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Abstract

In this paper we deal with dynamic properties of
the flip-flop sensor. Special attention will be paid to
the condition of control by slow-rise segment of the
control pulse and the derivation of the equivalent
voltage. The results of the theoretical considerations
are verified by simulations using SPICE, VERILOG,
and a laboratory experiment.
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1. Introduction

The key element of a flip-flop sensor is the switching
circuit or the so-called elementary memory. Its simplest
possible form is shown in Fig.1. It differs from the conven-
tional elementary memory by its method of control. The
control pulses are not applied to the base or gates of the
switching circuit but the circuit is repeatedly connected to
an ideal source of voltage or current. To be able to quantify
the corresponding non-electrical signal, it is advantageous
to use sensor elements in building the circuit. Instead of
conventional load resistors it is possible to use e.g. piezo-
resistors, photoresistors, magnetoresistors etc. A similar
situation arises in the case of transistors and inverters. It is
better if they are phototransistors, magnetoresistors or
transistors with multiple collectors which can be used in
the circuit for the measurement of the magnetic field. For
the quantification of the strain it is possible to use also
transistors with a piezoresistive channel. By using ION
SENSITIVE FET transistors it is possible to measure the
pH of liquid media or to determine gas concentrations.

If needed however it is not necessary to stick to the
principle that the elements in Fig. 1 should be sensometric.
Sensometric elements can be connected to the circuit ex-
ternally. They can be sensor bridges as well as active ther-
mocouples, Hall probes etc.

But whichever of the above variants we choose we
always have to stick to the principle that the measured non-
electrical quantity will break the value symmetry of the
inverters relative to the morphological symmetry axis pas-
sing through points Kand Z. If for example identical
phototransistors are used for the illumination measurement
then the window of one of the bases is covered with alumi-
nium foil which is done through a suitable technological
process at the time of manufacture. Also in the strain mea-
surement - if piezoresistors are used instead of load resis-
tors they must be orthogonally oriented on the chip so that
when the chip is deformed one of the resistors is strained
longitudinally and the other transversally so that the value
symmetry is broken during the strain.
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Fig. 1 Flip-flop sensor. Capacitances C; and C, represent parasi-
tic capacitances of the transistors T4, T».

Through the action of the measured non-electrical
quantity the originally symmetrical transfer characteristics
of the first inverter u;(u,) and the second one u,(u;) will be
changed into asymmetrical ones. However, it can be com-
pensated by a voltage Uy = Uyg in such a way that by repe-
ated connection to source U(f) the 50% state is restored [1].
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Fig. 2 Voltage control pulse.

It should be noted that in current and voltage control
we also distinguish between the pulse with a steep or slow-
rise segment of the control pulse (Fig.2). The control with
a slow-rise segment of the control pulse is characterized by
the ratio U,, / & being such that currents passing through
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the capacitors are negligible. The notion negligible is un-
derstood in relative sense. In practice condition is satisfied
if 61, 6,>> R, C, and &, 8, >> R, C, at the same time.

The flip-flop sensor can be described by the system of
differential equations [4]

du, _ R, lU(t)_ul _R1¢1JE

o )

dt RR,C,
du, _R[U@)-u,~U, R, _ 0 o
dt RR,C, ?
Quantities @, ¢, are defined as
¢1:]1+12/ﬂ29 ¢2:Iz+11/:81 3)

and

L=ig explu,/Vy), I, =iy explu,/V;) @)

where ), p, are the current amplification coefficients, igg,
igs; are the saturation currents of bipolar transistors and V7
is thermal voltage

2. Triple point in the state plane

Specific to the control with a slow-rise control pulse
is gradual appearance of singularities with gradual increase
of the input voltage. The opposite situation occurs in case
of control with a steep segment. When 6, 6, << R; C; and
1, 02 << R, C, the appearance of these singularities is not
gradual but instantaneous. For U<U, the singular point
S as an intersection point of the characteristics is stable.
For U=U, the intersection point of the transfer characteris-
tics is the so-called triple point Sp [4]. If U(t)>U,, so the
intersection points of the characteristics are points 0, S, 1.
The points 0, 1 are stable, while the point S is unstable.

What is typical for the point Sy ?
Can be point S, precisely analytically determined ?

Before answering these questions, it is necessary to
clarify some questionable statements related to the circuit
dynamics. It follows from the above conditions for control
with a slow-rise segment that the currents passing through
the capacitors are negligible compared to the transistor cur-
rents. This finding leads us to the notion non-dynamic cir-
cuit and makes one dubious about the use of expressions
like stable or non-stable state. The notion negligible, how-
ever, is arelative one and in practice the capacitance cur-
rents are nonzero. Therefore it makes sense to consider the
left-hand side of equations (1), (2). Also from the theore-
tical viewpoint the capacitor currents cannot be zero becau-
se that would correspond to a zero increment in the control
pulse. This view of the problem makes it possible to put
together the Jacobi matrix for given system (1), (2) relative
to the treatment of the stability or instability of the given
point. Consider a perfectly value-symmetric circuit. Then

R =R\ =Ry, B= P = o, ips = ips1 = ipsn, C= C; = Cy. Let
the point Sp be the triple point at the value of the input con-
trol pulse U = U, and let Sp = [Us, Us].

The Jacobi matrix in this case has the form:

RI, RI,
| Yii% 14
J=— r T 5)
- RI RI
RC o 1+ [23
VT ﬂVT

where [, = igs exp(Us / V7). For the calculation of eigenva-
lues we have

det(J - 1E)=0 (6)

where E is the unity matrix. It is obvious that for U<U, the
singular point S| as a intersection point of the characteris-
tics is stable. For U = U, the intersection point of the trans-
fer characteristics is the so-called triple point Sp [4]. Triple
point Sp is on landmark stability and instability, since
eigenvalues A = 0. For the resulting current / = ¢, + ¢, at
point Sp we have:

1=21,(1+1/p5) ()

and for the voltage

U,=RI, {1 + iJ +V, ln[.l—“j (®)
p Lgs

where

v
=——7T— )

S (1)

Eqns. (7), (8), (9) were derived through (6), (3), (4) assu-
ming A = 0. Coordinate of Sp can be calculated analytically:

U, =V, 1{M} (10)

Ies

Relation (10) can be derived through (4) and (9).

In Fig. 3a T; represents the state trajectory and the
time marks correspond to given time instants in Fig. 3b.

3. Formula for the equivalent voltage

In the case of value unsymmetry assume Sp = [U;, U,]
so that U, # U,. The Jacobi matrix in this case has the form

1 ( Rl12j I,
R +—
J: Rlcl VTﬂZ CIVT (11)
= 1 1 (1+R211}
CZVT R2C2 VTﬂl
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where Il = iESl CXP(Uz / VT), 12 = iES2 exp(U1 / VT) From the
condition (6), for A =0, we have

1+&L+&Q+R£%Q(l
B ViBy Ve BB

Despite that the elements of the Jacobi matrix depend on
capacitors Cj, C, they do not affect the location of the point
Sp in the state plane. In the equation (12) we included con-
trol with a slow-rise segment — the triple point Sp is me-
aningful in the functioning of the flip-flop sensor only if it
is reached by a state trajectory, which corresponds to the
control with a slow-rise segment of the control pulse.
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Fig. 3a Gradual appearance of the singular points
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Fig. 3b Voltage control pulse in the half-period

Eqn. (12) is a necessary but not sufficient condition for the
determination of Sp. Therefore a second equation has to be
written, taking into account the equilibrium state at the
value asymmetry. For Uy = Uyg, U(f) = 0 we must have
u1(0) = 0, uy = -Uyg. At equilibrium without the effect of
noise we have u, = u; - Uyg. From 2™ Kirchhoff law

R{I1 +,;_2+Cl%j+ul =U,; +
2I d (2
+R2(12 +;‘+C2 %]4%{2

1

Since the capacitor currents are negligible compared to the
transistor ones and

u —uy =Uy (14)
we obtain
R1(11+]2/182):R2(12+[1/:Bl) (15)

This equation characterizes the equilibrium state in the case
of value asymmetry. Solving the system (12), (15) we get

R S S —
1 Rl_Rz/ﬂlj ’ Rz_Rl/ﬂz

The equivalent voltage Uyz can be derived through (4),
(14) and (16). The result is

(Rl _RZ/'BI) Igsy
(Rz _Rl/ﬁZ)iESZ

The formula for U, can by derived through (3),(4),(16).

(16)

Uy =V;In

(17

VTRlﬁl
ﬂlRl _Rz

u,=V, ln{ (18)
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iESZ (Rz - Rl /ﬂz )
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Fig. 4 Paths of singularities at equilibrium and the relation u,=f(u+)
in the neighborhood of the origin of the state plane.

What is the physical interpretation of the existence of
the point Sp?

Taking the derivatives of the eqns. (4) and (13) it follows

R\ dI +& +du, =R,| dI +ﬂ +du, (19)
1 1 ﬁ 1 2 2 ﬁ 2

2 1
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dl, =—‘du,, dl,=-*du, (20)
T T

Eliminating dI, and dI, result in

1 R du 1 R

il R, 2| ===z R, -—L|-1 @)

Vi 1 du, V; B,

Obviously, (21) holds at the point Sp and at that point only
for theoretically arbitrary ratio of the differentials du, / du;.
Hence, if affected by noise e.g., the voltages u,, u; change
in the neighborhood of Sy so that du, / du; < 1, then we ob-
serve a transition to state 1 (trajectory 75 ). If du, / duy > 1,
then the circuit assumes state 0 (trajectory 73). Plausible
cases are shown in Fig. 4 and it should be noted they are
valid for Uyg>0. After theoretical analysis, we can conclu-
de: point Sp is the point in which the decision is made
about the transition to state 0 or 1 depending on du, / du,,
that is, the effect of noise, if Uy = Uyg. With the existence
of white noise with zero mean value is connected the so-
called 50 % state [1] — the number of transitions to state 0
is equal to the number of transitions to state 1, if Uy = Ung.

4. Experimental results

The validity of the formula for the calculation of equi-
valent voltage was proved by simulation in SPICE, VERI-
LOG and by a laboratory experiment. The parameter
values of the bipolar transistors used are shown in Tab. 1
(SPICE). In Tab. 2 the equivalent voltages are obtained
with the aid of the formula, simulation, and laboratory
experiment. The value of the equivalent voltage can be
determined in a laboratory experiment simply by gradually
increasing of the symmetrisizing voltage until the so-called

IS =10"A RC =100
BF =100 CJC =1pF
ISC =10™A CJE =1pF
RB =100 Q VJE =075V
RE =10 VJC =075V

Tab. 1 Parameter values of transistors

Rz =6.778 UNE UNE UNE
k] equation SPICE experiment
[mV] [mV] [mV]
Ri= 8.18 4.95 5.00 5.10
Ri= 9.1 7.85 7.90 8.00
Ri= 9.96 10.21 10.25 10.48
Ri=11.95 15.00 15.10 15.40

Tab. 2 Values of equivalent voltages

A 50 % state [1], when the value of the symmetrisizing
voltage equals the equivalent voltage. A disadvantage of

this method is the need of a manual change of the symme-
trisizing voltage depending on the circuit’s asymmetry. In
practice it is better to use an auto-compensating system [3],
[2] in which the equivalent voltage is set automatically de-
pending on the asymmetry. In our case we used in the labo-
ratory experiment an auto-compensating system with trans-
lation into time interval (the number of pulses N; read in).
The system is shown in Fig. 5.

For a correct functioning it is necessary that R, > R,
(Une > 0) holds. Depending on the asymmetry the voltage
at the output of the integrator decreases into negative
values according to formula uy = - (Ucc £) / (R; C)).

comparator \l/
U3

digital
[— output

resetting

counter [Hregister

counting

Fig. 5 Auto-compensating system

If Uyg = - (Upg Rx) / (Ry + Rg), then the comparator starts
working —negative voltage causes the transistor to switch —
the voltage u, theoretically increases up to the zero value
and since the symmetrisizing voltage is zero too, voltage u
decreases again into negative values. This repeats periodi-
cally so that to degree of asymmetry corresponds the num-
ber of pulses read in. This fact is expressed by Fig. 6.
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Fig. 6 Principle of the auto-compensating system functioning.

The flip-flop sensor was controlled by a voltage pulse
according to Fig. 2, while 8, & = 18 ps, U, =1 V and
T = 40 ps. From the obtained experimental results contai-
ned in Tab. 2 it follows that the inaccuracy of the equiva-
lent voltage, calculated from relation (17) is less than 2.6%.
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5. Conclusion

The aim of this paper was to show the properties of
flip-flop sensor controlled by a slow-rise segment of the
control pulse. From the formula (17) derived it is possible
to study the effect of flip-flop asymmetry on the equivalent
voltage. The validity of the formula for the calculation of
equivalent voltage was proved by simulation in SPICE,
VERILOG and by a laboratory experiment.

The asymmetry can be represented by the action of
a given non-electrical quantity upon some of parameters of
the flip-flop sensor. The method of measurement by the
flip-flop sensor following from the existence of two stable
states makes it possible to represent the equivalent voltage
or a non-electrical quantity in a digital form without an ex-
tra AD converter.

From the formula (18) it is possible to study a depen-
dence of the period of control pulse on the parameters of
the flip-flop sensor, since for a correct detecting of state
'zero' or 'one' it is necessary that U,, > U, holds, where U,
is amplitude of the control pulse (Fig. 2).
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