Sv—14} 18
zero mean i.i.d. and also that a frequency spacing between two consecutive subcarriers
is defined as Af = 1/Ty to keep orthogonality between all subcarriers over the useful
symbol period T . Hence, the frequency separation between two arbitrary subcarrier is

given by

fio = fio = 2 )y, 22)
N

where k; and ko denotes the position of the k;-th and ks-th subcarrier respectively.

CP samples can be included at the beginning of the symbol to absorb channel delay
spreads and in this case, Tl is extended by T¢p such that the total symbol duration is
T = Tep + T. Sampling x(t) at t = nTN/N, the discrete-time OFDM signal can be
expressed by

0 N-—
Z Z Spap[n — INp|e?2mkn=IND)/N (2.3)

where n € Z is the sample mdex, NO p and Np are the number of samples of the CP and
the OFDM symbol respectively, i.e., Ny = Ngp + N.

The spectral content of an OFDM signal with cyclic prefix (CP-OFDM) and arbitrary
pulse shaping is described using its power spectral density (PSD) given by
N—
Z [[Skal”]
f

P(r-n.)
().

In conventional CP-OFDM, p[n]| is defined as a rectangular function causing fast tran-

2

PSD,( (2.4)

ﬂ \

where P(f) is the Fourier transform

sitions between consecutive symbols resulting in high spectral sidelobes around active
subcarriers which in turn can cause ACI and interference among in-band subcarriers (i.e.,
ICI). The PSD of this rectangular function is given by

wlr (-]

N-1 2

PSDx,rect =T Z E [|Sk,l|2]
k=0

(2.5)
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Figure 2 — PSD of a single LTE 5-MHz OFDM subcarrier.

and it is depicted in Fig. 2 for a LTE subcarrier. Significant OOBE is generated beyond
the active subcarrier. Additionally its seen that zero intersections and sidelobe peaks
of the sincs are shifted in frequency when different CP lengths are appended to the
symbols [20, 4], however it does not cause synchronization errors since the CP is discarded

at the receiver.

2.3 Transmit pulse shaping for reduction of out-of-band emission

From Eq. (2.3), it is clear that an optimized filter (e.g., better than a rectangular function)
could be used per each subcarrier (i.e.,Sk;) to attenuate the power of the sidelobes and
thus reducing the waveform spectral leakage. Considering the same filter p[n] for all
the subcarriers, it can be extracted from the Eq. (2.3) and be implemented as a single
windowing operation over the complete CP-OFDM symbol, i.e., each CP-OFDM symbol
and an appropriate window can be multiplied element by element such that the fast
transitions at the edges of the symbols are smoothed and thus generating low spectral

sidelobes. This waveform format is named windowed OFDM here.

The raised cosine (RC) window is used here because it allows to choose the number of
samples in the transition region, however any other window could be employed. It is
expressed by
1 1 n \7
§+§COS[7T(1+BTT)], 0<n<pBNr
pln] =14 1, BNr <n < Np (2.6)

n(n—N \7 \J
 + 3 cos [7(5NTT):|’ Nr <n < Np(l+ f)

where £ is the roll-off factor and Ny is the transmission period of a OFDM symbol.
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Figure 3 — Transmit pulse shaping formats.

Two window formats are shown in Fig. 3. The first one (Fig. 3a) extends the symbol
duration from Ny to Ny samples in order not to distort the original N¢p samples when the
symbol is reshaped. This format preserves the ISI immunity of conventional CP-OFDM
and avoids the need for extra processing at the receiver. The resulting prefix denoted by
Nyre is the CP extended by Necp = BNy samples such that Npre = Nep + Necp. A cyclic
postfix with Np,e = BNy samples is also appended at the tail end of the symbol such
that the total window length is Np.. + N + Np,s; Which is represented by NT. In order to
reduce the degradation of the spectral efficiency caused by wastage of time and energy in
the transmission of the cyclic prefix, consecutive OFDM symbols are allowed to partially

overlap in the roll-off regions N.cp and Npps.

The second format in Fig. 3b could be used when it is not possible to extend the CP. The
OFDM total transmission period is only N7 samples. As it will be shown below, in this

case, some samples of the CP could be used for the transition region without significant
BER degradation.

The effect of 5 on the reduction of OOBE can be evaluated in terms of the mean relative
interference power (Eeak) of a single subcarrier into a subband with bandwidth A f located

n subcarrier positions away. Pqy is given by [4]

. (n+0.5)Af
Preqp(n) = B f PSD,(f)df (2.7)
? (n—0.5)Af

where PSD,(f) is the PSD of the waveform given by (2.4) and P(f) can be replaced by
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the Fourier transform of the raised cosine pulse expressed as

_ sin(rfT) cos(mBfT)

where T is the equivalent continuous time of the transmission period Ny. Table 1 presents

this parameter for some values of n

Table 1 — Mean relative interference power of a pulse shaped OFDM subcarrier into ad-
jacent subcarriers. LTE subcarrier spacing Af = 15 KHz, RC window format
2

[Tz [ 3 [ 1]
Normal CP Mode (144 T,)

=0 6.9722 | 1.2165 | 0.5049 | 0.2763
B =0.15 | 6.9993 | 1.0391 | 0.3277 | 0.1214
B =05 | 5.6142 | 0.1531 | 0.002 | 0.0006
B =0.75 | 4.2365 | 0.0129 | 0.0007 | 0.0001
Extended CP Mode (512 Ty,)

B=0 4.9222 | 0.8475 | 0.4832 | 0.3059
p=0.15 || 4.8466 | 0.6779 | 0.2844 | 0.1066
B =0.5 | 3.2540 | 0.0271 | 0.0019 | 0.0003
B =0.75 | 2.0561 | 0.0042 | 0.0002 | 0.0001

Ts, = 1/30720000 sec

The PSD for some values of § is shown in Fig. 4. It can be seen that the power of the
sidelobes decreases as [ increases, e.g. for § = 0, 0.15, 0.5, and 0.75, the sidelobe levels
at frequency f/Af = 1 are attenuated by -29.8 dB, -30.4 dB, -36.5 dB, and -46.1 dB

respectively.

In Fig. 3(b), samples of CP are smoothed by the window roll-off region which in order it
not to distort the N useful samples, § can be extended to a maximum value of Nop/ Ny
For example, in an additive white Gaussian noise (AWGN) channel, LTE 5-MHz OFDM
symbols with extended CP (CP length = 128 samples, Ny = 640 samples) could be
specified with a maximum value of 3 of 0.2 with no BER degradation. Fig. 5 shows the
reduction of the OOBE for some values of 3.

2.4 ISI and ICI analysis

ISI and ICT are analyzed in this section for the case when a portion of the CP is reshaped

by the windowing roll-off region and the remaining CP is not sufficient to compensate the



Chapter 2. Window-based OFDM Pulse Shaping 28

——B=0
p=0.15 subband

—B=050 Af

201 ——B=0.75(* 7]

PSD (dB)

60 5

80

e A A/
3 0 1 2 3
fIAf

Figure 4 — Effect of $ on the reduction of OOBE of a single subcarrier. W-OFDM LTE
subcarrier, Af = 15 KHz, RC window format 2, extended CP, *some samples
of the useful period T are used for the windowing roll-off region
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Figure 5 — Effect of S on the reduction of the OOBE of the entire OFDM bandwidth. W-
OFDM LTE waveform, bandwidth 5-MHz, extended CP, RC window format
2, B is constrained to its maximum value Nop/Np = 0.2
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distortion due to channel delay spread. If two consecutive symbols are allowed to partially
overlap, the transmitted [-th W-OFDM symbol can be described by

N-1 N-1
2'[n] = Z Spap[n]e?>™ /N 4 Z Spa_1p[n + Np|es2mk et No)/N (2.9)
k=0 k=0
where n = —Np,.,...,0,..., N — 1 is the sample index, Ny =N+ Nyre is the transmission

period of a symbol, Sy; and Si; 1 represent the data symbols in the I-th and (I — 1)-
th W-OFDM symbols respectively and since the window function is time-limited, the
second summation term is non-zero only in n = —Npre, ..., —Npre + Npost — 1. To simplify

the analysis, matrix representations are used hereafter so Eq. (2.9) can be re-expressed as

X' = T(PGF?S,, + EPGF”S,, )) (2.10)

where k =0,1,..,.N—-1, X' e CM7 s the vector containing samples of the [-th W-OFDM
symbol overlapped with the previous one; Sy; and Sy;_; € CV are vectors of data of the (-
th and (I —1)-th symbols respectively; F € CN*¥ is the N-point discrete Fourier transform
—32mre/N bheing r and ¢ € {0,1,...,N — 1};
P € NV7*37 js a diagonal matrix such that P = diag(p[n]); and G, E and T are defined
by Eq. (2.11), (2.12) and (2.13) respectively.

(DFT) matrix whose elements are [F].. = e

ONpre x (N—Npre) [Npre

[Npost ONpost x (N—Npost)

g ez i | "
ONTXNT
T = [ INT ONTprost ] (213>

G e RVrxN appends a prefix and postfix of N, and N, samples respectively to both
symbol tails; E € NVTxNr golects the last Npost samples of the (I—1)-th symbol to be added
(overlapped) to the first BNy samples of the [-th symbol and therefore Npost = BNy; and

T e NV2 N7 golects the first Ny samples for transmission.

The discrete-time model of the multipath channel during the I-th symbol can be expressed
by

Winl = 3 al[mls[n — m] (2.14)

where L is the number of paths, a[m] and m represents the complex amplitudes and

propagation delays respectively. If L < Ny, then possible ISI on I-th symbol would occur
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only from the time spreading of the (I — 1)-th symbol. Convolution in the time domain

for the received signal corresponds to multiplication of X! with the channel:

Y' = HOX! + HOX!! (2.15)

where H? and H' are the channel matrices defined by

[ h T B
hi  ho :
HY =1 p, ., oo oo by 0 - (2.16)
0  hr ho ;
0
0 N R ¥ T hO-NTxNT
[ 0 0 hii hy o]
: 0 hL—l
HO = |« . (2.17)
|0 e e e 0 | P

The first term in (2.15) is the convolution between the channel and I-th symbol which
has some samples self distorted due to symbol overlapping and the second term is the ISI
from the (I — 1)-th symbol. OFDM waveforms can be designed with a CP longer than the

maximum channel delay spread that is discarded at the receiver as

Y' = RY' (2.18)

where Y! € C¥ is the received OFDM symbol after Npgrg first samples are discarded and

R € NV*M7r g defined as
R é [ ONprre ]N :| (219>

Therefore, the N received subcarriers after FF'T operation can be expressed as

Y. = FRHYTPGF”S,, + FRHYTEPGF”S,, , (2.20)

Because some samples of CP are used for windowing, the self introduced ISI may not be

absorbed by the remaining guard interval, which in frequency domain results in ICI. This
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distortion can be measured using the SIR parameter on a per-subcarrier basis. If S;; and

Ski—1 are i.i.d., the SIR on an arbitrary received k' subcarrier can be expressed as

i k=K'

SIRy = ’ 2.21
’ Mtk + Ni—1k (221)

where ,
Mt = ‘Fk,RH@)TPGUlFHSk,l (2.22)

2
Hierrs = ‘Fk/RH(O)TPGUQFHSk,l (2.23)

2
ANk = ‘Fk/RH(O)TEPGFHSk,l,l (2.24)

k and k' € {0,1,..., N — 1}, Fy is the FFT k’-th component, U; and U, € NV are defined
by
Uilk] = 0(k — k') (2.25)

Uslk] = 1— 6(k — k') (2.26)

ki represents the received power on k' subcarrier in the [-th symbol, pyj.r is the
contribution of the other subcarriers in the same symbol, and A\ is the ICI from
the (I — 1) symbol. Y'! can still contain ISI from the symbol X' ! if the dispersion of
the first SNy samples of X' in (2.10) is not absorbed by the remaining non-distorted
CP. Considering a roll-off region with BNT samples, the dispersion of the transmitted

overlapped samples is

Niypreas = BNp + L — 1 (2.27)

Hence, if Ny, — 5NT > L — 1 neither ISI nor ICI ocurrs, otherwise the number of useful

samples that are distorted by ISI will be

Ny = BNp+L—1— Npgp (2.28)

which corresponds to samples that were not absorbed by the CP and so it will cause

orthogonality loss between received subcarriers.
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Figure 6 — Receiver pulse shaping format.

2.5 Receive pulse shaping for reduction of adjacent channel inter-

ference

Since the CP is removed in the receiver before the FFT using a rectangular function
(Eq. (2.19)), this creates signal discontinuity and therefore large sidelobes which can
amplify ACI in a target channel even if the adjacent one has low spectrum leakage. This
effect becomes particularly important in fragmented spectrum scenarios as discussed in
the next section. A appropriate window function can be used at the receiver side to

overcome this problem. A RC window for receiver pulse shaping can be expressed as

-

0, O<n<Npre_BrmN7
1 1
7+7COS[7T(1+L>], Nyre — BralN <1 < Ny,

paln) =422 oL ” (229)
1, Npre<n<N+Npre_BrxN7
%‘F%COS[%], N+Npre_5er<n<N+NpT€‘

where (3., is the receiver roll-off factor. The receiver window is applied over the entire
symbol and in order to achieve low levels of ACI, the roll-off portion could cover the
entire CP portion. However, ISI would be introduced if the transmitted W-OFDM samples
delayed by the channel are covered as well. This is indicated by the blue and red lines in
the receiver window format shown in Fig. 6. The windowed CP portion is added to the
symbol tail end and the following condition must be satisfied to keep orthogonality in the
symbol:

Prz[n] + prz[n + N] = constant, Nyre — frzN <1 < Nppe (2.30)

So the Eq. (2.19) can be expressed as

0 — e ) X Te
R 2 [ (N=NpreyxNere 1 |\ P, (2.31)

]Npre

where P, € NVTXN7T ig 3 diagonal matrix such that P,, = diag(p,.[n]).
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2.6 Numerical results

By windowing the OFDM waveform in the transmitter improves its spectral containment,
but the tolerance to channel spread is reduced if the window is applied over the CP.
This effect is evaluated below in terms of the SIR parameter previously obtained and
BER. An LTE link-level simulation model has been implemented in Matlab to evaluate
the performance of the pulse shaping at both transmitter and receiver sides. A brief
description of the numerology employed is as follows: the sampling frequency is 7.68 MHz
and the FFT size is 512 points. The useful bandwidth is 4.5 MHz that consists of 300
subcarriers arranged in 25 resource blocks (RBs) with each RB being composed of 12
subcarriers. A 0.25 MHz guard band is set at both sides of the spectrum. The subcarrier
frequency spacing is 15 KHz and the useful symbol duration Ty is 66.7 us. The OFDM
frame is divided into 20 slots of 0.5 ms each and the number of symbols per slot depends
of the CP mode. Two CP modes are defined in LTE, the normal CP of 4.7 us (36 samples)
and the extended CP of 16.7 us (128 samples) where each slot contains 7 and 6 symbols
respectively. In normal CP mode, the duration of the first symbol is 5.2 us (40 samples).
The channel is considered to be Extended Vehicular A (EVA) with Doppler frequency 70
Hz [21] and AWGN.

2.6.1 Signal-to-interference ratio

The channel coefficients are considered constant over a coherence time assumed to be equal
to the duration of an OFDM frame (10 ms). The SIR in (2.21) has been evaluated along
the frame transmission and averaged in each active subcarrier. The number of samples
in the roll-off region SNy is represented by a and four values of @ have been chosen in
the analysis: 95, 96, 97, 124, and 350. Since the length of the considered channel impulse
response is 35, thus given (2.28), there will be 1, 2, 3, 30 and 256 samples of ISI for each
a, respectively. For a < 95, the ISI is absorbed by the remaining CP and so those cases

are omitted from the figure.

The SIR in the 300 active subcarriers is shown in Fig. 7 and as can be seen, as (3 increases,
the spectral containment is improved but the SIR is degraded, e.g. for two and three ISI
samples the SIR loss is approximately 15 and 30 dB with respect to the case where there

is only one ISI sample.

Even when ISI occurs, its effect could be limited because the power of the OFDM symbols
arriving from longer delay paths are smaller than those arriving first and the power
contribution of the last N, (delayed) samples of the (I — 1)-th symbol are attenuated
by the window tail. This can be seen by disabling the window function and enabling only

the symbol overlapping (Fig. 8) which results in a difference of approximately 80 dB.

In order to obtain a single indicator to evaluate the SIR performance for different values
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Figure 7 — Average SIR on active subcarriers for different windowing roll-off lengths. RC
window format 2 is enabled, W-OFDM LTE 5-MHz waveform, extended CP,
averaging of 1200 W-OFDM symbols.
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Figure 8 — Degradation of SIR performance when pulse shaping is disabled.
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Figure 9 — Average SIR calculated over all active subcarriers for different windowing roll-
off lengths. RC window format 2, W-OFDM LTE 5-MHz waveform, extended
CP, averaging of 1200 W-OFDM symbols.

of the roll-off factor the SIR can be averaged over all subcarriers in the symbol as is shown
in Fig. 9. The SIR performance experiments an exponential decay as (3 increases so the

value of 5 must be chosen short enough to achieve the required low OOBE.

2.6.2 In-band BER performance of transmit pulse shaping filter

The in-band performance of W-OFDM is evaluated and compared to the conventional
CP-OFDM. The receiver is formed by a one-tap equalizer with ideal channel estimation,
CP removal stage, FF'T and subcarrier demodulator. The simulation is carried out over
ten LTE downlink frames (1200 symbols with extended CP) per run and 50 runs are
realized. Only results for window format 2 are shown because the BER performance of
window format 1 is equivalent to CP-OFDM. As can be seen in Fig. 10 BER results are
consistent with the SIR in Fig. 7 and short values of a result in performance similar to
CP-OFDM even if they originate ISI.

2.6.3 OOB BER performance of transmit and receive pulse shaping filter

In order to evaluate the ability of pulse shaped waveforms for leveraging spectral holes
for transmission, it is considered an scheme with two independent links, one of a primary
user (PU) and other of a secondary user (SU) which is allocated in a adjacent band to
the first. The SU signal (interference) is shaped in the transmitter to reduce its OOBE

thus the ACI caused in the PU receiver (desired transmission).

The analysis has been performed accounting the LTE 5-MHz parametrization aforemen-

tioned and the non-contiguous (fragmented) spectrum scenario shown in Fig. 11. The RB
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Figure 10 - BER performance of W-OFDM and CP-OFDM. 64-QAM subcarrier mod-
ulation, extended CP (128 samples), RC window format 2 with a@ > 94 to
include the ISI effect in the BER, channel response length = 35, simulation
using 1200 OFDM symbols per run and 50 runs.
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Figure 11 — 5-MHz non-contiguous spectrum band.

are distributed as follows: one RB is allocated to the PU at the center of the band, 8 RBs
to the SU at both sides of the PU and the n; RBs between them are loaded with null
subcarriers. The PU signal is conventional CP-OFDM whereas the SU signal is W-OFDM
with power 10 dB higher and both are set with extended cyclic prefix (128 samples). To
simulate an asynchronous transmission, frequency and time offsets are configured between

the waveforms.

The BER results are shown in Fig. 12 for two different window roll-off lengths in the SU
signal. The cases when there is no suppression of the OOBE and SU is not present are
also included for comparison. As can be seen, the BER in the PU receiver improves when
SU transmitted spectrum is better localized by the pulse shaping (Fig. 13a), however this
benefit is limited due to the rectangular function in the PU receiver which amplify the
SU OOBE that is then introduced as ACI to the PU (Fig. 13b).

The performance of the PU link is improved when the received symbols are shaped with
a better window function (section 2.5) as can be seen in Fig. 14. The simulation was
performed with 3., =20 and it was observed that by using longer values of it the BER

can be improved obtaining the almost the same performance as the case when there is no
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Figure 12 — BER of the PU receiver affected by ACI of a SU signal with supression of
OOBE in the transmitter. Simulation using 100 OFDM frames per run and
100 runs are performed. SU and PU with 64-QAM data modulation and
separated by ny = 2 RBs. SU transmitted signal with power 10 dB higher
than that of the PU, time offset = 150 and frequency offset = 7.5 KHz. AWGN
channel.

interference even if more ISI samples are added to the payload. However, too long values
of 3., could cause the ISI effect dominates the performance. Thus, a trade-off must be

made between the permissible ISI level and the ACI attenuation level.

2.7 Summary

In this chapter, a pulse shaping method based on windowing for OOBE reduction and

ACI rejection was presented.

An arbitrary pulse shaping function has been introduced in the OFDM formulation as a
per-subcarrier filter and it is found that the filters can be implemented as a single element-
wise multiplication in the case that all subcarriers are shaped by the same function. The
use of different filters on a per-subcarrier or per-subband basis could be also possible. The
RC function was taken as an example because of the flexibility to control the number
of samples in the roll-off region. However, other functions with small spectral sidelobes

could be also applied.

Mathematical expressions were developed to evaluate the effect of windowing on ISI when

some CP samples are shaped by the roll-off region.

The SIR is a closed-form equation to measure the ICI and the results obtained are congru-

ent with BER measurements. This metric can be used to analyze constellation accuracy.
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Figure 13 — PSD of the received SU signal. Estimated average PSD taken over 100 OFDM
symbols with different transmit roll-off factors.
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Figure 14 — BER performance of the PU receiver using a RC window for ACI rejection.
Simulation with different window roll-off lengths in the SU transmitter (0, 20
and 40 samples) and a fixed roll-off in the PU receiver (20 samples), 64-QAM
data modulation, EVA channel with AWGN
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As more CP samples are used for the roll-off region, the OOBE gets more attenuated in
the transmitter. No significant degradation on BER was observed for moderate roll-off
lengths (up to § = 0.2), however because of self-IST due by symbol overlapping, 5 needs
to be as short as possible. The SIR performance decreases fast when payload samples
are shaped. At the receiver side, ACI is more rejected as [3,, increases. However, as (3.,

increases, more ISI samples are added to the payload samples, therefore there is a trade-off
between ACI and ISI.

In the following chapter, the focus will be redirected towards the use of pulse shaping

filters for subband-based filtering waveforms.
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3 Subband-based OFDM Pulse Shaping

3.1 Introduction

This chapter addresses the design and analysis of filters for pulse shaping of OFDM wave-
forms and extend the previous results in that these filters can be designed to meet tight
SEM specifications to reduce the inter-subband interference in subband filtering based
transceivers. The design is based on the Parks-McClellan algorithm to generate finite
impulse response (FIR) filters with decaying stopband attenuation for better spectrum
containment. Since the ISBI can be contained by the filters, the requirements of syn-
chronism and orthogonality applied over the entire bandwidth are relaxed and therefore
different services or users can coexist in different subbands of a single waveform as shown

in Fig. 1.

These filters have been called semi-equiripple here because of its equiripple in-band and
non-equiripple stopband characteristics. There are also analyzed three sources of ISI:
the symbol dispersion (related to group delay), the symbol echoes (related to passband
ripples) and the tail samples of the impulse response (related to ISI amplification). It is
found that long impulse responses can be used for better spectral containment with a
slight BER penalty due to the ISI when the filter order is longer than the length of the
CP.

There are also proposed flexible structures for actual implementations to reduce the com-
plexity and enable operation at high speed, as well as, methods for datapath scaling and
section sequencing to deal with fixed-point issues (round-off noise, overflows and quanti-

zation sensitivity).

This part focuses on FIR filters because their linear-phase response characteristic causes
OFDM subcarriers to experience the same delays thus avoiding ICI during demodula-
tion, unlike infinite impulse response (IIR) filters, whose linearity is very sensitive to the
effects of finite word-length. The locations of the zeros in FIR filters have less sensivity
to coefficient quantization than the zeros and poles in IIR filters [22]. Also, small FIR
passband ripples reduce the distortion of the amplitude of the subcarriers and prevent
large excursions of the waveform envelope and thus the increase of the peak-to-average
power ratio (PAPR).

In the window-based subcarrier filtering presented in the previous chapter, the filter re-
sponse was defined only by the type of window used. Then, the filter can be optimized for
low OOBE retaining the good in-band performance by setting the transition bandwidth,
ripple amplitudes or filter order as needed. A brief description of the optimal filter design
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method is given below followed by a procedure to shape the stopband with a decaying

attenuation.

3.2 Filter design

3.2.1 Optimal design method

This method computes the set of coefficients of a FIR using the Chebyshev approximation
and the Remez algorithm. It approximates the actual response H(e/*) of a filter as close
as possible to a desired ideal response T'(e/“). A frequency-domain weighted error function

that measures the deviation between those responses is defined as

E(e?) = W () [H(ej“’) — T(ej‘“)] , (3.1)

where W (e?) is a weighting function. Thus, the set of coefficients is one that minimizes

the maximum error given by the Chebyshev norm [22]

|E())., = max (W (/) [H (™) — T(e™)]|. (3.2)

we[0,m

For a low-pass FIR, T'(¢/*) and W (e?*) can be defined as

() 1 0<w<we (3.3)
elv) = , .
0 w.<w<m

k, 0<w<w,
WE) =< 0 w<w<uws , (3.4)

ke we<w<m

where w, is the cutoft frequency, w), is the passband edge frequency and wy is the
stopband edge frequency. In order to obtain the best solution for a type I FIR filter of
order 2M whose impulse response h[n] is given by

hln] = , (3.5)

0 otherwise

{ he n=0,1,2,...,(2M)

and from the alternation theorem [22], the weighted error E(e/*) alternates sign and has
maximum absolute values on at least M + 2 frequency points wy with 0 < w; < ... <

wyree < m, therefore

B(e*) = (-1} B(*)| (3.6)

o0’
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where k € {1,2, ..., (M + 2)}. By replacing (3.1) in (3.6) and letting § = | E(e/*)],,Eq. (3.6)

can be expressed as the system of M + 2 linear equations

k

H(e?%) — m = T(e/**), (3.7)
where H(e’*) is defined by only M + 1 coefficients of the filter. To obtain the solution set
of coefficients of (3.7), first the best set of frequencies wy, has to be determined. Eq. (3.7)
is first solved for an initial set of M + 2 frequency points uniformly spaced between 0 and
7. Then, this set is updated in such a way that the error alternates sign in the new set
of references and that the local maximum values of the error obtained from (3.2) exceeds
the current value of |4|. These steps are performed m times until the following inequality

is satisfied "
1 (), — 164
|Ei(e7+)

indicating that the Chebyshev error has been minimized.

<e~ 1078, (3.8)

o

3.2.2 Decaying stopband attenuation

Wireless standards commonly define SEMs to limit ACI [21, 23] and similar specifications
could be also beneficial to reduce the ISBI in subband-based filtering waveforms. RF
channel filters are usually employed to meet SEM requirements and also digital filters can
be used in the baseband section [24, 25]. In single-carrier standards, the transmit shaping
filter performs the spectral masking and prevents the occurrence of ISI since it is matched
with the receive filter, so that each received symbol is located at the zero-crossings of
the other symbols, e.g. UMTS specifies a baseband root-raised cosine (RRC) filter with
roll-off factor 0.22 [26]. However, some current OFDM-based systems such as LTE, do not
define transmit and receiver filters which opens the possibility to design the filter making
adequate trade-offs between the characteristics of the filter (e.g. order) and the required
performance (e.g. SEM, ACI). Also, the SEM can be performed in different stages of the

transmission chain.

A possibility to realize such trade-offs is to employ semi-equiripple FIR filters. The func-
tion W (e??) in Eq. (3.4), which leads to a stopband decaying in 0 dB/octave, can be

replaced by a non-decreasing frequency dependent function defined as

ky 0<w<w

0 wp <w < w;s

W(e™) = , (3.9)

kg W= Wy

Elw) ws<w<m

such that (3.7) converges with lower errors at the frequencies wy of higher weights, where

ks is the weight to obtain the desired attenuation at the stopband edge and k(w) is an
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increasing function weighting (shaping) the attenuation in the stopband and it can be

defined as piece-wise continuous (Fig. 15) to obtain different levels of attenuation.

/

ks] :ks

Figure 15 — Frequency-dependent weighting function

The stopband is divided into D subbands each one with an arbitrary weighting function
ki(w), where ¢ = 1,2,3, ..., D, and the frequencies wg; are the reference stopband frequen-
cies of a given SEM whose weights are denoted by k. A function k;(w) can be obtained
by interpolation of the weights at w,; and wg;, 1 and by using linear interpolation, it can

be defined as

k‘Z(UJ) = ksi +m,; - (Cd - wsi), (310)
where m; = (ksi+1 - ksi)/(wsi+1 - Wsi)-

It is also possible to obtain a stopband with exponential decaying (1/f7 or 6+/octave) by

k(w) = ks(iy (3.11)

defining k(w) as

Ws

Several filters have been designed solving Eq. (3.7) considering different k(w) functions

and the parameters listed in table 2. Their frequency responses are shown in Fig. 39.

3.3 Analysis of ISI caused by filter passband ripples

Pulse shaping filters with narrow transition bands are useful for good spectral contain-
ment. However, for the case of an equiripple filter, if the order and transition band are
fixed, a specification of a higher stopband attenuation is exchanged by a higher level of
passband ripple (in-band distortion). On the other hand, it was observed that the above
mentioned weighting functions for equiripple filters do not lead to significant increasing

of passband ripples (Table 3).
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Table 2 — Filter specifications for different types of stopband attenuation. For all the
filters: order = 130, in-band ripple 6, = 0.01 (0.17 dB), passband edge w, = 0.48,
stopband edge wy; = 0.52, k, = 1. Filter 4: 7y is obtained by letting wy; and ws
be in the domain of k(w)

filter type stopband | kg | ke | ks k(w)
attenuation
1 equiripple 0 dB/octave | 10 | - - kg1, constant for w > wy
semi-equiripple staircase 10 | 100 | 1000 (ks1, for wg < w < wg)u
(ksa, for wep < w < )
3 semi-equiripple linear 10 | 100 | 1000 | composed of two linear functions
4 semi-equiripple 1/f 10 | 100 | 1000 exponential, v ~ 5.35
0 0
20} -20}
40t -40t
3 3
60} , 60}
80} -80}
-100 : -100 ' -
0 0.2 0.48 0.52 0.8 1 0 02 0.48 0.52 08 1
o (rad/seg) o (rad/seg)
(1) (2)
0 0
20} ! o0t
40} 40}
3 3
60} -601
80} -80f
109 0.2 0.48 0.52 08 1 1% 02 048 0.52 058 1
o (rad/seg) o (rad/seg)
(3) (4)

Figure 16 — Four optimal filters with different k(w) weighting functions

The signal distortion caused by these ripples could lead to the occurrence of ISI as pre-

sented below. Let the filter response H(e’*) be expressed as

H(e®) = |H(e®)| 21 D} = |F ()| emdme, (3.12)

where ng is the filter group delay; |H ()| is the magnitude response and arg { H(¢™)} is
the the phase response. After the convergence of Eq. (3.7), the ripple peaks are approx-
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Table 3 — passband ripples for different weighting functions
Filter | # of iterations J |E ()],
1 11 0.00844060401 | 0.00844060401
2 13 0.0086394292 | 0.0086394292
3 11 0.0117381235 | 0.0117381235
4 10 0.0110966284 | 0.0110966284
DN?}JZSI)Q)?S:' > IFFT, order = N [—> chg:nsgles 'TXL:rr],Z?ri‘ng ﬁ]_.llter RXL::Z?;ng Elzter'YI I\Fl{irzg\r;epfiez —Yi FFT, order = N > Detector

Figure 17 — Block diagram to analyse the ISI caused by shaping filters

imately uniformly spaced [27]|. Therefore, the passband ripples can be modeled as a sine
function as

H(e™) = [1 + [d] cos(pw)]e ™, for 0 < w < w, (3.13)

with |0] is the maximum ripple magnitude and ¢ is the frequency of such ripples expressed
by

2m - ny,

_ 3.14
@ o (3.14)

being n,, the number of cycles of ripple in the positive passband.

Let x[n] be the filter input signal and X (e/*) its Fourier transform. The output spectrum

Y (e/*), can be obtained as

Y (™) = H(e™)X ()
= [1 + o cos(pw)]e ™ . X (/)
- [1 + %(ej“o“’ + e‘j“‘)”)] e Iena X (/)
= X ()00 4 X () 1 T ()0t

that in time domain can be written as

y[n] = %SL’[H — (ng — )] + z[n — nd] + %x[n — (ng + )],

" delayed t A
pre echo elayed wmpu post echo

(3.15)

where y[n] is composed of a main component and two echoes shifted by +¢ at both
sides which generate interference back and forth between the symbols, i.e. ISI. The effect
of filtering on the waveform can be studied by using the system shown in Fig. 17 for
the transmitter and receiver connected directly without propagation channel or transmit-

ter /receiver impairments (only one path of the transceiver in Fig. 1).

The vectors X' and Y' represent the filter input and output, respectively, and for analysis

purposes, the transmitter and receiver filters can be considered as a single equivalent of
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length I = 2L, — 1. The received [—th symbol is therefore given by
Y! = HOX! + HOX! (3.16)

where H® and H® are the Toeplitz matrices whose elements are the coefficients of
the equivalent filter. Considering that the filter length is less than the OFDM symbol
duration (Nr), ISI on the received [-th symbol can be due only to the (I — 1)-th symbol

and therefore, after the CP removal the [-th symbol can be expressed as

¥l = [ Onxney Inwn ]Hoxl + [ Onxney Iyxy ]Hle (3.17)

where the first term contains the three components in (3.15) and the second term is the
ISI from the previous symbol. To eliminate the second term, the CP length needs to be
greater than the filter order (Nop > L—1), otherwise ISI occurs and from (3.13), minimal
IST distortions are introduced if the filter is of low order, has low frequency ¢ and has

small ripple amplitude [4].

3.4 Filter structures and analysis of finite word length effects

This section presents filter structures of low complexity and able to manage the effects of

the fixed-point quantization of both the coefficients and the internal signals.

3.4.1 Cascade filter

As narrower the transition band (for spectral containment), H(z) will exhibit zeros highly
clustered located very close to the passband edge. The quantization of the coefficients will
make these zeros to experience large shifts which alters the frequency response of the
filter. In addition, as more clustered zeros, the greater the quantization sensitivity of a

given structure [22].

FPGAs are widely used for different signal processing tasks such as filtering and although
state-of-the-art devices can support long and variable word-length datapaths, finite word-
length effects can be important in filters with tight SEM specifications and long impulse
responses. For this reason, it is investigated an suitable architecture for an actual imple-

mentation in these devices.

The distribution of the zeros of FIR filters in the z-plane is such that each complex zero out
of the unit circle is part of a group of four zeros which are conjugated and reciprocal; the
zeros in the unit circle occur in conjugated pairs and real zeros (on the real axis) occur in
reciprocal pairs. Some proposed structures consider to distribute the zeros along multiple
sections along the filter to decrease the consequent errors introduced by quantization [28].

This is the case of cascade filters which implement group of zeros in independent filter
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sections, thus confining the quantization errors within each section. Further, in addition
to cascade structures enable modular implementations, they can distribute the overall
filter gain along the sections to control the word-length growth in the filter datapath
in contrast to direct-form structures, where the gain is scaled by one single factor thus

requiring more bits to prevent overflows.

3.4.2 Sections structures

Let the filter system function be expressed by

H(z)= > h[n]z", (3.18)

where L is the filter length. For a type I FIR and L = 2M + 1, H(z) can be factorized in

N, 2" —order sections as

H(E) = k] = []He(2), (3.19)

where Hy(z) = bor + bigz ! + bopz 2 represents the k-th 2"%-order section with real coef-
ficients byr, biy and by, and N, = |29 | — M. For a type 11 FIR, the factorization
in Eq. (3.19) will have a single factor Hy(z) = 1+ 27! with a zero at z = —1. Type III
and IV FIRs are not able to implement low-pass filter responses. Henceforth, the study
is focused only in type I FIR. If this filter has a zero at z = —1, it always occurs with
an even multiplicity and could be implemented by a 2"?-order section or by two cascaded

1%t-order sections as

Hp(z) = (1+2z1). (3.20)

Each section can be realized as a low-order polynomial whose roots are groups of con-
jugated and/or reciprocal zero pairs of H(z). Some possibilities are described as follows:
two complex conjugated zeros at z, = rre’% and 2z, = r,e/% can be implemented by the

2"d_order section:

Hi(2) = (1 — rpe?% 27 (1 — e ™% 271 = 1 — 2rpcos (0;) 27 + iz, (3.21)

and if these zeros are inside the unit circle, their reciprocal pair (outside the unit circle)
needs to be implemented in a section using the same coefficients in order to preserve the

linear phase property after quantization:

Hi(z) = (1—r e 21— /%271 = 72 (re® — 2rcos (6,) 271 + 272) . (3.22)

A pair of zeros located on the unit circle (r; = 1) can be implemented by

Hp(2) =1—2cos () 2+ + 22, (3.23)
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and reciprocal real zeros at z; = 7 and z, ' =7, by

Hi(z) =0 —=mz Y1 —r itz =1—(rg +r )zt + 272 (3.24)

By implementing pairs of 2"%-order reciprocal sections in a single 4""-order section, the
filter would require lesser computational resources compared to implementing them indi-
vidually. In fact, other groupings can be made to reduce the computational cost [22]. Let

1

. o o R ,
2 = % 2F = e % 2rt = te % and 2 = rte?% be a group of four conjugated

reciprocal zeros (passband zeros), then the section can be given by

Hy = (1 —rpe?® 2 N1 —rpe %2 (1 —rte 9% 1) (1 = ted% 2
=1=2(rp + 7, eos(Oy) 2" + (deos®*(Or) + 1 + 1 %)z 2

—2(rg + 1 Yeos(O)2 P + 2, (3.25)

which will require three coefficients (assuming a folded-symmetric structure) instead of
the sections in Eq. (3.21) and Eq. (3.22) which will require five coefficients. The above

presented sections will preserve the linearity of the filter since they are symmetric.

3.4.3 Round-off noise analysis

Waveform samples can also experience distortions because of the quantization of internal
signals (adders, multipliers and internal registers). This quantization generates round-
off noise thus decreasing the SNR. The following analysis shows that this noise depends
on both the quantization level applied to the signal and the above mentioned section

structures. Let a sample w be expressed by a two-complement number of (1 + By) bits as

By
w = by - biby...bp, = —by + > b2, (3.26)

k=1
where - represents the binary point, by is the sign bit and b, are the fractional bits. If w

is quantized to (1 + B) bits as
W= QB [w] = bg : ble...bB, (327)

where @[ | represents a non-linear operation of quantization, then the error e, (e, =

W — w) is such that —% < ey < %, being A the quantization step expressed by

A=278 (3.28)
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Figure 18 — Lineal model of a cascade FIR filter

If each quantization error is represented by a wide-sense stationary white-noise with uni-
form distribution over A and is independent of the input, its statistics can be expressed
by:

mean: me = 0 (3.29a)

A2
variance:o,” = e (3.29b)
autocorrelation: ¢..[m] = 0.25[m] , with m € Z (3.29¢)

0
power spectrum density: ®..(e’*) = Z Bee[m]e ™

m=—a0

=07, for jw|< 7 (3.29d)

However, the effect of quantization @[ | (truncation or rounding) of any internal sample
can be linearized by replacing Q[ | by the sum between the original sample and the error
(noise) that is produced [28]. Thus, a cascade structure of Ny sections can be represented
by the linearized model shown in Fig. 18, where Hy(z) is the Z—transform of the impulse
response hy[n] of the section k; and fi[n] and gi[n] are the impulse responses of the
equivalent filters indicated in the figure, such that fi[n] = hi[n] % he[n]... % hy[n] and
gr[n] = hrs1[n] % heion]... 5k hygs[n] whose respective transforms are denoted as Fi(z)

and G (z). The equivalent filter G, can be expressed as

Ns
Gr(z) = z‘=1;£1 ) (3.30a)
1 k = Ny
Gr(z) = ng[n]z_". (3.30b)

In Fig. 18, it has been considered that the noise sources in each section were summed.

This sum is represented by an equivalent noise e, and injected to the respective section
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output (nodes marked with asterisk). Thus, the variance of ey is given by

2

A
O'k2 = VAR(ek.[n]) = Mk

TR for k=1,2,...,Ns, (3.31)

where M}, is the number of noise sources in section k. Each noise ey, is filtered by a filter

gk resulting in an output noise e, expressed by

0

calnl = ) el —mlgilm] (332
m=—o
whose variance is therefore
o8]
Ok’ = VAR(eo[n]) = or’ Z (9k2[n]) (3.33)
n=—o0

Since the system model is linear, the total output round-off noise (e,) can be expressed

colil = Y, (eanl) = 3, 37 (exln— ml g ) (3:39)
and its variance (0,?) as
02 = VAR(e[n]) = Y ou? = Y o > (%)
_ 212 3 > (920n). (3.35)

From Eq. (3.35), the output noise could be reduced : 1) by using a symmetric folded
configuration in each section which halves M}, and therefore the noise power; 2) by ordering
properly the sections of filters gx since different orderings produce different filter responses

to filter ex; 3) by increasing the internal word length of the sections in accordance with a
required SNR.

3.4.4 Section scaling

The round-off noise in an actual filter implementation needs to be constrained in order to
meet a required SNR. And also, it is necessary to scale in some way the internal opera-
tions results to avoid overflows. However it needs to be done without affecting the signal
dynamic range. Some methods for scaling IIR and FIR cascade structures constrained to
a fixed dynamic range were initially studied in [29, 28]. From these works, optimal scale

factors can be obtained as follows.
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The scaling operation can be introduced by expressing the filter in Eq. (3.19) in terms of

its component sections as

H(z) = ﬁska(z), (3.36)

where s; are the scaling factors inserted along the structure such that

Ns

k=1

in order to preserve the filter overall gain. From Fig. 18, the equivalent filter between the

first and k—th sections is denoted by Fj(z) given by

non-scaled form:  Fj(z) = n Hi(z) = Z fr(n)z™" and, (3.38)

k
=1 n

(2

1=

scaled form:  Fy(z) = | | siH;(2) = ka (n)z7", (3.39)

i=1

where f;, (n) and f (n) are their respective impulse responses relating each other by

fe(n) = fi(n) -

1=

Si (3.40)

i=1

In order to avoid overflows, the section outputs (wy) should be such that

|wg[n]| < 1for k=1,2,...,(Ns — 1), (3.41)

also, since wy[n] = x[n] = fx[n], then

fwln]l < D leln —ml| [ fi(m)]. (3.42)

m

and for an input signal z[n] with |z[n]| < 1 (worst non-overflow condition), Eq. (3.41)

implies that:

Mfm)| < L. (3.43)

So, if the maximum value of fi(n) in Eq. (3.43) is chosen (to maximize [, s; and
consequently the dynamic range) and from Eq. (3.40), the scaling factors, which are

named sum scaling factors here, are given by

[15: = [Z |fk[n]|] , (3.44)

(2
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or equivalently by
1/C1 k=1
k—1
1/]_[ sic, k=2,3,...,(Ns—1)
i=1
Sk = 3 k-1 (3.45)
1//11 S; k= A@
i=1

k—1
1/ 1 sick k= Ng(%),
i=1

\

where ¢ = >, |fi[n]| for k = 1,2,..., Ns and t represents the case when the last factor

(sns) scales the overall gain to avoid overflows at the filter output (i.e. to meet the
condition |y[n]| < 1). These scaling factors (except T) do not modify the overall filter gain
but distribute it to the sections to avoid internal overflows and maximize the dynamic

range in each section.

In addition, if wy, is expressed by its frequency response, we have

|wg [n]| = L JX (/) Fy (¢%) /" dw

2m
1 ( Jw n Jw Jw\ 1 Jw (3'46>
< g | X)) ()] do = X () B ()],
B 11
< | X (€ )HpHFk (¢ )Hq if p,g>1and ; + ria 1,
Thus, for an input signal z[n] such that | X (e/*)[|, < 1, i.e.
1 (™ A 1/p
[J | X (63“)‘pdw] <1 forl<p<oo, (3.47)
2m ) .
overflows will not occur (Eq. (3.41)) if
|Ei(e)], <1 (3.48)

Assuming the maximum value of F,(e/*) in Eq. (3.48) (worst case), and from Eq. (3.40),

a second set of scaling factors (norm scaling factors) is obtained and given by

e

= | ()] 7" where, g = 2. 3.49
[T 15 ()], where, 0= 2 (2.9
Thus, for p = 1, Eq. (3.49) can be expressed in terms of the L,,—norm of F}, (/*) as

k

[Tsi= 1R ()],

i=1 ) (3.50)
= [ max ‘Fk(ejw)‘]i ,

—TEWET
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so the scaling factors are given by Eq. (3.45) with ¢, = max |Fy(e/¥)].

—TSWET

And for p = 2, Eq. (3.49) can be expressed in terms of the Ly—norm of Fj (¢/*) as

5= [ ()],

.
Il >
H::j

L f Fi2(e7)dw (3.51)

so the scaling factors are also given by Eq. (3.45) but with ¢, = /> fi*[n].

Since z[n] is more constrained by the condition |z [n]| < 1 than by [X(e*)[, < 1,
the internal signals of sum-scaled structures have limited dynamic range compared to
L,-norm scaled structures. Then, the former scaling generates greater levels of round-off
noise. Relaxing the constraints for the internal signals could cause overflows, however it

can decrease the noise thus obtaining better SNRs.

Different filter structures with scaling are analyzed in terms of their round-off noise and
operation at high speed. Fig. 19a shows the model of a direct-form filter with symmetric
folded configuration of coefficients: by, by, ..., by and Fig. 19b shows its cascade structure

2"l _order scaled sections with coefficients: by, bix, bar, Where k is

version composed of
the number of section, s, are the scaling factors and sq is the overall gain. Also, fi[n],
gk[n], Fr(z) and Gi(z) are the equivalent filters where the bar over them indicates they

are scaled.

In the direct-form structure, the word-length increases after each quantization of a product
or addition along the bottom path. These quantizations can be replaced by noise sources
which are then summed, resulting in a single noise (unfiltered) at the filter output. In
contrast, cascade structures control the word-length growth by means of the factors sy
and, thus the noise sources in each section can be filtered by the subsequent equivalent

filters. However, they could be amplified if the sections are not properly sequenced.

From Eq. (3.35), the output noise variance of the cascade structures are

Ns Ns
Ooc? = Z oo’ = 30,7 Z Zg;f[n] : non-scaled (3.52a)
k=1 k=17

Ns Ns
o2, = Z o2, = 30,2 Z Zf],ﬁ [n] : scaled (3.52b)
k=1

k=1 n
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x[nl N
L~

x[n]

Figure 19 — Models of FIR filter structure. a) direct-form filter of order 2M, symmetric,
with M + 1 folded coeflicients. b) cascade filter with N, = M sections of
2"? _order and scaling factors sy, k = 1,2, ..., N,

where . = 2725 /12, while the output noise variance of the direct-form structure is

Ood> = (M + 1)0.? (3.53)

From Eq. (3.52b), it can be noted that the output noise in Fig. 19b can be reduced
by reducing the noise of each section. This can be possible by using some of the two

alternative structure configurations shown in Fig. 20.

The noise contributions of these configurations to the output noise are given by

o2 = 30622 gi[n] : configuration a. (3.54a)
=202 0] + 02 (2L contiguration . (3500)
oo = 20, n] + oe == : configuration b . :

ob ~ Ik - SkzbOk g

Hence, the choice of a configuration depends on which generates less noise, i.e., configu-

ration 20a might be preferred if the following condition is satisfied:

;gi[n] < Z (%‘—M)Q (3.55)

Sbok
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Figure 20 — Configurations of a 2"¢—order section with different round-off noise levels: a)
the scaling factor is included in the coefficients, b) one of the coefficients is

factorized.
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Figure 21 — Model of a cascade filter structure composed of 2"¢ and 4'-order sections.
Number of sections = J, pipelined, scaled, symmetric, direct-form sections.

In order to decrease the number of multipliers, the zeros can be realized by symmetric

4" _order sections as is shown in Fig. 21 which requires only one multiplier per section.

Real zeros and complex zeros on the unit circle, can be implemented by single 2"¢—order

sections.

Since the 4'*-order sections in Fig. 21 and the 2"¥-order sections in Fig. 20, have similar

structures, the condition Eq. (3.55) can be used to evaluate which factors s, can be

implemented inside or outside of the sections in order to reduce the output noise.

From the point of view of speed and timing considerations, the adder trees at the top

of the structure in Fig.21, form a critical path (horizontal trace) which is longer as the

number of sections increases. This critical path can be shortened by inserting pipeline

registers. However, since this increases the latency as well, there is a trade-off between

latency and speed. Other way to reduce the time bottleneck of the adder trees is to replace

each section by its transposed form as shown in Fig. 22. In this case, the additions in each

section are buffered, i.e., the structure is self-pipelined, then there are not problematic

critical paths and the pipeline registers are not necessary.
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pipelined adder chains

x[n] S:

pipeline | | L | 7
register

Dy

Ba1)

symmetric transposed
2-ordersection

symmetric transposed
4“ordersection

Figure 22 — Model of a self-pipelined cascade filter structure composed of scaled, sym-
metric, transposed direct-form sections of 2"¢ and 4'-order, number of
sections = J

3.4.5 Filter structures suitable for FPGA implementation

FPGA devices are widely used in tasks with high computational demands, as for example,
filtering in software defined radios. This subsection is dedicated to explore a modification

of the above filter structure in order to exploit the dedicated digital signal processing
(DSP) units inside a FPGA.

In the structure shown in Fig. 22, the fan-out capacity of logic gates might be exceeded as
the section input signals are supplied to all multipliers simultaneously. The systolic filter

structure presented below aims to solve this inconvenience.

The Systolic FIR is a structure that inserts pipeline registers both in the input signal
and the adder paths as is shown in Fig. 23. By considering an additional delay of N = 2M
samples, the system function of a type I FIR filter in Eq. (3.19), can be re-expressed as

Hp(z) =2 > h[n]z™"
v (3.56)
= Z 272 h[n]z" Y,

where N is the filter order, the delay blocks z~2" register the input samples (pipeline in the
top path) and the blocks 2"~ register the adder outputs (pipeline in the bottom path).
This structure requires both delay chains for the synchronization of the input samples of
the adders.

Moreover, if the symmetric coefficients are rearranged in a folded configuration, both the

number of multipliers and the additional delay can be halved as shown in Fig. 24.
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synchronizing registers

x[n] 1 1 1 ] I:
Z—Z Z_z Z_z ...... 2.2

Yh3 ______ \V

Figure 23 — Systolic FIR filter structure, filter length = 2M + 1, number of
multipliers = 2M, filter delay = (8 + 20/) = 3M.

pipelined adder chain -

UL ey 2
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o @ @
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Figure 24 — Systolic ~FIR  filter  structure with folded-symmetric  configura-
tion, filter length = 2M + 1, number of multipliers = M, filter
delay = (8 4 A7) = 2.

synchronizing registers ~

71 6_ + 71 e_ +
l D1s) D21) by by

D OO OO

pipelined adder chains

Figure 25 — Model of a cascade filter structure with systolic sections. 2"¢ and 4'*-order
scaled sections are used as example, number of sections = J, inter-section
delays are optional.

The fan-out related problems of the cascade filter in Fig. 21 are avoided by implementing
the sections in systolic symmetric structures because each section input signal is multiplied

with only a few coeflicients. The proposed architecture is shown in Fig. 25.

This structure can be implemented in the DSP units (slices) of a FPGA device. For
example, each DSP slice of the FPGA described in [30] is composed of one adder and
one multiplier with embedded pipeline, a multi-functional ALU for arithmetic and bit-
wise logic operations, internal multiplexers for reconfigurable routing and a pipeline chain
at the input of the slice. Thus, several slices can be cascaded to implement the overall
structure as is shown in Fig. 25. The multiplication of a sample with a filter coefficient

is realized in each slice. The coefficients are inserted in the ports A of the slices. When
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Figure 26 — Cascade filter structure with systolic sections implemented in FPGA DSP
slices. 2"? and 4'"—order scaled sections are used as example, number of
sections = J, pipeline registers (dashed) are optional, slices are marked in
blue and unused elements in the slice appear shaded

a coefficient is one, the multiplier can be deactivated to save power. The DSP slices,
which are marked in blue, can be cascaded using the dedicated interfaces BCIN, BCOUT,
PCIN and PCOUT to implement sections of any order. Two pipeline chains are used in
each section. The first is at the top of the section and is composed of synchronization
registers (within the section) which pass the input samples through the ports BCOUT
and BCIN. The second pipeline is at the bottom of the sections, accumulates the additions
and interfaces to the next slice through the ports PCOUT and PCIN. The output of a
section is passed to the next through ports P and B. Since the number of slices per section
can be vari