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| ABSTRACT

A eircuit generating the sine, cosine, and arcsine
~ functions is presented. The accuracy and bandwidth are such
that the‘geuerator iﬁ‘useful in most'slbﬁ»analog éomputérse
Non-linear modulation is. used to obtaln the desired functxons

while maintaining clrcult s:.m.phm.tyo

Several components‘and design techniques utilized in
the complete ciréuit have coﬁsiderable-interest as sepafaté
elements. A Schmitt trlgger is developed that switches at -
about zexro: lnput w1th zZero hystersis and a one microsecond
rige time. A very smmple:OSC1llater with 0.26 per cent
distortion and a high degree of amplitude stability is
presenteds A method of designino iow-pass filters for;use
B in conjunctlon with operat1onal ampllflers is developed.
,Slmple dlode functlon generators are used to increase the

accu:acy by a factor of two,
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_ Chapter 1.

Introduction

: The sine and cosine funCuions are so often used in the solutxon
of dlfferential equationb that spec1a1 circuits generatlng these
functlons are frequently incorporated in analog computers. One of
the most lmp@rtant appllcatlons of sine-cosine generators is to

coardinate conversxone

1.1 Types of'Txigonometfic Function Gemeratoxs ,
Because of the frequemcy with which these functions are uséd,

;mgnyAschemesﬂhavé-been devised ;c‘genérate them. The servo multi-

, piiersresqlvar_isﬂ@he;of the oldest..of these. A computer servo-

mechanismgdri?es special potentiometers wound so that the output

voltage variesfpxoPortionally‘to'thé.¢in° or cosine of the input

veltagéab At low: fzequencie@, these dev;ces attain accuracies betier

than Oolﬁ per cente? Serva bandwidths are very low, on. the order

of a few'cYcleé“pef gecond. Servoidriven potentlometers also requlre'

mechanical adjustment and are subjett to wear. They have the added

‘dlsadvantage of belng qulte expenslvae

Ihesé prqbléms have causedgcircuit designers to look for
some way to accomplish the same fhing with all electromic cixcuitﬁye
Thls has led.to the. dlode function- generator, which approxxmates .
the des&x@dtfunctlonivlﬁh a ser&es;of3straightm11ne segmentsg. Ak

the present time there are units available with 0.05 per cent

1Ga &a Korm and T. M@.Kornﬁ Electronlc Analog Gomputersg

2nd Ed@, McGraw—Hlll Book Co., Incs; 1956 Pe 333
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accuracy and bandwidths of 50 cycles per second.2 Devices of this
type are very complex, as a large number of segments must be used to

obtain a high accuracy.

Sine and cosine functions may also be generated by solving

the differential equation,

2
d_§._32

dx

Y

The equipment required is so complex that this method is not really
satisfactory as a special-purpose circuit.3 Because this scheme

uses standard analog computer components, a circuit to do this may
be set up as part of the problem being solved if no other method is

available.

Ag a fourth method, it is possible to design circuits which
modulate a carrier in a non-linear fashion to produce an output
proportional to the sine or cosine of the input.4’5 It is this

last group to which the circuit present here belongs.

1.2 Advantages of the Circuit Discussed in This Paper

The circuit under discussion shares the advantages of
others of the modulated-wave type, simplicity of construction,

wide bandwidth, and freedom from mechanical wear. In addition,

2"Dual Sinusoid Function Generator Model 1154," Berkley
Division, Beckman Instruments, Inc., 1959

3E. G. Gilbert and R. M. Howe, '"Trigonometric Resolution
in Analog Computers by Means of Multiplier Elements," I.R.E
Transactions on Electronic Computers, Vol. EC-6, June, 1957,
pp. 86-92

4H. Schmid, "A Transistorized All-electronic Cosine/Sine
Function Generator," Western Electronic Show and Convention, 1958

SH. Huskey and G. A. Korn, Computer Handbook, McGraw-Hill
Book Co., Inc., 1961




it is completely sélfecqntaihéd,'xequiriﬁg no external equipment
except power supplies. The use of tubes in this circuit makes it
"compétable With:ﬁost,largg analog computers, which also use tubes.
The designAutilizes'sévéral-compongﬂéa which have considerable use

a8 separate elements.



Chapter 2
Principles of Operation

The operation of the circuit described in this paper may be
explained with the aid of figure 2,1. A low-distortion oscillator
generates a sinusoidal wave of amplitude E, which is added to a
voltagerx. This sum is applied to a comparator, whose output is V

if the sum of the inputs is positive, and -V if it is negative.

-1 X
E?

is expressed in radians. A similar principle has been used by

The average value of the output is %g sin where the arcsine

H. Schmid in a transistorized circuit.6 The circuitry used here
is, however, new. A novel feature is the correction introduced,

which permits a substantial increase in accuracy.

2.1 Design Requirements

The block diagram of a circuit enforcing the desired
relations is shown in figure 2.2, which also shows the feedback

circuit required to obtain the sine function.

The design requirements on each of the components shown
in figure 2.2 are rather stringent. The oscillator must have very
low distortion, as this will directly effect the accuracy of the
complete unit. The sine-wave amplitude must remain constant,
since any change will show up as drift at the output. The oscil-
lator, as well as all other components, must be free from hum

and noise.

The comparator must switch at zero input voltage. Any

drift of the comparator switching point will cause a corresponding

6H. Schmid, ibid page 2
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drift at the output. The comparator output must have a short rise
time, and the levels between which the output switches must be

accurate and fiee from drift.

The~output filter must have a comstant input impedance and
low phase shift. The attenuation at the carrier frequency and it's
haxmdpics must be as high as possible. The filter bandwidth should
extend from»d»c to as high a f:eqneﬁcy as possible with minimumnm

phase shift.

The high~amplitude correction network insures that the
circuit is stable regardless of the input voltage. The non-lineaxr
correction network genmerates a function complémentary to the erxror
and thus increases the accuracy. Both of these cirvcuits must be '

as simple as possible.

2.2 Scaling
The wnit is scaled so that one volt corresponds to omne

degree, and so that 100 volts corresponds to one unit. For example,
the sine of 30 degrees is 0.5. The sine generator would represent

this as 50 volts being the sine of 30 volts.



| Chapter 3 _

A Low%gistprtionrQscilléter

A Wien»bridge type of oscillator is used becausé'it'combinés“
the requlred low distortion w1th circuit sxmpllcityo Such an
"osclllator has the added advantage of using only resistors and

capacitors as frequency—determlnlng components, These are cheap, :

llght and available in. a great varlety of values,-

13 1 Operation of the Oselllator Clccult

The clrcult used, shown in flgure 3 1 requires only a
single plug in operat10na1 amplifier with differential inputs, so
as to permlt borh regenexetlve and degenerative feedback. The .
galn of the re¢enerative feedback circuit is a function of

' frequency, and at the desired’ frequency of operatlon a maximum

;(‘of abouL one~ tenth of the output voltage is fed back. The

'rdegeneratlon ‘incréasés with 1ncreaslng output amplltude, agaln,
about one~tenth of 'the output is ‘fed"back at the desired outputv_
amplitude; ‘

3.2 Osc111ator Cl:cult Desxgn .

' The gain,.of.ten is not arbmtrarysv The amplifier used lS
11near only. as. 1eng s the 1nput remainsg w1th1n + 2 volts of
-rzexo.,7 The max1mum output voltage is ten volts. The maximum
input voltage is then one volt. Thls is well w1th1n the linear

range of the amplifier.

7H° Koexnér, "Plug In‘Operatiéﬁal Ampiifiers with
. Extended High Frequency Response,’ ACL Memo 13, Electrical
- Engineering Department, The University of Arizona, 1960 o

8
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A thermistor is used as the amplitude-sensitive element in
the degensrative loop. In cirvecuits of this type, it is customaxy to
use a lamp bulb for this element. It was found that with the lamp
there is an intolerable am@litude jitter., Again, most lamps have an
impedance level fax too low to Q@rmit:theﬁ to be heaﬁa& to a tempera-
ture that provxdes sufficient regulation for. use in this applicatmono,
The partlcular thermistor used has a resistance of five kilohms at
the operating point of the oscxllat@rg which may be compared to the

500 to 2000 ohm resistance of most lamps.

The use of the thermistoxr zaisesAseme problems not encoun-
tered with lamps. These result from the thermistor’s extreme
sensitivity to temperature. The desired regulating action depends
on the curvent through the thermistor causing a change in tempera-
ture which results in a change in the resistance of the element.
Proper operation also depends on a change in the ambient tempera-
ture not causing a significant change in the resistance. These
conditions are obtained in two ways. A 1érge current is run
through the thermistor to cause maxlmmm heating due to the current
- and the ambient temperature is lowered to the point where it can
no. longex @fxect the thermlst@ta “In the experimental model, this
is done by«@@oling the thermistor by evaporationov It is possible
to hold the temperaturé constant by placing the thermistor in a
crystal oven. However, this reises the temperature so high that

the effect of the curremt on the resistance is negligible.

The ten volt-zmplitude used results from the current
limitations of the amplifiergs The thermistor requires a
considerable current to keep it's resistance stable. If the
output is raised much above tem volts, then the amplifier can

no longer supply this required current and severe clipping results.

Slbid, H. Koermex; p. 8
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Laiger amplitudes may possibly be obtained with different thermistors;

under no-conditions, however, camn the amplifier sustain oscillations

.- above 80 volts without severe clipping.-

As shown in figure'Bnlg»the osciilator is a-c couplede: The
use of the differential inputs prevents thejamplifier from being
chopper stébilized, hen¢e the d-¢ level of it's 6utput is-éubject
to drifte :This drift is blocked by the capacitor. Because the
féedback networks are a-c¢ COu§1ed}.the qutﬁut level is not influenced
by & d=¢ current flowing;through‘the thefmistore' The one megohm
‘;resiétor.providesxthg<d4¢ feedback necessdry to keep the amplifiex
'stablg and the output close to zero; The impedanqejof this resistbi
is so large compared to that of the degenérative feedback loop that

it's effect on a-c voltages is negligible.

Note that the output blocking capacitor is inside the
feedback ioopa It may be shown that any non-linearities are
lelded by the ratio of the degeneratlve gain to regeneratlve )
gain at the frequency of the harmonics that the dlstortlon generatescv
‘ This is a desirable and Lndeed a necessary property in a low-distor-
tion clrc&lto The lnput blocklng capacxtor is not in this fortunate
p051t10n, but because the voltage swing at this point 1s 1ow3 there

should be no noticeable non-linearity from this souxce.

'3 '3 Osclllator Eerformance

The distortlon, noxse, and hum present are equal to 0.26
éér cent of the total output amplitude.. Thg amplitude is- adJust—‘
able from 8.5 to 12 volts. The frequency is a&justable from 4.2
to 5 kilocycles. 1In this configuration the amplitude and freqaency
'controls do not appreclably interact. The offset at the output of

the ampllfler lS 1 to2 VOltSo

Several SLne genexators may. be Supplled by the same
'osc11lator, resultlng in an apprecxable saving in cost. The Low-
-distortion oscillator circuit is of conszderable interest in 1tself

and may well find use in other applications.



“Chapter 4 -

4A Precision Fast Comparator

It is not posslble Lo use the standard operational-amplifier
‘ comparator shown in flgure 4o l because it's response time is too
‘slow to make it practlcalag With regeneration added to this devxce,f
it is possible to obtain a2 rise time 63 the order of three micro-
secéﬁdss This regeneration causes xipging to the extent that the . '
.switchlng point is not stable° For this réagon, the sine generator
uses a Schmitt trlgger preceded by a 11near preampllflex to reduce
the e£fects of hysteresis and drift in the switching p01ntg

4.1 Design of the Preampllfler

The preampli¢1er must have very low phase shlft and as hlgh
" a gain as possmblea, The cgnflguratlon shown in flgure 42 repxesents'
the maximum galn thalnable without maklng the compensating capacitor

shown exce551vely largeo

The hlgh gain is necessary only in the v1c1n1ty of zerog
To keep the ampl;fler from overloadimg, it is necessary to limit
,"the(cutput,' ‘Near theitr break»ppints,‘the diodes 1nt$0ducg phase o
shift and storage effects, making it desirable to keep the break-.
points as far from'zerd as possibies With the circuit shown, the -
amplifier is lineax throﬁghout'thé range over‘which‘the Schﬁitt

trigger can drife.

The choice of the preamplifier impedance level is a
compromise; the feedback circuit impedance must:be low enough to
swamp out the stray capacitance of the circuit, but high enough

to avoid overloading the amplifier.

korn and Korn, op. cit., p. 298
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15 .-
The bias control is necessary, not for the ampllﬁler, which

is chopper stabillzed but to zero the small offset ef the Schmltt
5&riggero,_.* ' ‘ ‘ '

&2 Hum ?roblems

The humsbucklno lnput is the- selutzon to one of the most

 serious problems in thls des:.gna The sxze of the humebucklng 1nnut
'reslstox, or indeed whethex it is a reszstor at all, depends on the‘ '
pqwerlsuppllgs used: In &d@ltion tq phlSy all filament leads are .
run thxough éoaxial con&uctorso The hum is criticaily dependent on .
the placement of circuit elements and lengths of certain critical
 leads. - The present solution is not completely satisfactory, and

further eff@rts should be made to reduce hum in other wayso

4 3 Design of Schmltt legg

The Schmltt trzgger shown in fxgure 4.3 18 a conventlonal
desxgnolo The output cathode follower reduces the output voltage

to the deszred level and lovers the output meedanceo-~

Because the'device‘ié‘&o‘switch‘at zefo, withvthe + 300
volt pover supplies available,it'is'n3663sary that the entirxe
600 volts be impressgd across the circuit. To avoid large
\resiétors and‘probiems withfstray'caﬁacitange, a dynamié cathode
resmstange, conszsflng of & p@ntade; is usedo ThiS provides a.
x current of abqut 17 m;lllampere and the required voltage for
' the unit to switch at about zexo. The dynamic cathode resistance
also improves the rise time and stabilizes the switchiﬁg point.
It is pessible to adjust the switching péiht to zero with a.
suitable,pqtentiomet@r in parallel with the cathode :esistor‘of
the p@ntgdégvbﬁﬁ becau$e of the drastic effect on the curzent
and hence on the ON voltage of the tubes, it’is”ﬁat practicale
This control does prov1de a methcd of ad;ustlng the 1ower of the

Lwo output levels, if thl@ is desirable.

10 J. Millman and Ha Taub Eulse and ~“gltal ClKQULth
McGraw=H111 Book Co., IRQ¢, 1956, ppe 164«172
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' ihe trigger portion of the circuit uses anﬁadjustable.cathode
resistor to reduce the‘loop gain to unity and thus the hysteresis t&
.'zeroo The plate¥caﬁching'diodes are used ‘because éf the gradual
cutoff characteristics of the tubes. With the nominal loop gain eQual
to unxty, the gazn in the region near cutoff is less than unity. The
circuit here acts as an ampliflera The plate catching diodes preveﬁt‘
this. Slllcon diodes are used because they can stand the high baak

‘voltage@

Neon bulbs d-¢ couple the Schmitt trigger to the cathodér
follower to prevemt the output d-¢ level from changlng as the duty
‘cycle of the trlgger changes. The neon bulbs drop a constant
voltage thhout attenuating the signal. ‘The output current capa-
bilities of the comparator may be increased to aboﬁt eight milli-‘
aﬁperes by placing a 47 kilohm, two watt, booster resistor'fromvthe
output to =300 volts. Without this bqoster the unit will supply -
.abqut thr@e‘milliampggesn~_lt should also be noted that the éath@ée
follower isolétés»the,triggér’from any caﬁacitance in the driven

éircuitg

4a4 Performance of the Schmitt Trigger

The rise time of the unit depenﬁs somewhat on the speed of
'the:triggerlng voltage, but in no_case is it less than one micro-
second. ’Thé outpﬁt'switches between +40 and -60 volts. As noted
?IEVlQUSly, the lower of. these voltage levels may be adjusted Wlth
a potantiometer from the cathode of the pentode to either the plus
or mxnus supply as necessarya The input switches within three
volts of zeroc. The drift of the SWL&chlng point is about 0.5 voltw
The entifé circuit may be mounted in a plug-in can. This has

considerable utility in analog-computer work as a séparate circuit.



i

QBS'Desigﬁ of a Diode Bridge Limiter

‘The comparator output has some overshoot, and the voltages
between which it switches are not accurate. The comparator is
therefore followed by the diode brldge limiter shown in 4. 401;
To allow fast rise times, the 1mpedance level should be as low as
: poss;blea t’331:@«:3!.5:»&&1'. noninductlve-wlreﬁwound resistors prov;de,fqr
acéurate'limiting 1evelso The voltagés’ﬁust be véry we1i regulated
and preferably should be obtained directly from.the reference |
supplies of the computex in which the devicé w111 be used. The'
particulay circuit shown here limits at 30.3 volts. This is low .

enough to insure that,the trigger can decisively switch the bridge.

Ueorn and Korn, op._cit., p» 294
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‘ Chapter 5
Output Amplifier and Filter Design

- The output element of the‘éompleteisiﬁe4cosine generatqr(
must be an amplifier capable of supplying the required gain and
low ocutput impedance. The output low-pass filter is piaced in the
feedback loop of this amplifier; this greatly'simplifies‘ghe filter
design; The very low outputﬁimpedance ané the virtual ground at
the 1nput of the operatlonal amplifier result in effective isolation

of parallel sectionsa The ﬁollowing procedure may be used whenever

‘a low-pass fllter of sxmllar design is requlrede

‘5.1 Design of the Filter

‘The four basic sections and their transfer admlttances are
shown in figure 5.1+ The R-section should be‘chosen first. The
fesistor;,in general,‘should be as large as possible, 1 meghom
‘béing:thé'mast common value used. - Along with the input resz&torg

th;s detexrmines the 1ow frequency galno

Next the R-C T-section is designed. This attenuates all
.harmcnlcs higher than second. R and C are chosen to provide the
necessary attenuation at the third harmonlc of the osclllator ‘
frgqgencye _For example,\;f the admittance of the RPsectlon is

~6‘ : halih L ‘
10
=4

mhos, and the‘desired'attEnuétioﬁ'at'the third harmonic is

10 7, the admlttance of the RnC T-sectlon at thls frequency should
-2 .

be 10 mhos.

Finally, the two L-C T-sections are designed. These are
resonant at ‘the fﬁndamental and second harmonic of thé oscillator
frequencya ‘The attenuation of these sectlcns is Ilmlted only by
the Q of the capacitors and lnductors used, The admmttance at
all ffequencles below. resonance should be lower than that of the

“R-C T-section. This results in minimum phase shlit and Smellfles

20
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2
<c:c:nnpenseitJf.cm_o 1f the admittance is too low however, the attentation

will not be sufficient at the resonant frequencies. Two L-C T-sections

were used here to gimplify explanation, but any number may be usédg

5 2 Fllter Compensation

, The filter- pllfler combination described so far will be

' ungtableu The network requlred.for compensation may be computed

,analy&ically; this is, howevez, a very cumbersoﬁe procedure. It has

~ 1::€3<—::::. found ﬁhat if the amplifier‘gain is less than about 50 at low
'frequencles, the requlred compensatlon is a simple capacitor. A‘A_
'trlalmand-error compensatlon of the complete filter with a capac;tor
decade is feas1b1e@ This method is indeed useful as the requxred
ccmpensatlon will vary as the complete circuit varxesor For example
in this design, it was found that 184 pf were sufficient to compensaée
the unit in the arcsine mode. In the sine mode, 300 pf of additional

' capacitance were necessary. The complete filter is shown in figure 5.2.

5.3 Filter Characteristics

The complete amplifiex hasvséveral inputs. The bias control
is necessary to remove any offset of the diode bridge. An input for
,nonclineax correction is also available. The performance of this

’ c;rcult is shown in flgure 5:3.



J00K*

$70pF  $70pF
Y|

0.005.ur= 0005«F

1L .
A N

250mh

10K —————)—
Bros
J/O0OK™ Contro/f /100m f
00 v 0032 wf = 0032 uf
t—i 3
/K
rour /I M* /84 pF
noy
AN\ J
v 22 M
N AN~
VYT A 100 K
A" AN~
Y7
Input for
Non -/linear
Compensalrion

23

Ouvtpu?

2=

Operalional/ amplifiezr is o Philbrick K2 -X boosried
with o /00K ,2 wall res/sror and srab//ized wilh

o K2-~

* Denortes /% Wirewounoy resiISror

Frgure 5.2, Filter Amplifier



24

/0t

LS

1071

e

/ -7 -t + e =
4 /0 /0% /07 /0* 0¥

Fregquency , cycles per Secona

Frgure 5.3, Response of Filter Amplifier



Chapter 6

Non-linear Correction Networks

The arcsine funcﬁlon is not sultable for direct use in the
,feedback ‘¢lyreuit of flgure 2:20 This oan be seen by reference to-
the arcsine function as generated by this circuit in figure 6.1.

If the input exceeds 90 degrees by some small amount, the output of .
the amplifier will increase beyond lQOO in an attempt to cause the
output of the arcszne generator to increase beyond 90 degrees, and

the amplifier overloads.

\

6.1 Generating the Modified Function

Th:s dlfflculty may be overcome by using the mod‘fled .
arcsine functlon shown by the dashed 11nes in flgure 6. lo If the
‘zlnput exceeds 90 devrees,‘only a very small increase in the output
~of the amplifler is necessary to cause the_pequlred increase in the .
output of the arcsine gehexatoro‘ The resulting small error is -

not objectionable.

As can be seen from figure 6.2, a very simple circuit
provides the required auxiliary function. This is a standard
dead-space circuit, often used in simulation problems. The break
points must be placed very accurately, hence R must be small for
ease of adjustmenteo It is necessary‘to used precision vesistors, .
-1 that R will stmll be large enough to compensate for the toleranoe

of the othex resxstorse ,

6 2 Non 1inear Correotlon

Without correction, the errors are dlstrlbuted about the
three'straight—llne segments shown in figure 6.3. To reduce these
errors, the complementary function shown by the dashed lines is

genérated° The simple circuit providing this function is shown

25
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in figure 6.4s Because the sldpe-is small, the break pointsvaie not

| critical, and ten per ceht :ésistors are accepéableo The gain control’

permits adjustment for optimum correction. The high back resistance

of silicon diodes is required because of the relétiveiy high,impédancé

level of the eircuit. It'is‘inﬁeresting to note that the addition of

this simple circuit doubles the accuracy of' the sine-cosine generator.,



Chapter,7.

Performance of the Sine-cosine Generator

, Thé‘c@mpletéﬁblock‘diagtam of the sine-cosine generator is
shown in figuié 7.1. The 220 pf’capaéitOIVacrbss the.feédbéck
" amplifier is necessary‘fox stabilitye The 220 pf compensating
capacitox shunting the input resistor prévents the stabilizing
capacitor from causing excessive ghase shift. This extra
capacitor degrades performance'in the arcsine mode because it is
in parallel with the stabilizimg capacitor; It will also be.
‘recalled that an extra 300 pf were requlred to stabilize the
: fllter ampllfler in the .8ine modewf These remain in the clrcult

in the arcsxne mode, Whlch is enly rarely ‘used as such.

7.1 ?erfcrmaﬁce of the Aresine Generator

As an~arcsine'generator, the unit has a static accuracy
of OQS'volts.,l2 The hum and fiéplé-at Zero volts afev0e2 volts
and 40 millivolts peaknto-peak respectivelyo At 50 degreés,r
. these same quantities are O. 5 volts and 60 millivolts peak to-

peak. The hum continues to rise so that the circuit is not
‘really practlcal above 80 degreesw, In addltlon to humb drift

is & problem in this clxculLa At zero velts, the short time
drift is less ﬁhan 0.1 volt after the circuit has warmed up.

At 50 dégrees, the drift is quite serious, a5 figure 7.2 shows.
This drift appears to be the result of a storage effect in the
Schmitt trigger. The change in duty cycle causes a temporary
change in the switching point. ﬁhen,ﬁhe_lnput is returned to
zexoyvthewerrox'decays in the same manner in which it builds up.

The frequency responge of this circuit is shcwn in figurej7»3

12Ap9endixy pe &1

- 29
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7.2 Performance of the Sine Generator.

As 2 sine generatoxr the static ac@uﬁasy is also 0.3 voltsol3
The hum and ripple are 0.4 volts and 90 millivolis peak-to-peak
respectively at zexrc. At 50 degrees, these same quantities are
0.2 volts and 0.15 volts peak-to-peak. Hum is not the serious
problem here that it is in the srcsine mode. Drift, however, is
still a problem, It behaves in the same way as in the arcsine
mode and is éhcwm in figuzg 734;; The requency xesp@nse is shown

in figure 7.5.

13éppendix9 po 42
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Chéptet g
Applications

There are several methods by which the usefulness of the

’]sine»cosine.generator may be increased.

‘8 1 Generatlng Related Functions

, "The inverse of any functlon may be generated on an analog
computer as shown-lnfflgure 8.1." If a circuit is available to
'generate‘eithei siﬁe or cosine the other function is easily' »
obtained by adding the pfoper‘écnStant‘(ﬁhaéé angle) to the input.

hrough the use of trigonometric identlcles, other clrcular
fun@tlons may also be generatede These propertles greatly increase

.  the utlllty of the sine- c031ne generatora

802'Extending'the Range of the Sinewcosine Generator

The fange of the sine gemerator circuit is easily extegdgd
to 540 degrees. The circuit doing this and it®s transfer charac-~
teristic are sh@wn Ln flgure 8 2. Thé secbﬁd amplifier shown here
is actually the anut ampllfler of the sine generator, so that only
‘one extra amplifier is rvequired. This circuit is made possible by
vthe development of the precision dead»space circuit, which has a

43
static accuracy of O 05 volt and excellent frequency responseel

8. 3 &xamples of the Use of the . Slne cos1ne Generatoz

, The computer set ups for several appllcatlons of this
circuit are shown in figure 8.3. There are, of course, many more,

but these illustrate the utility df~the device.

léGa,Aa Korn, "A Precision"nead-space Limiter for Trianglé-i

integration Multipliers,'" ACL Memo 14, Electrical Engineering
Department, The University of Arizona, 1960
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Table I Static Test of Arcsine Generator

X5 volts XO, volts -sin” ?%5 Exror, volts

~100.0 89.7 90.0 0.3
90,0 64.3 64.3 0.0
-80.0 53.3 53.1 0.2
-70.0 | 446 bl 0.2
:60.0 . 37,0 . 36.9 0.1
-50,0 30,1 30.0 0.1
40,0 23.7 - 23.6 0.1
-30.0 17.5 17.5 0.0
-20,0 1.6 11.5 0.1
-10.0 5.8 5.7 0.1
0.0 0.0 0.0 0.0
10,0 =5.8 ‘ -5.7 0.1
20.0 ~11.6 ' -11.5 0.1
30.0 -17.6 -17.5 | 0.1
40.0 -23.7 -23.6 0.1
50,0 =30.2 -30.0 0.2
60.0 -37.0 -36.9 0.1
70.0 -7 bbb 0.3
80.0 ~53.2 ~53.1 | 0.1
90,0 64,2 , ~64.3 0.1

10000 “‘90@1 . "‘90@0 . Ool

41



Table II Static Test of Sine Generator

X, volts . X, volts ~100sinX
? o’ 7T ST

s | Error, volts

-90.0 100.0 100.0 0.0
~80.0 986 %84 . 0.2

700" 93.8° 936 0.2

-60.0 . 866 86.6 0.0 .
~50.0 76.6 - 76.6 0.0
~40.0 64.2 64.3 0.1
-30.0 0 50.0 . 50,0 - 0.0
=200 34.2 . 3h.2 | 0.0
21000 - 17.4 . - 17.4 - . 0.0
0.0 0.0 0.0 ; 0.0
10,0 C-17.4 -1744 - 0.0-
20.0 e34.2 . 34,2 0.0
30,0 . <50.0 =500 0.0
40.0 -64.3° -64.3 0.0
50.0 -76.6 -76.6 0.0
60.0 -86.6 - ~86.6 0.0
70.0 93,9 . -93.6 - 0.3
80.0 -98.6 -98.4 0.2
90.0 © -100.0 . -100.0 0.0

i B » 5}2 ’



