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VOLTAGE CONTROLLED OSCILLATIONS

IN THE MOS NEURAL LINE
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Electrical Engineering Department
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College Park, Maryland 20742

Abstract

An electronic simulation of the rythmic response property of the

nerve axon to steady stimulii is presented,

In particular, by a

suitable choice of parameters the MOS neural line shown in Fig.1,
Simulates the voltage controlled oscillation propertx, in addition
to 1ts other axonal properties previously obtained A

1. INTRODUCTION

Rythmic responses to steady stimulii are

a characteristic property of the nerve
axon, and an essential feature of the ner-
vous system where information is trans-
mitted down the nerve fibers in frequency

codes(z)’(s).

The frequency of these
rythmic responses increases with the d.c,
level of the input stimulii, maintaining
the output pulse size and shape and, there-
by, signalling intensity by frequency.

The voltage controlled frequency response
varies widely from neuron to neuron de-

pending on their physical dimensions,

Here we show that the MOS neural line
shown in Fig.l simulates, with a proper
choice of the line parameters, the voltage
controlled oscillation property, in addi-
tion to its other axonal properties pre-
viously obtained(l). By varying the capa-

citances in the line, it is shown that a

wide range of frequencies can be obtained,

as evidenced also in biological studies(32

2. EXPERIMENTAL RESULTS

The MOS neural line shown in Fig.l1 is made
to simulate the voltage controlled oscilla-
tion (VCO) property in addition to the
standard properties of (a) threshold of
Stimulability,
pulse shaping and (d) constant velocity of

{b) refractory pericd, (c)

propagation for a proper choice of the line
parameters Rl' uz, R3 and VB. In parti-
cular, Rl- 2. 0K}, R2- 6.9Kn, RS- 4. 7KL and
VB- 10,0 volts were chosen to illustrate
Figure 2 shows the VCO
property of an B-stage experimental neuris-

the VCO property,
tor line. Here the input and the fourth
stage output are super-imposed for two diff-
erent d,c, input levels, Vi-5.3v and Viu
5,45v,
the d,c. input voltage level from approxi-
mately 180 KHz to 250 KHz, respectively,

Note the increase in frequency with
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The variation in the frequency of oscilla-

"tions with the d.c. input voltage level is

shown in Fig.3 for a single neural stage,
with the capacitance C, of the first stage
as a parameter. Note that lower frequen-
cies are generated for higher capacitance
values, giving a wide range of oscillation
These

generated frequencies are in general very

frequencies for the neural stage,

sensitive to the supply voltage VB of the
iine. In particular, for an input vol tage
of V1n5.4v and C=680pf, the variation in
frequency with the supply voltage VB is also
plotted in Fig.3, illustrating a lowering

in frequency with an increase in the supply

vol tage V These propertizs were also

B
verified numerically by a computer-aided

analysis using the SPICE program,
3. PRINCIPLE OF QPERATION

Consider the operation of a single MOS

neural stage (shown between dashed lines
in Fig,1).
discussion here is similar

The operation of the stage under
o that described
in ref, (1), except that afiter the generation
of the first action potential output, in
response to an above threshold step input,
the voltage Vog, the source-~to-gate voltage
ol the primary transistor of the stage, the
p-channel MOSfet MZ' can increase, due to
the feedback current from MS' This in turn
pulses on the MOSfet M2 causing another
cutput pulse to be immediately generated.
This phenomena is repeated as long as the
input is present since the input value is
responsible for bringing the output voltage
Vor again, after the generation of the
output pulse, above the pinch-off value an
ol the gate-to-source voltage of the n-
chaanel feedback transistor M3, for sustain-
ed oscillations,

To analyze in somewhat more detail we note
that when operating in the 'variable resis-
tance' region, the n-channel MOS law(4’p'51)

is
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1ds-2Kn((vgs—VPn)vds-%vgs) L §
where we continue to use Bymbols as defined
in ref.(l1). We also note that for the neur-
istor line circuit

Vg " Vel - VB - Rlil v v e
where A is the voltage of point 3, the
drain of Ml, with respect to ground.
N which is d,c., vy
Vi, of sufficient magnitude the transistor
Hl will be operating in the variable resis-
tance region, Thus, when the feedback trans-
174as17 v
have an initial value of Va call it Varr
which satisfies, from eqs, (1) and (2),
Rlxnvgl
Equation (3) proves rather sensitive to
parameter variations, but within component

(2)

LI Y

Too,
for an input voltage v

sistor H3 is turned off, giving 1

- (1 + ZRIKH(Vi-VPn))val + VB =0 (3)

tolerances checks experimentally. For ex-
ample, for V1-5.2v, v31-3.2v is experi-
mentally observed, while for Vi-5.4v, v

2,0v results,

ar”
Note that v31 decreases with

increasing input d.c, level Vi.

On the generation of the first action poten-~
tial the output voltage, v

o' ACross R3 is
given by(l’eq'l)

2
v, R3Kn(v32-vpp) N N ¢}

since the p-channel MOSfet Mz acts as a
current source with ids‘ K_(v .

) pVes~Vpp)
Kp ——Kn. When vo-vgs3 achieves a certain

" value Vo sufficiently greater than the

pinch-off voltage of the feedback MOSfet Ha,
MS becomes conducting in the variable resis-
tance region, adding its drain-to-source
current idsa to that of Ml through Rl'
Experimentally Vo--2vpn is found., This gives
a new value of Va, call it Van' given, by
substituting eq. (1) into eq.(2) using 1, =

1
1dsl+ idsa’ as a solution of

2
2R1Knv3N-(1+2R1Kn(V1+V0-2Vpn))v3N+V =0

B (5)

Again, experimentally, for V1-5.2v,
is observed, while for Vi-5.4vr

vaN-l.Bv

V3N'1-2V.




The voltage v, is seen (experimentally) to

rapidly jump between the two values Vag and
Van determined by eqs.(3) and (5), with the
Jumps occurring at times determined by the
charging and discharging of the capacitor
C, while, as seen sbove, Van €V¥ag- This
lower value of v, determined by eq, (5) de-
creases the gate-to-source voltage Vag of
the primary transistor H2. turning it on
more and causing the output voltage to rise
again and repeat the same cycle of opera-
tions as for the first output pulse des-
cribed in ref,(1). Note, that an addi-
tional voltage drop at node 3, caused by
the drain-to-source current of the feedback

HOSfet M3, sets the system into oscillation,.

As the difference between these voltages,
Vap and Van: indicated respectively by eqgs,
{3) and (5), is reduced, low amplitude,
high frequency oscillations result, due to
smaeller changes in the conductance of Mz.
Eventually, when Va~Vays DO oscillations
result, since no changes in the voltage
vaz-vgsz controlling M, take place after
the first output pulse., This is true for

a sufficiently large Vi, which inverts the
voltage at node 3 completely. So, an upper
limit on input voltage also exists for
these oscillations, An explicit expression
for the generated frequencies can be de-
rived by considering the charging and dis-
charging of C, but this gives a complicated
expression, 1t is evident, though, that
any expression that will approximate the
experimental data well should take into
account the changing nonlinear conductance
of the primary transistor M, during the
oscillations,

The high frequency, low amplitude, oscilla-
tions generated by the stage get caught in
the refractory zone of the remainder of the
stages, so it is possible that not all of
the oscillations generated by the first
stage get transmitted as 'characteristic’

action potentials, To eliminate this prob-

lem, the refractory period of the remaining
stages is lowered with respect to the first
stage by choosing lower capacitance values,
C=100pf being used in our experiments for
all stages except the first one, which has
a higher capacitance value, as listed in
Fig.3. :

Note that the maximum frequency of oscilla-

tions, f that can propagate on the line

max"
is determined by the inverse of the absolute

refractory period, t for the remainder

ref’
of the line beyond the first stage as det-

ermined in ref,{(1). That is

fmax- .lftre = 620 KHz . , . . . . .(8)

f

for the chosen line parameters,

4. DISCUSSION

The VCO property was obtained for a small
range of d.c. input veltage levels, typi-
cally a range of 0,3 volts from V1-5.15v to
5.45v, This range was increased to approxi-
mately 0,8v for a complementary neural line
constructed by replacing all n-type MOSfets
by p-type MOS5fets, and vice versa, and the
supply voltage VB to -VB, thereby trans-
mitting negative action potentials. This
increase in the range is essentially due to
the lower threshold of the feedback MOSfel
"3 which aliows the oscillations to start
The p-type MOSfet
“3 of the complementary line has a threshold

for lower values of Vi.

voltage of 1.4v as compared to 2.4v for the
n-channel MOStet M3 for the regular line
used here, The parameters of the comple-
mentary line also underwent changes (R1~R2
=5 ,6K0n, RB=2.7KOJ to optimize the input
voltage range for which oscillations were

obtained.

These results are reported in ref,(5) and
were subsequently obtained by our Polish
colleagues working with bipolar neural

lines(ﬁ).
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Fig.l. An Integrable MOS neuristor line.
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Experimental curves illustrating variation in frequency: (a)with input voltage ,
level for C=54uUpf, 68upf and 95upf for first stage and C=100pf for other stages.
(b) with supply voltage VB for C=68upf and Vi-5.4v.
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