-1~ METHODS AND APPARATUS FOR VARI ABLE- RATE DOWA- SAVPLI NG FI LTERRSDRI 3| -5~
Dif SCRETE- TI ME SAMPLED SYSTEMS USI NG A FI XED SAVPLI NG RATE

BACKGROUND OF THE INVENTION 1. Field of the Invention The pr &P
i nvention relates to the field of digital connunlcatlons : 2. Pri-or
Art In a digital &EHaRaROSND QRSTHI At N f unction of the

denodul ator is to extract the dlgltal |nfornat|on froma nodul ated anal og
waveform 1In the past, the denodul ation function has been acconpli shed
usi ng anal og signal processing techniques (mxers, filters,

phase-| ocked-1 oops, etc.). Wth the advent of high-speed digital _

t echnol qgy, i, %ib Sv. .perform much of the denodul ation function
usi ng di'scret®e- ' i gnal processing (DSP) techniques. \Were
an anal og denodul ator nust be customtailored to the specific

Character | st s Bralefr iGuhRioR! gO7heLO B8 ARG & olqiflbgl L2
denodul ator allo great ftlexi Ity 1 n reprogranm ng a8

requsr enRmtinqtag i%aki ety of systens having different nDduIatlon types,
channel characteristics, data rates, etc. In a digital denodul ation
system the process typically 'begins by sanpling the anal og waveformat a
rate Flerr]

2. io rt .

In a digital communications system, the function of the

demodulator is to extract the digital information from a

10 modulated analog waveform. In the past, the demodulation
function has been accomplished using analog signal processing
techniques (mixers, filters, phase-locked-loops, etc.). With
the advent of high-speed digital technology, it now possible
to perform much of the demodulation function using discrete-

15 time or digital signal processing (DSP) techniques. Where an
analog demodulator must be custom-tailored to the specific
.charaCteristics of a particular signal to be demodulated, a
digital demodulator allows great flexibility in reprogramming
to meet the requirements of a variety of systems having

20 different modulation types, channel characteristics, data

rates, etc.

In a digital demodulation system; the process typically
begins by sampling the analog waveform at a rate Fg
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- 2- sanpl es/sec and digitizing its anplitude using an A/D

{anal og-to-digital) converter. Then the digitized sanples are processed
t hrough vari ous nmathematical operations to extract the required

i nformation bits. The processing operations usually include sone type of

filter] f the.effects.of .ch | djti
rodul AR TRARH G0 Sioidiaindt Fs, SRl Bhoc IR A Abiced by the

| i _d 1 dad |l { the tim
(eynbol PErE BT AN o e < R MY A M ™ ctuce ¢ he

preci sgréi g déed Sed Ah AN vaali duBemh ERGHY L] call b RAVKd haf the synbol

rate may not necessarily be related to the sanpling rate. Furthernore,

the syshoracttthameditirde eFoTmaliofVBitsl Methd tprBeeslny  somewhat due to
i mperfections in the tinebases at the transmitter and receiver or relative

nmotSi onopetaiebrng hesudlansmdiele aoner egpevef . filteringdeeording to the
Nyqui st criterion, the sanpling rate nust be at |east tw ce the highest
frequecypensattntfa tthee efifesitisedfschanhel | comdidi iprisalorsystem the sanpling
rate nust _be at |east equal to the synbol rate, or greater, for better

per f orpeditat Igpiteghniquen @gr Wedd pepafer cthe axtiniadtsy ingtreduicedchosen
which is an integer multiple N of _.the synbol rate, so that it is easy to

r educePbrtRe IR S nh PrGaRS Agsedfe bIt ietusvakly Mcess@aYy tRth sanpl e

and throwi ng oyt all .others. f a ran f synbol rates_ i,s desired, then
t here HEStV éhﬁrﬁiﬂﬂﬁ%1%§¥“§ eF&FQ?agfaﬁB% %ﬁ¥aﬁﬂq;é§ﬁbﬁ&¢ﬁg%§8Wpling

Cll(aCkStheS ! ecéaezl.tpeed esxiag(%';[alt 'bnécg%s%f tthPESS £ etgin?%/nngbcilss not known

at the receiver. This means that the symbol rate may not
necessarily be related to the sampling rate. Furthermore,
the symbol rate may not be constant over time; it may vary
somewhat due to imperfections in the timebases at the

15 transmitter and receiver or relative motion between the

transmitter and receiver.

According to the Nyquist criterion, the_sampling rate
must be at least twice the highest frequency content of the
desired signal. In a-digital system, the sampling rate must

20 be at least equal to the symbol rate, or greater, for better
performance. Typically, in current practice, a sampling rate
is choseg which is an integer multiple N of the symbol rate,
so that it is easy to reduce or decimate the sampling rate by
retaining only every Nth sample and throwing out all others.

| 25 If a range of symbol rates is desired, then there must be
circuitry to generate a range of corresponding sampling
clocks. Since the exact timing of the received symbols is
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- 3- generally not known, the sanpling clock circuitry nust also be
scapable of slewing in tinme to adjust the sanpling instant to the optinal

poi nt . The decimation process also requires a filter that selects
the desired signal conponents. The filtering can always be done before the
decimation hut this reqU|re a ver | arge conputation to be_perfornmed at

the hiARErLp Mty knexPe . thfeFamBl tngeF 1ORH ST SYtRYIBUSE #ABh t he

ot hat® SER IR L O ?f%'&%f‘ P81 OF DT R AR GaABPE A Ean be

perfor X gEC|nated rate. In order to achieve the greatest
conput ati onal “efficCi ncy certain restrictions nmust be followed, mainly
that such a fill'ter can be designed to work only for one partlcular

deC'”at'0”'fKE'dbc1ﬁ§E1dhh%&%cb§s”81§60¥ééﬁ£¥b§(H Bdies! ith@et he sanpling
I nstant. Floyd M Gardner, "Interpolation in Digital Mdens--Part I:

Fugdangilledts' i %e@l&‘bdGaﬁg‘ﬁan coifndiitds aciHe0 T3 1@ r iGgMHHAI cations, Vol .
41, No. 3, March 1993) describes an enbellishnment to the predeci mation

met hodglway sMbe ldome haferiec ahkydeoiranl drerbuts aHilsatrequiles) ai serged to
select which sanples to process and to generate or | ook up the

appr oprdiggee angfuftiatiient $o Phi penbdihéd aat drhea hidhexrbasmplingt hod al |l ows for
non-integral decimation ratios and for the slewing in tine of the apparent
sanpl iraF€ nstThare wrie welprksewni netherds conpitiah derimatanpy of

predeci mation. But since the sanples are predecimated, the filter nust be
by~-N operation can be done before the filter (predecimation)

10 so that a smaller computation involwving only every Nth sample
can be performed at the lower decimated rate. In order to
achieve the greatest computational efficiency, certain
restrictions must be followed, mainly that such a filter can
be designed to work only for one particular decimation ratio,

15 and there is no provision for adjusting the sampling instant.

Floyd M. Gardner, "Interpolation in Digital Modems--Part

I: Fundamentals” (Floyd M. Gardner, IE ansaction
Communications, Vol. 41, No. 3, March 1993) describes an
embellishment to the predecimation method, in wﬁich a

20 numerically-controller oscillator (NCO) is used to select
which samples to process and to generate or look up the
appropriate coefficients. This modification to the basic
method allows for non-integral decimation ratios and for the
slewing in time of the apparent sampling instant, while

25 preserving the computational efficiency of predecimation.
But since the samples are predecimated, the filter must be
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-4- designed for the particular decimation ratie. If a selection of
different ratios is desired, a different set of coefficients nust be

provi ded for each ratio. The nunber of taps, or length, of the filter may
need to change too, to nmaintain performance requirenments over the range of

deci BRI EF THE
%{br{&i ﬂﬁ:l_h artlcu.lar dec:.mat%j%rrx ratio %f.E %%M%gﬁgpga“ ons

| NVE esent inventron a esses t he conbl ne

of filderdfernshi i i §EOURY bR, 2adagktateeutil gy o In particular,

this invention addresses the fol lowing operations:
mat cheghd £ 1Erdritd:s misteBealdredtided gbr\adehshaPidd; The number offSi ne x)/x

filtering for interpolation/decinmation; 3. resanpling to convert
fromitypd, seildmgh,atof Eher flilter may needotd dlatRie trd, recessarily
comensur at e, out put rate F[err]; 4, synbol tinme

sy B¢ hrmani ez iroper formanceheeduirahkent RaveeDotine Scarde rf Fil ter of the
present invention allows a continuous range of sanple rates to be derived
from idgrimatsint eatdiosa fixed rate. The output rate does not have to be
related to the fixed input rate in any -

This Sheet Has Been Rep

T
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integral or rational way, and in fact, the output rate can vary in tinme
.such as will occur when tracking a signal received froma station using a
different tinebase. A fixed sanpling rate at the A/D Converter greatly
simplifies the design of the analog front end. A single anti-aliasing
filter can be designed ardE%(eC|sel mat ched_to the fixed sanpling rate.
Used with a frequency- nat .aLéﬁm%@#&FQE&E§§—J@Qﬂ$¥EQ¥ed oscillator (NCO,

t he Down-Sanpling Filter keeps the entire frequency-synthesis and
E : g_ E ; ggt:’lﬁ% : g:gepseltnrt]: tlrﬁ%engllght gclidg(e)gglesn theh eco%el%gdo ropaega%qglngg adj ust

the Sﬁ'ﬁﬂ%ﬂ%&%a&&lﬁaﬁgAchse&égrmr a digidinaabadiafhe need for an

anal o requency ~synthesi ze rate a Variable sa |ng_rate is al so
el i m g %rt@)&%ﬁ%@ @ﬁ&b%n@@ﬁti?@ﬁf&a&?é&eesar&lé/ Sf'o'il%‘}ﬁnﬁ' nplified as well
by elimnating the conplication of hybrid anal og-digital control | oops.
Weh rgsnetticng:t he deci mation process, there are well- known net hods

i nvol ving predeci mati on of the sanples before filtering, which have the

effect of reducin nt_.of uta L on_necessa praduce
dect ot od St dEksnan-E1ERe i3, £62 Bah A} 24k FSF 100 Yaled BIREIRGET, | 1 ¢ e

decimation ratio to a flxed.valuq becausg t he filtpr chqracperlstlc nmust
be desi gne® for tdiine pdt/io filkerpngséor inhexpelaniaveqigatioadeci mate, so
it is not restricted to a fixed ratio, but because of this, it is |ess

efficient in . resampling to convert from input sampling rate Fg

to a lower, not necessarily commensurate, output

10 rate Fo;

4. symbol time synchronization.

The Variable Rate Down-Sampling Filter of the present
invention allows a conéinuous range of sample rates to be
derived from input samples at a fixed rate. The output rate

15 - does not have to be related to the fixed input rate in any
integral or rational way, and in fact, the output rate can
vary in time such as will occur when tracking a signal
received from a station using a different timebase. A fixed
sampling rate at the A/D Coﬁverter greatly simplifies the

20 design of the analog front end. A single anti-aliasing
filter can be designed and precisely matched to the fixed
sampling rate. Used with a frequency-modulated numerically
controlled oscillator (NCO), the Down-Sampling Filter keeps
the entire frequency-synthesis and time-tracking loop in the

25 digital domain. The need for an analog time-tracking loop to
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terms of conputational effort than the predeci mati on nethods. However, the
preferred enbodi mnent of the present invention distributes the extra
conput ati onal burden in a parallel- processing architecture suitable for a
conpact and efficient inplenmentation in VLSl in such a way that the

physi cal X] f I reuit Ls_n much different than that of a
circui?é%%%?g€$%gé%ﬁ%ggﬁgiQ§E$¥ﬁg§ % E@thzP converter 1s

-7- . . Fi gures 1a,
16, 1K e TR g e P TR VArTanrd R R BAEGalS i g Pl ot
of thegprhesgpd & SR sdrilung Ha8traPRLYANEo o1 finHAHL C ARk, system
Figure 1b applying to a two channel system such as a quadrature nodul ated
syst engebigei and eed fdmeieneinnipaie hbe samBlieled ad eidigt ikgs, Figure lc
applying to a two channel system wherein channels A and B have the

di f5f er ehimiheat fod erhestdanplicandon gfr Rybeidpphalog-digyia 3y Heeitraher ei n
multiple coefficient generator-mnultiplier/accunulator units may be

cascadidops . Figure 2 is a block diagramof the Nunerically Controlled
Oscillator (NCO wused in the Variable-Rate Down- Sanpling Filter of Figure
1 - Figure 3 is a block diagramof the Coefficient Generator wused in

the Vari abl WiRateesRRst Jnfihe deaimasions PEPgase, 1there are pieddre 4 is a

bl ock diagram of the Miltiplier- ; .
known methods invelving predecimation of the samples before.

filtering, which have the effect of reducing the amount of
10 computation necessary to produce decimated samples of a
particular éuality. But these methods restrict the
decimation ratio to a fixed value because the filter
characteristic must be designed for this ratio. The.present
invention does not predecimate, so it is not restricted to a
15 fixed ratio, but because of this, it is less efficient in
terms of computational effort than the predecimation methods.
However, the preferred embodiment of the present invention
distributes the extra computational burden in a parallel-
processing architectufe suitable for a compact and efficient
20 implementation in VLSI in such a way that the physical
complexity of the circuit is not much different than that of

a circuit employing the predecimation method.
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Accumul ator El enents used in the Variabl e-Rate Down- Sanpling Filter of

sFigure 1. Figure 5 is a block diagramof the Variabl e- Rate Down-
Sampling Filter of Figure 1 used in a Timng Recovery Loop. Figure 6
is a graphical representation of the typical Filter inpulse response.

- - 8- Figure 7 is a block diagramfor the Variabl e-Rate Down-

Sanpling Filter of the_,resent %chase Structure.
Figure 8 is a bl ock di<Zesn . #R- Sanpling Filter of
the present invention in a Polyphase Structure showi ng greater detail than

Fi 7. k d f t he Vi | e- Rat e Down-
Sia?rglr?ng FFIllgélfegfigﬁ{afBreg‘én?n‘?rﬁérﬁq% i rgdlgg‘g§ﬁ'ﬁﬁsg%l ?5cturg w¥mh

. | Sos | ' f he V. bl e- Ra
Down. REiaKTE-Rape Dol St S8 cde0 B CHEILBILERE blfen®leda “formof a
Col | apggdrBOh¥PHAE Ly BhE UES W &ingle channel system, Figure 1b - 9-

5 applying to a two channel system such as a quadrature

knventlon i n % PoI

modulated system wherein the two channels have the same
characteristics, Figure lc applying to a two channel system
wherein channels A and B have the different characteristics,
and Figure 14 applying to a system wherein multiple

10 coefficient generator;multiplier/accumulator units may be

cascaded.

Figure 2 is a block diagram of the Numerically
Controlled Oscillator (NCO) used in the Variable-Rate Down-

Sampling Filter of Figure 1.

15 - Figure 3 is a block diagram of the Coefficient Generator

used in the Variable-Rate Down-Sampling Filter of Figure 1.

Figure 4 is a block diagram of the Multiplier-
Accumulator Elements used in the Variable-Rate Down-Sampling

Filter of Figure 1.

20 ' Figure 5 is a block diagram of the Variable-Rate Down-

Sampling Filter of Figure 1 used in a Timing Recovery Loop.
Figure 6 is a graphical representation of the typical

Filter impulse response.
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON First referring to Figure la,
.the Variabl e-Rate Down-Sanpling Filter of the present invention contains
four maj or conponents: a Nunerically-Controlled Gscillator (NCO, a :
Coefficient Generator, a cascade of Miltiplier-Accunulator (MAC) el enents,
and an output Scaler. In a quadrature-nodul ated system where there are two
channel s (| Fagdre)7oissanplesk diagea foer VhE ¥aragble-Ratpibedi- f or each
channel. But if the synbol rate and filtering requirenents are the sanme on
both cHBaRALLBY ThiterHf dthe dnasentsinvenbaoni tncat Pybiiag®r: as shown in
Figure Ib. Even if the nultiple channels have different characteristics, a
comonSREEFERRe- be used to drive nultiple coefficient generators and

mul tiplier- aecumulator chains, as shovvn in Figure 1c. Wiile the two

fﬂZ”Qﬁ'e?f.c?iﬂ“ﬂréiﬁea’at%sb"’i%’fﬁé@f A GER Bhkndais RRYS B OR (1REnt  Tor the

t ch t Pi‘ﬁ-qﬂ S t nsi derati ons
V\/OV\%I d %%Eﬁaﬁl?/ yre Eerl:sﬁaé.| va ugsqujeﬁf: % fjnfgfpéw%s\?\eg channel s. Al so
the t“@tf@é’éu%&'é’:%wﬂ?g?ed@ééﬁér déﬁ‘:%%‘isﬁhahhﬁigé{»é fddressed with the same
addr ess e a single ROV~ i'n the éxanple shown in Figure 1c
being 2 * M* 2[err] bits wide to output the two sets of coefficients

si mul taneouphipure 9 is &fbldek chieldri For gheevaroabIelrAfe imdwraccunul at or
units are inplenented as a unit, for exanple, as a VLSI circuit, multiple
such usahsling bl cas ceflaths @graaidny tiaviencieasent hePolseptedde | ength  of the
filter, as shown in Figure Id. In this case, the output of each unit feeds
the inStrattune ueltti wéretiwndt sumsd all units share

-10-

10 Figure 10 is a block diagram for the Variable-Rate Down-~
Sampling Filter of the present invention in the preferred

form of a Collapsed Polyphase Structure.

This Sheet Has Been Reﬂ
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the same input sanples and the same phase and rollover signals fromthe
.nunerically controlled oscillator. This enbodi nrent would normally be used
wi th RAM based coefficient generators, as the appropriate coefficients

wi || depend on whether a particular MAC array and coefficient generator is
bei ng used al one or cascaded to another NAC arra and coefficient
generator. Note t hat . acha S bEtyr am control in a
processor based systent S0 as to nake the systentreconflgurable under

?L;égkﬁ?erfﬁﬁits?t' GRhS “%Tt%“t&%?lst%eoﬁ% o O“laiee?atq Rk sREobiade
Filt
Agcﬁ;w[ﬁaﬂatt"”r S srar S aRvRRRR Forrs §r€°uf g stef:lp%?%gkgcr)g%ents
t f
0 dﬁﬁ%fséﬁlgv z%?ﬂ%@bs%?l?agog”?ﬂéo iM% F %eﬁtEQEEok”p“t 0

t he adder requency ) t0 be accunu ate egl Ster is

cl acked hysddige Wﬁt@ﬁl@ér—ﬁkcﬁiﬁﬁﬂt@fo?mcf | Skemdrtes v%eeahnohheut

accurul ator Regi ster is’increnented t he val ue presented at the input.
When  tdyes Bexe Umutatpr ddlf‘art%li%ﬂln%dﬁaéte&hgyé@@n Gfhddes thi@e arket twbol I's over”
and returns to the bottom Thus the value of the accunul ator Register
tracesciatingl pefl aid Qlamyf @amplawt, oat bépavatcs iMAC arbay dal weqafreli s

Regi ster at any given tine relative to its full range represents the

" phasefonfeadie gerirmli.c fBnictifothe aymboherate eandil fibdtemsay rol | overs is

one cycle or period of the function. The rate at which the ranp increases,
and requirements are the same on both channels, they can share the

10 same coefficient generator, as shown in Figure 1b. Even if the
multiple channels have different characteristics, a common NCO ean
be used to drive multiple coefficient generators and multiplier-
accumulator chains, as shown in Figure lc. While the two channels
shown use the same value of M and the same width of'address-P to

15 the coefficient generator, either or both P and M may be different
for the two channels, though with the same sample rate, the same
considerations would normally yield the same values of M and P for
the two channels. Also the two ceefficient generators, because
they are addressed with the same address, may be a single RAM or

20 ROM, in the example shown in Figure lc being 2 * M * 2P bits wide

to output the two sets of coefficients simultaneously.

"If the coefficient generator-multiplier/accumulator units are
implemented as a unit, for example, as a VLSI circuit, multiple
such units can be cascaded serially to increase the overall length

25 of the filter, as shown in Figure 1d. In this case, the output of
each unit feeds the initial value of the next, and all units share

002661.P004 -9- RWB/3im
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therefore the frequency at which it rolls over, is determ ned by the

i ncrenment val ue presented at the input to the accunulator. The increnent
val ue, called the Frequency Wrd, can be constant, or it can be varied in
response to sone external control. In the former case, the NCO generates a
fixed frequency( In the latter, the NCO is frequency- _ nodul ated and

behavesh %e?%m?nkﬂpqqIé?WH%?SWﬂn@aééﬁcﬁﬁPFoPh%%e ®e i relkarey wdgpadsmonl y

fr oqueFEgR FEE RIRSHK Don RS0 1A, PIERLE0T e T s ipdiment: would

F / = F = th
Goner RO HE IS0 gt e ol *’ased[ 8kt ticient Midararv Ay thtne S. nary

| : = th
Vad?ﬁ ?%{??lat?ﬁcﬁﬁffﬁ&iﬁﬁﬁigH%&ﬂaFa?éﬁaggﬁ WhSUYer a partlcu&ﬁ MAter ande

ad@er)array and coeff1c1éﬂﬁﬂdéheraEB§ Egeﬁéﬁﬂ§yu§gdt5¥bﬁ§”3¥'d%%dgdggkto

The precision of the NCO that is, how ex y It can represent a desired

f r equesGyshéke NERT Saxyayt hends icee £ ct Bat 66&FA &F OF .Notl tthaah syegumul ator W
bits wide, the NCO can represent any frequency with the precision of one

part |icagimding mdy the urefear progrihmeqonteyl Flerd |prddesdort erasald bet ween
rollovers is not necessarily constant, but the average interval T[err] =
Flerr]sF$eem] svers £d oake ithe isystiemernsoonbl guralshe naider gpogzent at i on of

the desired frequency F[err].
control.

10 he ricall ontroll -il ator (Fi 2

The Numefically Controlled Oscillator (NCO) generates
timing and phase information for the Filter. As shown in
Figure 2, the NCO is a large accumulator, consisting of an
adder followed by a Reéister. The contents of the Register

15 are fed back to one input of the adder. The other input of

- the adder is the value (Frequency Word) to be accumulated.

The Register is clocked by the Sample Clock. At every clock
tick, the value in the accumulator Register is incremented by
the value presented at the input. When the accumulator

20 increments past the top of its range, it "rolls over" and
returns to the bottom. Thus the value of the accumulator
Register “traces out a periodic ramp or "sawtooth" fuﬁction.
The value of this Regiéter at any given time relative to its
full range represents the "phase” of the periodic function,

25 and the interval between rollovers is one cycle or period of
the function. The rate at which the ramp increases, and
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-12-
wavef o
that t

naturally an integral nunber of cycles of F[err], the sanple clock

Howeve

‘While the frequency and period (1/frequency) of a periodic

rmare generally considered to be continuous quantities, the

peri od

he NCO generates is discretized. The interval between rollovers is

r, if Flerr] not an exact divisor of F[err] the interval

will

not be thersfere thq ﬁmerquejnrcm at whimheht Trohts Tverydiesasermfiaed . where

Tist
distri

he |nteger part of F[err]/Ferr]. But in the long term the
o‘fncfiﬁ“?% V@fluleeﬁ’@teﬁeq"tﬁﬁdabeﬂ‘%d%n%t I‘?éhgit T+1 will

be such

that the aver eri ap roxr tes t he t V, of Flerr err], and

{ her of GRS e ARF | BE\ELUGe e Lied @b%el’or&q%e e

freque err e ffr ent to F As may be

seen mg%?g% s‘i%nycr?g? crc(e'%lhtg> fgrggﬁég éﬁ(?ée&y% e S168F in a | ookup

t ablee e d ROV r,ogr ammabl e
base %ﬁ%]’ n'e% l&?—leg‘l?%ﬁg I:élégdtér of ﬁ}e&%ebﬁ Q:rﬁﬁor s determ ned

by the refd Mgl et Natheri Lher preci si on

(width tfél;)éof e c[)%?frf:eﬁts@r he delgﬁd:réshﬁrdi e by the

requi re:ﬁ)od@ﬁé&éalaqm igeHavEs vAkveHaE) LiRE tieé ToEspaqddridcalieek, the NCO

generates a new phase value. At each tick, the coefficients for all the

el emrentGs@i ElatmokerColp conmmarilyn ouaty insangl édyef N entrasasyvat Helsd si ndex
he | ookup table. In a two channel systemsuch as in Figure 1b,

into t
wher ei

10

15

20

25

ncitmuitteannel characteristics are the sane,

The Rollover frequency that the NCO generates is given

by the relation:

Fo = (Frequency_Word/2W) * Fg
where: Fo = the generated (Rollover) frequency
Frequenéy_Word = the binary value of the
increment inpﬁt
W = the width, in bits, of the NCO accumulator
| (Register and adder)

Fs = the frequency of the sampling clock

The precision of the NCO, that is, how exactly it can
represent a desired frequency, depends on the size of the
accumulator. With an accumulator W bits wide, the NCO can
represent any frequency with the precision of one part in 2%
of the reference frequency FS; The interval between
rollovers is not necessarily constant, but the average

interval Tavg = Fs/Fo over a long time is a reasonably

‘accurate representation of the desired frequency Fo.
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- 13- only the data (sanples) are different, the sane coefficients are
.used for the two channels, as shown in Figure |b. The NCO phase
accurul ator (the Register of Figure 2) is generally quite large (32 bits
is typical) in order to provide a reasonably accurate representation of
any frequency, but the Variabl e-Rate Down-Sanpling Filter does not
require thi ¥nidenthe ckrequanawans: Pesisl é1HEFeGiertite of Fhe ti ne

resolution required is determ ned t he rformange requirenents of the
ot eRTHLAM AL G SR SRR R TgnCPas LaRRet BH008 & Uy far | ess

than the full. ,S1 f NCO, f he, N h d (Ph
out put BT RHA © D7 B e [P EhBa ST ST o MO B gRe cant
o . o ahd y OSSR cant

Cabr o, TP gL hebaienl e B CRE! TR DAhERRty i peirdr®! o o

Of st hendiibd 704 Scldifed i 0" chMibbBb! STock ACGMNRLOT i(EVEG) 58! errent s

shown in Figure The nunber of elenents Min the chain is to be

det er nhde dar Yttt e virptligfeFgnt §héoint &evaaiidcl eidtstecs of the filter
function. Each elenent has a nultiplier, an accunul ator, and an i nput

sel ectosnstamux SElwild Fvwrer bietheeh Thendahpl iayclednekf Fg, new Sanple (n)
arrives at the Filter input. The new sanple is distributed to all the MAC
el emerwbexse Ml isndwisintegar rappl iodd Fs6Fone Butpun sdhecdohgekemmnt ' s
mul tiplier. The other input of each nultiplier is that element's
coef f i thendidtributiian tdhweanisdsnof fepathh? aedigexiada afadleagth t he
10 T+1 will be such that the average period approximates the
true value of Fg/Fo, and therefore the frequency that the NCO

generates approaches the true frequency Fo.
Th cefficient nerato Figure

As may be seen in‘Figure 3, the coefficients for the

1S Filter are stored in a lookup table. The lookup table may be
either fixed (ROM-based), or programmable (RAM-based) as
shown in the Figure. The width of the table M is determined
by the number of MAC elements in the Filter and the required
precision (width in bits) of the coefficients; the depth is

20 determined by the required resolution in time. At every tick
of the sampling clock, the NCO generates a new phase value.
At each tick, the coefficients for all the elements are
looked up simultaneously using the NCO phase as the index
into the lookup table. In a two channel system such as in

25 Figure 1b, wherein the channel characteristics are the same,
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-14- coefficient generator (Figure 3). Each nmultiplier's product 1is
‘then added to that elenent's accunul ator. The input selectors SEL at each
el enent choose which accunulator sum the multiplier product is to be added
to: either the elenent's own accunulator or that of the previous el enent.

Most of the ting, between NCO rollquers, the contents of the registers FF
are fePHAcKE AR h S5 L85 ) AT S1EERTRBE hethe RARE (Pafifd cdertspr oduct for

t hat NAC eIer@n(j ﬁﬁ}t at the_ _products are added. to t | ocal accumul at or.
Thus t#He® ST g‘f’oﬂvs % TR HREREAE s SBWARPEYi R 1 BR when the NCO
rolls over, the selectors SEL select their alternate inputs to cause the
sum at eac gﬁﬁ?t U (o] h ' ! e el ement in
line, wt hhgﬁ%i na %r})af)r]sée)ﬁaergl rﬁg’%f%f)%mwpﬁeﬁfgggéée% eéngn%quq‘lnﬁt )hge? chai n. (For
the figsteMGPIQMRY Jdbgd N8 20R3LE, iEhey bk OV el WildeCaUse the sel ector
SEL to couple”™ a fixed value to the respective adder, typically zero,

t hgughprewi i f6 efeLorMIE, e ataurdpbesent £f Bsh ast dggired to overcone
sonme equal and opposite offset in the sanples or for sone other reason.)

| n thi frequerery, thie fihealvaxisble-Raeet Dbwh-Sdmpl ing Fe 1tedre@eriss for the

| ast M periods of the NCO If T is the nunber of sanples per NCO period,

t hen timet toeq@lireirtiidrs afuchs pagicdsion fhe screptasslierpey fbrmaneeconst ant ,
woul d be MI. A final sumenerges at each rollover and these suns represent
t he rdfke coimerreaplsdrigresesuiried asswdabermined|kd the ®erformance

requirements of the system in which the present invention is

10 used, but is generally far less than the full precision of
the NCO. Therefore, the NCO phase word (Phase output of
Figure 2) can be truncated and only a few most-significant-
bits (P bits, where P << W) are needed to index the

- coefficient lookup table.

15 The Multiplier-Accumulator (MAC) Chain (Figure 4)

The heart of the filter is the chain of M Multiplier-
Accumulator (MAC) elements shown in Figure 4. The number of
elements M in the chain is to be determined by system
requirements for the characteristics of the filter function.

20 Each element has a multiplier, an accumulator, and an input
selector or mux SEL. At every tick of the sampling clock, a
new Sample (n) arrives at the Filter input. The new sample
is distributed to all the MAC elements simultaneously and
applied to one input 6f each element’s multiplier. The other

25 input of each multiplier is that element’'s coefficient for
that time instant, from the coefficient table in the
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- 15- The accunul ators nust be sized to contain the growmh of the
accunul ati ng suns caused by both the | ocal accunulation and by the

propagati on down the chain. The growmh from propagation down the chain is
bounded not so much by the |ength of the chain, but by the nature of the

Filter' | mpul se response, that is, by the nagnltudes of the
coeff|ccfczévhff(fslf:1151*513t @ﬁaﬁﬁfﬁtproﬁﬂﬁ\érﬁo%hi Famrektigd ies ' sppyrdedtby t he

ﬁBXIﬁUﬁla unt rate-reduction intended. Qut put Scal,i ng (Figures la and
1b) nqﬁﬁb Pe&gééde Fhpat” §a$$ﬁ¥@4¥9§9 um’oe &nPgFiable number

of terns end| qQn the 0.0 ut tq .o ut le rate, that is,

t he avé%gé%%F 2t SSFReSE REE% ##%%e lfbBIO igﬁg IhEHBer of terms

S not GQn . he \H.Lt it .. Therefore, in

or der to use ltlré% P?%Bﬂ % ??eir)éen%é (?p‘nfo e L emay be necessary
3dd & il g ta'th&nﬁfLa%}hof‘”tHQi Ust A px%aalo%sf 23bRknto normalize

the magni t udes of the output sanples over the expected range of out put

rates. MoguVdH HRRC @itiey beeReBNaNDberdlloérd) the contkin@tdl 8£5chkl ustrates
the use of the Variable-Rate Down- Sanpling Filter of the present

I nvent ixsyidtexrd iFF Bge €edviayk thopugh th eseldcapienGeEL@st Be cl ock CLK
provides timng to the Variable-Rate Down-Sanpling Filter and an A/D
conver tazided Hre tar nelxite pRatiacbofinr Saingt | MAC Feldmemtr.ese thatdihet i zed
sanples fromthe A/D converter at the sanmpling frequency Flerr].
products are added to the local accumulator. Thus the sum
10 grows in the element’s own register FF. But when the NCO
rolls over, the selectors SEL select their alternate inputs
to cause the sum at each element to be shifted down the chain
to the next element in line, with a final sum emerging from
the last element in the chain. (For the first MAC element in
15 the chain, the rollover will cause the selector SEL to couple
a fixed value to the respective adder, typically zero, though
an offset of some value could be entered as desired to

overcome some equal and opposite offset in the samples or for

some other reason.)

20 In this manner, the final sum is the total of all the
elements for the last M periods of the NCO. If T is the
number of samples per NCO period, then the total number of
samples in the sum, assuming T were constant, would be MT. A
final sum emerges at each rollover and these sums represent

25 the rate-converted samples at the new down-sampled rate.

002661.P004 -14- RWB/3m
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- 16- The Filter's NCOis programred for a nom nal center frequency
close to the desired output sanple rate Flerr]. The Filter perforns its
rate conversion and filtering functions and outputs sanples. It also
outputs the NCO rollover signal, whose frequency is Flerr], to be used as

a strobe bymﬂawgéeuﬁap%tsi-gcrﬁ&éﬁ%f%a%Sc?h,@aghdﬁﬁet grw%c e when a

rate- converte IS aval onver d sanpl es are

presentgd hecamhidtPhg- §hﬁé”ca&§3&“ﬁj”bdfﬁ”%ﬂeaioEQQ 2ebhmkNoWon

zero-crossing detector) which produces as an error signal, an estinate of
how f aknd( Ber tHeOprbpésat {s0Mdwe WRSided nsamrhiengrbishaptohhe convert ed
sanples are. The error signal goes to a loop filter (usually a 1st-order
| ow papsobabgaetipnwiowh tlae cehaimtics Hdunmdedy aps sodmpehdbgeshan esti mate of
the frequency offset fromthe nominal frequency. This offset is added to
t heb nodengkhcefit thearkapn eJourlt duy tthe mathe® af the FEieguesmcy Word, thereby

cl osing the | oop. Derivation The filters in a denDduIatlon process
achi evémpplee rﬁé?@@%@s that is, by the megndgudesecfietheed signal
conmponent s _and press unwanted signals within fhe sanpling

up
bandwi &Pﬁféaﬁéﬁnaﬁras?‘%)growth from the JoggdaPreumyiatifmetSat e f or

channe co di.t
nded E £he maximum amount of rate-reduction intended.

utput aling (Figures la and 1

10 Each rate-reduced output sample is a sum of a variable -
number of terms, depending on the ratio of input to output
sample rate, that is, the average interval T between NCO
rollovers. Because the number of terms is not constant, the
gain of the Filter is not constant. Therefore, in order to

15 use this Filter for different output rates, it may be

. necessary to add a scaling multiplier with an adjustable
scale factor to normalize the magnitudes of the output

samples over the expected range of output rates.
imin ecov L iqur

20 Figure 5 illustrates the use of the Variable-Rate Down-
Sampling “Filter of the present invention in a timing recovery
loop. A fixed-frequency master clock CLK provides timing to
the Variable-Rate Down-Sampling Filter and an A/D converter.
The Variable-Rate Down—Sampiing Filter receives digitized

25 samples from the A/D converter at the sampling frequency Fs.
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and/or to match the transmt wave-shapi ng;

. -17- 3. to interpol ate sanpl e val ues between the actua

sanpl es. The last iis the primary function of the Variabl e-Rate
Down- Sanpling Filter of the present invention, but incidentally the other
two functions can be included at the same tinme, A suitable filter

char adb8r F3LFET( 8eNelt 1 ®rPHPITITMG i Fq%e @ SPMLRAL pESRRRY gHERAYINAY

Csh . : . .
P i {BLERSFocthacBoREEed (PR stER el Eot u BT AR R curates the
convo n

i =0 b%%%grwﬁzgg% rat% EP?YEFSion an (ﬁigﬁfipﬁdggncyiggs:hﬁfrr]C(i)X(n - 1)

- sanpl1ng y(n) is
the o edyed ' he i S e

() UL R DD, 1k sjo iy ihy SRR SRR |
respogsese frequency is FEMiS Bdaided als BUBBEHLET b Cidvidtvedin Or

“taps” in the filter The total nunber of coefficients is _

char agir-eeiezadngy finoL i PR ANbh essddy alyl iMdikaget whepakai eace®f reworking the
above one- dinmensional convol ution sumas a two-di mensional sum A

t ypi cabnkeRtedpebnpleesponsailaivler deci mat e- by-D

The converted samples are presented to a timing error
detector (such as the well-known zero-crossing detector)

10 which produces as an error signal, an estimate of how far
(early or late) from the desired sampling instant the
converted samples are. The error signal goes to a loop
filter (usually a lst-order low-pass filter) which
accumulates the errors. and produces an estimate of the

15 frequency offset from fhe nominal frequency. This offset is
added to the nominal center and presented to the NCO as its

Frequency Word, thereby closing the loop.

Derivation

The filters in a demodulation process achieve three

20 purposes:

1. to select the desired signal components and
suppress unwanted signals within the sampling

bandwidth (anti-aliasing),

2. to equalize or compensate for channel conditions
25 ' and/or to match the transmit wave-shaping;
002661.P004 -16- RWB/3jm
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filter is shown schematically in Figure 6. A shape like this would be used
.when the desired output rate Fo is equal to the synbol rate.
The nulls are spaced approximately D sanples apart and the central | obe
contai ns approximately 2D sanples. The details of the structure of the

P e enaeBoree Y ihep¥BpYa@ el e AEOND RacldehnEnbuBgLIoRS The 111t er

is intended to acco out pu at twce
the synbol rate E3mgibgyt sanples per synbol), the Iobes woul d be twi ce as
wi de. Furthernore, |n a two-channel system where two downsanpling filters
are driven by the same NCO, the two channels can have different filter

responses, Ther.lasanpteths hpfigy fuyiadenf of ehbsehr QSKe deamsiul ati on.

Al t hough the ideal inpulse response theoretically extends to infinity, in
real i t PowntSampl ingchi Boentofs arhe mriesanite iheegt bonDNbutsel ect ed for adequat e
per f or mance. At each tick n of the sanpling clock, a new value x(n)
i s Preinaidantalivietli¢ | otther tivwp dhvnatdonsneshubeomnelmded DMtheoefficients
times the last DM sanples is cal cul ated, and an output value y(n) energes.
But ifSeme Filmger RsSBitaRleskidtar haspresesisyio, (%ﬁlscqlcemw%f D out put s
are needed and the.  other ou s of the D outputs are thrown away.
Thus Fﬁ@ﬁglFéeﬂBshe%EPtQFc§ﬁ§iﬂﬁﬂia4&%& BFHQWP%FSh??cﬁi JtfEee | nstead, D
sanples at a tine ﬁ bf %%ese o the fi E and then the sumis

cal bul BEBHOSSRT s ThApr ik DiPassten f £ePt tEoi Bl SeAThRANfun as ¢ he
p0|yph?§ER§tEEf£gf réﬁ&ﬂgkture which calculates the convolution

10 sum:
DM-1
y(n) = Y c(i)x(n - i)
i=0 '
where: n = the sampling clock index
v (n) is;the output sequence
x(n) is the input sequence
15 - . c{i) are the coefficients of the filter’s
impulse response
DM is the total number of coefficients or

"taps" in the filter

The total number of coefficients is characterized by two
20 parameters D and M in anticipation of reworking the above one-

dimensional convolution sum as a two-dimensional sum.

A typical FIR impulse response for a decimate-by-D
filter is shown schematically in Figure 6. A shape like this
would be used when the desired output rate Fo is equal to the

002661.P004 -17- RWB/Jm
Express Mail Label No. EM502297333US

Sheet Has Been Reilaced

HII|I|| |III|| Al




in’Figure 7. As shown in Figure 7, the coefficients are distributed
-in a matrix, down the colums, then across the rows. There

-19- are D rows or phases; each phase is itself an FIRfilter with M
coefficients. The connutator steps down the rows, distributing one sanpl e
each !9& t to ut_the lre arra n D ticks and
t hen cylﬁl &%%e ?Té %% $§f§§§;aiﬁrQ§%? 3¥e§ gﬁﬂpg ﬁeM/saane S

ava'lagd%ta% Bh%BQUEEHEra%elob éénﬂélﬂga ,ﬁ¥ﬁ%ﬂ§?%ﬁﬁyogscggﬁﬁge$y I ess than

D, for exanp Re Cormut at ws and Ivers
sanpl %eode‘tatﬂseber ¥hilt Bt phaserandlt Ze{OSmdd dhe-eabbaks. wifgai n a new

out put woul d bhe avail able when the commutator recycles. If DPNis a fixed
I nt egeiaryt Bomewhatcagavrding toi the hfunddiomamhepifasesreysry cycle and the
‘ot her phases can be elimnated. This is equivalent to scaling the original
fi 5t eintendesie toeapavsplbyhdecFontexmmple, tftat ans outputnraséi ng all the
sanpl es except every Nth. If D)Nis not an integer, then the commutator
Wil laitt tavidief fcéaieesymbeﬂ. vatephaisestpit miplimsaaerbwmbvém uthéy the
pattern will repeat.” Finally, if DDNis not even constant, the conmmut at or
wil | Hiobesawoudfebentwice 8¢ widees RuKthermere aia ﬁhéwsashennehay never
repeat exactly. But in_all cases, the decimated qutput is available when
t he c&YRreH & epgcyypegowqﬁggp}gngr@glters are drlven by the same

NCO, the two channels can have different fllter responses,

10 for example, shifted in phase for offset-QPSK demodulation.
Although the ideal impulse response theoretically extends to
infinity, in reality, it is truncated at some suitable length

DM, selected for adequate performance.

At each tick n of the sampling clock, a new value x(n)
15 is presented to the filter, the entire convolution sum of DM
coefficients times the last DM samples is calculated, and an
output value y(n) emerges. But if the filter is being used
to decimate by D, only 1 out of D outputs are needed and the
other D - 1 outputs of the D outputs are thrown away. Thus
20 there is no need to calculate the other D - 1 outputs.
Instead, D samples at a time can be presented to the filter
and thenqthe sum is calculated. This simplification lends

itself to a structure known as the polyphase structure, shown

in Figure 7.

25 As shown in Figure 7, the coefficients are distributed

in a matrix, down the columns, then across the rows. There
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princi ple behind the Vari abl e- Rat e Down- Sanpl er. The comutator is the
.phase i ndex of the NCO which generates a different set of coefficients
for each incom ng sanple. The recycling of the conmutator is the rollover
of the NCO at the output sanple rate. The pol yphase segnents are col | apsed

- 20- into the Coefficient Generator and MAC array as described bel ow
First aFR RizprambdbPhasesiolopshapbaser ist Lkeel axpgaiiidiiliter Miglre 8 to
show the detajl, of each phase. Since the phases thenselves are FIR

filter YA THEPYY | MPISeRATTUE AT RESPE r APERORE 1R -as shown in Figure
3 o N POLRANSS J CRIS LN e RI8RKSHER q?é‘ﬁééjc'h”exf‘év}.or‘%'cys‘gnm) Crerr]

t wo- di

[err] éépslgﬁg He (dre itefbr ageénb$ F%%k?m%gd %ﬁé% rééiéaes; where the

original Tndex 1 has been replra I rensi i"n§&x (j D+k)

et £ Ci G{. b i, t ble ind
2?1‘3 k?&f@@fnﬁ&%@fﬁﬁﬁﬁ Y & sPRERPuF 8RURRET £h & tdhridie dqubl e i ndex

The 1 n counts cycles of the commutator "at rate Fo and the

I ndex L0l e ddhaHdhasgpict.hin each cycle. Each row of the diagramis a
phase and it sunms up M sanpl es spaced D apart. Here the D sanples x(n) for

a Flerr] period are spread by the input commutator, one each to the
mul tipliersIpfitacdre edgrictdd/ o dekifmakbeby bassi phared byEdihe applicabl e
coefficient and stored in the respective register FF at the output of the
r espeodxangp ey AN .thare theheommpbatoonskips A raey dmebs ddldslerso each FIR
filter, each new samle for the next F[err]
samples only to every Nth phase and zeroes to the others.
10 Again a new output would be available when the commutator
recycles. If D/N is a fixed integer, then the commutator
will hit the same phases every cycle and the other phases can
be eliminated. This is equivalent to séaling the original
. filter impulse response by decimating it, that is,
15 eliminating all the samples except every Nth. If D/N is not
an integer, then the commutator will hit a different set of
phases on each pass, but eventually the pattern will repeat.
Finally, if D/N is not even constant, the commutator will hit
a different set of phases each pass, and the pattern may
20 never repeat exactly. But in all cases, the decimated output
is available when the commutator recycles. This is the
principle behind the Variable-Rate Down-Sampler. The
commutator is the phase index of the NCO, which generates a
different set of coefficients for each incoming sample. The

25 recycling of the commutator is the rollover of the NCO at the

output sample rate. The polyphase segments are coliapsed
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period is nultiplied by the sane coefficient by the nultipliers of the
.respective FIRfilter, added to the <contents of the preceding register FF
and the result stored in the next register FF. Al so on each recycling of
the comutator (at the rate Flerr]/D), the new output y(n),

-21- representing.the sumof the | ast Mcycles of the copmutator, is
avai | dRite the SosfideieprghrBerapre it A ArFaYare Bescribsre 7.

Since . addition is conmutative, the suns need not be done horizontally
firsth can be done vertically first as each sanple arrives, and then
hori zontal ly when the conmmutator recycles, as shown in Figure 9. This is

N0t NI NG MOr 1A WG A BC RECBEL AN SN, e chaiRndbgeas! onal

sum - err n -

K))  Figure 8 to show Eﬂekggtaiiﬂ%f%m SR LOMEYHREOEhAI HHag8LY One phase
at a time, only one row of coefficients, multipliers, and adders is active
at 5 ongdnd@vddh@arl BeRS fdeteZ8! OLhey ureasd ielementtd il thel iers and
adders can be col |l apsed vertically and replaced by a single multiplier and
an accigaHsic¥e fOihy ashehownelhi Eignts &hamle widlyphiase, reprebeytaaiorone
froma | ookup table indexed by the commutator-NCO The horizontal sum on

t he batdaamtrsowhec cmes-dimenséonal | sumrasvee tveadingnSionali sumshi ft ed down to

its neighbor. The final form of the MAC
D-1 M-1

y(n) = ¥ X (i kx(n- (3D + k))

k=0 j=0

where the original index i has been replaced by the twé-

10 dimensional index (jD+k) and the coefficients c(i) have been
renumbered with the double index c(j,k). The index j counts
cycles of the commutator at rate Fo and the index k counts
the phase within each Eycle. Each row of the diagram is a
phase and it sums up M samples spaced D apart. Here the D

15 - samples x(n) for a Fo period are spread by the input
commutator, one each to the multipliers of each respective
FIR filter, multiplied by the applicable coefficient and
stored in the respective register.FF at the output of the
respective multiplier. When the input commutator recycles

20 Dback to each FIR filter, each new sample for the next Fo
period is multiplied by the same coefficient by the
multipliers of the respective FIR filter, added to the
contents of the preceding register FF and the result stored
in the next register FF. Also on each recycling of the

25 commutator (at the rate Fg/D), the new output y(n},
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array part of the Variabl e-Rate Down-Sanpler is shown in Figure 10.

-There has been descri bed herein, nmethods and apparatus for variable-rate
down-sanmpling filters for discrete-tinme sanpled systens using a fixed
sanpling rate providing variable, non-integral, non-rational, resanpling
ratio -22- (Fo/ Fs), mhereln a
cont i nEeREeseMGNDFERRItSHR ofaiite AgStaMesyclem of the icREMTCES@Ta i xed

I nput lin mhereln the_filter characteristics are automatically
scal edl?ggYWeP%?Jf%ut In, S350 - §LGUES BrPyeerRtd ithedet@dllort
characﬁerlstlf needs to be designed, wherein the design can be scaled in
nunber tages depth of coefficient tables, and precision of
calculatlons to nmeet the requirenents of the application and wherein the

filter chargefeg §&aft§mratfg it SR8 L, C#:ﬁgtémhé‘ ﬁxé&? desi gned

to the requiréenents o application, exa a concatengilon of

antg - ahbRHz 5k s b@ﬁ/%ﬁuébhéa%éfihé e 4] hin a
nodul ar archlt%%?ﬁre SU|te§ﬁ?g VLSI |nplenenta1|%EF§ For & hsgb&hlle

pr ef er gRoPaLEF 1Pl S Aid iR hegeRbntADYENHen ey cderitaticsc! osed and
described in detail herein, it will be obvious to those skilled in the art
t hat vestytbes Chagggsowm ifrofbgare det aThissays heothaitey ttvareeithan t hout
departing fromthe spirit and scope thereof.

swapping the order of summation in the two-dimensional sum:

-1 D-1

Y(n>— 2 X e xx(n- (5D +X%)

j=0 k=0

10 But since the commutator hits only one phase at a time, only
one row of coefficients, multipliers, and adders is active at
one time, the others get zeroes. So each column of
multipliers and adders'can be collapsed vertically and
replaced by a single multiplier and an accumulator. Only the

15 * coefficients change with time, so they can come from a lookup
table indexed by the commutator-NCO. The horizontal sum on
the bottom row occurs at the rollover when each MAC sum is
shifted down to its neighbor. The final form of the MAC
array part of the Variable-Rate Down-Sampler is shown in

20 Figure 10.

-

There has been described herein, methods and apparatus
for variable-rate down-sampling filters for discrete-time
sampled systems using a fixed sampling rate providing

variable, non-integral, non-rational, resampling ratio
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-23- Cdains 1. In a digital filter, the inprovenment conprising: a W
bit wide register having a register input, a register output and a sanple
cl ock input; a Whit wide first-adder having first and second
first-adder inputs, a first-adder output and a carry output; a
coefficign ner.at or. havi ng an address input and a |urality of _
il - oAFO{TT] orviGet i & Gb e range BY' pfEwf satptidy mahed i nput
bei ng ¢ I i .ariahl r X .

i ot- s B8 MEHHPEE: B s, 434 drbwt PEBTYS "Pay neneis Mg o er

out put } C ; i : 1,Gd fgRRer at or
and to tPﬁ%Eéshéc%%ﬁ%%%%?e%%%%ﬁtomﬁcgitl%eg?%:lglggf%% ﬂ%c%ul nput being

coupl edshfin] £48TVE & SEBHR, orfd 36K 3088, of charadfer iy fudqut being
coupled to provide a shift "control si gnal ; t he address i nput of

‘the coetdibeé edés Dpied AtwHer i thid Yesiyhdeanber eta1&d i in ls@odhayE W and
wherein only the P nost significant bits of the register output are

coupl edstagédpe deptrldrel scoeffiicizntt kabdesf f andeptegisboatal , t he
coefficient generator storing Mtines 2[err] coefficients, Mcoefficients
at eachlcebition=nto gesadr ditvr rednriscemensadof the apmpligatiiary, Mo

mul tiplier-accunmulator circuits, each multiplier-accunulator circuit being
coupl edwheretrethe £iltenpdriantegistdrseashonrdi 25 croebliqiantentimnout put s
of the coefficient generator_and a signal sanple at the sanple clock

rate, ntdPipfy 2R ReRETHERathdC &Hh¢ FCHALPRRREShRL (I ts

10 application, for example, a concatenation of anti-aliasing
and pre-distortion/equalization functions, all within a

modular architecture suited to VLSI implementation.

Thus while preferred embodiments of the present
invention have been disclosed and described in detail herein,
15 it will be obvious to ﬁhose skilled in the art that various
| changes in form and detail may be made therein without

departing from the spirit and scope thereof.

002661.P004 -22- ' RWB/3jm
Express Mail Label No. EM502297333US —

This Sheet Has Been Replaced

AW




- 24- in an accunul ator, the multiplier-accunulator circuits being
coupled in series and responsive to the shift control input to shift the
contents of each accunulator in the series of nultiplier-accumulator
circuits to the accumul ator of the next nultiplier-accunulator circuit,

the contents of the.accunmul ator of E Ih st multiplier- accunulator CIrCUIt
formng the mutliplier-accumnulator ts' output The _

i mprovenent of claim1 wherein each multiplier- accunulator CIrCUIt

conpri ses: a multiplier having first and sec
output, a second-adder having first and second |np " u
regi ster having an input, an output and a register

sel ector hawhag fikf saamddsesond i nputs and a selector control;

multiplier having its first input coupled to a respective coef fi ci ent
output of the |l ookup table, its second input coupled to receive signal
sanples and its output coupled to the first input of the second-adder;

t he second-adder having its second input coupled to the output of the

sel ector and its output coupled to the input of the register; t he
regi ster hadi-ng ﬁmsaodﬂpatagoﬁpﬂéartoth¢mnmnrqxemannﬂcom@rlshagseIector and
to the second input of_ the selector of the next nultiplier-accunul ator
cirduit in ?h§e§éﬁFé§ hgingt 3 EegERteT iRUtooFpFegisserneusanpl and| ack;

t he selectg T g. |ts control coupled to the shift control
sample c input;

4 a first-adder having first and second first-adder inputs, a

5 first-adder output and a carry output;

6 a lookup table having an address input and a plurality of

7 filter coefficient outputs;
8 the first first-adder input being coupled to receive a

9 frequency word;
10 the first-adder output being coupled to the register input;
11 - the registerloutput being coupled to the address input of the

12 lookup table and to the second first-adder input;

13 ~ the register clock input being coupled to receive a sample
14 clock signal;

15 the first-adder carry output being coupled to provide a

16 rollover signal.

-

1 2. The improvement of claim 1 wherein the plurality of
2 filter coefficient outputs of the lookup table are each multi-bit

3 outputs.
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i nput ; - 25- __the first
mul tiplier-accunulator circuit in the series having the secondinput—eft———
its selector coupled to an initial value, and the |ast  ThisSheet Has B

mul tiplier-accunulator circuit in the series having the o Replaced
regi ster -coupled to an output. 3. The i nprovenent of In
the initial value is zero. 4, In a digital filter, t

conpri si ng: a coefficient generator having a phase input and a
plurality of filter coefficient outputs, the phase input of the
coefficient _generator being P bit 1 de, fhe coeffigcient generato

produci ng MYi rregrgf[ é?‘PfOX%‘B??gc?énﬂa;mMzcg F&Peﬁf‘? Fﬁgg@é%ﬁ he
val ug; ¢ o -8gBLHT ity M QF Bed i Rlgeer - accumul ator circuits, each

mul t'T pl irér-accunul at’or circult belng coupled to receive a respective one
of each Mfilter coefficient outputs of the coefficient
generator and a signal sanple at a sanple clock rate, multiply the sane .
t oget her and accunulate the results in an accumul ator, the

mul tiplier-accunmul atof circuits being coupled in series and responsive to
a shift congrol mMABUEMbRoTENELL [HE EXNINEH Shefre@aC Bhacagauéas oinpik toe
series of multiplier-accunulator circuits to the accunul ator of the next
mul t2 pl the- acekopl ahble cls cRibitd wddegnivhelreinf Pt he lesswhdmmtwyr anfd t he

| ast nultiplier-accunulator circuit formng

3 wherein only the P most significant bits of the register output
are coupled to the address input of the lookup table, the lookup

table storing M times 2P coefficients, M coefficients at each

o N b

lookup table address.

5. The improvemént of claim 4 further comprised of a
plurality M of multiplier-accumulator circuits, each multiplier-
accumulator circuit being coupled to receive a respective one of
each M filter coefficient outputs of the lockup table and a signal
sample at the sample clock rate, multiply the same together and
accumulate the results in an accumulator, the multiplier-
accumulator circuits being coupled in series and responsive to the

first-adder carry output to shift the contents of each accumulator

o 0 ~ (o)) (%11 > G N .

in the series of multiplier-accumulator circuits to the

accumulator of the next multiplier-accumulator circuit, the

[
= o

contents of the accumulator of the last multiplier-accumulator

[
V]

circuit forming the multiplier-accumulator circuits output.
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the nultiplier-accumulator circuits' output, the shift control input
.having a variable relation to the sanple clock rate. -
- 26- 5. The i nprovement of claim4 wherein each nul tiplg ef r.c 5 R
accunul ator circuit conprises: a multiplier having s
I nputs and an output, an adder having first and second i m m& lm
output, a register having an input, an output and a regi ut,
and a selector having first and second inputs and a sel ector control;

the nultiplier having its first input coupled to a respective coefficient
output of the c G SRR BEOE 2k 1S éféghiéggg 3l receive
si%nal sanp 'es.amigil{i&l outputeC g%u% g%htg ?ﬁe I rst ingﬁgkg' ?ﬁ%aédder

t hg adget,MAYdYs idiscageordmppRYbscoupl ed to the output of the selector

and its output coupled to the input of the register; the register

hagi ng its Huhdi G edviiagt ferkir ahdi Seednd tinguus seiceanoouapdtt, oat he
second input to the selector of the next nultiplier-accunulator circuit in
tha sesé@snd-adidd havlingk firspuandosetend tinguts sadplaa ouspkt, a t he

sel ector having its control coupled to the shift control _ input; t he
fi bst registgEr dawoouen dnputei apubutput tard serdess stieayicdAgckhdnpegend i nput
of its selector coupled to an initial value, and the | ast

nulét | pridra meleation davinge firstnanfeseeendsingihs A3 Re SELRSLOFnput of its

sel ector coupled to an out put. 6. The inprovenent of claim4 wherein
t hd coedntxeint generat or :
8 the multiplier having its first input coupled to a respective

9 coefficient output of the lookup table, its second input coupled
10 to receive signal samples and its output coupled to the first

11 input of the second-adder;

12 the second-adder having its second input coupled to the

13 output of the selector:and its output coupled to the input of the
14 register;

15 the register having its output coupled to the first input to
16 the selector and to the.second input to the selector of the next
17 multiplier-accumulator circuit in the series, and its clock input
18 coupled to the sample clock;

19 - the selector having its control coupled to the carry output
20 of the first-adder;
21 " the “first multiplier-accumulator circuit in the series having
22 the second input of its selector coupled to an initial value, and
23 the last multiplier-accumulator circuit in the series having the

24 first input of its selector coupled to an output.
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Is a RAM | ookup. table. ..__..7.—..—The i nprovenent of claim4 wherein the
- coefficient generator is a FK&%*ookup t abl e.

- 27 - 8. TheThi 24 aim 5 wherein the initial value is zero
or the output of [ plier-accunulator circuits. 9. Adigita
filter conprising rically controlled oscillator responsive to
a.clock signal and a variable nunerical control signal to advance its

count on each clock signal by an anount determ ned by the nunerical
control signal, the oscillator providing as outputs, the present

cotint st digh &1 ARl el G Eif"S Phefeubife nkehlb,soPig 4n'a |

adgre :nput'coupled to the present oscillator count output and having a
plurality of filter coefficient outputs; first and second

mul tiplier/accunmulator units coupled to the sanme coefficient outputs of

t he | ookup table, each having a plurality of stages coupled in series,
each stage having a multiplier responsive to respective first and second
sanple inputs for multiplying each of said sanple inputs by a coefficient
prbvi ded by8.t he Theokmpricwementaond abaimc2ivhertain fodre laokuputbablagisheg
products of the nultiplication, the first and second

mui2ti ROMer/accunul ator units being responsive to the rollover signal to
shift the contents of the accunul ator of each

1 9. The improvement of claim 6 wherein the initial value is
2 zero.

1 10. 1In a digital filter, the improvement comprising:

2 a lookup table having an address input and a plurality of

3 filter coefficient outputs, the address input of the lookup table
4 being P bits wide, the lookup table storing M times 2P

5 coefficients, M coefficients at each lookup table address;

6 a plurality M of multiplier-accumulator circuits, each

7 multiplier-accumulator circuit being coupled to receive a

8 respective one of each M filter coefficient outputs of the lookup
9 table and a sigﬁal sample at a sample clock rate, multiply the
10 same together and accumulate the results in an accumulator, the
11 multiplier-accumulator circuits being coupled in series and
12 responsive to the first-adder carry output to shift the contents
13 of each accumulator in the series of multiplier-accumulator
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stage to the accunul ator of the Husghe n Yast stage of the
multiplier/accunulator units bein u |i|ter out puts. 10. The
i mprovenent of claim9 wherein th il is a RAM.

- 28 - 11. The inprovenent of claim9 wherein the | ookup table is a ROM
12 Adigital filter, comprisi a nuneri cal pontrolleq oscil |l ator

rg&ﬂons?. C?%Fii?ﬁ(ﬁﬂ? '?ﬁmﬁlgghﬁ vaﬁr?gBFﬁt i e?ﬁﬂﬂﬁ”@PﬁéF&ﬁaL to
ner T ot iy dte MRS G0 AR A A0 3PP Whe SRS Mt el ek ot s on

0SGigl | {?EB : (AY C e : 1 l.gnal . A Lime it
cog'r?t sa%ﬁé%xﬁg a rp?%al et ertmfr?ggﬁc u)ré%:lE meﬂglgﬁér%té%n uSIZég%%cllggégsgt abl es,
eagh hayi#isy@n address input coupled to the present oscillator count

out put and having a plurality of filter coefficient outputs; first
and second mul tiplier/accunulator units coupled to the coefficient outputs
of the first and second | ookup tables, respectively, each having a
plurality of stages coupled in series, each stage of the first and second
mul tiplier/accunmulator wunits having a multiplier responsive to the
respective ohk. of The inpsovemshtsedorndadanplewhereiml ¢agh ymuld ipddiEact i ve
sanples by a _coefficient provided by the | ookup table, and an accunul ator
for 2 ackeHmtatar (HeEPHEd gompraseshe nul tiplication, the first and second

mul tiplier/accunul ator units being respqgnsive to, the
3 a multiplier having first and second inputs and an output, an

adder having first and second inputs and an output, a register

having an input, an output and a register cloék input, and a

selector having first and second inputs and a selector control;
the multiplier having its first input coupled to a respective

coefficient output of the lookup table, its second input coupled

W O N o U»

to receive signal sampies and its output coupled to the first

10 input of the addér;

11 - the adder having its second input coupled to the output of
12 the selector and its output coﬁpled to the input of the register;
13 the register having its output coupled to the first input to
14 the selector and to the second input to the selector of the next
15 nmultiplier-accumulator circuit in the series, and its clock input
16 coupled to the sample clock;

17 " the“selector having its control coupled to the carry output
18 of the adder;

19 the first multiplier-accumulator circuit in the series having

20 the second input of its selector coupled to an initial value, and
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rol | over signal to shift the contents of the accumul ator off H agpd
.the accunul ator of the next stage, the |last stage of the J II
mul tiplier/accunul ator units being provided as filter outpu

- 29 - 13. The inprovenment of claim 12 wherein the |ookup table is a RAM

. 14 he_i oV nt of claim12 wherejin.the |ookup table is: ROM
121 (NEHR BGF gRELT G oRg cireutt "in the Sendss JEIRL SRS of | ed
osgy || re; Siyes i gpa ag% ari abl e nuneri cal

con ro?ig%ﬁnaﬁggg &f %%§2§ﬁ%§ﬁg§&igég%gﬁﬁtggnggac @H%bk signal by an anpunt
determ ned by the nunerical control signal, the oscillator providing
as outputs, the present oscillator count at every clock cycle and a
rol | over signal each time it counts through a predeterm ned count;

a coefficient generator having an address input coupled to the
preasent oscilbl at eheCiprovethent sfficclaim llhahetreia pher dbokyp ofalbld tig
coefficient outputs; a nultiplier/accunulator unit coupled to
the a RaMoefficient outputs of the coefficient generator having a
plurality of stages coupled in series, each stage having a nultiplier
responsive to the sanple input signal for nultiplying said sanple

i nput by a coefficient provided by the coefficient generator, and

an accunul ator for accunul ating the products of the mul tiplication,
the multiplier/accumul ator unit being, responsive to the ral] over
signal to shirt The iBRFereRent of ‘g]falt“hé-laé’@&ﬁﬁt’“ﬁt EPeoio%]é‘éﬂ 5 % the
accunul at gr, of the next stage, the |ast stage of the

rnﬂ%ip?i@B accurul ator unit being provided as filter out put s.

16. (New) The inprovenent of claim 15 wherein t he coefficient
generator is a RAM

1 14. The improvement of claim 13 wherein the initial value is

2 Zero.

15. In a digital filter, the improvement comprising:

a numerically controlled oscillator responsive to a frequency
word and a sample clock to repetitively count through 2% counts and
to output P bits of the count and a carry signal on each
completion of the 2W counts; and,

a lookup table having an address input and a plurality of
filter cdefficient outputs, the address input of the lookup table

being P bits wide and being coupled to the P output bits of the

O 0 N 6 N e W N

numerically controlled oscillator, the lookup table storing M

times 2P coefficients, M coefficients at each lookup table address.

oy
o
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-. 30 - ~17. (New) The inprovenment of TlIaim 15 wherein the
coefficient generator is a ROM 18. (I\Imgsmétn@gﬁﬁép]a@gd filter, the

i mprovenent conpri sing: a plurality M of | at or
circuits, each nmultiplier-accumulator circuit b mFur eceive a
respective one of each Mfilter coefficient out i cient

generator and a signal sanple at the sanple clock rate, nmultiply the sane

t oget her and accunul ate the results in an accunul ator, the

mul tiplier-accunulator circuits being coupled in series and responsive to a
shifg controhg NPuhd auphicbbmblie SPNERRLR O AAGLIGFEITW 3686 ERARNR. ST es
of multiplier-accunmulator circuits to the accunul ator of the next

mul tiplier-accurtulator circuit, the contents of the accunul ator of the | ast
mul tiplier-accunulator circuit formng the multiplier-accunulator circuits'
out put, the shift control input having a variable relation to the sanple
clock rate. 19. (New) The inprovenent of claim 18 wherein each

mul t1 pl i er - adGumuiThieo impirovement ooprcbaeim 11 whereimilthieplioekupatabyef 16 st
and second i nputs and an output, an adder having first and second inputs
and &an aoBAMut, a register having an input, an output and a register clock
i nput, and a selector having first and second inputs and a sel ector
control; the multiplier having its first input coupled to a
respective coefficient output of the | ookup table, its second input
coupled to receive signal sanples and its output coupled to the first

inp of the_agdder; . t he adde vjng Jts second.i nput coupl tpo the
out pht of 't hdBsel SR ATEREVERSAD Dbt LA by Sk thendgekp. ErBle fs
register; o - 31 - t he regi ster having
its outSuF gOUpIed to the first input of the selector and to the second

i nput of the selector of the next nultiplier-accunulator circuit in the
series, and its clock input coupled to the sanple clock; t he sel ector
having its control coupled to the shift control input; the first

mul tiplier-accunmulator circuit in the series having the second input of its

sel ector coupbed trg andgighithal fyptee, e i dvasdentulbmplkiging:

2 first and second hultiplier/accumulator units coupled to the
3 same coefficient outputs of the lookup table, each having a

4 . plurality of stages coupled in series, each stage having a

5 multiplier responsive ﬁo a clock signal for multiplying each of

6 sequential signal inputs by a coefficient provided to the

7 multiplier/accumulator unit, and an accumulator for accumulating

8 the products of the multiplication, the first and second

9 multiplier/accumulator units being responsive to a rollover signal

10 to shift “the contents of the accumulator of each stage to the
11 accumulator of the next stage, the last stage of each

12 multiplier/accumulator unit being provided as an output;

13 the first and second multiplier/accumulator units being

14 controllably coupleable in series with the output of the last
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accumul ator circuit in the series having the output of its register coupled
to an out put. 20. (New) The inprovenent of claim 18 wherein the
initial value is zero. 21. (New) A nethod of digital filtering to
convert digital sanples provided at a first sanple rate to digital sanples
at_a second sanple rate |lower in frequency than the first sanple rate,

AR ré&ﬁngergEESFsmH%FlPﬁkﬁﬁgéﬁqqﬂPhaépﬁtB&lFob?hégfirst sanpl e

e
uethg PR FREORBPBET b et Rrathy N0y sk FEEORR he'fi7st samie
ot T Wl R ) Blpbul B of) Ghs?) M-y A URHBRE, B2 RoSOHELebthley (e

peggod jof stet}q_égé&gg?bgﬁgghgagg%{;%jg}l;aél{@&&assed since the_last rollover,

the rollover rate programuabl e and continuously adjustabl e

by neans of a frequency control input; using the P $ laced
bits of the NCO s phase output to address a coefficient tab Ii
2[err] tinmes Mcoefficient sanples of a finite-inpulse- res

- 32

filter, where the coefficient table

protluces M @ieffixidigitad Miillterecospyisimgeach i nput phase val ue at each
cycle of the first sanple rate clock; using a bank of M cascaded

i dedtical ma triylericaldyceonkapdiledt agesl ldor emdpansilve 6o ahelbckst
sang!e rate clock, to siqultaneouslf mul tiply each of the Mcoefficients
frofn t IsdaB@df Bngi ennumgbieabycenerel gignalk siplasvgnsseatedcaunt henj egeh of
the filter, then to_add the product of,6 each nultiplication to the

acclmuIcdesdk sIFrad BYcANsSRRUBE sgeteringd Mihdhie REMESLradeFORFEPRI i s
i ed,, at .which ti h |tiplicati dyct i dded to th
S misiei s, g oeRaLiPEGT oo RIS S SRR RS PEER=BE: puts i1
| at t h | e 2. .(New) A digital fil.t
corbr Srrg 1B EcliE BRAY R FELSPEF Sipmakisackt sinPesboRetbEl: Eheotdtici
Sigﬁala?SQeﬁe§%%53RE8 Qggﬁchal control signal to advance its count on each
na

clock si y an anount éterm ned by the nunerical control signal, the
oscgllator py aWdkhd tadleUhavifg ARCadiresdti il IdRplleaC UNthat pRYSENT
clock cycle and a rollover signal each time it counts through a

pr eglet @singdteRUBbiunt outpu€Oghdi &1 STUrgenss JOrEihavirngoasphasént nput and
a .

10 outputs;

11 - first and second multiplier/accumulator units coupled to the
12 same coefficient outputs of the lookup table, each having a

13 plurality of stages coupled in series, each stage having a

14 multiplier responsive to the clock signal for multiplying each of
15 sequential signal inputs by a coefficient provided by the lookup
16 table, and an accumulator for accumulating the products of the

17 multiplication, the first and second ﬁultiplier/accumulator units
18 being responsive to the rollover signal to shift the contents of
19 the accumulator of each stage to the accumulator of the next

20 stage, the last stage of the multiplier/accumulator units being

21 provided as filter 6utputs.
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plurality of filter coefficient outputs, the phase input of the coefficient
generator being P bits wide, the coefficient generator producing Mtines
2[err] coefficients, Mcoefficients for each phase val ue; a plurality
M of nultiplier-accunmulator circuits, each multiplier-accunulator circuit
bei ng coupled to receive a respective one of each Mfilter coefficient

out puts of the coefficient generator and a signal sanple at every cl ock
cycle, multiply the sanme together - 338 -
and accunul ate the results in an accunul ator, the nultiplier-accunul ator
cireuits bepdg capel ehpkBySRERESo NG 4 63 PRISINGE i the fgbkayetasional to
shift the contents o accunmul ator 1n the series

mul4 i phi gamaccunul ator circuits to the accunul ator of the next

mul tiplier-accunulator circuit, the contents of the accunul ator of the |ast
mul tiplier-accunmulator circuit formng the multiplier-accunulator circuits'
out put . 23. (New) The inprovenent of claim 22 wherein each

mul tiplier-accunmul ator circuit conprises: a multiplier having first
and second i nputs and an out put, an adder having first and second inputs
andl an out péR,. aThegispreovemenhgofinclaput20 ahenetiputhendoakupgtalke i$ ock

i nput, and a selector having first and second inputs and a sel ector
cordroR; ROM. the nultiplier having its first input coupl€éd to a respecrfve*'
coefficient output of the coefficient generator, its secondhksmgﬂﬁggggl

to receive signal sanples and its output coupled to the flrs

adder ; t he adder having its second i nput coupled to th

selector and its output coupled to the input of the register;

regj ster ng it t i irst input to the selector and
to The secoéé n@U? ggEEE fi@?% %kéé%léiﬁghext mul tiplier-accunul at or
cirguit in t‘lhﬁ‘a\,?-%%gg %9”90{. Soflof é l’ltat “%%ﬂf:}lglwetcﬁ}'é’c&éd}@”a'

t he sel ector | con coup e e rof'over sIgna
firpt ay!_;fxam' L8832 pLo1 &srrt%lt él@nfa'ietaeaaeéné@ﬂw é&ﬁué%qp@aewput
of 1ts selector coupled to an initial value, and the last nultiplier-

acnubabek §ighsltby Nah NenGeid fedt@viingd B9 theshundPidaDicddtsalel ect or
coupl ed to an out put.
5 signal, the oscillator prov1d1ng as outputs, the present
6 oscillator count and a rollover signal each time it counts through
7 - a predetermined count;
8 first and second lookup tables, each having an address input
9 coupled to the present oscillator count output and a plurality of
10 filter coefficient outputs;
11 first and second multiplier/accumulator units coupled to the
12 coefficient outputs of the first and second lookup tables,
13 respectively, each having a plurality of stages coupled in series,
14 each stage having a multiplier responsive to the clock signal for
15 multiplying each of sequential signal inputs by a coefficient

16 provided by the lookup table, and an accumulator for accumulating

17 the products of the multiplication, the first and second
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- 34 - 24. (New) The inprovenent of claim 23 wherein the initial

val ue is zero. 25. (New) The inprovenent of claim 22 wherein the
coefficient generator is a RAM | ookup tabl e. 26. (New) The

i nprovenent of claim 22 wherein the coefficient generator is a ROM | ookup

t ablg. Ny h r 8 | filtering
for llgl scnr‘%]tthli%r%réaa W?‘“L@ag% grt gg%ggs%)%%gaﬁé%%@ arrpﬁ:@é: ra{Pe% 1&8&8?‘. si ng:

proyipdi ng; ﬂur?a's@fidzy c%%“%%hﬁésoéf'éﬂaé‘té)éﬁ QA %%leee £§l ock

signal and a variable nunerical control signa a vance Its cou on each

cl ogl sitaladBinifl AABRURE EelehekBedrfye! h@hé\t{t@gﬂ HageP W @hesi gnal , the
oscillator provi.ding as outputs, the present oscillator count at every
sanpile qndidd plicery dcduilat oti gAdt sepeing i povided Wl FillltedUdutduts.
predeterm ned count, the present oscillator count being P bits w de;
providing a coefficient generator having a phase input and a plurality of
filter coefficient outputs, the phase input of the coefficient generator
receiving the present oscillator count of the numerically controlled
oscillator, the coefficient generator prodUC|ng Mtinmes 2[err]
coef &i ci ent 5,24v coBIe | idvmnavenent ofcklphmse3di wherein the pkopkun t@hle is
plurality Nlof mul tiplier-accunulator circuits, each nmultiplier-accumul ator
circdit & e ng a respective one of- each Mfilter coefficient out put s of
the coefficient generator and a signal sanple at the sanple clock rate,
mul tiplying the same together and accunulating the results in an
accunul ator, the nultiplier-accunulator circuits being coupled in series
- 35 - and responsive to the rollover signal to shift the contents of
eachjaccunul roi ' f [ 1 i i :he
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accuimul ator of” the ne I er-accunul ator circuit,

accupul gf giof the | ast nultrpller-accunulator CIrCUIt fornlng the
mul tiplier-accumulator circuits' output. 28. elwﬁd
cl ai m 27 wherein each mul tiplier-accunul ator circuit pr OVI ded mmH“

26. A method of §roviding a phase value and a rollover
signal in a digital filter comprising:

" providing a numerically controlled oscillator to count
through a predetermined number, and being responsive to a sample
clock signal to add a frequency word to the count and to provide a
carry signal each time the count exceeds the predetermined number;

using the count of the numerically controlled oscillator as a

phase value; and,
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" using the carry signal to provide a rollover signal.

1 27. The method of claim 26 wherein the frequency word is

2 variable.
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a multiplier, an adder, a register and a sel ector; ~the multiplier
receiving coefficients fromthe coefficient generator and signal sanples
and providing the product thereof as the multiplier out ptkisSheet Has Béve Reidar
receiving the nmultiplier output and the sel ector out put a1ﬂ, e
sum t hereof as the adder out put; the regi ster receivi

out put and coupling the register output to the first input of the selector
and to the second input to the selector of the next nultiplier-accunul ator
circuit in the series, the register having a clock input coupled to the
sanpl e cl ocié8- The metdadeeforlpamng7r wBppaie idhe Lramiansy oexd disgnal to
selsct between -its first input and its second i nput;, .the sel ector of
thefi rV&r FFEPPE?}XﬁcEﬁugaF8F°E?¥%§§¥n91 GRF s 18e@ohdMARGUFSFRYPHYiSi ve
to an iynitial value, and the last nultiplier-accumulator circuit in the
ser'es]ﬁFﬁbiding an out put responsive to the first input of its selector.

- 36 - 29. (New) The inprovenent of claim 28 wherein the initial
val ue i s zero. - 30. (New) The nethod of claim 27 wherein the
coefficient generator is a RAM | ookup table. 31. (New) The net hod of
claim 27 wherein the coefficient generator is a ROM | ookup table.

1 29. The method of claim 26 further comprised of the steps

2 of:

3 providing a lookup table storing a first plurality of

4 coefficients; and,

5 using the phase value as an address to the lookup table to

6 provide second pluralities of coefficients selected from the first

7 plurality of coefficients responsive to the phase value.

30. The method of claim 29 further comprising the steps of:

providing a second plu;ality of accumulators coupled in
series;

multiplying each coefficient of each second plurality of
coefficients by an input sample value and accumulating the sum of
each multiplication in a respective one of the accumulators;

shifting the accumulated sum in each accumulator to the next

accumulator in the series responsive to the rollover signal, and
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providing the sum in the last of the second plurality of

oy
o

accumulators as an output sample.
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