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Abstract

A design formulatlfon is given for an op-amp RC,
hysteresis, neural-type pulse circuit. Equations of
design are given which allow cascading of first order
basic modules for the realization of neural-type pulse
microsystems., Experimental verification indicates the
practicalicy of the circuir.

1. Introduction

Neural-type microsystema are electronic systema
which realize the pulse handling characteristics of
biologlcal neural systems in a form suitable for inte-
grated eircult construction.! To date research
effurts have been concentrated upon the generation and
propagation of action-potential-type pulses in
neurlstor structures.? However, recentlg some efforta
hove investigated signal mixing systems. =5 1n our
studivs on neural-type microsystems hysteresis waa
found to occur naturally in such syatems,® Thia moti-
vated us to investigate the hysteresis phenomenon7 and
its use in neural-type systems. This has led us to
present here a design theory of a neural-type circuit
whose operation is based primarily on hysteresis.

Previously we proved the existence of a first
order aystem designed on the basis of binary hxa-
teresils and which exhibits neural type pulses.
Experimentally the system was checked out on an EAIS81
analog computer with hysteresis realized ueing
comparator controlled functlon relays. As such the
results of Ref. 8 are impractical for microelectronic
systems and hence are best considered as an "exlistence
proof” for the validity of the ideas.

In the next section we review the basic ideas and
equations from which the basic module is presented and
further deslgn equations given, Section III glves
experimental results, with closing discuassion in
Section IV.

11. The Hysteretic Neural-Type Module

We begin with the basic first order state-variable
like equationsa written in a form most useful for our
clircuit

kx = - ax - BH(x) -yu (1la)

y=x (1b)
here u = input, y = output, x = internal (stata-like)
varinble, a,B8,Y,k are nonnegative constante and H({*)

{s the multivalued binary hyeteresis function

H+ LS N
H(x) = {H+.-H_},—x_<x<u+ (2)
-H_, =-x_>x
(where {H,_,-H_} 18 the two element set comprised of
LA and H_). Figure 1 graphically presents H(*) the
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picture of which is important to our development.

H(x)
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Pig. 1, Binary Hysteresis H{-).

Figure 2 gives for (1) a signal-flow gtaph repre-
sentation in which we have included a nonlinear
transmittance H(+).
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Fig. 2. Signal-?loé Graph for Equations (1).

All portions of this signal-flow graph except that for
H(*) can be realieced by an op-amp integrator with a
summation input, as shown in Fig. Ja) where we have
(using Gl-llai.l-x.ﬂ.u)

k=C a=G,B=GC,vy=G (%))

Figure 3 showa an op-amp means of realizing suitable
hysteresis funcrtions H(:}.? To determine further the
characterization of H{*) we consider the op-amp
characteristic as that given by the set function

e
u J%aa:;l f“:;;._
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Fig. 3. Flow-Graph Component Realizatione.
a) Realization of Eq. (la)
b} Realization of H(x)
V+ ’" 0<v1
K(v,) = [-v_.v 1. 0=v, {4)
-v_ 5 v1<0

whera [-V_.V+] is the interval of numbera batween -V‘
and V+;V+ = positive saturacion voltage, -V_ = negative

saturation voltage. According to Fig. 3, the op-amp
characteristic is subject to the load line

Rf Rf
K = = ) x4 (L +g0v (5)

Drawing this load line on the op-amp curve, as in
Fig. 4, shows that the x-intercepts of H(-), x_ and %,

are determined by the lines going through b-¢ and g-h
respactively.

~Me (10 2y,

Fig. 4. Schema for Determination of Parameters for H(:)

Using
K(O,) =V, =B, K(O) = -V_= -H_ (6a)
in (5) gives
R R
x -G H,, x, - cii)u_ (6b)
f

Tha four parameters in H(:) of (2} are consequently
{ixed by the op-amp saturation voltagea and the resis-
tances of Pig. 3b). It should be noted that the line
d-e-f of Pig. 4 shows that the two member set value of
H{*) 1is really a three member set value--we ignore the
third valus as it is dynamically of little ilmportance

to our theory.

Returning to (1) we next investigate equilibrium
pointe, these being the values of x for which x = 0.
For this let us note (1) when %=0 and define the load
line L{x,u)} by

L(x,u) = - % x - % u (7a)
Then if the input assumes a constant resting value
u and x is the corresponding equilibrium state

Hixgp) = Llxg,up) {(7b)

is the equation determining Xy, as 1llustrated in
Fig. 5.

Lixu)
Hy Hix)
-%_ -ééu X Re 9
N\

Fig. 5. Resting Point Determination.

Now, in order to cascade basic modules and have them
all operating at the same equilibrium point we will
choose

up = X (8a)
-H = [-2 - X
The geomatry of Fig. 5 gives -H_ = [ B X "B “R]
which with (8a) gives
G
8 0]
YR T X T aw M- T ¥ L G

Conpidering Fig. 5 further we mee that thera are
a pumber of pousible belmviors for a given Input
depending upon how the load line [of (7) in the reating
state] intersects the hysteresis curve. The most
interesting cage i when there is one intersection of
the type ehown in Fig. 5; we might call this a
triggered neural pulse generator.

Triggered Neural Pulse Generator

We require that the load line L(x.un) of Fig. 5
intersects the lower, -H_ portion of the hysteresis

curve but not the upper, H_ portion. Thus
L(-x_.un) < H_ and L(x+.uR) < =H_ (9)
Wa alsc dasira ‘E alightly smaller than x,. Satting
€. x -y > 0 (omall) (10)
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and using (6}, (8b), (3), we have

G’ G' Gu GH
=+ = - H <H
H Gi + GH Gx+cu - +
and
G G G G
x £ u B
- K. Ly _.u, H_ < -H_ (11a)
GH Gi GH cx+cu
C¢ Gy
Ew—=—=H =~ H >0 {small} {11b)
G, - G_+G -
i X u

Assuming H+ and H_ positive, these are rewritten as

0 < Gy f'_: - Gfo-cﬂci and 0 < Gu + Gnt-GHGi
Gx+cu B, Gﬂci Gx+cu Gﬂci

Rewritten again more conveniently this ie, followed
by (11b),

[1_....__.1._].5.1:<E§<[1+ 1 n_-].ai (12)
1+(c,/6.) G, ° 5 1‘*_“’:7%) ' G, .
[ G
e £___ 1
0 <y €, " TG (12b)
- X u

Under these conditions an input change, Au, neaded to
trigger an action potential like pulse is ona that
moves the load line L(x.uR+Au) so that it no longer

intersects the lower branch of the hysteresis curve,
that 1is

:i cducc = X ~Xp {13a)
or
G . G
c e X a XL %
bus-ges-glg-gal L (13b)
u u £ X u

In this case a negative going trigger pulse, of magni-
tude chlGu will trigger the load line to jump from the

lower portlon of the hysteresis curve to the upper. If
the trigger input is short the system will return to
equilibrium via a traversal of the hyateresis loop
(under control of the dynamics of the capacitor) giving
an action potential like pulse as the resulting out-

put. The "height" of the output pulse is about that
of the hysteresis width
Ge
Wmox, dx_ = EI (H, +H) (14)

IlI. Experimental Results

Flgure fi shows the circuit upon which measurements
were mide uslng an MC 1458 CP dual cperational ampli-
fler pavkupe Tor the two op-ampa (with pin numbering
aN uhivwa In the Fgure)., When fed with pulses o
Toektronlx I'G 408 Pulee Generator was used as the
aignal sourve while when fed by sine waves (as for the
recording of the hysteresis loop) a Tektronix FG 502
Function Generator was used. All oscilloacope
displays presented were recorded on a Tektronix 561A
oscilloscope (with a faulty retrace which shows up

on the photographs).
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rig. 6. Op-Amp RC, Hysterssis, Neural-Type Circuit.

The values Rk - R! = 201, resulting in
IH-ZRu-ZR-ZOKn, ware used, along with two choices of C,

300 pf and 0.0l ufd. Figure 7a) shows the hysteresis
loop, measured by inserting a 10Hz sine wave as» input
at point b of Fig. 6, with lead a-b open, and measuring
the output at point ¢ {with lead c¢-d connected). In
order to hold to the design values of H+ s H_ = 4v, as

obtained in Fig, 7a), {t was necessary to apply op-amp
biases Vg, = 4.6 v and Vp_ = 6.0 v; we will later

discuss the case Vg = Vp_ = 4 v.

Figure 7b) showe a typical pulse response. Here
the measured dc value of the input needed to obtain
the eame dc value of output was p = Xp " 1.3 which

agrees very well with the value of 4/3 calculated in
the design. The threshold level of the input change
needed to trigger the output wvas somewhat under 0.4 v,
in reasonable agreement with the calculated value of
|Au|min = 1/3 previously found. The output pulse rise

with an input at triggering threshold was found to be
about 0.7 v, again in agreement with the calculated
€ = x,~u 3 the rise in Pig. 7b) is larger than £ since

+ R

the input trigger is larger than threshold. The amini-
mum pulse width needed to trigger an output, for a one
volt Au, was measured to be Jp aec. when C = 300 pf
(and 0.07m sec. when C = 0.01 pf), Pigure 7c) clearly
shows that a steady {nput sbove threshold magnitude

givea rise to a repetitive output.

Changing to C = 0,01 uf Pig. 8 shows the obtained
pulses in more detail. Figure 8a) shows a pulse
obtained for an input of magnitude juat at the crigger
level. Figure 8b) shows the detail of a sequence of
pulses obtained by a trigger of the same pulse width
aa in part a) but of greater magnitude. With a very
much greater input magnitude a signle output pulme
results which is of width equal to the input pulase
width. In Fig. 8¢) the effuct of a high fnput pulse
repetition rate is shown, the circuit exhibicing a
refractory period,

It should be noted that in Fig. & the integrating
op-amp and the hystereais op-amp use the same dual
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7. Measured Cirecuit Characzeristics: Fig., &. TFurtner Me=sured Cnarvaczeristiczs, = C.02
R eR sR,=2F =IR, =20R0 Secaies: as ip Fip, 7T
Scales: -v/cn' or 0.% n sec/civ fsiahs cnzesholc ;lagn-_.u
a) In Plzce Hysteresis (Vg =i.8. Vg =6.0) GLapae snresnosc
' =+ L 2 neiractoriness
(Horizontal = =, Verviczl = Hix:
(0,01 at ceater) power supply arn HPE23TE being used /. Tnis iz poss.
3.2} Tvpical responses, C = 300 pi ever though the hvsteresis ampiifier must satuTate
Lower trace = v, 0 on second linme ur while the integrating amplifier remains it linear
Upper tragce = x, 0 on seconc line dowr cperation since the nvsteresis widih is chesen sulil
ciently narrew, that is & four vol:t peak-pesr signa.
saturates the nvsceresis amplifler wnile about a ter

05



The Etrusture worns egually well wnen the resis-
cance values are Scaiec up by 2z fzztor of zen. Wher
scaied down by & factor of en i a2lsc operates

atisizzio ancep: -ha: ;oadirg sifecte make the
i quations net af accurate. 1I necessarv, cthe
i restorec by cthe insertiorn ¢of another

p~ams pair of unitv-gain isclation amplifiers. one

réplacing tne line a~b anc one c¢-¢ ir Fig. €. In the
zbsence cof tnese isclation amplifiers we have noticed
that there Zf more control or the pulse repetition

input amplitude for the lower resistance

T8¢ versus

the puctpur saturatior leveis
the supply wzluss. Lonsecuentiy,
Figure ¢ snows tha: this effect can-

® =3 3 and

ignorac since Vi, =\5 =4v gives

iess only slighs modili

. Never cations ir

elament wvalues are needsf Te maxe the circuis periorm

satisfacteriiy wish Vg eVg . fSinze the design egua-
tions are irn terms ol E_ ancd X . enze the tTue
avsteresis curve is Rnown desigr zan proceed Sroo the
scuations ¢f section 11,
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Fig« ¥+ In Flace Hysteresis, as in Tig., 7 buz
\'B =Y =4,
IV. Discussion
in Sectior II we have presented design pro-
sedure leading te working op-ame RC neural-zvpe
circuizs. This design is based upor the use of
nrsteresis which is5 piased to a stable resting state
for trigperec¢ nulse response.

in triggervec responses the circuic exhibits manvy
of the cus:uma.y neuristor tvpe of responses as weall
as having & repetitive response over a range o inpul
pulse magnitudes. Although this type of response hnas
been reportec previousir® S5 ELIL D the sircuir studied
fiere appears tc be the most controllable.

Tne circuit studied here has shown us & high
degree ol robustness in that reasonsble variations in
parametere have still allowed It to work essencizlly
as designed. Consequently, we believe the use of
nvsteresis, which has allowed & simple {irs: order
circuit to result. seems te hold considerable promise
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