WO 02/ 17486 PCT/ SG00/ 00125 METHOD FOR EFFI Cl ENT AND ZERO LATENCY FI LTERI NG
IN A LONG | MPULSE RESPONSE SYSTEM The present invention relates to a system
and nmet hodoboir74ed f ecting | ong i mpul se response filteri ngPCIEGH/G0MES

devel opment of new technol ogi es, such as voice over IP (VolP), spatial
sound processing and tel econferencing | ong inpul se response systens are
enployed to obtain relatively high accuracy and better perfornmance. For
exanple, the length of a network echo cancellation filter can be as |ong
as 128 mm. Therefore, 1024 filter taps can be made at a frequency of 8kHz.
Long i nmpul se response filtering may be effected by using direct convol ution
or transform nethods. US 5,502,747 descri bes a nmethod and apparatus for
filtering using a conbination of these two nmethods. By this nethod,
filtering | atency and conputational conplexity may be reduced. In figure
1, a digital filter 1 uses a convolution nethod in accordance wth equation
(1) where N denotes the length of the digital filter 1. The digital filter
1 convol ves an input data sequence {x(n), 0 < n < N wth the inpulse
response of the digital filter {h(j), 0 <j < N} to produce an out put

y(n). N(C y(n) _ h(j)x(n-.1) (1) i=0 WD 02/17486 PCT/ SG00/ 00125 As each
new i nput data sanple, x(n), arrives, the digital filter 1 wll be able to
dfet erm ne u»ilnETEIltﬂmmmmgImmmAND YERO LIKHHEN(JYLEHINERING?MAIIQ@F&I ed )
after N multiplication and_addition operations owever, if Nis large the
output of the digital filtelﬁmlﬁ#‘%‘g"gﬁ@@@%@“ﬁ he heavi er
conputational load. 5 Alternatively, in figure 2 a nmethod for a digital
filter, using a 2N-point transform nethod, to filter a current input data
sequence is shown. A 2N-point transformnethod buffers, for exanple, N
data sanples fromthe previous input data sequence, where the

The present invention relates to a system and method for effecting long impulse

response filtering.

With the development of new technologies, such as voice over IP (VoIP), spatial
sound processing and teleconferencing long impulse response systems are employed to
obtain relatively high accuracy and better performance. For example, the length of a
network echo cancellation filter can be as long as 128 mn. Therefore, 1024 filter taps can

be made at a frequency of 8kHz.

Long impulse response filtering may be effected by using direct convolution or
transform methods. US 5,502,747 describes a method and apparatus for filtering using a
combination of these two methods. By this method, filtering latency and computational

complexity may be reduced.

In figure 1, a digital filter 1 uses a convolution method in accordance with equation
(1) where N denotes the length of the digital filter 1. The digital filter 1 convolves an input
data sequence {x(n), 0 <n <N} with the impulse response of the digital filter {h(j), 0 <j <
N} to produce an output y(n).

y(m) = > ()x(n= ) o



previ ous input data sequence is denoted by {x(n), 0 < n < N}. The current
i nput data 10 sequence is appended to the buffered data sanples to forma
sequent i a¥Obt/omke of 2N data sanples, where the- data sanpCESGHv@m he
current input data sequence are denoted by {x(n), N < n < 2N}. The bl ock
of 2N data sanples is then converted to the frequency donmain by equation
(2). 2N-1 15 X (k) X(NW,v (2) n=0 where 2lInk i Wk = e 2N _N The
i npul se response of the filter, {h(n)}, is also converted into the
frequency 20 domain using a transforn1nethod in accordance with Equation
(3). 1 2Nt Hk) _ 2NY, h(n)u . v.(3)-.2n-0 The correspondi ng out puts of
the digital filter may then be calculated using an IFT 25 (inverse Fourier
transform given by Equation (4), where only the latest N sanples, {y(n),
n=N.... , aLe q . r

response of t hésfel %]% 1{1%& ‘;‘?ég g%??ehig&l) %%%Hﬁg%g&gg%@g ! ‘%ﬂeggtgﬁgﬁl ng
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t he 2N—polagu%5@@ ?Q{Bgﬂﬁ@@@ﬂmhﬁﬁmﬁn&QMhp@g@utatIOna| | oad, however, the 5
nmet hod has a hr ough del ay of N sanples which is |ntroduced because

t he cuPrent
Alternatively, in figure 2 a method for a digital filter, using a 2N-point transform

method, to filter a current input data sequence is shown. A 2N—point transform method
buffers, for example, N data samples from the previous input data sequence, where the
previous input data sequence is denoted by {x(n), 0 < n < N}. The current input data
10 sequence is appended to the buffered data samples to form a seﬁluential block of 2N data
samples, where the data samples from the current input data sequence are denoted by
{x(n), N < n < 2N}. The block of 2N data samples is then converted to the frequency

domain by equation (2).

[

15 Xy = 3 A ®

where
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The impulse response of the filter, {h(n)}, is also converted into the' frequency

20  domain using a transform method in accordance with Equation (3).

IN=1

1
ot n=0

h(”)Wz':l\; (3)

The corresponding outputs of the digital filter may then be calculated using an [FT

25  (inverse Fourier transform) given by Equation (4), where only the latest N samples, {y(n),
n=N,....,, 2N - 1}, are required since only these samples reflect the response of the filter

to the current input data sequence. The remaining output samples, {y(n), n=0,...., N - 1},

are discarded.



i nput nust accrue to formthe above nentioned 2N data block. If Nis a
power of 2 and a real data FFT (fast Fourier transform nethod is used, 2N
| 0g22N r @b o486 pl i cations are required to cal cul ate t hepeNsgai/ow25FT of
an input 10 sequence as given by' equation (2). Simlarly, 2N |0g22N real
mul tiplications will be required to calculate the 2N-point |FT (inverse
Fourier transform of the frequency domain products given by equation (4)
and 4N real nultiplications will be required to calculate the frequency
domai n products (H(K)*X(K)). Therefore, the average number of

mul tiplications per sanple may be estimated by equation (5), where the
number of 15 nultiplications per sadple is proportional to log (N~. 4l ogz
AN (5) In accordance with the present invention there is provided a nethod
for long inpulse response digital filteri ng of an input data stream by
use of a digital, flltqu 205 including the steps of: (a)

di vi ding the i npu¥(Q T3 W(ﬁ vzero i nput signals and zef® state
signals; (b) preform ng af“fl rst conversion of one of the zero-input signals
and a correspondl ng i npul se response of the digital filtering systemto

t he frequenc domai n, and a second conversion of the product of the
zero-input sighaetigddistusealbsusedyn | caloulata p owader af prguss Mgl adiodeRE n to
the ti Q b th p f e
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determ; state he digital filtering
systemLpl erel(-%%gc %baarbtov%fmfl e@gﬁggﬁﬁ%lﬂ&m gnal 30 precedes the
zero-state signal; and V\D 02/ 17486 PCT/ SGOO/ 00125 -4 (d) determining a
response of |taI eri addl ng th o-state response
to the zero- %&%tﬁa 0¥ 8h én ?Wag%@ﬂﬁgirr %‘F?Féﬁﬁnsé?m% H%e Py BEAsESn a met hod
for | onaNiigpaNs eal e@nﬁﬂ&@ngmgafe%qm?edf id takiRg @f z@npé;ﬂpsrﬁd@ft & Sideamis
prow ded, by use of digital filtering Klstem i ncludin the ste s of .

sequence as given by equation (2). Snmlarly, 2N logy2N real multiplications will

required to calculate the 2N-point IFT (inverse Fourier transform) of the frequency domain

products given by equation (4) and 4N real multiplications will be required to calculate the

frequency domain products (HE)*X(K)). Therefore, the average number of

multiplications per sample may be estimated by equation (5), where the number of

15 multiplications per sample is proportional to log (N).

4log, 4N : 3y

In accordance with the present invention there is provided a method for long
impulse response digital filtering of an input data stream, by use of a digital, filtering
20  system, including the steps of:

(a) dividing the input data stream into zero-input signals and zero-state signals;

(b) preforming a first conversion of one of the zero-input signals and a
corresponding impulse response of the digital filtering system to the frequency
domain and a second conversion of the product of the zero-input signal and the

25 impulse response in the frequency domain to the time domain to determine a
respective zero-input response of the digital filtering system;

(c) convolving one of the zero-state signals with a corresponding impulse response
of the digital filtering system to determine a respective zero-state response of
the digital filtering system, wherein at least part of the zero-input signal

30 precedes the zero-state signal; and



(a) dividing the input data streaminto zero-input signals and zero-state
signals; (b) receiving one of the zero-input signals and appending a first
pluralitwob2/rases to said one of the zero-input signal SPCVSGow@123% 0 form
a first data block of a 10 predeterm ned size; (c) determ ning an inpul se
response of the digital filtering systemwhich corresponds to said one of
the zero-input signals and appending a second plurality of zeros to the

i mpul se response of the digital filtering systemto form a second data

bl ock of a predeterm ned size, wherein the first and second data 15 bl ocks
are of equal size; (d) shifting the-confents of the first data block in
accordance with a predetermined function; (e) determning a shifted
zero-input response of the digital filtering systemby converting the

contents of the first and second data blo to the frequenc 2Q0_danmai n
and then convédfl fpigmEREmE? Eﬁfﬂ@isecﬂ% tb‘hé‘@' @C%S%Sg%ﬁaq%@%@mﬁlzgé %’ql%n
the frequency do%g&%qogme}g_%ug&gmﬂé_ (f) shifting the shifted

0

zero-input respons the digital filtering systemin accordance with a
predeterm ned function to determ ne the zero-response of the digital

filtering syste 5 .ecel vi.ng. . | d;
convol vi ng saiIﬁr%ﬂéleﬁf(’ﬁ%%&el%zeg{r%fttggé&egguglli 6na%§&i\?\nfot? E}&%ﬁ%@P ?Sgg?ﬁgfeﬁgﬁt#pm se
response fiferingfdindhpwtl datd dticami is prowddde iy tuse ofletdégitil Midtering epyternt inglaiding
zero-state response of the digital filtering system wherein said one of

t he zer o-thipigps %ﬁgnal s at least partially precedes said one of the

zero-state si Q(’A)""'dgv'idiﬁl? G 3R phi et AQLBRNThIY 2280-Papu€ SIRAAIS endberbheatelbighalsl
filtering system by adding the zero-state response to the zergo-input

response. WO (2} 154B6nPOTY S06/BOL2Hut Agetlhend epprdingeh o PIERRY $haskts on
provi des a net hog%fsglﬁ lang: "thg‘;%{%& ggfgg%@qn q)'r@érttﬂlflpf-rhlat &Fdt gﬁtaogloeg denput

data stream whe e’ npu edm conprises first an second data
sequepnges, by userafetedmthiedisizal filtering system including the steps of: 5
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corresponds to said one of the zero-input signals and appending a second
plurality of zeros to the impulse response of the digital filtering system to form
a second data block of a predetermined size, wherein the first and second data

15 blocks are of equal size;

(d) shifting the contents of the first data block in accordance with a predetermined
function;

(e) determining a shifted zero-input response of the digital filtering system by
converting the contents of the first and second data blocks to the frequency

20 domain and then converting the product of the first and second data blocks in
the frequency domain to the time domain;

(f) shifting the shifted zero-input response of the digital filtering system in
accordance with a predetermined function to determine the zero-response of the
digital filtering system;

25 o) receiving one of the zero-state signals and convolving said one of the zero-state
signals with a corresponding impulse response of the digital filtering system to
determine a respective zero-state response of the digital filtering system,
wherein said one of the zero-input signals at least partially precedes said one of
the zero-state signals; and

30 (h) determining a response of the digital filtering system by adding the zero-state

response to the zero-input response.



data sanples fromthe input data stream (b) receiving one of the second
dat a sequences, conprising a second plurality of input data sanples from
t he i nputwaar/zr48¢ r eam wherein said one of the first dataPCEeqGuUzeEs at

| east partially precedes said one of the second input data 10 sequences;
(c) determning an inpul se response of the digital filtering system (d)
storing said one of the first data sequences in a first fixed sized data
bl ock, wherein renmaining space in the first fixed sized data block is
occupied by zero data units; 15 (e) storing the inpul se response of the
digital filtering systemin a second fixed size data bl ock, wherein
remai ni ng space of the second fixed sized data block is occupied by zero
data units and wherein the first and second fixed sized data bl ocks are of
equal size; (f) determining a first response of the digital filtering
system by converting the 20 first and second fixed sized data bl ocks to
the frequency QRLIERMEILARDS HORVEHoh B0l 4 mBihed dsitloh® ihfdsd lesFndonai n;
(g) determning a second response of the digital fllterlng syst em by

convol vi riggitzifdteringeofomn Itnpet @é@ @Tm@nd avlers éltm@iﬁé*e datpistrRams OBITsSHBIYH Pﬂ%

i mpul se res of the f;l e 1@@9, etermning a
response SS?ODr’t%h%%dlg’e&u?%es er | ﬁ&l"étﬁs lte S%%%J]T il e %gé%?%j gr esponse to
the figst res F(@PS@&VBE@B@EF abtk;e ﬁﬂsh&atﬁ@&;/lﬁhtesngorﬁpﬂnnt hefintst phoaidyrail mpud t he
frequency domain is effected 2N-poi nt transforns and the converting
fromthe frequené?méﬁﬁﬁkﬁﬁﬁﬁl?ﬁém¥F9§33§@”ﬂonaln is effected by 2N poi nt

inverse t ransf(P?] PEoeiNhR 024 bf Wse@&ﬂ @@Qé@%gé co&FhﬁngQ{[ se@ il bﬁﬂ’rah‘cy of

enbodi nment of e invention a method for fong i se response i tal
filtering of an ummmﬂa@ampbs froamibie st éaﬁad@aam,b‘vthxg@ safd epedifdhg 515 data

filtering system, u p ( di t d
streaminto fi rsteqsut age %e?%ds{ r?pu atﬂ? greg%des ?%df?n;ésgfgt?gg&%()ﬁd]g%ut B
10 sequences;

(c) determining an impulse response of the digital filtering system;

(d) storing said one of the first data sequences in a first fixed sized data block,
wherein remaining space in the first fixed sized data block is occupied by zero
data units;

15 (e) storing the impulse response of the digital filtering system in a second fixed
size data block, wherein remaining space of the second fixed sized data block is
occupied by zero data units and wherein the first and second fixed sized data
blocks are of equal size;

(f) determining a first response of the digital filtering system by converting the

20 first and second fixed sized data blocks to the frequency domain and then
converting their product to the time domain;

(g) determining a second response of the digital filtering system by convolving said
one of the second data sequences with a corresponding impulse response of the
digital filtering system; and

25 (h) determining a response of the digital filtering system by adding the second

response to the first response.

Preferably, the converting from the time domain to the frequency domain is
effected by 2N-point transforms and the converting from the frequency domain to the time

30 domain is effected by 2N-point inverse transforms.



5 zero-state signals; (b) performing a first conversion of one of the first
stage zero-input signals and a corresponding inpul se response of the
digital WooB1i48g systemto the frequency donain; (c) perP€DRGI®IZB second
conversion of the product of the first stage zero-input 10 signal and the
correspondi ng i nmpul se response in the frequency domain to the tine domain
to determne a respective first stage zero-input response of the digital
filtering system (d) dividing one of the first stage zero-state signals
into a second stage zero-input signal and a second stage zero-state
signal; 15 (e) converting the second stage zero-input signal and a
correspondi ng i npul se response of the digital filtering systemto the
frequency domain; (f) determ ning a second stage zero-input response of the
digital filtering systen1bg .converting the prodﬁﬁg f the.seqond stage
zero-input si ghafct ahefhehemdedimerisplothgi AYEItRpA T8t Qs%&ﬁ%"ég PRPH e FP¥hbency

domain t Qii%iﬁﬁ it YR B ut?&’at{ Q%ea?ﬁtisef)mvmea,%@ u$€ 6PN SHATR & BIOsyslead, €
i npul se response of the Fglta Itertng system by convol ving the second
st age zerigelsdiagehssitepsadf: Wi t h a correspondi ng i npul se response of the

digital filtering.syst . (h etermnin i.rst st . - gsponse
of *the di gi t ale] ARURESE b i b5 B Bt el S hRUEyERRO o BHE L
response of the degidtat sighdlkeri ng systemto the 25 second stage zero-input

response of the digital filtering system and (i) determning a response of
the digital fi® éF&‘P@“’é‘%@t@ﬁﬁ RVEEeR "cnﬁé’%fth? (g‘fSt §Ea§§éer°z"§’tplﬂg§1€%?1% alg‘géponse

of the digital ficb{;%gbﬂangg%ag%}ee%&&@ oS dioRAINEr 28 QuleBPUL the FRERARSE Of

the digital filter Sys The invention al so provides a |ong inpul se

response digital dbinkiner for filtering an i nput data streamincluding: WO
0211748 P SELORIZR: - S8) TR0l L MBI 1 LS

10 signal and the corresponding impulse response in the frequency domain to the
time domain to determine a respective first stage zero-input response of the
digital filtering system;

(d) dividing one of the first stage zero-state signals into a second stage zero-input
signal and a second stage zero-state signal;

15 (e) converting the second stage zero-input signal and a corresponding impulse
response of the digital filtering system to the frequency domain;

(f) determining a second stage zero-input response of the digital filtering system by
converting the product of the second stage zero-input signal and the
corresponding impulse response in the frequency domain to the time domain;

20 ~ (g) determining a second stage zero-state impulse response of the digital filtering
system by convolving the second stage zero-state signal with a corresponding
impulse response of the digital filtering system;

(h) determining a first stage zero-state response of the digital filtering system by
adding the second stage zero-state response of the digital filtering system to the

25 second stage zero-input response of the digital filtering system; and

(i) determining a response of the digital filtering system by adding the first stage
zero-state response of the digital filtering system to the first stage zero-input

response of the digital filtering system.

30 The invention also provides a long impulse response digital filter for filtering an

input data stream including:



(b) a first nmeans for converting one of the zero-input signals and a
correspondi ng inpulse response of the digital filter to the frequency
dormai n amdo a2/s@eond 5 neans for converting the product oPCTRE0@@Zs i nput
signal and the inpul se response in the frequency domain to the tine domain
in order to determne a respective zero-input response of the digital
filter; (c) nmeans for convolving one of the zero-state signals with a
correspondi ng inpul se response of the digital filter to determne a
respective zero-state 10 response of the digital filter, wherein at |east
part of the zero-input signal precedesthe zero-state signal; and (d)
nmeans for determning a response of the digital filter by adding the
zero-state response to the zero- input response 15 In another enbodi ment

of the inventi 0, e i t.al fllter for | teri of
an input data g@r %lg?nAsl @98?‘2@# §h ﬁﬁf&’%&%m to e AP Slonaal ero it 5
i nput data streamigmlg zero- |nput signal s and zero state S|gnals (b)

means for receiyving one of the zero-input, signals and a pendlng a first
plurality 20 &) %&rddnsags &o (prysréingong 10 t%?%’ﬂ%&tﬂé‘?grﬁ‘é}l < FHTSSPRRANg o

forma first datajhgekesinsg o@rtﬁgﬁﬁﬁa[nﬁrl‘t‘éfj & 'tl?eefreﬁ]@mcm%ﬁ Qhd deleebad ni ng

an inmpul se response of the digital Itering syste corresponds to
sai d ofe of the zmeens fputongemingl|the aznddtapmérthc rgrainpet eral phditlad impuled

zeros to the |npul resp of th ri ng .sys form25 a
second data bl ock™S mgeﬁrgﬁbggpﬁPﬁ% O@? q&ﬁ@?& OW@* Wf?@?qéngﬁggggh%
data blocks are mkp@quahersuﬂmrés@)mmnﬁe digttalsiitekt i Ng the contents of the
first data bIocS in acgordance with a _predeterm ned function; (e) neans

a

for determi ni ng®amSHY {¥dCHWPHITh 55E Qfeélﬁoﬁgr@ e 1hAs giitae $eFeseendiee 30

system by convert jagdeh ?es%@&% ent %heothcﬁtla? filet Sb ANESRL Oa.n ges@@ét?vebkéfﬁ kgl 0
the WD 02/17486 PCT/ S&0/ 00125 -8 frequency domai n and neans

converlidi ng the prdpwseoff thhaigiial sfiltaansvhswimmntl least part of the zero- 1nput signal

precedes the zero-state signal; and
(d) means for determining a response of the digital filter by adding the zero-state

response to the zero-input response.

15 In another embodiment of the invention, a long impulse response digital filter for
filtering of an input data stream is provided including:

(a) means for dividing the input data stream into zero-input signals and zero-state
signals;

(b) means for receiving one of the zero-input signals and appending a first plurality

20 of zeros to said one of the zero-input signals in order to form a first data block
of a predetermined size;

(c) means for determining an impulse response of the digital filtering system which
corresponds to said one of the zero-input signals and appending a second
plurality of zeros to the impulse response of the digital filtering system to form

25 7 a second data block of a predetermined size, wherein the first and second data
blocks are of equal size;

(d) means for shifting the contents of the first data block in accordance with a
predetermined function;

(e) means for determining a shifted zero-input response of the digital filtering

30 system by converting the contents of the first and second data blocks to the



data bl ocks in the frequency domain to the tinme domain; (f) nmeans for
shifting the shifted zero-input response of the digital filtering system
in accor vedor1MBé h a predeterm ned function to determ ne POESGer@2Eesponse
of 5 the digital filtering system (g) neans for receiving one of the
zero-state signals and convol ving said one of the =zero-state signals with
a correspondi ng i npul se response of the digital filtering systemto
determ ne a respective zero-state response of the digital filtering
system wherein said one of the zero-input signals at |east partially
precedes 10 said one of the zero-stategsignals; and (h) neans for

determ ning a response of the digital filtering system by addi ng the
zero-state response to the zero-input response. Another enbodi ment of the

invention provides a |lo i mpul,se response digital 7. [ for
filtering an i npgrteqlﬁeél%ggwlé‘aarﬁd ng’i ‘ﬁoéwfelrd% gttﬁ%aﬁog&%tt(}ig%e}nﬂfz%énﬁé %éscté)gafi r st
and second dat adsgGURRS BSthe fidghdidy @malrat the e doarim;ecei vi ng one of the

first data sequences, conprising a first plurality f jnpyt.data sanples
fromthe i npu?(ﬂdéteaﬂ%fof bifing 1y Shidigd gerooinppieRErash gt g’ﬁéh%‘ aﬁllﬁﬁt@n@%éﬁ%dat a

sequences, conpr m&gmanéee@ﬂﬂq]pr@@etahﬁﬁ@d g%x?ﬁ% td RUMiARIR SaRIsEsnskIm t he

i nput data stream wherelrn at l'east one data sanples in the second
plurality of i nptie dgita fSmrpg essténs; preceded by the first plurality of data
sanpl es; (c) ns for determ nin n_inpul se response of .the.di g

filter; (d) RUEAYCT £°§E%°F}VH§§ PHoTHPT GHrOgHIS Sgh ﬁg‘hd;%or%vr?["énﬁ ?ar“gtog# ?ggﬁ

si zed data bl ock zerolRatWeiehels RvithedBoiidspandin@ &apilte fhporst b$thef digedl fHiczmd dat a
bl ock is occupied by zero data units; (e) nmeans for stqrjng.the jnpul se
response of the GVHFRAP 4qieHERe RnrCAPESEYR FAIF-$IXE FESROREe Ogélj%%bgl@ilél}h%r ein

remai ni ng space e fi shZedrodiaba Qboskai & Bi yd&ger o
data units and m% $%?h“?ﬁ%g?g?if%§g§ gﬁ%oﬁ&’?ixea sigedaéa#a ggg%locks are
of equ@l size; Werid2hi 6486 ROCIHSERHPNOB 125

(h) means for determining a response of the digital filtering system by adding the

zero-state response to the zero-input response.

Another embodiment of the invention provides a long impulse response digital
15 filter for filtering an input data stream, where the input data stream comprises first and
second data sequences, including:
(a) means for receiving one of the first data sequences, comprising a first plurality
of input data samples from the input data stream;
(b) means for receiving one of the second data sequences, comprising a second
20 plurality of input data samples from the input data stream, wherein at least one
of the data samples in the second plurality of input data samples is preceded by
the first plurality of data samples;
(c) means for determining an impulse response of the digital filter;
(d) means for storing the first data sequence in a first fixed sized data block,
25 wherein remaining space in the first fixed sized data block is occupied by zero
data units;
(e) means for storing the impulse response of the digital filter in a second fixed size
data block, wherein remaining space of the second fixed sized data block is
occupied by zero data units and wherein the first and second fixed sized data

30 blocks are of equal size;



-9 (f) means for determning a first response of the digital filter by
converting the first and second fixed sized data blocks to the frequency
dormai n amdovhensconverting their product to the tine donBCTSGo@)o1zreans f or
determ ning a second response of the digital filtering systemby 5
convolving a plurality of input data sanples, with the inpul se response of
the system and (h) neans for determning a response of the digital
filtering system by adding the second response to the first response. 10
Preferably, converting fromthe tinme domain to the frequency domain is a
means for effecting 2N-point transforng.and the neans for converting from
the frequency domain to the tinme domain is a neans for effecting 2N point
inverse transforns. In yet another enbodi ment of the invention a |ong

i mpul se response digital, filter 5.for filtering. i.n is
provi ded, incl TGS é)de{?gﬂﬂ’éngf%érsafvp%ﬁsﬁé}ft eeﬂglﬁ%tﬁlfeagggorg%%%gn&l |E %‘1?%{1

first stage zer oah@ptons figbdkiseddda blocksto tht aggueney deshat andshgnalnsertipl)
nmeans for performing a first conversion of one of the first stage
zero-input si gn&edr prAdudt i@ HetdtiRg i npul se response of the digital

filter to the i%éﬁ?gh@@&&#’iﬂﬁg' ?Esecond ﬁe@ﬁoﬂ%@adisthé Qigibf " i HsNg skns BgoNnd
conversion of Yhe product of t irst stage zero- input signal and the
correspondi ng i npuhedvine sppmséty of inpet date gueples; Widh#ienmpylsetrpgponsrel B6mai n
to determne a respective first stage zero-input response of the digital
filter; 25 (d) nﬁ&ﬁ%mf dividing one of the first stage zero-state signals

into a second G a@Rns & Qtdriithg SiBRNs@BH IR digitailtesihggestzerty- sidatgthe
signal; (e) neans for converting_the second stage zero-input signal and a
correspondi ng i pRAndacseBiFdAds BIst f9sROMEgi tal filter to the frequency
domain; (f) neans for determ ning a second stage zero-input response of the
digital filter by 30 converting the product of the second stage zero-input
si gnal0and t hePretoablgsporvediting fromp uhes 8meedypuris ¢o ithe fremiehee doraaiayis domedns t o

the time g(x? gﬁjecg:ing 2N-point transforms and the means for converting from the frequency domain

to the time domain is a means for effecting 2N-point inverse transforms.

In yet another embodiment of the invention a long impulse response digital filter
15 for filtering an input data stream is provided, including:
(2) means for dividing the input data stream into first stage zero-input signals and
first stage zero-state signals;
(b) means for performing a first conversion of one of the first stage zero-input
signals and a corresponding impulse response of the digital filter to the
20 frequency domain; ..
(c) means for performing a second conversion of the product of the first stage zero-
input signal and the corresponding impulse response in the frequency domain to
the time domain to determine a respective first stage zero-input response of the
digital filter;
25 (d) means for dividing one of the first stage zero-state signals into a second stage
zero-input signal and a second stage zero-state signal;
(e) means for converting the second stage zero-input signal and a corresponding
impulse response of the digital filter to the frequency domain;
() means for determining a second stage zero-input response of the digital filter by
30 converting the product of the second stage zero-input signal and the

corresponding impulse response in the frequency domain to the time domain,



WO 02/17486 PCT/ SG00/ 00125 -10 (g) nmeans for determ ning a second stage
zero-state inpul se response of the digital filter by convol ving the second
stage zemoo 9r/81486 si gnal with a corresponding inpul se responseowioizshe
digital filter; (h) neans for determning a first stage zero-state response
of the digital filter by 5 adding the second stage zero-state response of
the digital filter to the second stage zero-input response of the digital
filter; and (i) means for determning a response of the digital filter by
adding the first stage zero-state response of the digital filter to the
first stage zero-input response of -thgpdigital filter. 10 The invention is
nore fully described, by way of non-limting exanple only, with reference
to the acconpanyi ng drawi ngs in which: Figure 1 shows a digital filter

usi ng a convol ution od; 15 Fi ure shows r i
2N poi nt  t r ansBo AR "I‘igaterrﬁi% & 2 Sosopd Stﬁc’% tHer nq‘gatt ng%%l%grrefgééntsg % H% Cﬁgi tt%I
filter in accordgnge bW doftvdInRigl MY eREdANStagd k&b statel sioslalawﬁﬂhoa/vwheapbndmo

depi cting the method of the invention: Figure 5 illustrates a method used
to deternine a zénpubnisaponsesptheskgiodl ileliter in accordance with the

i nvention; and,20 Fi g%redegewﬁﬂgt rﬁ}sﬁtf‘@? E%BQP&% fréggoggtﬁrﬂ%ry@%tm@r ggcond

stage zero-inp Gdponse fer ccordance with the
i nventson; Fi gur addng ltheisécoat emga zmt-hatd résponsteoihei digity filks tedbonecosidage

zero-input response of a digital ccordance with the invention
with exenpl ary date8® Z@Pgord PPESSaO%{ien&ﬁﬁ?&bl? ram of a multi-stage

digital fil terQ PhARE B 0RRGRiINhE R £HRnsP5f hBuREtl dlter by dddgigrthe Jirstastabiegi t al
filter 30 constructed in accordance with the invention convolves a

sequence of i nputzewaitaic sespohessof thedégitet Alter fonibairgayage UL &eSPARIS Le

response of the %egal qjﬂstijtlter 30 to determ ne a respective zero-state
response for the &t 8 dat a sequence. A zero-state response, yzs(n), may
t hereflore be cal cul ated as each new i nput

The invention is more fully described, by way of non-limiting example only, with

reference to the accompanying drawings in which:

Figure 1 shows a digital filter using a convolution method;

15 Figure 2 shows a digital filter using a 2N-point transform method;
Figure 3 is a schematic diagram of a digital filter in accordance with the invention;
Figure 4 is a flow chart depicting the method of the invention;
Figure 5 illustrates a method used to determine a zero-input response of the filter in
accordance with the invention; and

20 Figure 6 illustrates a method for determining the second stage zero-input response
of a digital filter in accordance with the invention;
Figure 7 illustrates a method for determining the second stage zero-input response
of a digital filter in accordance with the invention with exemplary data;
Figure 8 is a schematic diagram of a multi-stage digital filter in accordance with the

25 invention.

In Figure 3, a digital filter 30 constructed in accordance with the invention
convolves a sequence of input data samples, zero-state input data, with the impulse
response of the digital filter 30 to determine a respective zero-state response for the input

30 data sequence. A zero-state response, yzs(n), may therefore be calculated as each new input

data sample, X.s(n), in a sequence of input data samples, {x;s(n)}, arrives.



data sample, x,,(n), in a sequence of input data samples, {x,,(n)},
arrives. WO 02/17486 PCT/ SG00/ 00125 -11 The zero-input data includes a
pluralitwebzinput data sanples buffered fromthe previ oRET/860000325at €

i nput data sequence. The zero-input response of the digital filter 30 nmay
be determ ned by a 2N-point transform nethod descri bed bel ow. The response
of the 5 digital filter 30 to an input data sanple froma current
zero-state data sequence, y(n), is determ ned by adding the respective
zero-state response, yz,(n), to the zero-input response, YZi(n) The nethod
steps perfornmed in an enbodi ment of . th invention are shown in 10 Figure
4. In step 1, the inpul se response’ of t%e digital filter 30, {h(n)j, is
determ ned. This may be effected by any suitable techni que such as

techni ques described in the aforenentioned US specification. N zeros are
appended to the inpul se response in order to pad the inpulse response out

Into_a data bl egk o, 5 g&tedaﬁ\lmcmg ?r#}lm'faﬁpﬁs {S'Fb gﬁﬁ%g s%pie@eouffékélf B fkl ter

30. The |npulse response occupi es rtion of the 2N data bl ock 15
{h(n), 0 <grevioss zddo-stae fnpait tdhia agpcamdeiﬂhdaem iopauEsEEIst fod thfatdlgitab@ﬂﬂer éh of

the 2N data that. h

bl ock corft& % ﬁﬁe’:ﬁf‘}é 4%6#&1"?1&}5%@% &Pﬁéjﬁ Céﬁ’ﬁgé’)ﬂ é%oﬂthg rﬁ{mn%!"r %%-@gncy
donai s Usdigieh] Fier 30Sb nNinfBet fi94l sarhPle feora iphRreRF ZTero{sthits deta Jequitricey y(n), is
transforqgtor FFT (fast Fourier transform. 20 In step 2, a second data

bl ock of dsfermines hySadéirreaﬂle@esmcttvmeﬁgstaqq|r§&p@ﬂ$eeéus(n>1 fﬁﬁh@ zergrigp rgsponse,
zero-input  signals with 2N-N, on sanpl es, and appendi ng Ncon zeros to the

| at est a%éltion of the "historical' input signals as can be seen in figure
4, where Nam may be used as a reference to select the length of input data

sequences. hi st.or.i cal gnal i converted .to the fre quency
domain by a ZﬁlﬁoF]ﬁ%hOBstepsT n%?mi’gél&?ﬁgé)?g]?e {REIHET cﬁrﬁlsp%‘fmffll ter
30 i sj@letmgurcneth &¥p @aﬂh@%hgﬁlwgesﬁ&}ee loR ViR i Bitd] RS SO M9, shiRtapi@bdc Thisof

the above transforned i.mpul se, response and ' historical' data S|gnals In

step 3 a may Reodfisegied npuit anyarssitaiepleaknique (sHyh 35 fechniquRp oipscrike

through atf&%mgh bt ud E%clc cafiBg 5%951\%92? Wi deh +6 B § guﬁs% esﬁaohggjh'xl &Qer to

response to pro uce respective Zero-state response t digital

filter 3GadWie @Rpdlgel BGpONSE/ cSﬂEOﬂbO{)dﬂ5 block of size 2N, where N is the length of the
digital filter 30. The impulse response occupies the first portion of the 2N data block

15 {h(n),0 < n< N —1}and the appended data occupies the later portion of the 2N data block
{h(n), N £ n <2N}such that A(n) =0,n> N. The block containing the impulse response

is then converted to the frequency domain using a transform method, for example DFT

(direct Fourier transform) or FFT (fast Fourier transform).

20 In step 2, a second data block of size 2N is created by taking 'historieal’ input
signals, zero-input signals with 2N-N,,, samples, and appending Neo, zeros to the latest
position of the 'historical' input signals as can be seen in figure 4, where Non may be used
as a reference to select the length of input data sequences. The ‘historical input signal is the
converted to the frequency domain by a 2N-point DFT. The zero-input response of the

25 digital filter 30 is determined by calculating the inverse transform of the products of the

above transformed impulse response and 'historical’ data signals.

In step 3 a new coming input data samples, {x(n), 0 < n < Ncon) is passed through
the digital filter and convolved with the filter's impulse response to produce respective

30  zero-state responses of the digital filter 30.



-12 In step 4, the zero-input response determned in step 2 is added to a
zero-state response determned in step 3 to produce a respective response
of the diwdozl748é | ter 30. Step 5 requires steps 3 and 4 tpCDHEGIRPezR ed
until the filter tine index, n, has 5 reached an integer nultiple of Ncon.
In other words, the process will repeat until all of the input data
sanples {x(n), 0 < n < Ncon} have been filtered. Steps 2 to 5 are repeated
for tinme invariant systems and steps 1 to 5 for tine varying systens. 10
Therefore, in- the above described enbodi nent of the invention the digital
filter effectively divides the filterizesponse in to zero-state and
zero-input responses. A convolution nmethod is used to conpute the
zero-state responses of the digital filter and a transformnmethod is used
to compute NG, 2er0s ! BRULerd GHRORISonstNRAGAAI: int hep Of G ddtledibd Biro L0 may
t ake advantage of "both the zero processing |atency of direct_ convol ution
and the rdspunseaiepumitddanatepl3cagrafuce p agspédivimrespohss afibs digitplfidtes 38. shows t he
derivation of the zero-input response. The above nentioned tine index, n,
has a point n; which is the starting point to calculate the zero-state
response 20 @wpg ﬁqﬁi%;wﬁéﬁéti}Qﬂd@i&@@reﬁéatéd%ﬁﬂp@b Milter time ahdexotn, thhe
zero-input data sanples {x(n), n<ni} are buffered. Hence, the zero-state

i nput Sdaterched pointedsr arylfpletof oo &t PRPT WpIdsethe Procest Wil Freneat ‘H%té aﬁng B gi t al
filter 3 t t t = Ri:&kg- ni) outputs of the filter,
i.e. {y(%&?\ﬁl?@gglﬁwg@é?@}@ggpffgéc’b}gr}\%}i%%sertlghgljrcl%'ut sanples {x(n), n;:<n <
ni +1}. 25 The zero-input data signal is defined as: Of n>n, x=; _ (6)

K)o The.aeLo; S ale, data, gional, 5, 05l et o%hy 29:"00Y H1ARR.

varying systems.

10

Therefore, in the above described embodiment of the invention the digital filter
effectively divides the filter response in to zero-state and zero-input responses. A
convolution method is used to compute the zero-state responses of the digital filter and a
transform method is used to compute the zero-input response. Therefore, the digital filter
15 30 may take advantage of both the zero processing latency of direct convolution and the

low computational load of transform techniques.

Figure 5 shows the derivation of the zero-input response. The above mentioned

time index, n, has a point n; which is the starting point to calculate the zero-state response

20 ' using a convolution method. At this point, n;, all of the zero-input data sarnp}gs {x(n),
n<n;} are buffered. Hence, the zero-state input data is now entering the digital filter 30 and
therefore the digital filter 30 now calculates the next (Neon = nj+r. — i) outputs of the filter,

i.e. {y(n), ni<n <nu} corresponding to input samples {x(n), n; < n <nj+}.

[\
(93}

The zero-input data signal is defined as:

0,if nzn
%, = { ©6)

x(n),if n<n;

The zero-state data signal is defined as:



XxZS _ (7) Oij n<nl The input signal to and in the filter may therefore be
considered as the sumof both the new input signals and historical
signal s, wovsmm4By: 5 x(n) = x_s (n) + x.i (n) (8) The responseowioizhe
filter, y(n), may be represented by Equation (1). The equation can be
divided into two parts, zero-state and zero-input responses, as given by:
10 N1 n-n; N1 Y(n) _ h(j)x(n - j) _h(I)x_s (n-j) +h(j)x,,i (n-])
(9) j=0j=0 j=0 where the first part of the equation is the zero-state
response of the filter, defined by: n-n, 15y., (n) h(j)x. (n - j), nl <-
n < ni+c (10) =0 and the second parti3s zero-input response of the filter
defined by: NI Y_.i (n) h(j)xi (n- J), ni <- n<ni+L (11) j=0 20 In an
enbodi ment of the invention the response of the digital filter 30 is
divided into two partsu@%nglzero-state response and the zero-input
response, in accordance wth equation (9). In this enbodi nent t he
i nvention, the zeroisfgi§‘response is calculated by equation (1 3 and t he
zero-input response is af ¢t at ed by the followi ng process. 25 The inpul se
response of the digital filter 30 is determ ned and N zeros are then added
to the inpulse response after h(N - 1) to thereby forma data bl ock of size
2N. The WO 02/TipdgptpEnesaradoo tixsfilter raaythergéara belceexdered enths stahefetated t o

the 11 CauENGHy AR Bnal BhahoR P a2 FEToj:n - accordance with equation
5

x(n) = x5 (n) +x,(n) ()

The response of the filter, y(n), may be represented by Equation (1). The equation
can be divided into two parts, zero-state and zero-input responses, as given by:
10

N-1 n=n; Nl
y(n) =Y h(Nx(n-j) = Zh(j)xx (n= 1)+ B(x,(n=)) )

j=0 J=0

where the first part of the equation is the zero-state response of the filter, defined by:

n—n,

15 yzs (n) = Z h(j)xzs (Tl - .])’ ni =n< ni+L (10)
J=0

and the second part is zero-input response of the filter defined by:

Yalm)y =S h()xa(n= o <n<ny, (1)

J

20 In an embodiment of the invention the response of the digital filter 30 is divided
into two parts, the zero-state response and the zero-input response, in accordance with
equation (9). In this embodiment of the invention, the zero-state response is calculated by

equation (10) and the zero-input response is calculated by the following process.

25 The impulse response of the digital filter 30 is determined and N zeros are then

added to the impulse response after h(N - 1) to thereby form a data block of size 2N. The



2N-t H(k) _ h(n)WN (12) n=0 5 Ncon, (ni+L - ni) as provided in figure 5,
zeros are added to the front of zero-input data signals, x(ni), in order
to form avaar/er4eé ock of size 2N, as provided by Equation Pé)/sG#/oobtsock of
2N data sanpl'es therefore occupies {xai(n), (ni+LY- 2N) < n <ni+L}, as
indicated in figure 5. The contents of the 2N data block is then shifted
to forma new data sequence 10 x'Zi(n), starting from'n = 0, in accordance
with equation (13). Figure 5 identifies the necessity for this shift. xzi
(n) =x.1 (nl+L - 2N+ n), n =0,...2N -1 (13) 15 The shifted 2N bl ock of

data {xzi (n), n =0, ..., 2N-11 is-thep.converted to the frequency donain
{XzZi(k), k =0,..., 2N11 in accordance with equation (14). 2N-1 X _1(k)
X,," (nN)W2 (14) n=0 20 The inverse transform of products of the two

Converteql\lzﬁlatgablgclpl % o{rxigéj}te(é( Jko) fre encg doma1 %\hol]a DF% ('Srhj‘a?rchlﬂ”iPUt ed

{y i'(n),” I N accordanc equat| on (15

v, (n)acwrmchl@kwécﬁukﬁanmyk (15) k-0 25 WO 02/ 17486 PCT/ SG00/ 00125 -15
The result, yzi'(n), is then shifted back to the original tinme index,
yi(n), starting fromn = ni, which is given by Equation (16). Only the

| ast (ni+L - ni) outputsacorrespond to the Equation (11), the others are

del eted. 5 Y.r(n)=yH(kn=n_ AlHE, n=n, ...... n,+, (16) Finally, @Bk
filter's output may be determ ned by the conbinati on of Equations (10)
5

Neon, (RisL - 1;) as provided in figure 5, zeros are added to the front of zero-input
data signals, x(n;), in order to form a data block of size 2N, as provided by Equation (6). A
block of 2N data samples therefore occupies {Xz(n), (ni+L - 2N) <n <nj+}, as indicated in
figure 5. The contents of the 2N data block is then shifted to form a new data sequence

10 x'i(n), starting from n = 0, in accordance with equation (13). Figure 5 identifies the

necessity for this shift.
x,'(n)=x,(n,, —2N+n),n=0,.2N -1 (13)
15 The shifted 2N block of data {x,(n), n = 0, ..., 2N-1} is then converted to the

frequency domain {X;i(k), k=0,..., 2N-1}in accordance with equation (14).

2N-1

X ()= x, (MW ' (14)
n=0 .,
20 The inverse transform of products of the two converted 2N data blocks
{(X4(HK), k= 0,...., 2N - 1}, is then computed {y;'(n), n =0, ..., 2N - 1} in accordance
with equation (15).
1 IN-1 _
V) === > HE)X (W (15)
] 2N i

25



and (16), as provided by Equation (17). 10 Y(n)=Y=s(n)+Y:,(n),forn, +L

>n> n, (17) For each arrival x(n), a new zero-state response yzs(n) is

cal cul at #do0x17386 Equati on (10). The respective zero-stat BCT/86@uNEE yzs(n)
and the already calcul ated zero-input response y2zt(n) are conbined in
accordance wth Equation (17) to determ ne a respective 15 digital filter
response y(n). Wien the tinme index n reaches an integer multiple of Ncon, a
new bl ock of zero- input data signals are avail able. The above-nenti oned
procedures are repeated. 20 The Nunber of nultiplications per sanple is
estimated in the foll owm ng exanple, - gre a real data DFT cal cul ation

met hod is used and Nis a power of 2. The nunber of nultiplications
required to deternmne a zero-state response is Ncon*Ncon/2. The nunber of
mul tiplications required to determ ne a zero-input response 25 are

cal cul ated cartP5eethl dal(@: dtithen sheléest brekcle WP tR.ZEHY SMOMIES) Yz(h Sfasting on
used inskg L. the Rk age f g t Ver a §QB 2R§ ea
nultipIica??%ns‘bercsgﬁglgp§%qu#@%%1g§?ﬂgyﬂfﬁ%§£&¥‘iﬁg 0 ?H E%@%%E% 4 N
10924N ( 8)Eduztinn (B0, heobRtslatd 86lefe@T/ SG00/ 00125 -16 In this invention Ncon
can be any nunber | ess than or equal to N. However, if Ncon is chosen in
accordance with Equation (19), a mninmum nunber of multiplications will be

requi sed. The yupbery, ofy Tpltiphigatdgns ihs al so dependent on thejgype
transforn1a|ggﬁggﬁnguﬂged'to cdﬁ%ute DFT. “Equation (19) is baseg 6% a real
data FFT nmethod.- 5 NmM' = 8Nl og2 4N (19) For exanple, if N equals 1024 and

2048, the optimu hﬁgq_equates, by equation_ (19), to be 313 and 461
respectivel y. E&ﬁrﬁ]Eq tiH5RS pUuiByt mepk ge EiTERICA Y eqrppipeiinn Yrikiyglens 16D
sanpl e i gnd he) elsQioviddBringudBa (1 pspect i vel y.

10 V) =, () +y, (), forn,,, >n2n, (17)

For each arrival x(n), a new zero-state response y,s(n) is calculated using Equation
(10). The respective zero-state response y,(n) and the already calculated zero-input
response yi(n) are combined in accordance with Equation (17) to determine a respective

15  digital filter response y(n).

When the time index n reaches an integer multiple of Ny, 2 new blockA of zero-

input data signals are available. The above-mentioned procedures are repeated.

20 The Number of multiplications per sample is estimated in the following example,

where a real data DFT calculation method is used and N is a power of 2.

The number of multiplications required to determine a zero-state response is
Neon*Neon/2.  The number of multiplications required to determine a zero-input response
25  are calculated can be calculated in accordance with Equation (5), where Ny, used instead

in the place of N. Accordingly, the averaged number of real multiplications per sample is

given by:

NZ
(—;’”’ +4Nlog,4N)/ N, = ——N;"" +4 N

log, 4N (18)

cnn

30



In accordance with the invention, if Nis the power of 2, it may be
preferable to use FFT or any other fast transformal gorithminstead of
DFT. 15 MOobwonsé s | arge, anot her enbodi nent of the i nvenPCDRGV@N2des t hat
t he above described techniques can be applied¥é/t he Nco” input data
sanples to further reduce the nunber of calculations required to effect
filtering. Accordingly, digital filtering is perfornmed in tw stages. 20
Figure 6 describes an inplenentation of the second stage which is, sonewhat
simlar to the above described operations pertaining to figure 4, where the
paraneters Ncon and Ncon2 are equival-g6t- to the N and Ncon of figure 4
respectively. Accordingly, in this enbodinent, zeros are padded into the
respective inpul se response of the digital filter and into the historical

data bl ock bef rtﬁ_t t nttl AR 98 %e By nﬁnfb%@fé%@%an?& LAUb &, HdWet, dEN AN
exanpl e of su an e |nent where Ncon equal s 10 4 and hbo,,z equal s

512. In tik choannmagam@ﬂ:e witheE quitien (@a@wmm stmber ofanpldinteatioss #all &gl at ed

ndox. nicarbaEaee e or mERESOR: it e PRt onte PYS el b AR R,

Ncon2 sanRk@s cdmifiit DFT. Bhudtnfioyts basedl‘d@lm%atda@asﬂthm(mconz sanpl es, from
ni + L - Ncon2 to ni + L, can be calculated using a transform nethod and

treated as a new (second-stage) zero-input response. WO 02/ 17486

PCT/ SG00/ 00125 -17_ ]n oqgei—tejﬁeternine t he zero-input respons or the
second stage, the i ‘ﬁ%ﬁénse of the filter needs to be de eﬁnined. A

2Nco,, data bl ock may then be constructed including the inpulse response
{h(j), n=0, ..., Ncon -1} occupying the first positions of 5 the 2Ncon
dat a bl ock andFd¥esmampbs, a8\t mualscltmy atnldezqmss tHel mptﬁmaflﬂ*écsn i:quatet&tcbya eﬁl@ﬁﬁon(j )

of the 2N, on ata above ein

correspor(dphéo S%Héngé‘:gﬂ)lr%?ettﬁ’l? yf Gratigni1§) t t}%e E qfl@bcﬁ Ong aF e

avai | ap 0: LStk dT817 08260 By C@MS ni and this data can 10 therefore
be conS|de d as the second stage hi storical input data. Accordingly, a

2Ncon data block is constructed fromthe second stage historical input data

{x(j), ] = Nco accord%nciﬁcl\\l%%]the 1 Wxé' ? RI ﬁ%ﬁé’g&ﬁ& c;ftieltlrfﬂ}%e fﬁ‘@t‘efraﬂé td i

2N, on data bl ock, on~ Zeros
FFT or any other fast transform alcronthm mstead of DFT.

15 If Neon is large, another embodiment of the invention provides that the above
described techniques can be applied to the Ngo, input data samples to further reduce the
number of calculations required to effect filtering. Accordingly, digital filtering is

performed in two stages.

20 Figure 6 describes an implementation of the second stage which is .somewhat
similar to the above described operations pertaining to figure 4, where the parameters Neon
and Neop are equivalent to the N and Non of figure 4 respectively. Accordingly, in this
embodiment, zeros are padded into the respective impulse response of the digital filter and
into the historical data block before the time index n; is reached.

25

Figure 7 provides an example of such an embodiment, where Neo, equals 1024 and

Neon2 equals 512. In this arrangement, the first stage zero-state response is calculated
before the time index, n, reaches n;j+ | — Neonz. However, as the time index, n, crosses nj + L

—~ Neon2, the contributions from the past Negn — Neon2 samples, from n = n; to nj+ . — Neon2, tO

30  the Neoy samples, from nj+ L — Neonz to 0y + 1, can be calculated using a transform method

and treated as a new (second-stage) zero-input response.



Neon -1 } to occupy the first positions of the 2Ncon data bl ock. 15 The
zero-input and then the zero-state responses can therefore be determ ned
and thuwohy1fBéter's response to respective input data BampGeE(itn a way
anal ogous to the way described in figure 4. By Equation (18), (Nco, -
Ncon2)2 / 2 nmultiplications are required for n, fromni +1 20 to ni + L -
Ncon2 to calculate the first stage zero-state response. Beyond ni +L -

Ncon2, 4Nconl og2(4Ncon) mnultiplications are required for the second stage
zero-input response and (Ncon2)2/2 multiplications for the second stage
zero-state response for n fromni+L---WNgen2 + 1 to ni+L. Thus, the total
nunmber of nultiplications per sanple will be: [Ncon2 +41Vcan | 0g2(4NcoJ
+1Vcan Vcan2)- +4N og, 41V 2 2 25 |lvcort 1Vcon - 1Vcon, + 4log, (4N-0") +
4 Nlog, 4N (20) 2 Neon Neon WD 02/17486 PCT/ SG00/00125 -18 The

mul ti-stage 80, shown in figure 8, conbines the two stage responses. At
time index nlxondsr tasdgerminaée avofiimprresporiscafic Be sequnds kg Hag 1@Pulsg4 ar e

inafirst position.(A). At thi,s poin zef 0-;n

1l ter, TR HaBe GEhaeret s bt HEaPRBPt chaNerer: DEFebey BETRRESIERE, .
i nput  datygc|sanp kesimpilddesporse (BYRI Al €., NQf -0} scduipylng the fitstlposbneath 5
zero-state input arrives, the respective zero-state outgy%s, X S r%f are
cal culdat &z Bicen fatablockamnddlat 78RS torpecupdifopeeiarn afie) £ Needor BNt e t he
respectigﬁlzqﬁ%ﬂﬁgﬁﬁe input is then determ ned. Wen the tine index nis
equal to i+ L - Nlon2 + 1 the switches 82, 84 nove to 10 their alternate
position (b). At this point a second stage buffer has buffered Ncon - Ncon2

deta sam) oo LOmNS 25105 odola Ak DERERIAT T LR T ag voon

time index n = a npl'es now

consti t utfeyns ACOK o §1.39ENN| S hRrdvERdble AAbR AN BEcOMm, 8@eNg, sdtiagie daaraani nput
data. Fromthis data the second stage zero-input response of the filter is
det er ¥l ndlereforabe eonsidesed 36 thn sepnnd 6ige Sistarisebinpaicdiin- dirserdingly, a 2Neo, data

block is constructed from the second stage historical input data {x(), ] = Ncon, --.» 2Ncon =
1}, which occupies the later half of the 2N, data block, and Neoy zeros {x(), j =0, ...,
Neon — 1} to occupy the first positions of the 2N, data block.

The zero-input and then the zero-state responses can therefore be determined and
thus the filter's response to respective input data samples, in a way analogous to the way

described in figure 4.

By Equation (18), (N¢on — Neonz)* / 2 multiplications are required for n, from n; + 1

20 to nj +r — Neonz to calculate the first stage zero-state response. Beyond i, — Neonz,
4N onl0g2(4Ncoq) multiplications are required for the second stage zero-input response and

(N c0[,2)2/2 multiplications for the second stage zero-state response for n from ni+r —~ Neon2 +

1 to niL. Thus, the total number of multiplications per sample will be:

{{——Ni’"z +4N_, log,(4N )+ —————————(NC"" _2N””"1) j] +4Nlog, 41’\/’}
25 -

Y

con

V 2
Y con - Ivgun') + M +4 IOg‘) (41\[(;0'1) +4 N
2 ° N ) N

con con

log, 4N (20)



15 each new i nput data sanple enters the filter between tine index n = ni +
L - Ncon2 +1 and n = ni + L, the respective zero-state responses of the
filter ameoozlasd at ed by direct convol ution. The respect PeESGIl/G0825
response, y(n), can then be calculated. In other enbodinents of the
invention, third and fourth stages are effected, in 20 circunstances where
Nis large, to further reduce the conputational |oad of the digital

filter. Throughout this specification and the clains which follow, unless
the context requires otherw se, the word "conprise”, and variations such
as "conprises" and 25 "conprising"; wigl be understood to inply the
inclusion of a stated integer or step or group of integers or steps but not
t he exclusion of any other integer or step or group of integers or steps.

The reference 'It r%asgr IeO\M, aur Qgr?tlo neg e' tQ\Q) étﬁoyfgs%or%@g Ld not

be taken 30 a N or “an ormo estion that that
prior ar tinde@rdrs npas broofidddhia ﬁoammoamdg& )4 awltktmsvﬂzeﬁg are MQ 02t pId8én (A).

PCT/ SG00/ 00125 .-19- CLAIMS: 1. A h f t al
filterind\dhisAointipe zeradpRtdesnonss r% ?ﬁg@r OYBKH%% B%?*ate%?eﬁlte@ ﬁ’ﬁgﬁ%% .
i ncl udi ngy gQ%néttf‘eﬂz%rcPEtat%l ﬂ)t dq{av§ ng, irtﬁ) AP ai B Bf08 r-L AN inN] O AL nput

signals and zero-state sigha pre ormng a first conversion of one of
the zéer o-zenwpstatesngtnadrsv%ndlearesmwegp@ﬁmtngmmmIyssén)s aspe@sdast Bhdirehtgi t al

pr oduct | SPTAES Dby B2 ROGToE ikt Ui TR 5 B SRer o8 pareb P R Muency

donai n t Qeth@idedme donmin to deterntne a 10 respective zero-input response
of the digital filtering system (c) convolving one of the zero-state
signals with a corresponding inpul se response of the digital filtering

systemto det egLngeaihe SRR | Kookl © St %tﬁNtoenfmn% Qitched 82 I8 hintdke to

filtering system erein at |eas part of the zero-input S|8nal pr ecedes
t he zEY o-th¢intkersaigmabitioant). l‘!& thi¥) padet @sedoni tpea budsp bas suBtred Rkodi-gleal

filteri oty s%%n%lig:sbfYo g%' 76 sta e dafd thlIi% entered the filter between time index n = n;
+ 1 and n = n;+, — Neon2. The buffered data samples now constitute second stage historical
data samples or second stage zero-input data. From this data the second stage zero-input
response of the filter is determined in accordance with above described techniques. As

15 each new input data sample enters the filter between time index n = nj + ¢ — Neon2 +1 and n
= + 1, the respective zero-state responses of the filter are calculated by direct convolution.

The respective filter response, y(n), can then be calculated.

In other embodiments of the invention, third and fourth stages are effected, in
20 circumstances where N is large, to further reduce the computational load of the digital

filter.

Throughout this specification and the claims which follow, unless the context

requires otherwise, the word “comprise”, and variations such as “comprises” and

25 “comprising”, will be understood to imply the inclusion of a stated integer or step or group
of integers or steps but not the exclusion of any other integer or step or group of integers or

steps.

The reference to any prior art in this specification is not, and should not be taken
30 as, an acknowledgment or any form of suggestion that that prior art forms part of the

common general knowledge.



response to the zero-input response. 2. A nethod as clainmed in claim1,
wherein the zero-input signal conprises a first plurality of input data
sanpl es fwonm/hes i nput data stream and the zero-state sigral/SGAROEZNPri ses
a second plurality of input data sanples fromthe input data stream
wherein the zero-input signal at |east partially includes input data
sanples froma prior zero-state signal. 3. A nethod as clained in claiml
or claim2, wherein prior to the step of converting 25 one of the
zero-input signals and a correspondi ng i npul se response of the digital
filtering systemto the frequency domaig.- (a) a first plurality of zeros is
appended to said one of the zero-input data signals to forma first data
bl ock of a predeterm ned size; (b) a second plurality of zeros is appended
to the c rmgndl ng i nmpul se response 30 of the digital filtering system
to forma second data bl ock of a predeterm ned size, wherein the first and
second data bl ocks are of equal size; WO 02/17486 PCT/ SG0/00125 - 20 (c)
shifting the contents of the fjrst dat i. N cord

pr edet er rh nedAf’}?mf’ﬁth{ “BPBIG%EeéP%%%I‘?ﬂag%ﬁF??% aci’a‘flgatb?gc%e%eyel h the
first conver S'OQQd%th\Yﬁ'ItEﬁn&fﬁte%h'lﬁélﬁcﬁnirtﬁess&eﬁ@‘fa bl ock and the second 5
data block to the Treq quency ‘donai n and t he second conversion converts the
produ®t of tH® éWﬁdln@ﬁleflmlﬁtda@aﬁtfaarbll@@KSWPF%%W‘?HM%WEF@&@ to the
time domain t et S z Nput ar.e f ital
filtering sysglé%gle J‘ hﬂ;rr%t I(%d ugl A 8§h%ﬂesﬁg e %ﬁr@?}nﬁgm%tnﬁg %}cl)%t%nts
of the shifted zedsmespmmjhg trepydsnssponke oﬁfthetdhgmhfgtdmg sfysteineo ithey fregesmnem i n

accordance with predeterm ned funcfio eter ne the respectiyv
zer o- i nput respoa% aigraniigeseaengh qomversian; r‘%“h@rogk} ﬁeroAn%tsﬁ’glﬁlc rtg?ong

i npul se responsejgdigid ?ésp(‘;ﬂsk:td% rthé‘ﬁe@lﬁen@? doRaut tcdﬁl%ahrﬁé demfin 0YdekEthindh a
digital filtering system including the steps of. 15 (a) dividing the input

data Etreami nt orezsgmwﬁrzpltsvtmsufgﬁ%noslswﬂhzérg@talsfﬂéftr@asﬁygﬁﬁall: s: (b) receivi ng
one of the zergslnpit ;s dnal ?th%r}g &@@%ﬂg A L Eéltresgl)#& %'uh%ul?@ rek g
Si er Ir b of

sai d one of the Zeto- I npu orm at a
of the digital ﬁltermc system to determme a respective zero-state response of

the digital filtering system, wherein at least part of the zero-input signal
precedes the zero-state signal; and
15 (d) determining a response of the digital filtering system by adding the zero-state

response to the zero-input response.

b

A method as claimed in claim 1, wherein the zero-input signal comprises a first
. plurality of input data samples from the input data stream and the zero-state signal
20 comprises a second plurality of input data samples from the input data stream,
wherein the zero-input signal at least partially includes input data samples from a

prior zero-state signal.

A method as claimed in claim 1 or claim 2, wherein prior to the step of converting

LI

25 one of the zero-input signals and a corresponding impulse response of the digital
filtering system to the frequency domain:
(a) a first plurality of zeros is appended to said one of the zero-input data signals to
form a first data block of a predetermined size;
(b) a second plurality of zeros is appended to the corresponding impulse response
30 of the digital filtering system to form a second data block of a predetermined

size, wherein the first and second data blocks are of equal size;



predeterm ned size; (c) determining an inpul se response of the digital
filtering systemwhich 20 corresponds to said one of the zero-input
signal s amoozxppendi ng a second plurality of zeros to thePCTHpGIB®IZESpPONSe
of the digital filtering systemto form a second data bl ock of a
predeterm ned size, wherein the first and second data blocks are of equal
size; (d) shifting the contents of the first data bl ock in accordance with
a predetermined 25 function; (e) determning a shifted zero-input response
of the digital filtering systemby converting the contents of the first
and second data bl ocks to the frequene®0-domain and then converting the
product of the first and second data blocks in the frequency donain to the
time domain; WO 02/17486 PCT/ SG00/ 00125 -21 (2) shifting the shifted

zer o-input reg3ponIRingfind b@rat&{tgbf e fﬁgtL&a@g bIBEk §Y 84cBFanPe WAGCOpdaREninEd h @

predeterm ned function to determne the zero-response of the digital

filtering systenfuntddn ogueduceaghited fiwt datecbloet; 0- st at e signal s and
convol ving said one of the zero-state ital filtering systemto 5 signals
with a corresponding i npul se response of the digl'D determine a respective

zer 0- st at e resgRAsEe thd fArdieocdvgsibalcofivdrisethe RYifedsieimiataviflecle and siad skcon@ of
the zero-input signals at |east partially precedes said one of the

zero-state si GABtlockstedhe fpqusacy Aomainfgd ahg wsprthe @ VaTsiamernarys tR41Preq4t er i ng

system by addipg,d Qﬁﬁ%ﬁrﬂsts&a%%locko ©3RARSEd Bath MBodLIPHNBE doBSRORSe. 5.
A nmethod for long inpulse response digital filtering of an input data

stream wher e detehminertheishifted zeretinmen mspomspof $esdigital Sttennd sydeonaiddat a
sequences, by use of a digital filtering system including the steps of:
15 (a) receiving one of the first data sequences, conprising a first
plurality of ifiehtdr incladiag Sieéest dhifiny thecinfi oftk@t dhiftet @ard-input response

10 of the digital filtering system in accordance with a predetermined function to

determine the respective zero-input response of the digital filtering system.

4. A method for long impulse response digital filtering of an input data stream, by use
of a digital filtering system, including the steps of:
15 (a) dividing the input data stream into zero-input signals and zero-state signals;
(b) receiving one of the zero-input signals and appending a first plurality of zeros
to said one of the zero-input signals in order to form a first data block of a
predetermined size; 4
(c) determining an impulse response of the digital filtering system which
20 corresponds to said one of the zero-input signals and appending a second
plurality of zeros to the impulse response of the digital filtering system to form
a second data block of a predetermined size, wherein the first and second data
blocks are of equal size;
(d) shifting the contents of the first data block in accordance with a predetermined
25 function;
(e) determining a shifted zero-input response of the digital filtering system by
converting the contents of the first and second data blocks to the frequency
domain and then converting the product of the first and second data blocks in

the frequency domain to the time domain;



(b) receiving one of the second data sequences, conprising a second
plurality of input data sanples fromthe input data stream wherein said
one of teOoD1EB6 data sequences at |east partially preceperseai/@izine of
the second input data 20 sequences; (c) determ ning an inpul se response of
the digital filtering system (d) storing said one of the first data
sequences in a first fixed sized data block, wherein remaining space in
the first fixed sized data block is occupied by zero data units; 25 (e)
storing the inpul se response of the digital filtering systemin a second
fixed size data block, wherein remai n2hg space of the second fixed sized
data block is occupied by zero data units and wherein the first and second
fixed sized data blocks are of equal size; (f) determining a first

response of thg diiginbalnel shited iz@&-ﬁl}?ﬁi Q83pBMseC @PVRE tdifigalt kerid) shitemt irand
second fixed si'zed data bl ocks to the frequency donmain and then cagnverting
their product t oadchulanierwitte peddetermbed Fuctiogdo PetFrngan thaoerogesponss of §ye

determning a seco spanse _of the digital filtering system by convol ving
said one of the&sﬁggﬂ%ﬁ§§f¥§?%qUences wi th a correspondi ng inmpul se

response of thg) redéigideadneflof kiiectekdrgratysdraly ardndnydlyindestier orierifrige zerostponse

of the digital filtering system by adding the second ..5 onse to the
first Sresponse. BN MEHFOPIESPEEAEPUSY rﬁwnﬁen%fotg‘? d{gﬁ‘@[ §f"§%ﬁ?§ﬁ 1'% s,

wherein the convenling. § rQILERR LiBRAOTBIgonsO of NBe f diBHAME AGyrifO FREtBm, S
effected by 2N-point transforns and the converting fromthe frequenc¥
ns.

domai n to the tiwbemonsmichonesofsht eepenpysionaly 2t ieaplonartiallynrrepasies £314.96¢ 6

7. A nethod for |,ong inpulse response digital filtering of an input data
stream by use %Fzgﬂﬁgéfﬁgpdfi ering system including the steps of. (a)
di vi di ng the iApaéted@inmgsd repdnst R ehd Hizhtl Shage systeor by pddingithmatrs-statd
first stage 15 zero-state signals;

10 response to the zero-input response.

5. A method for long impulse response digital filtering of an input data stream, where
the input data stream comprises first and second data sequences, by use of a digital
filtering system, including the steps of:

15 (a) receiving one of the first data sequences, comprising a first plurality of input
data samples from the input data stream;

(b) receiving one of the second data sequences, comprising a second plurality of
input data samples from the input data stream, wherein said one of the first data
sequences at least partially precedes said one of the second input data

20 sequences;

(c) determining an impulse response of the digital filtering system;

(d) storing said one of the first data sequences in a first fixed sized data block,
wherein remaining space in the first fixed sized data block is occupied by zero
data units;

25 (e) storing the impulse response of the digital filtering system in a second fixed
7 size data block, wherein remaining space of the second fixed sized data block is
occupied by zero data units and wherein the first and second fixed sized data

blocks are of equal size;

(f) determining a first response of the digital filtering system by converting the

30 first and second fixed sized data blocks to the frequency domain and then

converting their product to the time domain;



(b) performng a first conversion of one of the first stage zero-input
signals and a corresponding inpul se response of the digital filtering
system t wohy1f#8@quency donmin; (c) perform ng a second BPOTV8E0®&I0025 of t he
product of the first stage zero-input 20 signal and the correspondi ng

i mpul se response in the frequency donmain to the tine domain to determne a
respective first stage zero-input response of the digital filtering
system (d) dividing one of the first stage zero-state signals into a
second stage zero-input signal and a second stage zero-state signal; 25
(e) converting the second stage zero-+8put signal and a correspondi ng

i npul se response of the digital filtering systemto the frequency donain;
(f) determ ning a second stage zero-input response of the digital filtering
system by coquaétb@qnﬁlfgea RESHIUEpoate bhBe JasNIEI RO STl by copilviag eidl and
the corresponding inpul'se response in the frequency domain to the élﬂE
domai n; WD 02/ 179@60fHay S00d deB seguencenyith apprigarasdineimmylss 8@esifiosPsge
zero-state inpul se. t digital filtering system by convol ving
t he second stageaggégﬁgggégygggha with a corresponding inpulse response
of the digital(hf d¢temaining sysdpenge ¢th)heddippalnfilieng systém dty sddige thesesogtat e
response of the digital fi%lerin system by 5 adding the second stage
zero- st at e respoF’FégorﬁF t9 e tHpigreR Ps%li ltering systemto the second stage
zero-input response of the digital filtering system and (i) determning a
response of the digital filtering systemby adding the first stage

zer o- st atfe r eshorslodods ¢lhimnadi igi ang) ook 9ftthe ipr@eéylgtfgwxso“%lﬁ@m fhesgonyeriing
zero-input r e..of the.djgi L1t eldng o neiRednRs
clainmed in cl gﬁ%&gﬁe E}\ﬁgrdglglﬁﬂ% tog%l%g%eqé‘!frlacgeiso ar e%‘?%%@eddﬂjgyﬁdﬁ) d\??tdl ng

zero- st at e si gmdltke icot@rtigy fromnihatiregnenyedmnahab ehs tigradenaif is Alfkged) by

i ul se respo digital filter for filtering an i nput data stream
i rr;rgl u](ﬂ ng: pr Fﬁ\?-qun(t]inverse transforms. 9 P

&

7. A method for long impulse response digital filtering of an input data stream, by use
of a digital filtering system, including the steps of:

(2) dividing the input data stream into first stage zero-input signals and first stage

15 zero-state signals;

(b) performing a first conversion of one of the first stage zero-input signals and a
corresponding impulse response of the digital filtering system to the frequency
domain,;

(c) performing a second conversion of the product of the first stage zero-input

20 signal and the corresponding impulse response in the frequency don}éin to the
time domain to determine a respective first stage zero-input response of the
digital filtering system;

(d) dividing one of the first stage zero-state signals into a second stage zero-input
signal and a second stage zero-state signal;

25 (e) converting the second stage zero-input signal and a corresponding impulse
response of the digital filtering system to the frequency domain;

(f) determining a second stage zero-input response of the digital filtering system by
converting the product of the second stage zero-input signal and the

corresponding impulse response in the frequency domain to the time domain;



15 (a) neans for dividing the input data streaminto zero-input signals and
zero-state signals; (b) a first neans for converting one of the zero-input
signal s amoloz17ae8¢ r espondi ng i npul se response of the di gi pal/SGod/aoars to the
frequency domain and a second neans for converting the product of the
zero-input signal and the inpulse 20 response in the frequency domain to
the time donmain in order to determne a respective zero-input response of
the digital filter; (c) nmeans for convol ving one of the zero-state signals
with a corresponding inpulse response of the digital filter to determne a
respective zero-state response of the2dligital filter, wherein at |east

part of the zero-input signal 25 precedes the zero-state signal; and (d)
nmeans for determ ning a response of the digital filter by adding the
zero-state respeisenihgldecssd @ta%@ Péto-SiR8 Elﬁgﬁl@g résQonsd dfahg digiallFistering
response digital filter ‘as clained in claim9, wherein the zero-i 30
signal conpri sessystehi b copyalviagithy sesond sisge Zewr Hat8 SHPRLY r%?ﬁrfﬁéorﬁ%l%t

data stream and s a second plurality of

i nput data sanpl e Sr%%%%@@?i@%ﬁ% 125 -24 the input data
stream wher ei(l) ddiemzieing-d fiptitstage go@l-stait rbspaste pﬁttteiégilta;l ﬁlmmgokefstemnb}ut

g ta il ter s Erbiated e oG TP TO WRGET s § O Er e o

i gi ilter & [ heans
are included pri@coh@sthBe dibaRut FQPoRRHY el dibigal FRicEin@BPst@h; ztnlde zer O- i nput
signal s and ;2% gorrespondl ng |ﬁp@§é§§dreslp§£ﬂs§e of %hebdl gl tal %;ﬁéigéyéo t he
frequency donmab)ndé¢tppuigrayrespeise 2T BeOiYAETabY pld of
AERCECEETRITE £ SO MRTI R A e
plurality of zeraspémsetolicheatipitat Sipotidg mgptanxpul se response of the digital
filter to forma second data block of a predeterm ned size, wherein the
firstlfand second data bl ocks are of equal size; (c) neans for shifting the

contents gof the fdirsd adafadndd A Klalh AGARKHIATERM diflzel are created by dividing

zero-state signals into zero-input and zero-state signals.

9. A long impulse response digital filter for filtering an input data stream including:
15 (2) means for dividing the input data stream into zero-input signals and zero-state
signals;

(b) a first means for converting one of the zero-input signals and a corresponding
impulse response of the digital filter to the frequency domain and a second
means for converting the product of the zero-input signal and the impulse

20 response in the frequency domain to the time domain in order to d.et!ermine a
respective zero-input response of the digital filter;

(c) means for convolving one of the zero-state signals with a corresponding
impulse response of the digital filter to determine a respective zero-state
response of the digital filter, wherein at least part of the zero-input signal

25 precedes the zero-state signal; and
(d) means for determining a response of the digital filter by adding the zero-state

response to the zero-input response.

10. A long impulse response digital filter as claimed in claim 9, wherein the zero-input
30 signal comprises a first plurality of input data samples from the input data stream

and the zero-state signal comprises a second plurality of input data samples from



predeterm ned function to produce a shifted first data bl ock; 15 wherein
the nmeans for the first conversion is neans for converting the shifted
first davaobimek and the second data bl ock to the frequencysdonmiizs and t he
means for the second conversion is neans for converting the product of the
shifted first data block and the second data bl ock back to the tinme domain
to determne the shifted 20 zero-input response of the digital filtering
system and the apparatus further includes a neans for shifting the
contents of the shifted zero- input response of the digital filter in
accordance with a predetermned functi®h-to determ ne the respective
zero-input response of the digital filter. 25 12. A long i npul se response
digital filter for filtering of an input data streamincluding: (a) neans

for dividing ghe b S, SiHeRIMHeefo-ZRIOsIEANUE labunatislpindhes tpat at e
signals; (b) neanS for receiving one of the zero-input signals and
appendi ng a f idatgtsapbigs filont  priG0zend-statersegnat.o sai d one of the zero-input
signals in order to forma first data block of a predeterm ned size; WO
02/ 17486 PCT/ S@0/00125 _25 (c) neans for determ ning an inpul se response
of the diigitala fddgtigfpung reypwhemiphilchitercsrdaspéinsidm Sai dlagnd Opfvhetran

zer o-i nput siggggs and appendiqg a second I?ralipy.of z%ros(§ éng-

i npul Se r espongEheamaans agg Frivded pripg o ﬁ&‘@g% B FORETHBE FH LS sl ond “H8i a

bl ock of a pr?ﬁﬁh%ﬁ%&%ﬁ%%o Ry tdSuldd FeSporBBh s angirdatieer t6 heocks

are of equal size; means for shifting the contents of the first data
bl ock i n accorfttgneeywiontrimincludeget er mi ned function; (e) nmeans for

determning a shifted. zero-input.response %{ ' ol A8 Rd: 4y st em
by converting @n@e'&r&n@é ﬁ?%eng’fngt%%rsﬁlgéfﬁ%ﬁggegé%%n Ecgg%é;‘!}%{hgc R A
frequency domai ngigndls ERAS af fakt &eNVietk bhgpleieepineiisive;of the first and
second data blocks in the frequency domajn to the tﬁne donaig' .

10 (b) means for appending a second plurality of zeros to the correspon ihg impulse
response of the digital filter to form a second data block of a predetermined
size, wherein the first and second data blocks are of equal size;

(c) means for shifting the contents of the first data block n accordance with a
predetermined function to produce a shifted first data block;

15

wherein the means for the first conversion is means for converting the shifted first
data block and the second data block to the frequency domain and the means for the
second conversion is means for converting the product of the shifted first data

block and the second data block back to the time domain to determine the shifted

20 zero-input response of the digital filtering system, and

the apparatus further includes a means for shifting the contents of the shifted zero-
input response of the digital filter in accordance with a predetermined function to
determine the respective zero-input response of the digital filter.
25
12. A long impulse response digital filter for filtering of an input data stream including:
(2) means for dividing the input data stream into zero-input signals and zero-state
signals;
(b) means for receiving one of the zero-input signals and appending a first plurality
30 of zeros to said one of the zero-input signals in order to form a first data block

of a predetermined size;



(f) neans for shifting the shifted zero-input response of the digital
filtering system in accordance with a predeterm ned function to determ ne
the zerowesponse of the digital filtering system 15 (gpPCTeaomsooizy

recei ving one of the zero-state signals and convolving said one of the
zero-state signals with a correspondi ng i npul se response of the digital
filtering systemto determ ne a respective zero-state response of the
digital filtering system wherein said one of the zero-input signals at

| east partially precedes said one of the zero-state signals; and 20 (h)
means for determning a response of -thesdigital filtering system by addi ng
the zero-state response to the zero-input response. 13. A long inpul se
response digital filter for filtering an input data stream where the

| nput_data StrEARGOMREISEn il Sin AHMISEEAHsAN fie SRRIPARST JydChbRhRE: 25

(a) means for celving one o ata sequences, conprising a first
plurality of inpotesgpatds sasgtesef pDithet heroiinpuit sigeals aodr appandind)a gesens f or

recei ving one of the,second data.sequences, C [i.si.n sec I lity
of input data saﬁ{ﬂrégy Pfﬁ?ﬁof %hﬁer’rﬁlﬁﬁgaé‘isﬁogste_rog d’wﬁ%ﬁ %ﬁe st Sg’?"]{ea_’z}lls{% féﬁg of
the data sanpl esjisBcdiedS£6100K oPh WraetdmhimRl siApwhetbat eesBRPhebsdcsngpisaeded
by 30 the firstbgkurality of data sanples; (c) neans for determ ning an

i mpul s® responsebsieks pre ofiegialaizef i | ter; WO 02/17486 PCT/ SR00/00125 -26 (d)
means for st quﬁiﬂ‘%e‘aﬂse £ glﬁﬁmq%gc%ﬁﬁﬁgn Ctile nﬁx?tl Q%ﬂé%loél{ ’é’?%&)‘r&ﬁﬁ{e datia

bl ock, wherein’renal ni ng space i i rst sl zed data block is
occupi ed by zer opradateaminettfenctioa) neans for storing the inpul se response of

the digital fiJter in _a second.fixed. size 5 data bl ock erein nai_ni ng
Space of the b e A ETR R T RO R T oy ST SAEAR N £ <
and wherein the fi#sh BnebrheaRRthEi ¥ednsl Fefle datBandbaoks dateblotkeutie
size; (f) nmeans for determning a first response of the digital filter by

convet@ing the fﬁwguﬂmﬁﬁbn§é€®hhmﬁmwébr@Mﬁ@ﬂﬁwdePBKEQR%f%%fﬁﬁémﬁﬁ@ﬁﬁﬁncy
domain and then SRRV MW the frequency domain to the time domain;

(f) means for shifting the shifted zero-input response of the digital filtering system
in accordance with a predetermined function to determine the zero-response of
the digital filtering system,;

15 g) means for receiving one of the zero-state signals and convolving said one of the
zero-state signals with a corresponding impulse response of the digital filtering
system to determine a respective zero-state response of the digital filtering
system, wherein said one of the zero-input signals at least partially precedes
said one of the zero-state signals; and

20 (h) means for determining a response of thé digital filtering system by adding the

zero-state response to the zero-input response.

13. A long impulse response digital filter for filtering an input data stream, where the
input data stream comprises first and second data sequences, including:
25 (a) means for receiving one of the first data sequences, comprising a first plurality
of input data samples from the input data stream;

(b) means for receiving one of the second data sequences, comprising a second
plurality of input data samples from the input data stream, wherein at least one
of the data samples in the second plurality of input data samples is preceded by

30 the first plurality of data samples;

(c) means for determining an impulse response of the digital filter;



10 their product to the time domain; (g) nmeans for determ ning a second
response of the digital filtering systemby convolving a plurality of

i nput datveOoszanmpBes, with the inpul se response of the systpar/Sanmdoi?s) neans
for determning a response of the digital filtering systemby adding the
15 second response to the first response. 14. A long inpul se response
digital filter, as clained in any one of clains 9 to 13, wherein the neans
for converting fromthe tine domain to the frequency domain is a nmeans for
effecting 2N-point transforns and the nmeans for converting fromthe 20
frequency domain to the tinme domain is2é&-neans for effecting 2N point
inverse transforms. 15. A long inpulse response digital filter for
filtering an input data stream including: (a) neans for dividing the

i nput data st r%aﬁehﬂkt o dtbSlg %ﬁeaﬂ?st Zﬁfaosédﬂlﬁﬂée si anglss fard sizhl it Hlosk, age
zero-state si rreans for per ormng a first conversion of one of

the first stage wbem—:m repatining sppoa i therfirsalisest sisahdria biRgkiimpetwed B Fdhse of
the digital flltﬁrt totthe frequency domain; (c) means for performng a
second conver si of®3# e product of the first stage zero- 30 input signal

and the corr eg%ﬂﬂhﬁkﬂfot sths eherippphBsepbsetdfehd digtaleticy inleveiond fxeddize
02/ 17486 PCT/

0/00125 -27 .the tipe domain to det
first 5stage zer od#Aplecks ddisEHR deBRngeSPAET Q?tﬂ%ﬁ Sefqoflgég}gea Sdﬁed %%;% ?Gk B
di viding one of F&% %Jdﬁ%l 25b 36 FEEOmAtRhSeRi @oa:§ it Rcand Beensized dge
zer o-input signa ahd a ’secon stage zero-state signal; 5 (e) means for

converting the sbbohsjaxstoﬁgeuaieuzo,-l nput signal and a correspondl ng inpul se

response of t digit filter totEefre u go f thb st

det er i ni ng aneEB’ ’g)félﬁt@“?ﬁ’@-arﬂrﬁ teSPEERS gléeydéF %I‘ﬁl{%rlb |C%)a\{£?¢£gst &r b

converting the pra.ﬁ)&ib&bn@ﬁxé&ﬁz&ﬁ@e@@ﬂlo&ksﬂ@&h@&E@udnﬂpdbmﬂlngamllth@mcbrtvhémg

correspondlng i mpul se response in_the frequency domain to the tine donaln
10 their product to the time domain;

(¢) means for determining a second response of the digital filtering system by
convolving a plurality of input data samples, with the impulse response of the
system; and

(h) means for determining a response of the digital filtering system by adding the

15 second response to the first response.

14. A long impulse response digital filter, as claimed in any one of claims 9 to 13,
wherein the means for converting from the time domain to the frequency domain is

a means for effecting 2N-point transforms and the means for converting from the

20 frequency domain to the time domain is a means for effecting 2N—poj{1t inverse

transforms.

15. A long impulse response digital filter for filtering an input data stream, including:

(a) means for dividing the input data stream into first stage zero-input signals and

25 first stage zero-state signals;

(b) means for performing a first conversion of one of the first stage zero-input
signals and a corresponding impulse response of the digital filter to the
frequency domain;

(c) means for performing a second conversion of the product of the first stage zero-

30 input signal and the corresponding impulse response in the frequency domain to



10 (g) neans for determining a second stage zero-state inpul se response of
the digital filter by convolving the second stage zero-state signal with a
corr espowdd nzj1748épul se response of the digital filter; (hpPCIeaosooizy
determning a first stage zero-state response of the digital filter by
addi ng the second stage zero-state response of the digital filter to the
second 15 stage zero-input response of the digital filter; and (i) neans
for determning a response of the digital filter by adding the first stage
zero-state response of the digital filter to the first stage zero-input
response of the digital filter. 20 -1627A long inpulse digital filter as
claimed in claim 15, wherein further stages are provided by dividing
zero-state signals into zero-input and zero-state signals.

the time domain to determine a respective first stage zero-input response of the
digital filter;

(d) means for dividing one of the first stage zero-state signals into a second stage
zero-input signal and a second stage zero-state signal;

5 (e) means for converting the second stage zero-input signal and a corresponding
impulse response of the digital filter to the frequency domain;

(f) means for determining a second stage zero-input response of the digital filter by
converting the product of the second stage zero-input signal and the
corresponding impulse response in the frequency domain to the time domain;

10 (g) means for determining a second stage zero-state impulse response of the digital
filter by convolving the second stage zero-state signal with a corresponding
impulse response of the digital filter; -

(h) means for determining a first stage zero-state response of the digital filter by
adding the second stage zero-state response of the digital filter to the second

15 stage zero-input response of the digital filter; and

(i) means for determining a response of the digital filter by adding the first stage

zero-state response of the digital filter to the first stage zero-input response of
the digital filter.

20 16. A long impulse digital filter as claimed in claim 15, wherein further stages are

provided by dividing zero-state signals into zero-input and zero-state signals.



