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ATTACHMENT

* i : R John Pace -

The invention is a technique for making a programable function generator,

.suited to, but not restricted to, construction in integrated circuit

form. It produces an output current or voltage which is a programable
function of an input voltage or current at n evenly spaced values of -
the input voltage or current. For values of the input signal between
the n points, the output is a linear interpolation between the output
values at the nearest points. The programing of each point is indepen-—

. -dent of all other points, and the output at any point can be established
by the ratio of two resistors. Y : : s

. Included is a technique for making compensated current sources for
.integrated circuits. & : i S R S :
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* 3. The system is outlined in Figure 1. Block number 1 of the drawing is -
- a current ladder. It consists of n identical current sources, the
outputs of which are connected to each other horizontally by pairs of
diodes. Each current source output also drives the anode of a diode
(which may be a diode-connected transistor), the cathode of which
goes to a common buss, and to the base of a tran31stor whose emitter
.is also connected to a buss.

"~ ..Block number 2 1s a regulator consisting of a current source identical
to those in block number 1, a pair of matched resistors, and a differential
~ .voltage amplifier whose output controls the amount of current delivered
‘. by the current sources. The regulator's function is to maintain the
o total current ladder equal. (or nearly equal) to the current from one
"current'source. o0 i s o A N R R

v 0 ; - . RF L -

Block number 3 15 the programable output network which consists of current
'~ ~dividers Rja and.Rlb through R,, and Rpp. Each divider splits the current
- from a transistor's collector between ground (or some other reference
Ui overeitowl yoltage) and, in this case, the input of an operat10nal amplifier whlch

S T N T converts the current into a voltage. . -

fviBlock number 4 is a voltage limiter which is used to prevent the voltage
'~ from either end of the current ladder to the diode or emitter buss from
- . exceeding the reverse breakdown voltage of the base-emitter junctioms.
: ‘. This regulator permits the current ladder to be longer (that is, n is
L5 . 5. larger) and therefore there can be more programing points than otherwise
‘f;§-3{;.fu355_5‘wculd be possible. The voltage regulator functions by diverting current
“.a.i' o - from the center of the current ladder when the voltage at one of the

= .7 " ends of the ladder gets negative enough to turn on one of the-regulator

... transistors, thus preventing the voltage at that end from. going much
’"%,,more negative until the regulator transistor is saturated

R e R e Block number 5 is a differential current.driver. Its function can be
triwow .+ explained as follows: Let the input-to the system be X and let X take

. : 5. ¢ on any value from 0 to +l1. Let i be a constant scurce of current.- =
“. . Then the differential current driver will (in this case) sink currents
’ff;, of (X131) and (1—X)11 for driving the ends of the current ladder.

> . R

= Q,Figure s shows one way in Whlch a differential current drlver has been
* '~ realized for use in an integrated circuit. An operational amplifier
" eireuit converts an input voltage of 0 to Vin max to a current of 0 to
4i4n max... A precision reference current, iref, is fed into a current
“mirror circuit. Let iref = iin max. Let the B of all transistors be
’»}the same. By design, let iz be some constant factor, y, times as great
as iref..-Then the collector current of transistor-t2 is equal to ipef =
mes ;

RS e

.
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Also, if the transistors to and t3 are Identical and have the same

collector voltage; then their collector currents will be the same:

.
Py
]

F
ip = io = iref,~ _g

" Thus, the current source ip will very nearly compensate for the

. fraction of iin which is diverted to transistor t7's base, so as

© I4n varies from 0 to iref, the current iz - ia/p wvill move very
.linearly from the collector of tg to the collector of t7. This system
effectively compensates for the errors normally created by finite B
of the transistors, and by th variations of that P with temperature.

- Refer to Figure 1: The best way to understand the operation of the
- system is to first Imagine that X = 1, so that all the current to the
-differential current driver is coming out the left end of the current
~-ladder and none is coming out the right end. Since the current sources
in the current ladder have been regulated to force the current in the
diode bus to equal the current from one current source, is, then

" and the output of the n'th current source is all passing through Dy
to the diode buss. The voltage at the anode of Dy also appears at the
base of the corresponding transistor. As we move to the left from Dy,
we find that the voltages at the anodes of the diodes and at bases of
.. the transistors get progressively more negative because the current
from the other current sources must pass through a string of diodes
-as it moves to the left. Since the transistor on the right side of
the. current ladder has the most positive base, the current ig will
: it pass through its collector to the junction of programing resistors
~...n. . Bpa and Rgp. [ A - Rl

-Next, assume that the input X has decreased to the point where a current
: ‘is/Z is flowing out the right side of the current ladder and a current
seeiimEii (n-1) dp - i5/2 is flowing out the left side. Then a current ig/2 is
G e flowing through diode Dy to the diode buss, so a current i5/2 must be
St o ® flowing through diode Dy-1 to satisfy the regulator. The transistor
.. bases connected to Dy and'DN;l will then be at the same potential, so
“'n*f;;'“iz will be split evenly between the two transistors; ip/2 will go to
%" Rna and Rgp, and 13/2 will go to R(n-1)a and Reyjyp. The output
.-+ voltage will be _ - . ! el ; :

et B AT

s T . : s - -
.

-

A L _ : : K R R % . :
; " ""‘.,_;: .:'> -- 5 -- ' v g .'i nb e - (n"'l)b :L.h i 2 A
L e e B Ty

PR RY

- . Now Imagine that X decreases evenffurther such that a current équal'to 15
£lows out the right side of the current ladder. Almost all of this current

-
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will come from the first current source. The anode of diode Dy-3
will be the most positive in the string, so all of its associated
current source ig will flow through it. Therefore, all of i, will

go to the junction of Rp-1)a and R(n—l)b- The output voltage will be

; i ; (n ~1)
;v == © i = ( h%‘
‘out RFb ',2 & (n 1)8'*/?(”“’)5

~ As X varies from 1 down to 0, the current i movés linearly from one
" ecurrent divider to another, from left to right, and the output will
-~ vary in a manner established by the ratios of Rla and Rip through Rpa
: aud Rohe 7 ciid i g b .

“,;; ; Obviouqu, if B is finlte in the tran81stors, a fraction of 12 will be
"‘;-‘lost to the bases, that is R R e e

'~1'To prevent the output from changing with temperature because of B

variation with temperature, the circuit in Figure 3 was used for ijp
to compensate for the B term. The function of this circuit is the

 same as ;he current source for the differential current driver.

[

ﬁ:_'Other methods of making programable fﬁnction generators include diode

function generators, servo motor driver switches, cams, and drums, and

. digltal memory systems with analog-to-digital and digital-to—analog
"}{'converters. The diode-type generators are difficult to program and do
- . not have independent adjustments at.each program point. They are
"> usually somewhat semnsitive to tempgrature variations. They do have the
- advantage of adjusting the positions of the "break points', and they
- are relatively fast. The servo motor systems are usually large, expen-

sive, slow, and they consume considerable power. They can have the

. advantage of very smooth and versatile transfer functions. The digital

.. systems tend to be expensive in that they require A to D and D-to A

.. converters and a digital memory unit. They also have a disadvantage in
+ that the output will vary in discrete steps. The programable function .-

generator described in this disclosure has the advantage of being small

~ and inexpensive — Blocks l,'Z, 4, and 5 in Figure 1 can be put into

one or more integrated circuits. It also consumes little power and
responds to relatively fast changing input signals. The programing,

‘*{s conveniently done by resistor ratios, and each point is independent
- of the others. This lends itself to computer programing and other means
- of precisely, rapidly changing the functlon. Use with precise 10 turn
__potentiometers could take advantage of the accuracy and linearity of

the system which could be used for simulating many nonllnear functions,

.;f as well as linearlzlng many non}anear systems.

t

Soe cive : J.o% o
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/ {” G N Yhe inventive features of this system are:
St o L 0.5 The use of curesnt divider resistors and transistors in conjunction

with a current ladder to form the unique type of programable
function generator. (Invented by Barrie Gilbert) (Disclosure
~already filed.) : :

S i o 207 The use of. a -feedback Tegulator with typical current source to
'f}>'3,;~,_p~ .- make the system stable, accurate, and very independent of the common
s e "+ mode current from the differential current driver. (Invented by

.- John Pace.) : Tk el i s '

Aeen ge e

~The uée'of the voltage limiter circuit to make possible a longer
current -ladder and more -programing points. (Invented by John Pace.)

 The technique for making current sources on integrated circuits with
'jloufputs which are, to a good approximation, equal to the input
-current with an added or subtracted factor proportional to 1/B or

~ Y/B (where Y is a constant and where B is the common emitter current
" gain of the tramsistors) as shown in Figures 2 and 3. (Invented
- by John Pace.) : Wi : i sl

e 403 A

R L SR M .
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4. The exact dates of conception of these inventions are not recorded.
The feedback regulator, voltage limiter, and current sources were
‘conceived between the months of March and August 1971. Each of these
circuits were tested in breadboard function generators during this

... . period. An integrated circuit function generator employing these

“,w . . cilrcuits has been designed and is, as of December 14, 1971, being

» = .. fabricated. The schematic diagram for this integrated circuit is
‘v dated 9-20-71, revised 9-28-71. My assistant, William C. Stutzman,
- has witnessed these inventions and their realization in practice.
- Others with whom the circuits were discussed shortly after conception
. -are Mike Metcalf and George Wilson of Integrated Circuits, Englneerln
; ..‘Te.ktronlx., No eugineerlng notebook was kept. gt




B
PRS0

T, MIOIX B \m.

f o NS v

NOTES: |, ALLG-DP DIODES. ARE.SCHOTTKY,

2,% = 3,4K; MATCH CRITICAL
3.5 = 4K g MATCH CRITICAL
4, %33 = 2Ry MATCH CRITICAL

Sk

\N? \&,Vw\ Sl ot mu\.wo\ﬁ

. JJd20 < T20.-




=
Ry szwm\
T bty > (e
:—.. - V 4 & & & : - 3 L & ~
o

%N— 2 h Q§k FN !
1 Jw (a .

: mb +ig= kK -1sV

(D1FE. Seuret)
. \ N m\a \Z\vﬁﬂ
s>+hwn.a5a&pP ,..lﬁ

|
J

CVTPUT

M 0] SimPLFIED
QIRAL\T PIAGRAM




