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Abstract 
A simple and successful design of an autocompen-

sative system with flip-flop sensor for measurement of 
capacitances is presented. The analysis of the sensor is 
based on the state description with the vertical rise 
segments of the control pulse. The theoretical results 
are compared with measured data and good agre-
ement is reported. 
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1. Introduction 
The main part of the autocompensative system is flip-

flop sensor [1], [3], [5]. The flip-flop sensor is part of a 
class of silicon sensors with a digital output. Standard flip-
flop consisting of two transistors and two resistors (Fig.1) 
is characterized with two stable states. One of the authors 
of the patent flip-flop sensor was Lian [1] who showed that 
flip-flop sensor can be used for measurement of non-elec-
trical quantity and derived formula for calculation of equ-
ivalent voltage of the flip-flop sensor controlled by slow-
rise control pulse. The principle of measurement is based 
on this that measured non-electrical quantity will break the 
value symmetry of the inverters relative to the morphologi-
cal symmetry axis passing through points K and Z. How-
ever it can be compensated by a voltage UN = UNE in such 
way that by repeated connection to a source I(t) the 50% 
state [1] is restored, so that the magnitude of the measured 
non-electrical quantity will be reflected into the voltage 
UNE, which we will call the equivalent voltage. If needed, 
however, it is not necessary to stick to the custom of using 
sensometric elements in Fig. 1. 

The formula for calculation of equivalent voltage of 
flip-flop sensor controlled by vertical rise segments of the 

control pulse [3] was first derived by Kollar [2]. The auto-
compensative system, in which the equivalent voltage is set 
automatically depending on the asymmetry, was first pub-
lished in [4].  

The goal of this paper is to show the possibility of 
measurement of capacitances with autocompensative sys-
tem with flip-flop sensor and derivation of formula for equ-
ivalent voltage. 

 
Fig. 1 Flip-Flop sensor. Capacitances C1 and C2 represent 

parasitic capacitances of the  transistors T1, T2. 

2. State description 
The flip-flop sensor can be described by system of 

differential equations [3] 
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where φ1, φ2 are defined as 
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where β1, β2 are current gains, iES1, iES2 are saturation cur-
rents of bipolar transistors and VT is thermal voltage. 

3. Formula for the equivalent voltage 
In the case of control with the vertical rise segments 

of the control pulse the currents passing through capacitors 
(C1, C2) are not negligible compared to the transistors cur-
rents of the flip-flop sensors. It is obvious that unequal va-
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lues of capacitances C1, C2 will break the value symmetry 
of the inverters of the flip-flop sensor but can be compen-
sated by voltage UN = UNE, what was described above.  

In the case of value symmetry it is not possible to de-
cide about the logical level of the output voltage of the in-
verter R1, T1 or R2, T2, after connection to a current source. 
The reason is that the occurrence of a logical one at the 
mentioned output of the inverter has a statistical character. 
With a sufficiently large number of connections N to the 
current source the probability P(N1/N) of the occurrence of 
logical ones N1 at the inverter output is 0.5 (50% state). 

In the case of value asymmetry this similarity is bro-
ken, but if UN = UNE, then the 50% state is restored and 
again it is not possible to decide about the logical level of 
the output voltage of the inverter R1, T1 or R2, T2. 

System of the differential equations (1), (2) was sol-
ved in [2]. In the case of value symmetry solution of the 
system (1), (2) without effect of a noise, has the form [2] 

21 uu =  (5) 

Let current amplifications coefficients, the saturation 
currents of the bipolar transistors and resistors of the flip-
flop sensor are equal and let the solution of the system (1), 
(2), in the case that C1 ≠ C2, is function (5), then for equ-
ivalent voltage we have: 

),(2
2

)( uu
C

CRI
C
CRuu mNE φ∆

−
∆

=  (6) 

the functioning of the sensor. The separatrix divides the 
state plane into two regions containing the attractors 1 and 
0. If the origin is located on the same side of the separatrix 
as the point 1, it means that during each control pulse the 
flip-flop will go into state 1. A change of the equilibrium 1 
into 0 can be achieved by using the voltage UN in such way 
that the origin lies on the same side of the separatrix T1 as 
the point 0. This principle was theoretically described in 
[3] and mathematically was solved in [2]. Hence the de-
cision about a transition into state 1 or 0 is made in the 
origin of the state plane as was described above. But there 
currents φ1, φ2 are negligible compared to the capacitance 
currents and then factor 2 containing φ(u,u) in (6) can be 
neglected. Final formula for the equivalent voltage is then 
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C
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This idea to assume a solution of the system (1), (2) in the 
case of the value asymmetry when UN = UNE, as function 
u1 = u2 was first used in [2]. 
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where Im is amplitude of current control pulse, C1 = C + ∆C 
R = R1 = R2, φ = φ1 = φ2, u = u1 = u2 and C2 = C. Eqn. (6) 
was derived through (1), (2) under condition ∆C/ C << 1. 
Equivalent voltage as a function of the voltage u, calcu-
lated by (6), secures a transition into unstable state S (Fig. 
2), without effect of a noise. The function (5) represents a 
separatrix [3]. The separatrix T1 (Fig. 2) has a key role in 

Fig. 2  State trajectory T1 represents a transition to state S. 

In Fig. 2, Q1 = 0, Q2 = 0 represent characteristics of first 
and second inverter of the flip-flip sensor. 

 
Fig. 3  Autocompensative system 
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4. Autocompensative system 
The autocompensative system is shown in Fig. 3. R1 

and R2 are the load resistors of the flip-flop and usually 
range from a few kΩ to tens of kΩs. Rk is small resistor its 
value is normally two orders of magnitude smaller than R1 
and R2. Voltage u0 is attenuated by the ratio R0/Rk (R0>>Rk) 
and is fed to flip-flop sensor. By adjusting u0, the asymmet-
ry due to components in the flip-flop can be compensated, 
thus bringing the flip-flop sensor into 50% state [1]. The 
two outputs of the flip-flop are connected to comparators 
and the comparator outputs are connected to the integrator 
and reversible counter. The current of the flip-flop is swit-
ched on and off by a pulse generator. It is obvious that 
feedback is realized as analog, but reversible counter con-
nected to the comparators enables to represent measured 
capacitance in the digital form. 
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Fig. 4  Principle of autocompensative system functioning. 

Now suppose that C1 > C2. From (7), it is obvious that 
UNE > 0. After connection of the current generator voltage 
uN increases, but if uN(t1) > UNE, then beginning with this 
moment the situation starts to alternate which means the lo-
gical one will appear alternately at the output of the first in-
verter and then second inverter. This fact is expressed by 
Fig. 4. From the Fig. 4 it follows that the measured capaci-
tance will be reflected into the mean value UNS of the sym-
metrizing voltage uN. 

5. Experimental results 
Results of theoretical considerations were proved by a 

lab experiment. Experimental circuit was made by SMT. 

The important parameter of the flip-flop sensor is off-
set voltage. Let the offset voltage depends on temperature 
changes, mismatches in resistances and capacitances, mis-
matches in transistor saturation currents and current gains. 
Assume that the two transistors are subjected to the same 
temperature and that the effect of mismatches in the tran-
sistor saturation currents and current gains and of mismat-
ches in the resistances of the flip-flop are negligible com-

pared with the effect of mismatches in the capacitances of 
the flip-flop sensor. The major cause of offset voltage is 
then due to mismatches in the capacitances of the flip-flop 
sensor. The offset voltage can be compensated by the addi-
tion of a small DC voltage, or by the addition of a small 
capacitance, so that C1 = C2. 

In case of our experiment Im = 1.17 mA, R = 6.8 kΩ, 
Rk = 10 Ω, R0 = 1.8 kΩ, Ci = 10 nF, Ri = 10 kΩ, C = 387pF 
so that offset voltage UNEOF was equal to 8.3 mV. The off-
set voltage UNEOF was measured indirectly proceeding 1: 

• First, mean value of the voltage u0 was measured (Fig. 
3) using analog filter, 

• Offset voltage UNEOF was calculated using formula: 
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where U0 is mean value of the voltage u0 and RK, R0 are 
resistors of the autocompensative system (see Fig. 3). 

Using (7) for mismatches in the capacitances we have 
∆C1 = 0.806 pF. Now suppose that measured capacitance 
∆C2 is in parallel connected to capacitance C1. The capaci-
tance ∆C2 can be calculated using 
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where UNE
` is equivalent voltage with offset. 

The formula (8) was derived through (7) under condi-
tion that ∆C = ∆C1 + ∆C2. 

This idea to measure the capacitances with compensa-
tion of the offset was used in the experiment. In Fig. 5 me-
asured equivalent voltage with compensated effect of offset 
in the range from 0.5 pF to 3.5 pF is shown. The equivalent 
voltage UNE was measured indirectly proceeding 2: 
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Fig. 5  Result dependence between the voltage UNE and ∆C2 

• Mean value of u0 measured (Fig. 3) by analog filter. 
• Equivalent voltage UNE

` with offset  computed using 

( )00
` RRURU KKNE +−= , 
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where U0 is mean value of the voltage u0 and RK, R0 are 
resistors of the autocompensative system (Fig. 3). 

• Equivalent voltage UNE without offset  was calculated 
as UNE = UNE

` - UNEOF where UNEOF is offset measured 
by proceeding 1. 
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Fig. 6  The relative error as a function of the capacitance ∆C2

In Fig. 6 absolute value of relative error is plotted versus 
measured capacitance. 
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Fig. 7  Current control pulse 

Where ∆(∆C2) / ∆C2 = (∆C2 - ∆C2
`) / ∆C2 so that ∆C2 is 

measured capacitance by using capacitive bridge and ca-
pacitance ∆C2

` was calculated by (8) under assumption that 
UNE

` is equivalent voltage with offset and ∆C1 is initial dif-
ference of the capacitances of the flip-flop sensor. In the 
case of our experiment ∆C1 = 0.806 pF. 
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Fig. 8 Absolute error of the equivalent voltage ∆ corresponding to 

parameter values by part 5. 

The sensor was controlled by current pulse according 
to Fig. 7, while δ1 = δ2 = 100 ns, Im = 1.17 mA, T = 100 µs. 

As described above, value of the measured capacitan-
ce is reflected into the mean value of the symetrizing volta-
ge uN and then for absolute error we get ∆ = |UNE - UNS|. 
The absolute error as function of the capacitance has a sha-
pe of the periodical triangular wave, which amplitude is 
∆UN / 2 (Fig. 4). But this error was neglected because a 
thermal noise of the parts of the flip-flop can be used for 
generating a dithering signal, so that then the result abso-
lute error is smaller than 10 µV (Fig. 8). In Fig. 8 absolute 

error ∆ with and without dithering in the range from 0.5 to 
0.6 pF as result of simulation in MATLAB is shown. 

In Fig. 9 the voltage u0 as example of result of the la-
boratory experiment with effect of dithering can be seen. 

It is obvious that in the case of our experiment the 
measuring range was to 3.5 pF. From (7), the measuring 
range can be changed by a value of the current Im, resistor 
R and capacitance C respectively. The possibility to change 
the measuring range is not investigated in this paper. 

800 mV/div

400µs/div

U0

0 u0(t)

 
Fig. 9 The voltage u0 as example of result of the laboratory expe-

riment with effect of dithering. 

6. Conclusions 
In the paper, possibility of capacitances measurement 

with autocompensative flip-flop sensor is shown. Proposed 
method of capacitances measurement enables to compensa-
te offset of the flip-flop sensor. 

The validity of the formula for the calculation of equi-
valent voltage was proved by laboratory experiment. The 
agreement of real and measured value of the capacitance is 
good. From obtained experimental results it follows that 
the inaccuracy of measured capacitance is less than 4.5%. 

 
Fig. 10  A photography of the experimental circuit 
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