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_ In one embodiment, the invention provides a multiplexe'shifter (304) which modifies the phase angle input (300) according to the

patticular waveform desired. Boolean logic gates (306, 308, 310) further modify the multiplexer/shifier output based on the two most
significant bits of the phase angle Input (300) and acconding to the patticular waveform desired. Finally, a multiplier (312) multiples the
nuitiplexer/shifier output with the output of the Boolean logic gates to produce the desired waveform. The invention may employ banks
of exclusive OR gates and AND gates as the Boolean logic, Another embodiment of the invention provides & waveshaping method where
ad.esuedwavefumisgenemedﬁmaphmanglcinpm. The phase angle input is multiplexed/shifted based on the particular waveform
desired. The results of the multiplexing/shifting are then modified by Boolean Iogic gates, based on the two most significant bits of the

phase angle input and according to the particular waveform desired. The results of the multiplexing/shifting and the Boolean logic are then
multiplied together to produce the desired waveform.
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Additionally, in the field of VLSI, the speed of conput at i ona
circuits has increased by orders of nagnltude Thi s enabl es the use
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particularly where the size ST

to mnimze 5 i naccuraci es and distortion. For

exanpl e, the well-known Tayl or expansion for t he cosine function:
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The present invention relates tc a method and
apparatus for creating different waveforms when synthesizing

10 musical sounds.

-*

Background of the Invention

In digital music synthesis, one of the basic
functional units is the phase increment oscillator. A phase

15 increment oscillator generates a ﬁphase sawtooth, " and then
employs a "waveshaper" to shape the phase sawtooth into a
sine wave, or other desired waveform. In most early
hardware implementations, a lookup table in RAM or ROM was
used to transform the phase sawtoéth into the desired

20 waveform. That approach had the virtues of generating
waveforms of arbitrary shapes and beilng relatively cost
effective compared to other means available, at least at
that time. Because of these virtues, that approach remains
common today.

25 _ However, in the maturing of the digital music
synthesizer, certain waveforms have become standard, thus
obviating the need for arbitrary'waveform generation. For
example, the popular Yamaha Corporation "OPL3" synthesizef
chip has eight standard waveforms. Because the "OPL3" chip

30 is used in Creative Technology Ltd's "SOUND BLASTER" sound
card for IBM-compatible PCs, the populatity of those sound
cards has made those eight waveforms a standard for

compatible FM music synthesis.
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provides a basis for a conputational approximation to a stored sine
waveform shifted in phase by [err]/2. Unfortunately, to achieve
suffjcient accuracy of |ess than a - few percent total harnonic
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For example, the well- known Taylor expansion for

the cosine function:

10 cos(x)=l-x*/21+x'/4!_x*/6L!..
provides a basis for a computational approximation to a
stored sine waveform, shifted in phase by =n/2. '
Unfortunately, to achieve sufficient accuracy of less than a
few percent total harmonic distortion {which is adequate for

15 low cost music synthesis), several terms of this equation
must be implemented when the required range is from -% to @
(a single cycle of the cosine). Because each additional
terh requires an additional multiplication and addition,
this approach becomes computation intensive, and thus

20 costly.

Accordingly, while computational approaches such
as these have been used instead of lookup tables, they
require fairly complicated multiplications, additions and
other functions. This in turn requires complex logic, if

25 the logic is hardwired, or places a significant burden on a
microprocessor, if a microprocessor is used instead. The
tradecff has been, therefore, between using large amounts of
‘memory, as with a lookup table, or large amounts of
computational capacity, as with a computational approach.

30



3 Summary of the Invention This i nvention
provides a new circuit and nethod for_generating waveforns froma

‘phase angl e i nput when synt hesi zi ng nusi cal sounds. In one

‘enbodi ment, the 5 invention provides a nultiplexer/shifter which

nodi fies the phase angl e input according to the parti e form
desired. Bool“é?iﬁ‘q%@ c gates than further nodify the Mlﬁ of .
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bits of the phase angle input and according to 10 the particular

waveform desired. Finally, nul tiplier mul tiplies the
mul ti pl exer/shifter Wﬁﬁé—%ﬁ&ﬁ&l—%ﬁ?ﬂe out put signal of the
Bool ean | ogi c gates to producehibeinvention (GRdvides v \tewo efircuilh andnretitodn
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::: ght of the foll OW'mGS.F&’f#ﬂJ SQeqﬁﬁQi%?L*Q{'{Jlﬁf\é@i‘Ctg.itput?’gignal with the
gure 1 shows a signa ow diI agram a kKnown
output signal of the Boolean logic gates to produce the
desired waveform. The invention may employ banks of
exclusive OR gates and AND gateé as the Boolean logic.

15 Another embodiment of the invention provides a
waveshaping method where a desired waveform is generated
from a phase angle input. The phase angle input is
multiplexed/shifted based on the particular waveform
desired. The results of the multiplexing/shifting are then

20 modified by Boolean logic gates, based on the two most
significapt-bits of the phase angle inpuﬁ and according to
the particular waveform desired. The results of the

“multiplexing/shifting and the Boolean logic are then
multiplied together to produce the desired waveform.

25 .
Brief D iot £ the Drawi
The objects, features and advantages of the
present invention will be apparent to one skilled in the art
in light of the following detailed description in which:
30 Figure 1 shows a signal flow diagram of a known

phase increment oscillator.
Figure 2 shows graphically the basis of the

pregent invention.



phase increment oscillator. Figure 2 shows graphically

t he basis of the present invention. WO 96/ 31868

PCT7TB96/ 00398 ' 4

Figure 3 shows graphically the creatlon of the ei ght "OPL3"

wavef orms usi esent invention. Fi gurwm%a
bl ock di agram%g?ggﬁqg{ dwar e I npl ement ati on of the prese :
i nventi on. Figure 5 shows thegrelationship of signals in
t he pr esent invention for the eight "OPL3" wavef orms

Detai |l ed Description of the Invention Before the present

met hods and apparatuses are  I89uXRescPbaRY 95aphically 5@'%?1’8%?%?"6‘08 t Fog
this invention is noteight -opnal-leaxrrﬁiaﬁ;e ubtngaei §b¢a=rn:amaeéﬁmes or

net hods descri bed as such, WhIC t hose _of  skil he .art, can,
cour se, vary. It is al § ﬂﬂ%r%&}ﬁ’ﬂkt rt’ﬂe %e‘? HATSHBYES used
herein is for the purm@aema{cades:ﬁrd»ﬂmm préddrlinvention.

5 Figure 5 shows the relationship of signals in the

present invention for the eight "OPL3" waveforms.

_ Before the present methods and apparatuses are

10 described, it is to be understood that this invention is not
limited to the particular apparatuses or methods described
as such, which those of skill in the art can, of course,
vary. It is also to be understood that.the terminology used
herein ie for the purpose of describing particular

15 embodiments only, and is not intended to be limiting as to
the scope of the present invention, which will be limited
only by the appended claims.

It should be noted that, as used in this
specification and the appended claims, the singular forms

20 nat, "an' and "the" include the plural referents unless the
context clearly dictates otherwise.

Unless defined oﬁherwise, all technical and
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to

25 which this invention belongs. Although any methods and
materials similar or equivalent to those described herein
can be useful in the practice or testing of the present
invention, preferred methods and materials are described .
below. All publications and patents mentioned herein are

30 incorporated herein by reference. ' '

As noted above, the Taylor expansion of the
cosine function provides a basis for a computational

approximation to a stored sine waveform, but it requires



15 enbodi nents only, and is not i ntended to be limting as to t he

scope of the present invention, which will be limted only by the
appended cl ai ns. . It should be noted that, as used in this
spegi fication and the appended clainms, the singular fornms =~ 20 "a", "an"
and "the" include the plural referents unless the con |y
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techni cal and scientific terns used hergin have the sane nmeaning as
commonl y understood by one of ordinary skill in the art to 25 which
this invention belongs. Al though any nethods and materials simlar
or equivalent to those eemlbéem%rém the neceggary,duld§iplicayiongeand
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materials are descri bel ow. All publications and patents

mentioned herein areof -goto Fncditpeamthel seencthroyghranalysise however, that
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a basis for a conputationa approximation to a sfor sl ne vef orm
but it requires 5 of the\Taglr3egpgansion can be appropriately modified and

PCT/ 1 B96/ 00398 used, using a Fuadﬁatic spline methéh. Specifically,
several terns (and the necessary nultiplications and

cosp)f-x/2<xSn/2] = I-(2x/% )

One can visualize this function over the specified interval

10 as an inverted parabola, intersecting the points (-1,0),
(0,1), and (1,0). One can then extrapolate to a “"parabolic
wave® approximation to a cosine wave based on this intexval
.linked appropriately with other copies of the same interval,
inverted and translated appropriately.

15 The above formula clearly requires at least one
multiplication. However, it is not obvious that the
remainder of the formula can be adequately approximated
entirely by Boolean logic, without requiring an adder or
"carry chain" logic. This means that the operation to

20 produce this sinusoid-like waveform can be performed by a
few hundred gates of logic (at the cost of a few cents on a
modern VLSI circuit), plus a single multiplication
operation.

Because a phase increment oscillator requires a

25 multiplication operation for scaling of the amplitude of the
output signal, a multiplier is already required in this
application. With the speed of digital circuitry today,
iﬁplementing a second multiplication by time domain
multiplexing this multiplier does not significantly change

30 the cost of the circuitty for.many modern implementations.

Those skilled in the art will recognize f£rom the
above description that the present invention suffers from'

épproximately 2% harmonic distortion. However, the



addi_t'i ons) to achi eve sufficient accuracy through a range of

-[ecr] to [err]. It can be seen through analysis, however, that | f
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of the Taylor expansion can be appropriately nodified and used,
using a quadr gﬁgﬁ&ﬁne met hod. Specifically, PCINB

cos(x)[- [err]/ errx|lerr][err]/2] [err] 1-(2x/[err])[err] - e can
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Because a phase |ncrene Fequires a ion
operation for scal i ngdvéntdge awpr inresdoed lidwecost approaches. signal, a
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multip

of digital circuitry today, | ementing a se I cation by
time domain 10 nprpvmﬁngetﬁnosenm tigW cest ddeernative goi vavefiormy

change 30 the C0§:Iem8{-y té%%r&éé Gl b&xd&amgﬁaﬁyname&&é S gﬂése

Those skilled in the art wll recognize fromt ove description
that the present i nvéﬁ??%néiuPF%?]s;aFPEm It alsogfifesgi Herraved2ssdiar noni c

di stortion. However, fg_ggl,_ty at low cost.
Various embodiments of the present invention are

15 illustrated in Figures 1 through 5. Figure 1 shows, in
signal flow diagram form, the well known phase increment
oscillator. While many variations of this oscillator exist,
including in particular numerocus connection topologies for
implementing various FM patches, the fundamental core of the

20 oscillator remains unchanged.

In Figure 1, an adder 12 adds a phase increment

(0,) input 10 to the value of the previous phase, which was
stored by the delay operator 22. A ﬁodulo operator 14 then
takes the sum modulc 2%, and the resulting new phase is

25 output to both a waveshaper 16 and to the delay operator 22,
which stores ii for use during the computation of the next
sample. A multiplier 18 then multiplies the output signal
of the waveshaper 16 by an amplitude envelope (A;) input 24
to produce the oscillator's output signal (Y,) 20.

30 As will be easily seen by those skilled in the
art, when the phase increment (®,) input 10 is a constant
much less than 2n, the signal at the output of the moduio

operator 14 will be a "sawtooth" waveform increasing slowly
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6 - : alternative approach of _a table Iookup oscillator_can_suffer
from nore objectional forns of distortion when inplenented for | ow
cost, by the use of a small table, because the resul ting waveform

will have a vf&ﬂf’i 8dgeP” quality. This is 5 nmuch nore obj echpi-Fiibbeseg Nan

the snooth ou signal that the present invention produces. Thus,

t he present i nvention, despite its distdoktion, has a perceived

fidelity advant age over previous | ow cost approaches.

In short, therefore, . resent Lnvention [ov. des .an ffICI

cost alternative to"(/?kfsl g? ant 5’ ﬁgﬁ?ﬂ/zgf%r % rnbberno&l%?nrégssf d%%n}&'

wavefornms from a ph&mk to zerd mor begei ::dsd:nglagm IHewdesmhdJéfeimmﬁsoved

audi o fidelity at St. i yalhi qus of
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t he ‘present inventio t hi'oug
Figure 1 shows, in graphicallyndn i-bmvzajioafgl-"mearzm the vveII known phase

i ncr enent oscillator. il e _man arl i on tor
exi st [ ngl uding in pa c%f%sr u usiocnoﬁﬁggc & on opo o(!'g':;’j}'é.’g1 Pgr
I npl ementing vari ougnéwhrpaesitm,t 16l midanenl al mgueecﬁ shiows pixrorially

oscillator remins Yighangetheion, according to the Brébéil GnbenflbAId ah?
adds a phase i ncremen
inverted sine waveform. Although for clarity the example of
a standard phase sawtooth being input to the waveshaper 16
10 is sometimeslused in the detailed description of the present
iﬁwention, it will be evident to those skilled in the art
that the phase angle input need not be limited to a standard
rhase sawtooth; any phase angle input mﬁy be used.
Row 2a of Figure 2 shows several cycles of the
15 standard phase sawtooth, with time varying over the
horizontal axis and amplitude varying from -1 to +1 on the
vertical axis. Note that the vertical axis has been scaled
and a fixed offset added to the standard view of the phase
sawtooth varying from 0 to 2x; this is of course of no
20 audible consequence.
Row 2b shows the standard phase sawtooth with a
phase offset of n added to it. In other words, the phase
- sawtooth has been shifted 180 degrees along the horizontal
axis. Row 2c shows the absolute value of the signal in
25 Figure 2b. Row 2d shows the signal, in this case
simply y(t)=1, which according to the present invention is
to be ANDed with Row 2c. Row 2e shows the results of that
ANDing. Finally, Row 2f shows the end results of the
present invention, obtained by multiplying the signal in
30 Row 2a with that in Row 2e, ﬁhich can be seen té approximate
an inverted sine waveform of amplitude ranging from -¥ to X«.
This is an inverted form of the first standard "OPL3"

waveform, obtained according to the present invention.



([err]), input 10 to the value of the previous phase, which was

stored by the delay operator 22. A nodul o operator 14 then t akes the
sum noddl o 2[err], and the resulting new phase is 25 output to both a
waveshaper 16 and to the delay operator 22, whi ch stores it for use

during the c Lon of the next sample. A multipli
mul tiplies t%&% si gnal . of the waveshaper 16 by 3\ a e.

envel ope (Alerr]) input 24 " to produce tlge oscillator's output signal
(Y[err]) 20. 30 As will be easily seen by those skilled in

t he art, when the phase increment ([err]) input 10 is a constant
much | ess than 2[err], the si ngrﬁFr%t:’ tﬁ?@“ﬁu&’pﬁﬁ"]‘)&?‘uﬁ FhfoRethpd. according

operator 14 will be ¢ theVhrsdht IRvEitdon, | fér ey daehl Y€ the eight WO
96/ 31868 PCT/ | B96/ 00398

7 with corfiaRAprd| QFE31 pRyekarys: aeserre 4,80 Fihpi Recbualicthey
back to zero to begistepeSofixhRg@lebhodiaihém! fictcri@Dhy}. inSFigure 3 wiemTbBal y
ol erred 0,95 25 PRt o o Beugdll Sek2u I8y, e, pogBE DR TR " O
function of dperavsore dfaphe Hirdwarki guboditentidflthe 2prduaint
pictorially invention. ' .
Column 3a of Figure 3 shows one cycle, from 0
to 2n, of each of the eight waveforms. Column 3b shows the
10 first modification, if any, to the input phase sawtooth
required by the present invention. This first modification
results in either the original phase sawtooth (for
Waveforms #0 to #3), the original phase sawtooth doubled in
frequency (for Waveforms #4 and #5)}, and in one case, also
15  Thalved in amplitude (for Waveform #7), or the signum of the
original phase sawtooth, also halved in amplitude (for
Waveform #6).
Column 3¢ shows the modified phase sawtooth
shifted in phase, if required, and its absolute value taken,
20 if required, in both cases according to the present’
invention. Column 3d shows the function which, according to
the present invention, is ANDed with the modified phase
sawtooth of column 3¢, and column 3e shows the results of
the ANDing of columns 3c and 3d. Finally, column 3f shows
25 the results of the final step of the present invéntion,
multiplying column 3b by column 3e. Note that the vertical
scale of column 3e is from -¥ to ¥, while the vertical scale
of the other columns is -1 to 1.
From Figure 3, it can be seen that all eight
30 wOPL3" waveforms can be approximated according to the
present invention. This is accomplished by appropriately
combining, according to the present invention, the steps'of

modifying the original phase sawtooth input, shifting the



t he generation, according to the present invention, of an . I nverted

sine waveform Al though for clarity the exanple of a _standard phase
sawt oot'h "bei ng input to the waveshaper 16 10 is sonetines used in the
detail ed description of the present invention, it will be evident
to those skilled in the art that the phase angle inp E@W t be
limited to a %@ phase sawt oot h; any phase angl m y be
used. Row 2a of Figure 2 shgws several cycles of the

15 standard phase sawmooth, with tinme varying over the - hori zont al
axi s and anplitude varying, from-1 to +1 on the vertical axis. Note

that the vertical adesulksimabassetaling an absojute ¥aluge ANRinNg: the fFRIPL,

the standard view ofyjithec@RaSi% phase sawtS8ih kB, Vaid/ ieddaiipa Quhgl@?[err]
this is of course of no 20 audi bl e conse uence.
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toit. In other worQravetbfndRdSereated asSHeErOlils fb.@&ﬁtﬁhid‘ tiedadéd not
degrees al ong the hor| zont al axis. Row 2c shows the absaql ute val ue

of the signal in> Zffeck i goupd oRbarwenis SRAteNM: Of Hhe vaveforhi s case

sinply y(t)=l, whi chicweser didd)wh o1 tHe sref MWellow, WEEH lnﬁ.ﬁoksmodifzcatiéhé)ﬁ;o
ANDed with Row 2c. Row 2e shows the results of that 58 Fi n%o
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mul tiplying the signid# daairecﬁo Row 2a with that in Row 2e, whi ch can be

seen to approxi mate I nverted. sine veformof .a i,tu angi,n
from-[err] to [err]. ﬁ?‘ér? é §H°Vﬁ\?e\rg?5#%5‘?wﬁ "F'P §‘P ’%"’t‘%ﬁ&grd
" OPL3" wagef @rfm:het:hﬁusaad heemtdony 20 phise EANgIENinpuly 8ODI provides

an input to both a multiplexer/shifter 304 and control
logic 314. The ph#se angle input 300 is a 16-bit unsigned
value representing the phase taken moduio 2x, Thus, a phase
of zero is hexadecimal 0000, and a phase of almost 2% is

15 hexadecimal FFFF.

The multiplexer/shifter 304 is a multiplexer

wired as a modified barrel shifter. The control logic 314
drives the multiplexer/shifter 304 through a control
signal 316. 1In this embodiment, the control signal has two

20 Dbits for representing the four possible multiplexer/shifter
functions. However, as will be evident to those skilled in
the art, the control signal 316 can have more than two bits
if desired to optimize the logic of the circuit.

The steps for generating each of the standard

25 "OPL3" waveforms will now be described. First, the
multiplexer/shifter 304 operates on the phase angle
input 300, as described in detail below. The ocutput signal
of the multiplexer/shifter 304 for each waveform is shown in
column 3b of Figure 3.

30 In figure 4, when the control 1ogic'314 sends a
control signal 316 of binary 00 to the multiplexer/
shifter 304, the multiplexer/shifter 304 outputs a 16-bit
signal identical to the 16-bit phase angle input 300 it
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8 __ _ Figure 3 shows pictorially the nethod, according

to the present invention, for form ng each of the eight st andard
"OPL3" waveforns (Waveforns #0 to #7). Each of the steps of the
met hod shown &h@h’giﬁg@' lyin Figure 3 will be 5 di scussed W‘%‘
detail bel ow cribing the operation of the hardware

enbodi ment of the present I nventi on. 10 Col umm 3a of
Figure 3 shows one cycle, fromO to 2[err], of each of the eight

wavef orns. Colum 3b shows the 10 first podification, if_any, to the
i nput phase sawt oot hreceived. . Jhis, pEodRrashEhe (QEPHE BiERAT PREWR Al ToVE (e

nodi fi cati on

tE U3 be édlvitint BBIof B gafe i Nal phase sawtooth (for

Waveforns #0 to #3), the original ?hase sawt oot h doubl ed in

frequency (for Waveforms #4 arffreRs

he contral fignals3ie fosghe 15 halved in

anpl itude (for \WavefmireiplexerVshilites WAUABODiddis 01, it sBLECE WHe RBaB:

sawt oot h, al so
Col utmm 3¢ shows

h

| ved i i tude (f f -
e AR PRRLe, Rl A dst one B1ET FRRabre, and dgnores

required, and its ahsel wbetVéilghd fisken bic 20MsE ), cgotd athe héw Masrcases
according to the present,

' tion., Col 3d sh the f ti
whi ch, according to SignlficT'f‘Fehﬁlf:gzg{‘]ﬁBI"SRﬁgn% (u???g F’év%ﬁ%\é\%hﬁ/i’feﬁv ?‘%gl o

nodi fi ed phase
results of

10

15

20

25

30

MathewhoDdd119f, eRisIMR QGuivanenetotsrHadlag At ot ERe

by two, an

tq&aAND ng. of, col ums %ﬁ]?qu. 3d. Finall Xitcm um 3f ghows

se angle input 300, ying the res
then taking the result modulo 2n. This produces the output
signal shown in rows #4 and #5 of column 3b.

When the bontrol signal 316 to the
multiplexer/shifter 304 is binary 10, it outputs a fixed
hexadecimal 3FFF. This produces the output signal shown in
row #6 of column 3b.

Finally, when the control signal 316 to the
multiplexer/shifter 304 is binary 11, it outputs the
fourteen LSBs of the 16-bit phase angle input 300 unchanged,
and sets the two MSBs of the output signal both to the
inverse of the next to the most significant bit, i.e.
bit 14, of the original input signal. In other words, it
outputs the fifteen LSBs of the 16-bit phase angle input 300
plus n/2, sign extended. This produces the output signal
shown in row #7 of column 3b.

Next, a bank 318 of exclusive OR gates further
modifies the 16-bit output signal of the
multiplexer/shifter 304. The exclusive OR bank 318 consists
of two sections. The first section of exclusive OR
gates 306 acts only on the MSB of the
multiplexer/shifter 304 output signal, while the second

" section of exclusive OR gates 308 acts on the other fifteen

LSBs.



25 the results of the final step of the present invention,

mul tiplying colum 3b by colum 3e. Note that the verti cal scal e of
colurm 3€ 18 from-[err] to [err], whiTe the Vvertical scale of the
other colums is -1 to 1. _ From Figure 3, it can be seen
that all eight 30 "OPL3" waveforns can be approxi mated ac I N t he
present i nverWP863184 s i s acconplished by appropriately %an,
according to the present invention, the steps ¢f nodi fyi ng t he
ori gi nal phase sawtooth input, shifting the WD 96/.31868

PCT/ | B96/ 00398 9 result in

phase, taking an absol ute val (Fee exglymivenORrkank 818 performg tve cmckigns.

phase sawtooth bits,nand thi@dling andidFuictional apBtbkimddical E8Nendlot € that
the polarity of the "approxi mate wavefornms is treated as being

i nsignificant, as itakfedytacralue funchiionecPrtdLHBIRALIN 1RFr RBERC Wont ent

of the waveform neith@?“’?a\/ﬁfass,aéh%ljh)be_ SEE DR BLe Vi dhal ol €K
modi fications to the circui tr%/1 escri bed even the polarity can be

corrected, ° 9 jfexsdypive OR bank 318 for each wavgfipEn 4% BHRRR 1Ret ai | ed
har dwar e i npl enent atdARmn 3d b $highhe Present invention. A phase angle
I nput 300 provides an input to both a multiplexer/shifter 304 and

When two control signals 320 and 322 received by
both sections of the exclusive OR bank 318 are both a
logical "0", no change occurs. This pass-through operation

10 is used to produce part of the output signal shown in

contr ol

rows #6 and #7 of column 3c of Figure 3.

When the first control signal 320 is logical "o"
and the second control signal 322 is logical "1", the output
'signal 324 of the exclusive OR bank 318 is the one’s

15 complement of the multiplexer/shifter 304 output signal
plus ®. In this case, the one's complement is only one LSB
away from the two's complement, which is, to the accuracy
reguired, the same result as obtained by multiplying by -1. -

Accordingly, taking the one's complement can be used to

20 produce a functional approximation to the absolute value
function. This phase-shifting and absolute value operation
is used to produce part of the output signal shown in
rows #0 and.#4 of column 3ec. |

When the first contrxol signal 320 is a

25 1logical "1" but the second control signal 322 is a
logical "0", the output signal 324 of the exclusive OR
bank 318 is the sum of the multiplexer/shifter 304 output
signal and %, since tﬁe MSB has significanée .

Accordingly, this operation can be used to shift a signal

30 by x. This operation is used té produce'all of the output
signal shown in rows #1, #2, #3 énd #5 of column 3c, and.

part of the output signal shown in rows #0 and #4.



| ogic 314. The phase angle input 300 is a 16-bit unsigned val ue

representing the phase taken nodulo 2[err]. Thus, a phase of zero

i s hexadeci mal 0000, and a phase of al nost 2[err] is 15 hexadeci mal

FFFFR. The nul tiplexer/shifter 304 is a multiplexer

wired as a nodified barrel shifter. The control [ogic 314 rlves t he
mul tipl exer/ sHO%sa1868 0, t hrough a control si gnal 316. hox .
enbodi ment, the control signal has two 20 bjss for representing the four
possi bl e nul tipl exer/shifter functions. However, as will be evident
to those skilled in the art, the control signal 316 can have nore
than two bits i f desir dfrepotiytve sentual pigRalsoB2P anG 3@ p¥e both

The steps for generafingieatw0f, the & t%ﬂ@aéfbna12524 ofOPhé" e Q& NER W | |
now be described. First, the tiplexer/shifter 304 operates_ on

t he phase angl e bani ﬁﬁﬁti%(ﬁ?'e are 'fb SOPPIRRentnofiditg PubRt \Fiorad ohitthn

si gnal of t h%ﬂﬁzbl&*%h’ﬁééf t:m.?:% fcﬁfscﬁﬁé‘éh wzseéprﬁnﬂss oB 8Ll dr)
colum 3b of Figure 3. In Figure 4, when the control |ogic

314 sends a > cHher SPI‘%‘P’@’H‘&P BEEFW“‘BFW Foothe @beRiuts | aiyeexer /
shifter 304, the nmultidde@sR!/ AHibt 8pexditdofUiPuistdard prdice part ofi giel

e o305 oSl Bhd "ot e hna #7 of cordid 37 34°°°
Figure 3.

. Next, a bank 310 of AND gates further modifies

10 the 16-bit ocutput signal 324 of the exclusive OR bank 318.

A control signal 326 to the AND bank 310 can .force its
16-bit output signal to hexadecimal 0000, or leave it
unchanged. This performs the ANDing of each of the signals
shown in column 3¢ of Figure 3 with the corresponding signal

15 shown in column 3d, with the output signal of the bank 310
for each waveform shown in column 3e.

It should be noted that all of the Boolean logic
described up to this point is parallel in nature, and does
not require any addition operations or other logic, such as

20 a carry chain, that requires each higher order bit to be
processed as a result of logical operations on lower order
bits. Thus, the processing of this data involves only a few
gate delays and.can be accomplished within a single clock -
cycle.

25 A 16-bit by 16-bit éigned two's complement
multiplier 312 then receives both the 16-bit output signal
of the multiplexer/shifter 304, unmodified.(as shown in
column 3b of Figure 3), and the 16-bit output signai of- the
AND bank 310 (as shown in column 3e), and multiplies them

30 together. Because most current audio applications use just
16-bit signals, only the sixteen MSBs of the multiplier 312
ocutput signal are needed, so an abbreviated form of the '
multiplier éan Se used. The results of this multiplication



10 - received. This produces the output signal shown in rows #0
to #3 of colum 3b of Figure 3. When the control signal

316 to the multiplexer/shifter 304 is binary 01, it shifts the
16-bit 5 phase angle input 300 left one bit, shifts off and ignores-
the nost significant bit ("MSB"), sets the new | east S|(g.n| ficant bit
("LSB") to OWOMPI$E8crts t he new MSB. Mat hemat i cal | IR

equi valent to adding [err]/2 to the phase angle input 300,
multiplying the result by two, and 10 then taking the result nodulo
2[err]. This produces the out put signal shown in rows #4 and #5 of
col um 3b. for each way®form larecshowrolins¢ohimm 3fcof Figure 3. This

mul tipl exer/shifter gﬁélétcesbkﬂér roléé%rskﬁg Q'léteauasc@ ffoHﬁegach of thclo 2 Rargal

3FFF. This produces output s own I n row #6 o m  3b.
Finally, when the c88Pkd| w%ammcs to the rruI tiplexer/shifter 304

s binary 11, it outpuls (he ay vayy LQUEIRERELSSThaRl LRAILE BhluRIERE,

angl e i nput 300 unchanged, sets the two e out put
signal both to the dependingnoarthe @ﬂzﬁhefri-'éiﬁtaﬁ)ﬂt%enﬁ'élmsﬂleﬁﬁ|k"amaYbP?

i.e. bi t 14,d9§if4313°€69ﬁ£5§ eiBRed ot Boak oﬂ Rhat Egsaf'ﬂhe

outputstheflfteen LSBs of the -bit phase angl e input pl us

[err]/2, sign extenWalcirliey be o"eﬁ?@e§h%e150é?ﬁﬁﬁt %P&ﬁthat WWlds‘FﬂiWn °PF1Yr ow

#7 of col um 3b. 4%minor i act on bB¥twaverBankeidibd 0% . e%ﬂz‘é‘é‘vé'ﬁ @R galies
further nodi fies the bit output signal of t

nul ti pl exer/ shifter2i%pR be]-ﬁgi@g\%q @Pﬁe@%ﬁk"%l‘ﬁ‘lﬂmy%ﬁ gould be uged, o
sections. The fig st se&tds0n Qul?&ﬁxﬁih.!l? nfdftiplier, a serial multiplier, or

a hybrid parallel/serial multiplier, to aécomplish this
function.
In addition, the multiplier 312 output signal
never reaches more than one fourth of its thecretical
15 maximum output value, since the peak values occur when its
inputs are each at an absolute value of half of full scale.
The multiplier 312 output signal 328 should be scaled to
account for this.
As is evident from the above step-by-step
20 description, the four control signals 316, 320, 322 and 326
output by the control logic 314 must be set appropriately to
form the eight "OPL3" waveforms. These control signals 316,
320, 322 and 326 are determined by the waveform number 302
and the two MSBs of the phase angle input 300. These
25 control signals 316, 320, 322 and 326 then appropriately
control the multiplexer/shifter 304, the exclusive OR
bank 318, the AND bank 310 and the multiplier 312 to create
the desired waveform from the phase angle input 300,
Based on the waveform number 302 and biﬁs“;s
30 and 14 of the phase angle input 300, the control logic 314
sets the control signals 316, 320, 322 and 326 to the values
showvn in the truth table, Table 1, bélow. In Table 1, PHn
indicates the nth bit of the phase angle input 300, so that,



gates 306 acts only on the MSB of the 30 nmultiplexer/shifter 304 output

signal, while the second section of exclusive OR gates 308 acts on
the other fifteen : LSBs. WD 96/ 31868

PCT/4 B96/ 00398 The exclusive OR bank 318 perforns two
functi ons, se shifting and a functional approximati

absol ute val ugafgﬂﬁg#?on, or a conbi nation of both, or nei r
pass-through). The output signal of the 5 3gxclusive OR bank 318 for
each waveformis shown in colum 3c of Figure 3.

When two control signals 320 and 322 received by both sections of

the exclusive OR barfeRExample hFHAS ;is the moph giignifigant Bitehahjndicetes.
Thi s pass-through opgigiica®Ncomplbient 5 died LAdRF=2deCEn Aid1uslvé her.OUL put

signal shown in rows #6 and #7 of columm 3c of Figure 3.
When the first control signal 320 is |ogical "0" and the second
control signal 322 ifadieghcal "1", the output signal 324 of the

exclusive OR bank 318 is the one's 15 onpl enent of the
mul ti pl exer/ shif Per %&ﬁfrBEtfﬁﬂn i gRaFR table plus [err]. In this case, the
one's conplenent is only one LSB

Waveform Control Signals:
Number 316 320 322 326
#0 - 00 PH15 1PH1S 1
10 # 00 1 0 PH1S
#2 00 1 ' 0 1
#3 00 T 0 1PH14
#4 01 PH14 1 PH14 PH15
#5 01 1 0 PH15
15 46 10 . PH1S PH15 1
#7 11 {PH14 | PH14 PH15°PH14

FPigure 5 shows in graphical form the various

steps, described in detail above, for producing each of the

20 eight "OPL3" waveforms. Column 5a shows the output signal
of the multiplexer/shifter 304, column S5b shows the output
signal 324 of the exclusive OR bank 318, column 5c shows the
output signai of the AND bank 310, and column 54 shows the
output signal 328 of the multiplier 312. Note that the

25 wvertical scale of column 5d is from -¥ to ¥, while the
vertical scale of the other columns is -1 to 1.

As can be seen in column 3f cf Figure 3 and
column 54 6f Figufe 5, all of the ocutput waveforms, when
created as described above, are simply inverted in polarity

30 from the desired "OPL3" waveforms. Inverted polarity has no
audible impact on the socunds of these waveforms. However,
the precise waveform, correct in phase and polarity, can be

produced by taking the complement of the output waveform.



away fromthe two's conplenent, which is, to the accuracy required,

the sane result as obtained by nultiplying by -1.- Accordi ngly,

t aking -t he one's conplenent can be used to 20 produce a functional
approximation to the absol ute val ue function. This phase-shifting
and absol ut e_val ue operation I's used to produce part put
si gnal shown™ rows #0 and #4 of colum 3c. QHMMen
the first control signal 320 is a 25 | ogiqal "1" but the second control
signal 322 is a | ogi cal "0", the output signal 324 of the exclusive

OoR bank 318 is the sumof the nultipl exer/shifter 304 outg .
signal and [err], siThég& ?%bﬁsﬁﬁﬂa§tngYﬁ#"1eﬁfn€€][ fons in furppey HRAly

this operation can BeobessingOcsiidiltry, Sézgfiﬁ'rt of Yhe M EfYiler 3025 or by

operation is used to produce all of the out nal shown in rows

#1, #2, #3 and #5 ofRcRidihiosal cifguit. B&H s eﬁ’ﬁé‘*’b‘%tﬁﬂﬁ“@?ﬁnﬁ’f“&tﬁﬁm

:ch\:_l_/r ?256780283 #4. in the art, D dia/'3186fplementing of t!jv-.; output signal may
Wien the two comt r oPesPyifcdens £, ageampligh, thig inversion £q 5B‘Fc§?°“?'cythe

out put signal 324 obtt tige @ppkoRinktichs herein Béddribéd.is the one's
conpl ement of the output si gnajgu%fe thp:r:c::v:).des circuitry, or hardware, which
embodies the invention. However, as will be evident to
those skilled in the art, the invention can also be embodied
10 in firmware and software.
As can be seen from the detailed description of
the present invention above, it enables each of the standard
"OPL3" waveforms to be produced without requiring large
amounts of memory or intensive computation. Accordingly,
15 for applications where the waveform can be an approximation,
and high accuracy in the waveform is not required, the
waveshaper of the present invention provides advantages over

the prior art.



mul ti pl exer/shifter 304. As discussed above, this operation 5is a
functi onal approximation.to the absolute val ue function. This
operation is used to produce part of th ottpH—signal shown in rows
#6 and #7 of columm 3c of Fi gur HiIS %%%&ggg BEEN Next, a bank
310 of AND g her nodifies 10 | the ut puty si t he
excl usi ve OR ban gﬁ%. A control signal 326 To th AN%ﬁ%Qﬁééé? can
force its 16-bit output signal to hexadgei mal 0000, or |eave it
unchanged. This perforns the AND ng of each of the signals . shown in
columm 3c of Figure 3 with the correspondi ng signal 15 shown in colum
3d, with the output g?ﬂhdﬁ graimed g8nk 310 for each wavef orm shown
in colum 3e. 1. |t askapbeithEopogarabivg al brefetdrmiBeal ean
| ogi c descri bed to this Eﬁint S garalkel in ngtuye, and does

not require any addi YT o 5Befi™ SnERaTe SPREP 1HYCCCOMARIBE: 20 a carry
chain, that requires each hi ghkemudtiisleseryshittesr for modipyier Ihedphsse
result of | ogi caI5 operaltei ons l§)r]:ol oue uoerderout ut; bits. Thus, 'the
processi ng of this data i AVol ves Bﬁ?y‘% By ucPut: gate del ays and can be
acconplished within a single cosblinatorial tegicecira@iry for wmodifyivy Mhebi t
by 16-bit signed two! nt - Il e then recei ves bath
the 16-bit output si%‘%ﬁggngk% wlf?%ler’r‘ﬁ(fr?%%%fgr %%%Fgreﬁ'4?u§ﬁ%ﬁi Ied
(as shown in col um 3b aofmuFtipkier3for amitipkyibg- the auppttofittheal of
t he AND bank il s6ageaaiel B GRS SurpBl beTUbL| Rhfitiat e | 30
together. Because nbst Current audro appl rcati ons use jus -bit
signals, only tB8 silagignciBButel téuaduce tliecwagdform. out put si gnal
are needed, so an abbreviated formf tNGuir of c19%htd RiHeSbif Ahe?e Used.

The results of this nultiplication
combinatorial logic circuitry comprises banks of exclusive

OR gates and banke of AND gates.
3. The circuit of claim 2 wherein the banks of
15 AND gates follow the banks of exclusive OR gates.
- 4, A method for generating a predetermined
waveform from a phase angle input comprising the steps of:
multiplexing/shifting the phase angle input;
medifying the results of the
20 nmultiplexing/shifting step, using combinatorial logic; and
multiplying the results of the
multiplexing/shifting step and the modifying step to produce
the waveform. '
_ 5. The method of claim 4 wherein the step of
25 multiplexing/shifting comprises carrying out a null
operation.
6. A method for generating a predetermined
waveform from a phase angle input comprising the steps of:
multiplexing/shifting the phase angle input;
30 . modifying the results of the '
multiplexing/shifting step, using combinatorial logic,
without éerforming an addition operation or any operatioh

‘which requires a carry chain; and

This Sheet Has Been RTilaced
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13- for each waveformare shown in colum 3f of Figure 3 This
conpl et-es the proce33|ng needed to fq+ﬁ*each—0+—gg$§%&12dard " OPL3"
wavef or ms. . As will bwlﬁﬁﬁ%ﬂ;%gt%@ j}p skilled in the
art, 5 ' on the size of tfhe av mul tiplier,pdyins

desi rabl e tga%?égi%?t her or both of the argunents of the i mul tiplier
be less than 16 bits, since that would have onluy a mnor inpact on
the waveformfidelity. Moreover, it wll al so be evident that any

type of nultiplier could be us uch fuyl arallel multiplier,
a serial multiplier, %&_’:LR)}H%?% t'p 5F?’§+$sselrfl zg 8rrul tiplier, to
acconplish this multﬁpmbxtngushiftxng step and the modifping auep theproduce

mul tiplier 312 outpgﬁ never reaches nore than one fourth of
its theoretical nHX|nun1output val ue, since the peak val ues occur
when its i nputs are each at an absolute value of half of full scale.
The nmul tiplier 312 output signal 328 should be scaled to account for
this. As is evident fromthe above step-by-step 20
description, the four control signals 316, 320, 322 and 326 out put
by the control logic 314 nust be set appropriately to formthe eight
"OPL3" waveforns. These contr.ol signals 316, 320, 322 and 326 are
determ ned by the waveform nunber 302 and the two MSBs of the phase

angl e i nput 300. These 25 control signals 316, 320, 322 and 326 then
appropriately _ :

This Sheet Has Been Replaced

LA



control the nultiplexer/shifter 304, the exclusive OR bank 318, the

AND bank 310 and the multiplier 312 to create the desired waveform
fromthe phase angle input 300. Based on the waveform

nunber 302 and bits 15 30 and 145%:&%5 : fe input 300, the
control | ogi sets the ¢dmiy gifdl BEBM G, 320, 3¢ ﬁ‘ﬁﬁ"“ to
t he val ues -Q";%lgﬁown in the trujh tabREPLACEDI e 1, |bel ow. %ﬁﬁ % PHN
indicates the nth bit of the phase angre 1nput—300,7So that,

96/ 31868 PCT/ 1 B96/ 00398
14 for. exanple, PHL5 is the nost Jiérﬁficant bit. | indicates
| ogi cal conpl enent, and ” indicates an exclusive OR Table 1 5
Control Signal Truth Table Wavef or m Control Signals:
Number 316 320 322 326 #0
00 - PH15 1PH15 1 , 10 #1 00 1
0 PH15 co :
>N
0
oc
Ll
S
&g =z
77
S
< _
= w—{
[ ]
=
[« 4
NEINE
— 85 !
28| (|
o ~N
N
N
P
c<
32 <N
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#2 00 1 1 #%his Sheet Has Been R laced

0
.00 1 0 . | PH14 #4
PH14 - | PH14 PH15 #5 01

PHLS 15 #6 10 LEQ, éﬁyk HAS BE H15
11 ° ! 14 PH15"PH14 ALt EN Fi gure
gr aphi cal fopﬁ$%é%8§grlous eos abﬂﬂilbedﬁln det ai | gﬁﬁgaMﬁ?%r

produci ng each of the 20 ei ght "OPL3" waveforms. Columm Sa shows the

out put si gnal ' of the nultiplexer/shéé?gg 304, colum 5b shows the
out put signal 324 of the exclusive nk 318, colum 5c shows the
out put signal of the AND bank 310, and column Sd shows the out put
signal 328 of thﬁ;qu tiplier 312 Note that the . 25 ertical scagle of
colum 5d is fro rr] to [e#h], while e _ gtlcal scg/d of the
othér colums is -1 jo 1. | 1 As can ce feen i n Zol um 3f g
Figure 3 and 5.0 S AN IS BH- - arve o5
when created hs géscrinbeq ahe |--Iy -rtv4 in jar i

30 fromthe desirefl /OPL3" Thayg orns Iikw- t ed pglal y hasqzyi

audi bl e i mpact or ¥ sounds of ¥ hese wavef¥rns. Howev¥r,

preci se waveform correct in phase and polarity, can be ;?%g%duﬁ}glby
taki ng the conpl enent of the output waveform WO 96/

PcT/ | B96/ 00398 +1 -

u
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15 This can be done at a variety of locations in further signal

precessing—ecircuitry, -as—part of themultipliec 312 __or by an
additional circuit. As will be evident to those skilled in the art,
a one's conpl enenting of the output ?&lll: ey 5. be sufficient to
acconpl i sh t hiyp oMBiegg Si on to the ac:{cUrgc%'_E;l HAS BEEN | he appr & |

herei n descri bed. | Fi guR8PUABEDVI des| circuitry, or

har dwar e, whi ch enbodi es the invention. FO er, as will be evident
to those skilled in the art, the iqge i on can al so be enbodi ed

10 in firmmvare and software. /? As can be seen fromthe
detail ed description of : the present invention above, it enables
each of the standard "OPL3" waveforns to be produced wi thout

requiring |arge amounts of nmenory or_intensive conputation.
Accordingly, 1 or a [ [ e he veform
appr oxi mati on, and k agqy’in t vef orm '

t he wavE6h per \of nvention provi des
the prior art.
16
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What is clainmed is: 1. A circuit for generating a

predeterm ned waveform from aphase anglelnput conprising.
a mul tiplexer/shifter for nodifying the phase 5 angl e input to_ produce an

out put ; conmbi natori a or nodi fying the
out put of thewgdsiidegexer/shifter to Shbdgcé b (’% é%r@ and  pCTIBYS/0398

a nultiplier for nmultiplying the output ofpﬁ% nuf tipl exer/shifter
with the output of the conbinatorial 10 logic circultry to produce the
wavef orm 2. The circuit %ﬁpal m 1 wherein the
conbinatorial logic circuitry corrpr mes ban excl usive OR.gates
and banks of AND gates. . The circuit of claim2 wherein
t he banks of 15 AND gates foll ow tFl% banks of exclusive OR gates.

4. A method for generating a prpdet gy m ned waveform from a phase
angl e i nput conprising the steps o = mul ti pl exi ng/ shifting
t he phase angl e input; ~3a nodi fying the results of the 20

mul ti pl exi ng/ shifting step,} usi ng coni Hatorial |ogic; and

mul tiplying the results of {the ;E' mul t§i pl eXi ng/shifting step and the
nmodi fying step to produce vefforgg 5. The

met hod of claim4 wherein @of 23 nultiplexing/shifting nprises

carrying out a null o] 6. A et hod for
from a phase angl e input conprising

generating a predeterm ned
the steps of: /ﬂhlfti ng the phase angl,@ input;
30 nodi fyl ng thej resyhts - B mul ti pl exi ng/ sh i ng step,
usi ng conbinatorial |ogic, WI§ erform ng an addition ation or
any operation whi ch requh res C chai n; and OE
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