Dl G TAL -SI GNAL PROCESSI NG This, invention relates to a nethod and appar at us
for generating trigononetric function values particularly for use in
digital signal processing, particularly (but not exclusively) for
gener@ting sine and cosine function val meb = I n nanry areas.: of- ¢i giit al, si gnal
processing, there is a need to generate a sequence of sanpled sine and
cosine functions. Exanples that cone imediately to mnd are Fourier
transform eval uations, digital quadr at ure denodul ators, and '
generation of test tones. A di rpGiTAIESIGNAL PROCESSING stored table | ook-up
procedure wherein a table of functiron values corresponding to argunent
values is provided. This nmethod offers high speed, and as nuch accuracy as
desired. Its mai rrhisolineentione xredatesy ctoreapmetbodr and. apparatung2fopoi nt
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needed just to st 1d” COSi ne wavef or m no repeats of
the data). In a sseodn @ightal, signak prosessing, n Parbiculaely &&‘ﬁen@‘érrput ation

time per cycle, thbudRERyy 'BEUI genePatiingansiie r&mlicedsilieameimatibhy by
providing an arithpetic unit for tcal culating function values. For

exanpl e, the si ¥LB%ecursion sin[(n+)x] = cos(x)sin(nx) + sin(x)cos(nx)
cos[(n+l)x] = cos(x)npwany)areasi of digitalnsignalqproeessing, there iisl acati ons
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Round- of f functions. Examples that come immediately to mind are
. Fourier transform evaluationms, digital quadrature
e demodulators, and generation of test tones.

A direct method is to use a stored table look-up
procedure wherein a table of function values corresponding
to argument values is provided. This method offers high
speed, and as much éccuraéy as desired. Its main problem
is excessive memory storage. If a 1024 point sequence is
required for -example‘; wi}tn_ 16 bit arithmetic, a 32 Kbyte
ROM is needed just to store the sine and cosine waveforms
(assuming no repeats of the data).

In a second: method, if we are willing to_' invest some
com'putation time per cyclé,' this memory requirement can be
reduced dramatically by providing an arithmetic unit for

" calculating function \_ia-lues. For example,  the simple
recursion '

sin[(n+1)x] = cos(x)sin(nx) + sin(x)cos(nx)
cos[{n+1)x] = cos(x)cos{nx) ~ sin(x)sin(nx)

requires four multiplications per cycle and needs only a
few memory locations.’ B

one has an unéaSy 'feéling:. about using these formulas
however, as an extrapolation is involved.  Round-off



errors Wwll occur, and grow as the extrapolation proceeds. The

rel ated phasor tends to spiral inwards or outwards, rather than retain
constant anplitude. One known way of. guercomi ng this extrapol ati on propl em
is to slightly |lengthen the phasor increment: The running phasor is thﬂs
given a small outward novenent on each update. Then, assum ng the
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third method is ) ~and cosine
functions, initi Iabﬁﬁ accur&ﬁ Q# g@h@eﬁﬁoﬁ%& ?‘F "0 sanpl e. _
points whi chi%d'&ns mtxlanlg@ el mra@sorai@reem-edm rmeingvm ues are
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functions, initially accurately calculated over a small
set of sample points, which span the range of interest,
are stored. These values are used 'as inputs to an
algorithm performed by an arithmetic unlt, which uses
. J.nterpolatlon calculations to find all remaining values.
" small errors can and vill  oceur, but they are
- significantly smaller than errore from an extrapolation
" algorithm. |
The price paid for this mcreased accuracy is a small
increase in computatlon time over the first method. and a
nodest increase in memory size over the second. |
In one simple method of interpolation, described in -~
(3), a short table of length (logzl{ }+2 where N is the hed
number of derived angular values (spaced at 2s/N)
including sec values of (=/4), («/8), (=x/16) ...
(z/N), is used to calculate successive levels of a table
of interpolated function values, starting from values at
/4, 0 and interpolatmg to find values at »/8 and
'37/8, then interpolating between these to find those at
x/16, 3x/16, S5x/16 and 7Ta/16 etc. This method has
disadvantages, however, because since the function values
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ferr], then interpol ating between these to fiind those at [err] and [err]
etc. This nmethod has di sadvant'ages, however, because since the function
val ues. -3- are not created in the desired succession a |large table (of

| engtiy, N must be created before the val ges can be output. This also

I nvol ves a cal cul ati on delay before the output of the first desired val ues.
In a second nethod described in (1), the sape interpolation
equation is enat@ymst credtéd i iistthed desfredr succession| ar Jargebtablef | engt h

N holding all the desired functj te akgefit ml Qv h
table of length F%gr%n_i E‘H &@ég%&’g&@ggeqlﬁé‘g@é%?g# nggjflg%pcc%%ﬁfg%ts ot
function val ue obutput.scHhisnakso tinvolves agaleylationedelashibefioredheext

necessary to pr oSt SETURNEfat BatdalyahipeD, TLPT, SO L e i Les i n the
sequence; whenever dift eftr§eapRdudIathodn fdescriied ndl pebh uhe, game; s
oPurer Dha’ [nmmeasesgelon, spucloic 1o mplopes) | stdstess oos | e
brevi ous et hod, CERRELARCA JAIBE bR e e dendhen BRRatnd pLF G Hedken oy )
(r:ggtrjg:d ?Ecei wg Emﬁigg aqa:lumr.i the 8131111'1@;9“?105?:1& short atablel &f. O
i mpl ement i ng thi g&tt‘&}?‘t e@l%a&%bol%g?ﬁﬁﬂn{a o%awgrﬁgﬂmgéﬁéé ‘@3\3% g{/
| ooki ng at the wourden§ fupcbionovalne a0f \the sequeaceer te tyQ vajesh a
sequence of sinepygldéfSwhich the .next function value of the sequence will
@ be inﬁerpqlated, and the values necessary to progressively
interpolate all further function values in the sequence;
whenever an entry value in that t-:a_ble has been used, it is
replaced by a new interpolation value to be used in a
later step. The nature, and the total number of
‘calculations is the same as in the previous method, but
the storage required for the table is considerably reduced
and the results appear, in sequence, without initial delay.
'~ Oof course, the two methods are not necessarily
mutually exclusive. |
A way of implementing this latter interpolation method
is as follows. | S
We begin by looking at the working vector or array V,
N, of size (log,N)+2, from which a sequence of sine values
are obtained. This vector has some of the sine values
which will be output as s-ampie. values. As a sample value
is output, it is replaced by another sample value which
will be used later on. Below is a five element vector,
‘which shows the flow of data storage and computation in
calculating up to 128 values of a sine. For simplicity,
an element is shown by an integer 'number, which in reality
represents a sine value. For example, the 16 in row 1 (at
position V,) stands for sin (16%4,), -where ¢, is
the angular spacing between sine samples.




are obtained. This vector has some of the sine val ues which wil

as sanple values. As a sanple value is output, it is replaced by another
sanpl e value which will be used later ,on. Belowis a five element vector,
whi ch shows the flow of data storage

| be out put

128 values of a sine. For sinplicity, an elenent is shown by an integer

éna conputation in cal culating up»&o-

nunmber, which in reality represents a sine value. For exanple, the 16 in
row 1 (at position [err]) stands for_ sin [err] where [err] is the
angul ar spaci ng bd®wedn S|né samples. 1 -4- 9= 4 - - 3 2 1
01 % -8 4 2 12 - 16 8 4 2 -
33 16 = 8 . . 4. 6 3 . TABLE 1 4 - 16 8
4 6 ls 5 ~ 16 18 -} 212 6. 56 16 8
12 6 27 Looki ng at ghe S|4uat|oz at the stage where the first

out put val ue 55 to be utpug (ti n= t he 5ta|l lsed.element in that
row, [err] [err]=1s o@tput) andiB48ad| aced by J[err].
This val ue 4s conpuﬂﬁd usBng the undeélinedsel ements in the row, and with
t he |nterpolag|on forqﬁla [ rr] 6 g

(la) for K=3,"L=1 in this case. }n gerer al tﬂe-Ls.are power s of t wo,

and so theb factod§ [8r] 22e préconpuled, stored, and then | ooked

up when necessary. The other rows, representing successive

out put

Looking at the situation at the stage where the first

~output value is to be output (time n=1), the italicisedr

element in’ that row, sln(lwa),_ is output . (v is
output), and replaced by sin(3*¢ ) This value is

computed using the underlined elements in the row, and
~with the interpolation formula

 Sin(K*¢0) [(sin( (R+L )y Msin( (K-L)#y)1/[2#c08(Le,)]

eoe {la)

for ¥=3, L=l in this case. In general the Ls are powers

of two, and so the factors 1/[2*eos(L¢b)] are
‘precomputed, stored, and then looked up when necessary.
The other rows, representing successive = sample output

~ times, are simila_rly output and computed.

A sequence ef'_ cosine values can be generated in a
similar manner, since there is a cosine interpolation

cos(Kee,J=[cos( (R4L)¢, Jcos((k-L)4y)1/[22c0s(Lg,)]
| cee (10)

‘Another vector of the same size'as“v'is needed for
storing the cosine values, but the same . j, I and 3,

sanpl e



tinmes, are sinmilarly output and conputed. A sequence of cosine values can

be generated in

a simlar manner, since there is a cosine interpol

ation

[err] (Ib) Another vector of the sane size as V is needed for storing the
Cosi ne_val ues, but the sane j, [err] amd§ err] apply. Thus the cosine
sequence is cheap and easy to produce simul taneously with the sine
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in floating point hardware). Furthermore, the inaccurate
interpolation is usually itself used to produce further
interpolations, so that the error propagates through
further calculations.

Accordingly, in the invention, the problem can be
overcome by using a different trigonometric interpolation
around such argument values. According to the invention,
there is provided a trigonometric function generator for
generating a value of a trigonometric function in response
to an input argument comprising: input means for receiving
an input argument; first store means for storing values of
the function corresponding to spaced argument values; and
arithmetic means for interpolatively calculating, using a
first algorithm, values of the function corresponding to
arguments' lying in the spaces between those spaced
arqument values; cha:acterised in that it further
comprises: |

- second store means for storing values of a
second, complementary function corresponding to spaced
argument values; |

- arithmetic means for interpolatively calculating,
using a second algorithm, values of the first function
corresponding to arguments lying in the spaces between
those spaced argument values from values of the second
function corresponding to the neighbouring predetermined
argument values; and |
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arithnmetic neans for interpolatively calculati.ng, using a first algorithm
val ues of the function corresponding to argunents lying in the spaces

bet ween t hose spaced ar gunent vaqu5s._characterised in that it -
further conprises: - second store- means for storing values ofwA
second, conplenentary function corresponding to spaced argunment val ues; -

ar: t hrret :c ct rr:ea][]s ~for doﬂi:ﬁb"]t polmahhy el forc aberdctively %mt ifigS eeRy) d ?Ihgorl thm
val ues o e fir unction cor on argunents | Vi in e spaces
bet ween t hoseS¥9R e& QF%M &%Fg‘é& f&’Smg“@a%t?Eg ofFgURent e&'g - function
correspondi lngwdtad;msimgl ﬂk&o@drsmgtpreMeaJI;gmmrmwmmuagM@, and 4 - 6-*
- contro 0 el econd store an
al gorithm for ‘ﬁ@ﬁg@} g?'ﬁ@&éﬁf e&%«ﬁlﬁn Ot ?'X'H%gfni‘ig‘gﬁﬂg first store and
al gorithm give Poecexamplesuinsthet¢ase oHuthe above method,n instead uncti on
val ue. For ex&g‘r@%ﬁ?‘l gt he case of the above et hod, instead of conputing
err SV

[err] where | ry 'small, we use (2a) [err]
(2b) and [err] Hence the sine value i s found by .using entries fromthe

cosi ne vect orgin{giegl )E[¢SIMTIKSEDp )+§’ﬁ(§gqggg?]ﬁt2&@ébmt yeen the two vectors

ensures that accuraR: I'S reser@e ,
y p  see (la)

(or =E(sin€EK?LI¢5) + sin((k-Llg,)] * sec(Ley)/2)

where cos(Eq_ib} is ve-i'y small, we use

~ sin(Ree, )-[(COS([K+L]¢ )-cos([k-L]¢, )]/[2*609(1/2+L¢ )1
(2a)

”cos(xs¢ )-[(sin(tx~L1¢ )-sin([K+L]¢ )1/[zscos(«/z+n¢ )]
ces (Zb)

and cbs(w/2+L¢‘;_)=sin(L¢°_)-.

Hence the sime value is found by using entries from
the cosine vector (and vice versa). This cooperation
between the two vectors ensures that accuracy is preserved
‘at all times. The decision between using one or other of
the above formulas depends on the Lj¢°.- value. If
L¢, is closer to ns than .me /2, where M is odd,
use equation (la). Otherwise, use equation 2a. A numeric
example will suffice to illustrate the benefit of the



at all tines. ' The deci si on. bet ween u'nsi' ng o_né:._-or ot her of the above

formulas depends on the J[err] value. . I.ff[err] is closer to [err]
than [err] /2, where M is odd, use equation (la). O herw se, use
equatien 2a. A nuneric exanple wll suftit& to illustrate the benefit of

t he -7- invention. - Let [err] and 4 pl ace accuracy used

throughout. Equation (Jla) gives [errl, xyhereas_equation_(2a) yields the
correct result [erif'fe'ﬁt(iopeas‘ti\‘ﬁﬁﬁ"e %UL?@{] pﬁ'&o‘es%oya%tﬁ?flacy‘lha§i5€%n | ost
wi t h equati on (lapeeiltarypused throughout. tEBquatien t(la)apives nenory space
required for storing the conplenentary function interpolation

val ues and the (small nunber of extra cal cul ati ons per cycle needed to
updat e these st or 83n{20°Je286.56x9403us3391)7¢3438 i s in any case desired to
generate the conplenentary function (as, for exanple, in Fourier analysis)

then the benefit of the invention is ,obtained w thout any extra nenory
bei ng required. - THECFoAP- AEYS %f@hﬂﬁgéﬁ the| cRITeGE 485Uy way of exanpl e

only, with reference to the acconpanying drawi ngs in which:- - Figure 1
is a block diagra i par 5 SyYkiahkle,for putting the invention into
effect; - Fi gugggézqag‘a‘%wﬁ?%gbgggﬁﬁiﬁé g a realisation of the
apparatus of Figure 1; and - ~ Figure 3 is a flow diagramof one exenplary

At least one decimal place of accuracy has been lost with
equation (1a). )

The price paid@ for this is the extra memory space
required for storing the complementary  function
interpolation values and the (small number of) extra
calculations per ecycle needed to update these stored
values. Of course, if it is in any case desired to
generate the complementary function (as, for example, in
Fourier analysis) then the benefit of the invention is
obtained without any extra memory being required.

| The invention will now be illustrated, by way of
example only, with reference to the accompanying drawings
in which:-

- Figure 1 is a block diagram of apparatus suitable
for putting the invention into effect;

o - Figure 2 is a block diagram showing a realisation

of the apparatus of Figure 1; and

- Figure 3 is a.flow diagram of one exemplary
method of performing the invention.

Referring once more to Table 1, when using the second
interpolation method, two central questions are how the ‘
“algorithm knows which element v:i to output and which two
elements V:la and ij are f.o be used to find the
replacement element. We consider first how to find j.
Then simple formulas are found for ja_ and jh. :
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consider first howto find j. Then sinple fornulas are found for [err] and
[err]. -8- Th t | inV,
where j is the r%& t%ﬁght_[ a@‘: ié(dg}(l'gresseg&&%gl naré/dgliefaﬁ';t'j l%gr exanpl e,
for n= 6 (110) ¥, i vherei ghdaothe irightmost dnefsn (pxpressed fmerhimarg output. For
n=5(101) (andggig), Otmr &Qﬂpﬁ,vﬁbﬁﬁﬁ% (m)r,] it§ Pighbrést 1048 jrst problem:-
then is, given to o e tSI’I (i p% g of finding
the number of 389 a?‘?l\a/ﬁl'ze 5s pf % Lht ﬁ?’ég&?ﬂ ot f gg sone

: Coﬁﬁyt ers gs otlidr dddt hei values), ue uv%%im ou-tpuntoaug ﬂrgtgr%mlé@und using a
machi ne code ut| u 0 itafests

Anot her net ho %ér f#ﬁédﬁ ﬁ$‘5 V\é%ig?a%&%@gg H‘I‘ng (n AND - n)
(assuming n |epenatiomsoi:(ﬂ;nlﬂénger#ha‘ alum)er Qf irailinghtzeroes ef ngle 1, at

t he ri ght nost p (Qi0 £(1100), and
J=n AND -n= (O'ijdéry gﬁtéﬁe?(‘n i &%?eﬁfo ‘extr gctc b{ni,:ﬁefi % ghﬁéw steps as

possi bl e. |the1meins|tmiﬁa repestoire goRawan e foﬂinaar ysingor@dsent at i on
[err], we gidlineCabde rWutindle byl %’ilé&essb&eaﬁjigh‘w&d ogieiFeki apa  then

Cor e of +he Bittaehi s kR achol if betorads FFotidus. o' E1e e Torm e
start by forming J=(n AND -n) (assuming n is in twos n
complement form). J will contain a single 1, at the s
rightmost 1 position. For egample, if n=4=(0100),
~n=(1100), and J=n AND -n=(0100).

~ From J, e want to extract j, using as few steps as
possible. If we imagine j to have the binary
representation Jj=j,j,j,, we find each of the j; by
an AND operation, then compute j by using - nested
multiplication. "o make this clear, we form a table of
the eight possible 8 bit J values. :

j=7654321014,3 I

10 00

1_0:0-1

1 010

1 011

1 10 0

1 101

1 110
1 111 '

The zeroes for each J value in the left side of the



j7= 7654 3210 [err] .1 0 0 01 0 011 0111 10 0 1
1011 111 The zeroes for each J value in the left side of
the . .-9- table have not been shown, for clarity. For exanple, J on the
first\rowis 00000001. It is seen that-[QPT] =1, if bits 7, 6, 5, or 4
inJ =1 So A(2 3) (11110000) = 240 =1, if bits 7 6, 3, or 2 inJ =
1. So A(l 3) (11001100 =204. =1, if bits 7, 5, 3, or 1:inJ = 1. So
AC0.3) = (1010107kmPle n%@eA{lrS@}mr e SEIRItY e Founewamplenad o8 i s ANDed
wi th, to test forghe #irst Yew ii8UGO0RODOR.OSIE iigngeetf tHat That is, [err] =
/WDMZSL [err] =3 AND A(1,3), [err] =J ANS A(O, 3) WesinMrﬁ)

I ndicates that J has [err] binary bits in its representation. Finally, |
is formed fromt (33e-nl=,sﬂ.édbi‘h3l 7i [@,i Batoroé inedrd Ithere is, a sinple

result for cal | ues, given any r,s. To see this,
we conbi ne the abovet%%\)al q'm%"P ISQIOZ\\%E A(2 3) (11110000) :

A(1, 3)=(11001100)

j; = 1, if bits 7, 6, 3, or 2inJ = 1.
8o A(1,3) = (11001100) = 204.
jo =1, if bits 7, 5, 3, orl in Jd = 1.
So A(0,3) = (10101010) = 170.
s The A(r,s) represent the numbers that J is ANDed with,

to test for a 1 in various but positions of J. That is,

J, = d AND A(2,3), 3, = J MND A(L,3), 3, = J BNS
- A(0,3) - o

The s in A(r,s) indicates that J has 2° binary bits
in its representation. Finally, j is formed from the
nested multiplication ' '

‘There is a simple result for calculation the A(r,s)

values, given amy r,s. To see this, we combine the above
A values as follows:

2(2,3)=11110000) a(1,3)=(11001100)

_,2 R Ll
2 2{2,3)=(00001111) 2 A(1,3)=(00110011)
sum=(11111111) sum=(11111111)

A(0,3)=(10101010)

o0
2 2

A(0,3)=(01010101)
sum=(11111111)



2-2  A(2,3)=(00001111) [err] A(1, 3)=(00110011) sum:(
11111111) sunF( 11111111) A(O, 3) =(10101010) [err]

A(O, 3)=(01010101) sum(11111111) 1010The sumis the sanme in all three
cases. This generalises to [err] As a check, let r=2, s=3. Then A(2, G} =

16*255/ 17 = 240, the correct answer. Now that we have found j, [err] (the

current funct : t Dt n f ] and

[err], the Io?gPl%ﬁisqg)Fﬁé V\/O%'Isél)'tr{ttethr ues 1o bgmésv eglggdijt%%éet her to
formthe next ¥Pnt er pol at ed vaI ue stored in the vector at position Vj; we
start with a decorrp05|t|on of .argunents. Recall in the vector table that

isinthe jth om t he above work that J (n AND
-n) = [err] ia(nl$b=a2%ﬁél | €3 )/(2 Hldction of the vector table shovvs t hat
the next argunment in colum j will be n + [err]. W want this value to be
the average of [err] and J[err], the argunents of +the sine terns to

be averaged. To akhidewohecks sleﬁ/\ﬂ'=2ets=[3@rrThﬂﬂoN?e?r)r]= d68295/47]=t o be
distinct, we Ing [ﬁt"erazoweb@ mrdecorrposmlon of argunments, we next | ook

at Now that we have found j, \Z (the current function
value) can be output. We must next find j and jh'.
the 1ocations o£ the two sine values to be averaged
together to form the next interpolated value stored in the R
vector at position v:j‘, we start with a decomposition of N
arguments.; -
Recall in the vector table that the argument for the
quantity to be output is n, the counter input, which is in
the jth position. Also recall from the above work that J
= (n AND =-n) = 25 is also available. Inspection of the
vector table shows that the next argument in column. j will
be n + 231, e want this value to be the average of
ny and R, the arguments of the sine terms to be
averaged. To achieve this, we let

the argunent f 2de output is n, the counter input, whi ch
B[ g ggtﬁlr i

nptny=2(23*l) = 2m423*2 = 2n427*le2)e)
for ny and n, t:Q be ai_stinct, we let
n, = n+2j'. n, = n+zj+l + 27

With this decomposition of arguments, we next look at
four possible formations of n, and n,.



four possible formations of [err] and [err]. Case 1 [err] Case 2 [err]
Case 3 [err] - 12- Case 4 [err] Cases 1 and 4 show that [err] or [err]
wi Il appear in the [err] = j+1 colum. Then case 1 and 3, or case 2 and 4
showst hat the other argunent will occur=i® a higher val ue col um. To find
the argunent [err] in the adjacent j+1 columm, cases 1 and 4 |lead to the
formation [err] The other n will be [err] Bearing |n mnd that- J = has
al ready been found, [err] ThéEEEbﬁtnDst 1 of [err]®*™and that of [err] are
located from nb and na using the nmethods that yielded j fromn.

Finally, the replacenent el ement gflcqlcuhﬁgg interpolation from
the [err] and J[err] elenents V7 usi equatlon la (or 2a).

n= 1 0..0 i

zj - 1 0'. -0

n, = * 1 0 0..0

o Case 2
j+1 j  lower
ne= % 1 1 0- .0
2] = 1 0. 00
ny = + 0 0 0..0
Case 3
- 41 3 lower
~ n= x 0 1 . 0..0
9dtlnd o 1 1 0..0
= ® 0 0

0'0 .0



1

-13- Referring to Figure 1, one kind of apparatus which nmay be used to put
In this enbodi nent

function generator conprises an arit tic logic unit 1 capable of - _
32 bit) addition, wf
subtraction and nmultiplication (or division) operations under the connand
of a programinput. The i nput Q% he arithnetic unit ALU 1 is via a data

the invention into effect will now be descri bed.

performng finite precision (e.qg. , 16 " or

bus 2 (typically 12 or 16 bits

Connected to the data bus 2 is a

menory 3 conprising M= [err] sequential menory | ocations each holding a

- binary representatlon of a cons{any vallpgwer The v
secants used |n. t he |nt§rpo#at| &ﬁ la [1/2
22, ...) and, § the store s not Ttten to,
course, COSi nalt tants coul dlbe 3t or 8d0&and used
can performdivision. The store is accessed V
A RAM 5 conprrsrg—aproratrty—iof—segoent i al

the working vggtar [err] (equiyalegt tg,.derr]
stores interpélated function values (in the fol

alues are

it may be a
i nstead, i
ia an addr

the array

RON. O
f the ALU 1

t he

of”
*cos(L)], where L = [err],

ess bus 4.
menory |ocations is al so
addressed from address bus 4, and coupled to data bus 2. Thi

s RAN hol ds

di scussed above) whic
owi ng, the function wl|

be exenplified by a sine function), including the current value. An

i ncrenental - counter 6, initially set to one, produces successive input
values up ‘to h r an..oyt put:~ad dgcoder | ogi
circuit 7. This CI CUI§ FE ﬁe%ht @g%dglegg #ﬁ gﬁﬁg ggﬁéé' 5 of the

h

c

function val uthe alpe dr!rip@ﬂlumy tf?&egeﬁaeaﬂ-oal}d By ppceasend amd 4 i ght nost '.1
In the binaryghGprhaetid otRer'arqunent will occur in a higher value

column. To flnd the argument n, 'in the adjacent j+1

column, cases 1 and 4 lead to the formatlon

n, =1+ 2j + (Zj+l AND n)

The other n will be

ny 23 Ligdspd-(ne234 (234 mup n))

23t L3 (232 myp n)

Bearing in mind. that J = 27 nas already been found,

n, = n+3J-(2J AND n)

The rightmost 1 of nb (jb) and that of n (3

a

)

are located from n, and n, using the methods that
yielded j from n. Finally, the replacement element is
Vja and _ij

calculated by interpolation from the
elements of V, using equation la (or 2a).

o/

[}



t he |nput val'ue from counter 6, using, for exanpl e, one of the algorithns
descri bed above. This value is supplled to the address bus 4. A second
address decoder circuit 8 generates, for the input value provided by the

countigf 6, the two addresses in the sine 13l e RAN 5 of sine val ues - 14-
[err] & [err] between which the replacement elenent of vector S
will be calculated to replace [err]. Also provided is a RAM 9, of the sane

size Mas RAM 5, forReﬁﬂrﬁhg tphﬂ%ﬁkln(yneokinﬂeofeﬂmap& whickmaya ROM 10
of the same size s M 3!;0 fmbd'ﬂeeﬁél%ncqmssem&n&mr RuO'be

cosecants. O course, r st.ores uld be partitioned
areas of the san@m\ﬂ cén this, %nméémen&s &!ﬁ I fw%g%n gep raton y gi ven
val ue of L elthercohbﬁs%ecmraﬁihmwiesmiecmm antapablet of rperfolming, Wil |

be wused in int ation nlLy f need be
stored; the val ug}gg# S Ee'th?ﬁ'oFovh_ga Cosgé ;XS [ﬁ #‘EP aagé\gjﬂfé‘r' for

si npl i ;:l tyWI n t tsabtraddtdon ngndt meltipliecatisn E(or9 dinﬂsim)vmdperwbianseat ed i’iS
separ at e ere or. : exa

a tone generator ﬁeégﬁﬂ qugah é)rbéﬁo nect Zﬂé@ gné'%;ta%gllebus rzrp >
will be provided a@-\%ihhltﬂtlﬁa\}niftubmhér iﬁn%lﬁjéemnﬁt% tp'mtqaa&a%losgue
output). The fl OWGOBIQPQiiﬂhboncgﬁnédtea €l \theedatd budozv fie acit@moriyn

Sorecs Gelogur " FonBialogs B nqtIBNYL bedfantial p senbe; Aghet 4 .ne%ﬁi‘é
RAM 5 of the each holding a binary representation of a constant value.
The values are the array of secants used in the
interpolation formula (1/[2#cos(L)], where L = 2%, 2%,
22, ...) and, since the store is not written to, it may
be a ROM. Of course, cosine constants could be stored and
used instead, if the ALU 1 can perform division. The -
store is accessed via an address bus 4. A RAM 5
comprising a plurality M of sequential memory locations is
also addressed from address bus 4, and coupled to data
bus 2. This RAM holds the working vector s-j (equivalent
to vy discussed above) which stores interpolated
function values (in the following, the function will be
exemplified by a sine function), including the current
value. An incremental counter 6, initially set to onme,
o produces successive input values up to N which are
supplied to an output address decoder logic circuit 7.
This circuit generates the address in sine table RAM 5 of
the function value to be output by the generator, by
locating the rightmost '1' in the binary representation of
the input value from counter 6, using, for example, one of
the algorithms described above. This value is supplied to
‘the address bus 4. A second address decoder circuit 8
generates, for the input value provided by the counter 6,
the two addresses in the sine table RAM 5 of sine values



next value to be output, by locating the colunn of.the rlghtnDst 1 as
expl ai ned above. The value j is passed to variabl e address decoder, mhlch
calcul ates the addresses [err] and J[err] of the tw values. fron1~_
which the next (replacenent) sine valbi&E will be i nterpol ated, using %he
met hod descrlbed above. Next , deci si on logic 12 thresholds j to

det er m ne g a vaI Deci si on
l ogic 12 caus at hé %ﬂi ﬁ%ﬁ%’b F’Z‘iﬁ g‘ﬁg %&h?éegq&?heé@é% ress ei t her
of the sine tatdceommﬂblbeteaicubatedetmmbam 9. -The two addr esses are
then | oaded in tu r di val ues ’
[err] and [err]md)m.ﬂarr? fé% ﬁﬁg“ ?gdd{eerr rﬁgﬁﬁ?%‘é *rm?evant RAM 5 or
9 are put on tie¥ @Q@-@i@éiheaﬁérkjé'ﬂd@ﬂi@ r@&ﬁ@k’ - An& 1 BQMUL0. Then, in

out put addr esoedepadgime’ sizei &5 abMCd, t fort. %l&iﬁ? nebasereagenamgy of the sine®
table RAM 5 and | oaded onto, t he address bus 6. T'Sine table RAM5

consequent | y (FF8YHeCPRHGAPEB sine output value [err] on the data bus 2,
and out put buf f er ofl lcoursepadlledfour stopesdd,a Spudf anddloucgulid bef j is |ow

(correspondi n&a%i%%\ﬂeaeé%cogferﬂ{? g%rﬁegﬁm NG s SFhEE [agrr] t han

[err]), out r'ess set correspondl ng to the base
addr ess of théﬂﬂ&cheaﬂﬂ%cmWogj-venaﬂﬁlu%&fsﬂt pithers the sa; Ort.he address

bus 4. Sec taljlee Eddc3 @&llgggﬂ NObit Pabe tthemﬂyalw abed erih] onto__t_he
ﬂ?tgﬁ b?io?resgﬁgﬂwﬂ}a g‘%ﬁg g‘}ﬂrYtg(r)\ar[et@g#) 0% d =lff°é‘z,rl]‘t)+2? of both bs
~need be stored; the values of sec for low L and cosec for
high L. However, for. simpl:.city, in. the following, the o
stores 3, 5, 9 and 10 will be treated as separate.
Where the function generator is to stand alone . (as,
for example, a tone generator), an . output buffer 11
_ comnected to the data bus 2 will be provided (which may
further include_a DAC to provide analogue o_utput)
~ The flow of operation of this device will now be
* explained.
Counter 6 provides a value of n (the input value to
the generator). Output address decoder 7 receives n and
locates from it the position in sine table RAM 5 of the
next value to be output. by locating the column of the
rightmest 1 as explained ab,ove.' The value j is passed to U
variable address decoder, which calculates the addresses
.ja. and jb of the two values: from which the next
(replacement) sine value will be interpolated, using the
method described above.  Next, decision logic 12
thresholds j to determine which algorithm to use to
‘calculate the mext value. Decision logic 12 causes the
addition to j and jh of the base address either of
the sine table RAM 5 or the cosme table RAM 9. The two
addressee are then loaded in turn onto address bus 4 and
the corresponding values S8 and S5y or Cy and



offset corresponding to the cosec table ROM 10 base address i
instead. ALU 1 now holds (in 3 registers) the data necessary to cal cul ate
the new sine interpolation to replace the output value. Decision |
suppl iegs either an add or a subtract i nsti%ietion to ALU 1, which thus

ei t her adds

the first

([err] + [err]) or subtracts [err] the content

2-registers, and nultlplles the —result. by the rele

constant hel d inS%ge from he:erelevant RME 5c0F sPnareapuk oenthertdatai s | oaded -
by ALU 1 onto datpygh t@@r@q_ﬂg@q- febe®sSof thadgmdil o the si'ne table RAM

s added
ogic 12

s of
vant

ess bus

of fset base address)_.s | ddr.ess_decoder Qn o addr
4, whereby the repl a@?‘-ﬁ%n vﬁ‘&?ﬁ&%?ta CodeE Tus fﬁj gd, € n the
si ne tabl e RAN 5.offfeat , hadeeaﬂdpésscme‘Meebmntam:b RaE soanﬂeloaadde RAN 9

is cal cul ated an

and [err EQO%ﬁQ 8&®E%Pr8@?n$he st ng@éfﬁ%uéﬁgﬁgﬁ

j, [err]
out put .

next cycle comrengce I ugﬁfy y t
9 as a single de\rlklccgnd 6chaervm ef tlﬁ M@O

-16-

t

puts the relevant sineOmutput ovalaet anom bhe edamt dnhs
errlng t

2, stores 3, 5, OUEREE-10 nay be reallsed as areas of a single RAM

13. Counter 6 is copgeyi qgt Iqugbtﬁggomn

l ogic 12,

w

varlable ad [ess decoder . .and res8

conveni ently realtPEEd THE APRF | NERFGR, o B mx/Z), outp %°°% Sé

decoder 7. adds aw e@fset eorresponding to the base address
of the_sec_tahle RO¥ 3 to j, and loads the result onto the
address bus 4. Sec table RON 3 accor&ingly puts the next

value of 1/2*cos(L¢ ) ‘onto the data bus 2. ALU 1 is

enabled to read this value into a register. |
If j is high (corresponding to a high L¢o), an

 offset correspending to the cosec table ROM 10 base

address is added instead.

ALU 1 now holds (in 3 registers) the data necessary to
calculate the new sine interpolation to replace the output
value.

Decision logic 12 supplies either an add or a subtract

- instruction to ALU 1, which thus either adds (sja +

sjb) or subtracts (cjb - cja) the contents of the
first 2 registers, and multiplies the result by the

relevant constant held in the third register.

The new sine value generated is loaded by ALU 1 onmto
data bus 2, and the address j (added to the sine table RAM
offset base address) is loaded by output address decoder
onto address bus 4, whereby the replacement value
overwrites the just-output value in the sine table RAK 5.

Next, the replacement element of the cosine table RAM
9 is calculated and stored, in the same manner as above,
using the addressed i, j, and j. If so desired, the
existing cosine element may also be output.

ddr essed

#dy al so be

and t he
0 RAME 5,
o Figure
devi ce

megu%hem¢ot ékUak anEECISIon

are all -



under a control programstored, for exanple, in a program RON 14,
followng the logic of Figure 3, ALU is conveniently a DSP device,

e.g. a menber of the AT&T DSP fanily (agg qmay include onboard RAN or RON 13
and/or 14), and the programinpl enenting the invention may form part ofi‘?—,
another program (for exanple, one inplenmenting a Fourier transformon
an input si gnal) Counttengls 1ishethémvinvreféntdad Sandd S créyt')‘:gd wth

reference to thg, gﬁ'&gd i-nt erpol ati on nmet hod di sc osed uaIIy
applicable (in a road sense) .to the first. O her trlgonorretrlc functions

than sin and cos iy llglﬁidyacmemenmetosamplmﬁﬂeﬁhe e Rraiis egthl onis
especi al l'y usefgués |ap Kk | t ati ng fuhctions

si nce t hese ﬁ{}&éar T cufé %if#eﬂggp%dg%ﬁg Ill v d¥ ¢ f er ences

bet ween | arge nu EE e €0 E %ﬂreofz.satorersmetspno amraot hﬁ§6héeadl ly
derivabl e fronreilisednas areas of unﬁngqaslms et %ﬁﬂé Bcséons) | n

nor e gener al s of func I"ONS to V\hl ntion

appl i cabl e ar esﬁl%"e%y%teﬁg# Bu 8t o Fe9! ffél'r Pf ALU1Y.- Déuisgor is a -

const ant whi chlogig H@,coapiable aBiressaddcodur e anhuagtgwsaﬂi-g $peC| al
nmoni

unctions.

The T el evant © emBron BHEALI Lonfl ARl POt el Tecd Tt e 1 mehdagispect | on,
by one ski | | ed"# rtﬁeeamfmlmmann skorpd; faP emamgle,olinQC Prodghdd ¥ decide
whi ch ROM 14, following the logic of Pigure 3, ALU . is
' conveniently a DSP device, e.g. a member of the ATST DSP
family (and may include onboard RAN or RON 13 and/or 14), w
and the program implementing the invention may form part
of another program (for example, one implementing a
‘Fourier transform on an input s1gnal)
Although the invention has been described with
" reference to the second mterpolation method disclosed, it
g is equally applioable € in a broad sensel to the first.
' Othier trigonometric funotions tham &in and cos may be
generated in the same manner.

The invention is especially useful in; interpolating
periodic, alternating functions sinoe these are
particularly likely to produce small differences between
large numbers; one class of such functionsr are those S
readily derivable from sine and cosine funotions ( such as
tangent functions) :

' In more general terms, another class of functions to
which the invention is applicahle are the exponential
functions: :

olcx(n+k)) _ e(;c+n)-*e(c*k)
olex(n-k)) _ (c*n) o{c*k)

o(c*(n+k)) ,,e(c*(n-k))=e(c*n),.(e(c~k).,gef-ck), i



algorithmto ‘enpl'oy on the basis of the value of | or L but could, for
exanpl e, performthe subtraction stage and determ ne whether the result is
the difference of two nearly equal quantities (which wll| produce
roundf—__gff errors). Counter 6 could, of-chHrse, count down instead of up
(with"a slight change to the procedure for deriving [err] and [err]), and,
in principle, nore conplex waveforns could be generated by counting up and
then down. As stat edwhdreve, mmlamaumﬂh|mahemmemesmm onisin

digital signal pragege! Hind¥ond ra%ee?@gﬁ | bds BFOTMis dIMBECIGF an

operation and generate -a _processe SI nal, one | ass of such .

tput
devi ces perf or m Syaetion, t‘fhéﬁhoﬂﬁ%mdén Ee enie Funst PRSrs e he i nput
signal:  The Inmbm interponacion | vquatdohs! aden @eriwbdej nofrdmort term

Fourier, Discrete_cosi or, Si ne whi ch are wi dely used in :
real -time signal IRSBES n&%ﬁ@?éﬁﬁ&é%@% peed and nenory savings are
VltLal) suclh. as hi gh- pezision slogicviltcmeeddnoy. netessarilyt Ndecide ewhiohn has

ot her applicatiaq a j t nal -
wavef orns for tesﬁ%ﬁﬁi‘{#‘ &ﬁa% gndgﬁ%%ﬁﬁ, %%nlg,n&\% %LM syec?t?eg‘ce of
function val ues dug gowld,atfou exampbe merfom &hg sptrackion stage and anal ogue

wayv ef Th | b ]
vaveform  The | ngBHAGR GAidkAer! Bl DPedie! agediien diaTerdied ¥t ator s.

ne Cregtion of Sines si nes of
Successi ve Angl ediearlypy ggual | Eﬁ@ti%?s 755"1‘1&3‘ 1Uﬁlpppli Eelmng ober
1987. 2. Lind L drrors Rt altbtnter l6 kould,caif @durde,Seornt odownn instead

, of up (with a slight change to the procedure for deriving
d ja and jb.)‘ and, in principle, more complex waveforms
could be generated by counting up and then down. .
 As stated above, an important application of the
invention is in digital signal processing which receive an
input signal, perform an operation and generate a
processed output signal; one class of such devices perform
‘gpectral tranformations on sequential portions of the
input signal. The invention is especially useful in
calculating short term Fourier, Discrete Cosine or Sine
Transforms, which are widely used in real-time signal
processing operations (where speed and memory savings are
vital) such as high-compression video coding. However the
O invention has other applications; for example, in
generating high-purity signal waveforms for testing or
quadrature demodulation in which a éequence of function
values are generated and output, via a DAC, to provide an
analogue waveform. The invention could also be employed
in hand held calculators.




Functi ons',

of Signals in

Aiver J

Applic, Vol 16,

si mul ati on program for
descri bed above to enhance accuracy. 00010

SI NUSO DS 00020

Initialis

REMS = sine array, created on-Il.w4
ay (12 digit accuracy).<00

sine arr
on-1i ne.
accuracy) .

00130

NLGY% | og (base 2) of N%

I nt eger.

ation.

00080

| ERE Fifth International Conference  on Digital

Processi ng

Comuni cat i ons, Loughborough, pp 11- 15, Septenber 1988. 3.

- '"Stable Methods of luating Cos [err], J I
opil

pp 247-258, 1975. A

nst Mat.hs

X This is a ZBASI C listing ofia
i npl ementing the invention using the algorithm *
REM ON- LI NE CREATI ON OF

REM L. F. Lind, 6th March, 1989. 00030. REM

00040 REM Ba- = the nunber of ~accurate bits.

00050

S REX Sc = calcul ated
— REM C .= cosine array, created

REM Cc = calcul ated cosine array (12 digit
0009 OBunexﬁﬁMiSEC = SeSWI oMY Cheatdont UF SSines C&lOO REX

CSC = cosecant array o 0 ant 0Q11 swi t.ch
choose SEC or csE"%ﬁ%EﬁerP% r%"&f ve %Eﬂi?ﬁ §E V\#EFE'S Y.‘# L

rray, to
subr outi ne.

REM N% ne 10;nppr1438-b495p| ctobemnt198%o b_e conput ed. 00140 REM

00160

3.

rounded up... 00150 REMto the nearest

" REM T~ = radian angle increnent. 00170 BREAK ON

Lind L P - ‘'Stable On- ine Creation of Some cammon

'Functieris'_ IERE Fifth International Conference on

Digital Processing of signals in Communications,
Loughhorough, pp 11-15, September 1988. '

Oliver J =~ ‘Stable uethods_-_ of = Evaluating Cos
(iz/n)', J Inst Maths Applie, Vol 16, pp 247-258,
1975. | |

| APPENDIX

This is a ZBASIC listing- of a simulatioxi _program for
implementing the invention using the algorithm described
above to enhance accuracy.

00010 REM ON-LINE CREATION OF SINUSOIDS

00020  REM L.F. Lind, 6th March, 19;89',

00030  KEM Initialisation.

00040 REM Ba = the number of aceurate hits. '

00050 REM 8 = sine array, created on-line. -
00060 REM S8c = calculated sine array (12 digit

accuracy). .

00070 REM C = cosine array, created on-line.

00080 REM Cc = calculated cosine array (12 digit
accuracy). |

00090 REM SEC = secant array of constants.

L)



00180 CLS 00190 DM .

S(12), Sc(2000), C(12), Cc(2000), SEC( 12) ,"CSC( 12) , SW/¢ 12) 00200 DI N

X 3), E(2000), F(2000) 00210 Ba=65536: REM This gives 16 bit accuracy.
00250 W T=1 00260 N%&=10: NLG% -4 007789 = dXp=1000/ (N% 1) 00320 REM
Initialisation of S, C SEC, CSC, and SWpo arrays. 00330 FOR K¥%0 TO NLG»%

00340 X=SI N B 0
X=1/ (2*S(K% ) : (GOé@@ oufmﬁkj e ’}é%sﬁ%{%%;iéy gi[ﬁ!‘ts' .

K% T) : GOSUB" r oun®@0130 K% REX (DB 7€ switoh- Breay,CtEOghoosOBES' op 08C" eIRMEHKY) =X
00380 SWA K9 1390ggy g F & 9 THEN SW/4 K% =0
00400 NEthl' I?’/onéég ﬁlg\/l Initiall sat@%)#ﬁai(ﬁ%‘gfgﬁa 0042% !

D( 0) =43690: D( 1) —@94?@ 00BEY N% Paupben ©fosanpip-poings @ohecr:ommmm N1% i s

argunent of nurrqum@xt tﬂmsﬁgge(hag@ez)q,%i{) roundely &3f.l.s argunent of
nunber bel ow the %@ 0 480 %Il On-line creation of sine val ues.
-20- 00520 - 0. {t9r Ehe Meprest ERIEE« x+»xx 00530 FOR K% TO
N% 00540 J%=K%0A5® KREMW 2962 Yudibafigle NiefeifentOSUB' LOG2" : L%=J S%

LI %L%+1 00560 OQE.I/qK%I- M&JZ% AND k% 00570 NS%=F% AND

- F% GOSUB" LO&XR2" S%
00180 CLS

00190 DIM 3(12),80(2000) ,C(12), Cc(ZOOO):SEC(lZ) CSC(lZ) SwWx(12)
00200.  DIM D(3),E(2000},F(2000)
00210 . Ba=65536:REM This gives 16 bit accuracy.
o 00250 T=1 :
00260  N%=10: NLGY=4
00270  dXp=1000/(N%-1)
00320  RE¥ Initialisation of §,C,SEC,CSC, and SW% arrays.
00330  POR K%=0 TO NLG%
00340  X=SIN(2 K%+T):GOSUB"round":S(K%)=X
00350  X=1/(2+8(K%)):GOSUB"round":CSC(K%)=X
00360 ¥=C08(2 K’&*T) :GOSUB"round":C(K%)=X
00370 X=1/(2+C(X%)): GOSUB“round"'SEC(K’s)—X
00380 &W&(K% )=1
00390  IF ABS(SEC(K%))>ABS(CSC(K%))THEN SWY(K%)=0
00400 NEXT X%
00416  RBM Initialisation of the D array.
00420  D(0)=43690:D(1)=52428
00430 D(2)=61680:D(3)=65280
00460 REK N1% is argument of number next to the chosen one.
00470 REX B% is argument of number below the chosen one.
00480  REM On-line creation of sine values.




00590 E( K% =E1 00600 REM Find the next table, value. 00610 IF

SWA L% =0 GOTO 670 00620  X=SEC(L% *(S(L1% +S(L2% ):GOSUB"round": S(L% =X
00630  X=SEC(L%*(C(L1% +C(L2% ): COSyB_round": (L% =X 00640 GOTO 740
00650 REM Here we use cosecant, rather than secant. 00660 REM Firsiys we
arrange argu(Ll@@<argu(L2@© 00670 | F F%>K%&J2%)GOTO 690 00680

RV&LI % LlO/(FLZO FRO/ Q&Q***** Start of loo *******'
X=CSC( L% * (S(L2 S(L(FE}?) GOSUB'round"'C(LO =X"00700 .

X=CSC( L% * ( C( 19 &EXUB¥r ound”: S(L% =X 00710 * REM Qutput sin and
cos 00720 086a0 " S Te=K¥ ww&wzvasem 00730 PRINT "cos of "KW = ‘

" 0, kkkkkkkk*%k
et Sy @?SEEXT M%%ESWPO’G@’W e iatodia e EfOR E%iyéls lT%OB STEP -1
01?80 o S%msmfo 01 BBEK%+3+J%(( DER cARBIKEX KS%)QO GOTO 11;9 gﬁgg '
N e e T o R
00590  B(K%)=El
00600  RB¥ Find the next tahle value. :
00610  IF SWx(L%)=0 GOTO 670 | -
00620  X=SEC(L%)*(S(L1%)+8(L2%)):GOSUB"round": (L% )=xX
00630 K=SEC(L%)*(C(L1%)+C(L2%)) Gosu&"romd"-c(n%)-x
00640 . GOTO 710 | |
00650  REM Here we use cosecant, rather than secant. o/
00860  RBX First, we arrange argu(r.._l_’_e)_(argu(LZ%)
0067¢  IF FRXK%+J2% GOTO 690 -
006860 = R¥=L1%:L1%=L2%:L2%=R%
00690  X=cSC(L%)*(S(L2%)-S(L1%) ) G@SUB'round'“c(L% )=%X
00700  X=CSC(L%)*(C(L1%)-C(L2%)):GOSUB"round":8(L%)=X
00710  REM Output sin and cos =
00720  PRINT "sin of "K&" = "S(L%)
00730  PRINT "cos of "Ki" = "C(L%)
00840  NEXT K% |
00850 REM #s2azaxaxxsx En_d of main ioo | RRXRRXRXRRRRL
01050  "LOG2" . | B
01060  J8%=0 : u
01070  FOR KS%=3 TO 0 STEP -1 el
01080  JS%=2+J5%
01090  IF(NS% AND D(KS%))=0 GOTO 1110
01100  JS%=JS%+1
01110  NEXT KS%
01120  RETURN
01130  "round" | | .
01140  S=SGN(X):Y=INT(X+Ba+0.5+8)
01150 X=Y/Ba
01160  RETURN



=21- CLAIMS 1. ) A trigononpetric function generator.for generating a
value of a trigononmetric function in response to an input argunent

conpri sing: input neans for receiving an input argunment; first store neans
for gtgring values of the function corregonding to spaced argunent val ues;
and arithmetic nmeans for interpolatively calculating, using a first

al gorithm values of the function corresponding to argunents "lying in
the spaces between thosewﬂgpaced arqggggg val ues; characterised in
that it further conprises: - second store nmeans for ~ storing
values of a second, conplenmentary function corresponding to spaced
argunent val ues; 1. arltmonmemanmmnngenqmtamm gegeratingt i ng,

using a second aLOqihlie Vgl @ 3adonbliac! | funbe ot hs€SBONgAN 10

argunents lying I'n the spaces belween Qse space nt ues from

val ues of the sedBpiE f%ﬁ%‘ﬂﬁ@h Q%PF%%iﬂshdMB“tt dReans ﬁ@?gﬁ RY
predet erm ned ar GHPENtarGuhes; ﬁaslt storeC @gans®| formaaosing ovaluael eﬁtlvel y

enpl oyin th d thm f ut h
woul d. usi ng ?hiﬁﬁer&n o iFesboiaing (48 eBreh Pl s vaLIER) Al o
round-of f error aniﬁmeditﬁ Lmeanboﬁoweﬁlnmrpcﬂatlvely calculabing,orusiggnar at or
A oot ac TR ftooiVihe! Vauddl® or! UAG! kiHbeib? cdireBpSifaingUgst o and

t he conpl errentar n"TS a costne func or a
function derivedargunestsondyisg in the fﬁm§§$ oer}Uﬂ%ft attdpsec BmagrAg t o

claim 1 or clai gpgument! Uvhiis; Cefd¥dcteribed™®3dnS tha® s¢'PPrurther an
comprises:

- second store means for storing wvalues of a
second, complementary function corresponding to spaced
arqument values; :

- arithmetic means for interpolatively calculating,
using a second algorithm, values of the first function
corresponding to arguments lying in the spaces between
those spaced argument values from values of the second
function corresponding to the neighbouring -predetermined
argument values; and :

_ - control means for selectively employing the
second store and -algorithm for an input argument which
would, using the first store and algorithm, give rise to a

o substantial round-off error in said function value.

.

2. A function generator according to claim 1,
wherein the function is a sine function and the
complementary function is a cosine function, or vice
versa, or a function derived therefrom.

3. A function generator according to claim 1 or
claim 2, further comprising means for supplying an

| O N NV



- 22 - increnental (or decrenental) sequence of argunents’to sai d I nput
nmeans, whereby the function generator output conprises a tinme sequence

corresponding to the function. 5 4, A function generator according.to
claim3, wherein the first store means is dinensioned to store fewer tan
the total nunmber of function values which will be generated, and the

arithmetic nmeans is arranged t-o 2aal<ulate a further function value, and
to replace an 10 out put function value in the first store with the
further function value. 5. A function generator according to any
preceding claim in which the arithnmetic neans is arranged also to

gener at &5 fd¥ordite, §8EN dUkdndiNldle) b8GuEALEC o 4RGurents C@Epl ement ary

function. 6. A function generator accord to_any one of clainms 3 to
5, furthé@%ﬁnﬁﬁ?ﬂﬁr@ﬁ%ﬂ%ioﬁﬁ% 69¥pEPenEBﬂ§tF8P gPaﬂﬁéFﬁﬁ SHERNY ogue

out put CoMRREEEE Y Himd e grimIa ot fdspdnding aouehe2@unétion. A tone
generator including a function generator ‘according to claim®6, appended to
claim?2. 8. A digital signal processing device conprising an input for
receivi ngt.an i nbufusehon  gemexakeutaderrdind mp ol adm Sut wbegeamn avai | abl e,

and di gi ::?]-l Wx%%{&é%&n@is d1He ¥ iU Ity stt'?:‘i‘:e' %%xsm%' to

produce the output signal , processi ng means i ncl ng a trlgononetrlc

functi on tehet@t@t a@@é\b&‘-’ngc’ﬁo §H9°Bfﬁ€nof"%1-‘5?$rs "Pit‘ﬂ" 5will be

generated, and the arithmetic means is arranged to
calculate a further function value, and'to replace an

10 output function-vaiue in the first store with the further o/
function value. '

5. A function generator according to'any pieceding

claim, in which the arithmetic means is arranged also to

generate, for the or each input value, the value of the
15 complementary functlon -

6. A function generator according to any one of
claims 3 to 5, further comprising analogue output means
for producing an analogue output corresponding to the
generated functioﬂ value.

20 7. A tone generator including a function generator
according to eclaim 6, appended to claim 2.

8. A digital sighal processing device comprising an
input for receiving an input signal, an output for making
an output signal available, and digital prdcessing'means
25 for processing the input signal to prodﬁce the output
signal, the processing means including a trigonometric
function generator according to any one of claims 1 to 5.

R



123- 9. " A device according to claim 8, in which the processing neans
is arranged to performa spectral transform operation. 5 10 A
devi ce~according to claim9, wherein the transformoperation is a Fourier
trangform 11. A method of interpolatively calculating a plurality
of trigononetric function values to finri28 precision according to a first

al gorithm characterised 10 in that, for values where use of the first

al gorithmwoul d I ead to substantial round-off errogs, the function val ues
are instead i fterpol at Avel§vVEde cacsoadimdontoakcdedn of, an odwplentheary

trigononetri c prodesiiioy ameandi Ngst CaArSegadd 1 IQeideyPm 13 sdletral A
nmet hod of proctg,%si a SI_| nalt.vxlni ch includes the Step of performng the
met hod accor di Ng t0 Gl ai Rt E+on: '

5 10. A device according to claim 9, wherein the
transform operation is a Fourier transform.

11, A method of interpolatively calculating a
plurality of trigonometric function values to finite
precision according to a first algorithm, characterised
10 in that, for values where use of the first algorithm
o would lead to substantial round-off errors, the function
values areﬁ instead interpolatively calculated from
values of a complementary trigonometric function
according to a second algorithm.

15 12, A method of processing a signal'which'incl;aes
the step of performing the method according to elaim 11.
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