
T
h

V
F

a

A
R
R
1
A
A

K
C
T
S
H

1

i
d
p
t
p
a
c
t
a
H
e
u
t

l
c
C
a

(

h
0

Sensors and Actuators A 220 (2014) 262–269

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l ho me  page: www.elsev ier .com/ locate /sna

emperature-compensated  capacitance–frequency  converter  with
igh  resolution

ojko  Matko ∗, Miro  Milanović 1
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a  b  s  t  r  a  c  t

This article  introduces  a  new  method  for  temperature-compensated  capacitance–frequency  converter
with  a single  quartz  crystal  oscillating  in  the  switching  oscillating  circuit.  The  novelty  of  this  method
lies  in  the  use  of additionally  connected  capacitances  in  series  with  JFET  switching  transistors  to  the
shunt  capacitance  of  the  quartz  crystal  bringing  a  considerable  reduction  of  the  temperature  influence  of
AT-cut  crystal  frequency  change  in  the  temperature  range  between  0 and  50 ◦C. The  oscillator  switching
method  and  parallel  switching  stray  capacitances  connected  to the  quartz  crystal  do  not  only  compen-
eywords:
apacitance–frequency converter
emperature compensation
witching oscillator
igh capacitance resolution

sate  crystal’s  natural  temperature  characteristics  but also  any  other  influences  on the crystal  such  as
aging of  both  the  crystal  and  other  oscillating  circuit  elements.  In addition,  they  also  reduce  the  output
frequency  measurement  error.  The  experimental  results  show  that  through  high  temperature  compen-
sation  improvement  of  the  quartz  crystal  characteristics,  this  switching  method  enables  20  zF  resolution
capacitance  to frequency  transduction  in the  range  0–4 pF  to  2–45  kHz.

Publis
©  2014  The  Authors.  

. Introduction

Capacitance–frequency conversion has become in recent years
ncreasingly popular in a large variety of applications that are
esigned, for instance, for the measurement of a number of
hysical measurands, such as mechanical displacement, dielec-
ric properties and density of liquids, small volumes or levels,
ressure, flow, humidity. Capacitance–frequency conversion is
lso used in accelerometers, gyroscopes, biosensors in medi-
al and chemistry measurements. Typically, in many of them
he capacitance is first converted into the frequency signal
nd after that to physical or chemical quantity for analysis.
igh-resolution capacitance–frequency conversion is also a well-
stablished technique in microscale converters and represents a
niversal transduction mechanism for the measurements in which
he capacitance changes need to be measured with great precision.

Many research studies in recent years have focused, in particu-
ar, on the methods that would make precise measurements using

apacitive converter in the range well below some pF possible.
apacitance resolution plays a vital role in the femtoFarad (10−18 F)
nd zeptoFarad (10−21 F) range. The latter can be achieved, for
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instance, by means of a CMOS ultra-low-noise and wide-bandwidth
current sensing circuit, coupled to a lock-in amplifier, where the
experimental results match the resolution of 5 zF [1]. Other meth-
ods to detect small capacitance changes include pico-liter level
microsensors where the difference in permittivity between air
and liquid in the micro-reservoir is based on capacitive detection,
with sensor capacitance varying between 1.5 fF (empty channel)
to 13.1 fF (channel filled with water) [2], capacitance microscopy
achieving zeptoFarad resolution in a 1 Hz bandwidth [3], surface
micromachined integrated gyroscope (at 120 aF full-scale capaci-
tance change) [4], capacitive biosensors where the electrochemical
interfacial capacitance is perturbed by the binding of the immo-
bilized receptor molecules with the target biochemical analysis
[5], an AD7745 integrated circuit which is a high resolution 24-bit
capacitance-to-digital converter (CDC) with accuracy of ±4 fF in the
full-scale capacitance range ±4 pF, [6], and MS3110 which is a Uni-
versal Capacitive ReadoutTM IC with ultra-low noise, intended to
support a variety of MEMS  sensors that require a resolution of ±4 aF
in 10 pF range [7]. Only few of the above methods made any signif-
icant analysis with regard to the dynamic temperature influence,
aging of the elements, and other influences on the measurement
error.

This paper, therefore, proposes new ways to compensate the

temperature characteristics of a single quartz crystal. Behind the
new idea for zeptoFarad resolution converter is a crystal with
two switching oscillator circuits oscillating at 4 MHz. They are
connected to the quartz crystal through parallel switching stray

der the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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apacitances and enable significant reduction of the temperature
nfluence on the frequency change. In addition, it aims to find ways
o compensate also the influence of any other electronic circuit
lement, and to foresee the functioning of the sensitive capacitive
lement [8–11]. Temperature-wise, the new method makes possi-
le a stable functioning of the small capacitance conversion in the
–4 pF to a frequency signal with a small number of elements in a
onverter (without any additional lock-in amplifier or host system
nd temperature sensor). In comparison to the above-mentioned
ethods [1–7] it is also cheaper and more suitable for industrial

se.
Moreover, when additionally compared to some other meth-

ds [12–24] for transducing capacitance to frequency, the newly
roposed method also proved to have many advantages. These

nclude: compensation of quartz self-temperature characteristic,
f frequency measurement error, temperature compensation of all
lements because of dual oscillator circuit, compensated influence
f the supply voltage on the oscillating circuit output signal, use
f quartz crystals with different cutting angles [25,26], high cir-
uit sensitivity and resolution which can theoretically reach 10 zF.
nother important factor of great importance is high dynamic sta-
ility during temperature changes in the extended operating range.
se of switching circuits in many instances improves electrical cir-
uit characteristics and/or compensates certain influences [27–32].
n this particular instance, it additionally improves the dynamic
emperature stability. However, in case of switching oscillator cir-
uits, an oscillator with a good start-up, i.e.,  with a reliable crystal
scillation during the start and later on, is a must [33–37].

. Converter with switching mode oscillator

.1. Switching principle

The proposed switching mode converter is based on a single
uartz crystal and dual oscillator circuit with the switching part
ogether (Fig. 1). The novelty of the method described in this article
ies in the use of specific switching mode oscillator and of addition-
lly connected capacitances C8 and Cx in series with JFET switching
ransistors to the shunt capacitance C0 of the quartz crystal. It yields
igh capacitance to frequency sensitivity and simultaneous com-
ensation (high reduction) of all other disturbing influences. The
witching between the frequencies f01 and f02 is performed through
he switching signal (Syn, which can be 1 or 0) and an additional cir-
uit of NAND gates. Resistors R5 and R6 are the switching circuit
lements. They are used to discharge capacitors Cx and C8 when
he correspondent switch is in the OFF mode. The equivalent load
elated to the “OFF branch” affects the system response. It depends
n the time constant values R6Cx and R5C8 which amount to approx-
mately 1 �s respectively because of the changeable Cx value. Both
esistors need to be of the same quality, have as equal values as
ossible and zero temperature coefficient. Non-idealities of these
esistors affect the system response less than 1%. Being defined by
Cload, the pulling sensitivity is affected only slightly. Inductance

1 is used for the simultaneous fine-tuning of the frequencies f01
nd f02 and for the capacitance to frequency sensitivity setting.

The signal corresponding to the frequency difference between
he frequency f01 and reference frequency fr or difference between
he frequency f02 and reference frequency fr enters the LP filter
which is a pulse wide modulated signal [38–40]). With the help of
he reference frequency fr both signals f01 and f02 (∼=4 MHz) are con-
erted to the range between 2 and 45 kHz, which is suitable for the

urther signal processing. At the LP filter (with response time 4.5 �s)
utput, the triangular signal (with the initial setting frequency of

 kHz depending on L1 and on Cx) is produced and then converted
o a rectangular signal by Schmitt circuit representing the output
ctuators A 220 (2014) 262–269 263

signal. The output fout thus represents the temperature and any
other influence compensated frequency signal which is syn-
chronously measured with regard to the switching frequency fSyn.
Capacitances C2 and C4 serve to suppress the spurious responses to
avoid crystal oscillation at higher or lower frequencies [8].

2.2. Temperature compensation

When capacitances C8 and Cx are the same, f01 and f02 remain
the same at states 1 and 0 of Syn signal and depend on the quartz
crystal resonant frequency f0, quartz crystal temperature charac-
teristics �f0(T), its aging �f0(t) and the �L1 change (C5 and C6
are the same). However, when the capacitances C8 and Cx are dif-
ferent, the frequencies f01 and f02 depend on the state of Syn, the
quartz crystal series resonant frequency f0, quartz crystal temper-
ature characteristics �f0(T), its aging �f0(t), capacitances �f0(C8)
and �f0(Cx), as well as �f0(�L1) change. In case of the difference of
the frequencies f01 and f02, �f0(T), �f0(t), and �f0(�L1) are strongly
reduced because only one quartz characteristics is involved.

The output frequency fout depends on the Syn signal and ref-
erence frequency fr and can be expanded to (for Syn = 1 and for
Syn = 0):

f (Syn) − fr = f0 + �f0(T1) + �f0(t1) + �f0(L1) + �f0(C8)

− (fr + �fr) + �f  (count err1) (1)

f (Syn) − fr = f0 + �f0(T2) + �f0(t2) + �f0(L1) + �f0(Cx)

− (fr + �fr) + �f  (count err2) (2)

where �fr in Eqs. (1) and (2) represents the temperature instability
of the reference oscillator signal. The joining of f0 and �f0(C8) gives
Eq. (3) which represents f01. The particularity of this equation lies
in the fact that it takes into account the compensation C0 and at
the same time linearizes the quartz characteristics due to the �Cx

change (Fig. 1) and allows for the sensitivity setting [10,11,26]

f (Syn, C8) =
1 + C

2((1/k)(C0+C8)−(1/ω0
2·k·L1−(1/C5)))

2� ·
√

L · C

+ �f0(T1) + �f0(t1) (3)

where L and C – mechanical behavior of the crystal element, L1 –
inductance, C0 – parasitic capacitance of the crystal element and
holder, k – sensitivity value (0.5, 1, 2), f0 – quartz crystal series
resonant frequency, T – temperature, t – time, and ωo is defined as
(4)

ω0 = 2�f0 (4)

The joining of f0 and �f0(Cx) gives Eq. (5) which represents f02.

f (Syn, Cx) =
1 + C

2((1/k)(C0+Cx)−(1/ω0
2·k·L1−(1/C6)))

2� ·
√

L · C

+ �f0(T2) + �f0(t2) (5)

Frequency sensitivity in Eqs. (3) and (5) can be set with the value
k (0.5, 1, 2) [10], achieving at the same time simultaneous depend-
ence linearization �f0(C0 + �Cx) [10,25,26,41]. At every switch
between Syn signals, the frequency fout is measured synchronously
by the counter [27] and its value is transferred to the LabVIEW
(LW) software calculating the difference between the two frequen-

cies. The switching between Syn signals also reduces the frequency
temperature instability of the auxiliary frequency fr. This gives
the frequency difference in Eq. (6) representing the temperature-
compensated value of the output frequency fout depending almost
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Fig. 1. Schematic representati

niquely on the difference between �Cx and �C8 change.

fout(Cx) =  [f (Syn, C8) − (fr + �fr) + �f  (count err1)]

−[f (Syn, Cx) − (fr + �fr) + �f  (count err2)] (6)

This means that it is almost independent either of the
uartz crystal temperature characteristics �f0(T), its aging �f0(t),
requency reference changes �fr(T), circuit temperature character-
stics influences or counter error (which is considerably reduced)
n Eqs. (6) and (7):

fout(Cx) =
C

2((1/k)(C0+C8)−(1/ω0
2 ·k·L1−(1/C5)))

− C
2((1/k)(C0+Cx )−(1/ω0

2 ·k·L1−(1/C6)))

2� ·
√

L · C

+ �f0(T1) + �f  (count err1) − �f0(T2) − �f (count err2) (7)

The condition Cx /= C8 has to be met  in order to guarantee Eq.
7), and thus the proper functioning of the compensation circuit.
ince C0 eff8 /= C0 effx, the pulling sensitivity is not affected. It is
etermined only by the first part of Eq. (5) where the sensitivity is
et by L1.

The quartz stray capacitance C0 includes the pin-to-pin input
nd output capacitance of the oscillator at the crystal pins, plus
ny parasitic capacitances. The typical value of the stray capaci-
ance is between 2.5 pF and 7 pF. This expands the possibility of the
se of the frequency stable quartz crystal oscillator by influencing
uartz crystal equivalent circuit as a capacitive converter whose
apacitance is in the range below 4 pF. Stable oscillation and high
ensitivity in this range [10,42–48] are thus one of this method’s
ajor advantages.
The crystal used in the experiment (Fig. 1) was AT-cut [12] crys-

al with the temperature change ±5 ppm in the range 0–50 ◦C.
he data of the electrical quartz crystal equivalent elements are

0 = 3.998 MHz, R = 10 Ohm, C = 25 fF, L = 64 mH,  Co = 4 pF, quality
 = 80 k. The frequency f0 was selected due to a greater oscilla-
ion amplitude and a higher Q value for the selected oscillation
ircuit. The values in the quartz crystal equivalent circuit used
n the experimental converter were measured by the HP4194A
mpedance/gain-phase analyzer.
he switching mode converter.

The choice of the resistor R5 and R6 values is based on the rise
time (95%) Ta ∼= 3� = 1 �s, where � = RC. The value for R = 150 k�
and for C = 2 pF. C8 should have zero temperature coefficient with
tolerance ±0.02 pF. R5 and R6 have 0.1% tolerance with zero tem-
perature coefficient, while C6 and C5 have a 1% tolerance. The
JFET (P-channel) transistor (low level chopper) data are as follows:
zero-bias G–D junction capacitance CGD = 6.9 pF, zero-bias G–S
junction capacitance CGS = 9 pF, drain ohmic resistance RD = 1 �,
source ohmic resistance = 1 �,  rise time = 2 ns, and fall time = 15 ns.

2.3. Non-ideality of the temperature compensation

Due to the switching mode, Cx and C8 are “alternatively” con-
nected in parallel to the crystal Q. The frequencies f01 and f02 given
by the Eqs. (3) and (5) have different times t1 and t2 (one after the
other) depending on the period of the control signal Syn. Thus, the
subtraction in Eq. (7) is not performed exactly point-to-point in
time. This approach has some limitations in terms of the switch-
ing times and the time-speed of the events, such as temperature
changes, whose effects can be canceled. If these changes are suf-
ficiently steep, temperature-related terms may not be canceled
(�f0(T1)) in (3) and �f0(T2) in Eq. (5) are not equal, so they are
not fully counterbalanced in Eq. (7). The lineal first order approxi-
mation of Eqs. (1) and (2) is no longer valid, so the influence of other
terms is also non-negligible. The counter error for every measure-
ment is different (Eq. (7)), however its influence is considerably
smaller than the influence of the temperature (�f0(T)).

2.4. Non-ideality of linearization

C5 and C6 (Fig. 1) are capacitors of the same value (10 nF) and of
the same quality. They represent short circuit for the signal f0 and
galvanically separate both NAND gate outputs. Their influence on
the system performance and pulling sensitivity is negligible due to

a much higher capacitance value in comparison to Cx. In order to
increase the pulling sensitivity, C0 is compensated using L1 [10] The
condition that L1 has to meet to achieve this is L1 = 1/(ω2*(1/k)*C0).
Because C0 = C0 eff, C0 eff changes as a result of Cx changes, thus
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Fig. 3. Non-compensated oscillator frequency �f0/f0 characteristics variation

for ±1%, both frequencies f01 and f02 are changed for ±0.01 Hz,
compensating the influence of the voltage change.
ig. 2. Capacitance–frequency characteristics for temperature variation T = 0 ◦C,
 = 25 ◦C, and T = 50 ◦C (sensitivity determined by L1 = 2.8 �H).

mposing limits to variations in Cx, and therefore in f0. Linear range
s between 1 and4 pF as shown in the experimental results in Fig. 2.

.5. The maximum temperature/time variation

The maximum variation temperature/time (�T/�t)  limit for
hich the compensation is still achieved is determined by the

esponse times of the converter, HM 8122 programmable counter
nd LW software. System (converter) response f0 vs. capacitance
ariation is determined by the JFET transistor switching time (the
alues for the ON and OFF mode are 4 ns and 20 ns, respectively), the
nfluences of time constant for discharging (R5 or R6 connected to
x and C8) which is 1 �s, the rise time for the NAND and NOR gates
22 ns), and the LP filter time constant which is 4.5 �s (determined
y the filter RC components). If we take into account the response
ime of the two switches for one temperature compensated capac-
tance measurement, the converter response time is ≥10 �s. The
ounter frequency measurement time depends on the HM 8122
oftware functions and the measurement mode of the LW soft-
are, as well as the speed of the instrumentation GPIB controller.

o generate signal Syn and perform synchronous measurement an
dditional electronic circuit (Fig. 1) was produced where the Syn
ignal is actually the QA output signal of the four bit binary counter.
ts CP (clock) signal can be in the range f = 5 Hz–1 kHz (the speed
f the measurement can be varied) and is simultaneously used
s external signal triggering the HM 8122 counter (arming mode
hereby the start of the measurement is delayed for 50 ns). The

ounter synchronously measures sequence frequency fout (the time
f one measurement is determined by the counter gate time, which
annot be less than 1 ms  [27]). For every single frequency measured
y the counter, LW software calculates the frequency difference (7).
imilarly, the frequencies f01 and f02 are sequentially measured on
wo HM 8122 counter channels and LW software calculates the
requency difference between Eqs. (3) and (5). Due to LW software
ommunication with the HM 8122 counter and the time needed
or the measurement of the two frequencies by the counter, the

inimum response time is not less than 2 ms  [27]. The maximum
ariation temperature/time (�T/�t) limit for which the compen-
ation is still achieved, is determined by the dynamic frequency
easurement error value during the time of one Syn signal period,

.e. within 2 ms  (two sequential measurements).

. Frequency stability of the converter
Factors affecting the frequency stability of the converter such
s wide operating temperature range, the use of the various types
f crystals and drive level should be considered because a stable
depending on the temperature (T = 0 ◦C, T = 25 ◦C, and T = 50 ◦C) depending on Cx

whereby L1 = 2.8 �H.

oscillator circuit is of vital importance. Stability of the electronic
circuit depends upon the quartz crystal’s temperature stability and
upon the circuit type and quality of its elements (elements of the
same values must be of the same quality).

When using AT-cut crystals in oscillators, a frequency change
in the oscillation (up to 1 Hz) of the crystal can be detected in the
range between 10 and 40 ◦C [8,25]. Generally, different temperature
frequency curves are represented as cubical parabola with temper-
ature inflection point at 25 ◦C, depending on the crystal cut angle
and the mechanical construction. The new method (Fig. 1) allows
AT-cut crystal temperature characteristics compensation (under
0.1 Hz) in the above temperature range through the switching cir-
cuit compensating this characteristic and reducing its influence to
a minimum [26,37,42].

Oscillator frequency variation as a function of time is normally
considered in short-term temperature stability (second-to-second)
and long-term stability over years. The short-term stability of a
quartz crystal depends on the actual oscillator design and is totally
controlled by the quartz crystal at low drive levels (<30 �W)  [49].
Long-term stability (aging) is naturally greater during the first part
of the crystal unit life. The aging rates of the best cold weld crys-
tals are less than ±1 ppm/year (10–40 ◦C) [9,23,26,37]. The aging
of other electronic circuit elements is compensated (reduced) in
the same way. If the 5 V circuit supply voltage (Fig. 1) is changed
Fig. 4. Non-compensated frequency fo characteristics variation for three tempera-
tures T = 0 ◦C, T = 25 ◦C, and T = 50 ◦C (L1 = 2.8 �H).
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Fig. 5. Compensated oscillator‘s frequency �(f01–f02)/f02 characteristics variation
depending on the temperature (T = 0 ◦C, T = 25 ◦C, and T = 50 ◦C) depending on Cx

(

Fig. 6. Capacitance–frequency characteristics (for different sensitivities determined
by  L1a,b,c) (C8 = 2.01 pF).

F
f
s

C8 = 2.01 pF, L1 = 2.8 �H).

ig. 7. The principle of the temperature compensation in case of one frequency measurem
or  every condition of Syn (b), (d), and (f). In all graphs, A1, A2, B1, B2, C1 and C2 depict th
how  the temperature compensated frequency fout.
ent for every state of Syn (a), (c), and (e), and in case of four frequency measurements
e frequency temperature variation of the same size class (C8 = 2.01 pF). (e) and (f)
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perature is changed in the range between 0 and 50 C at the Syn
state, fixed value Cx = 2 pF, C8 = 2.02 pF and sensitivity determined
by the value L = 2.8 �H. At the beginning of the temperature cycling,
the stable frequency was ∼=2056 Hz (Fig. 9a (A)). The B range (Fig. 9a)
V. Matko, M. Milanović / Sensors

. Output frequency measurement error

The switching method highly reduces the influence of the short-
nd long-term stability of the above described converter due to
he compensation of previously mentioned influences of the single
uartz crystal, the circuit as well as the influence of the dif-
erence method using an additional reference frequency fr. The
eference frequency fr is oven-controlled oscillator OCXO-OC18T5S
50] (4 MHz) with frequency stability ±0.01 ppm in the tempera-
ure range 0◦ to +60 ◦C following the warm-up time of 1 min. It
as square wave output signal. Through the Syn signals, the out-
ut frequency fout compensates all influences, including those of
he reference frequency fr. It is measured by the HM8122 counter
with the accuracy of ±5 × 10−9 (through the entire working tem-
erature range from 10 to 40 ◦C)) [27]. The counter measurement
rror is then reduced by the LabVIEW software by subtraction of
he two frequencies depending on Syn signals.

. Experimental results

Fig. 2 shows non-compensated capacitance–frequency nonlin-
arity characteristics, general linearity (trend line) for 0–8 pF and
reater linearity from 0–4 pF. Due to small frequency variation, var-
ous temperature ranges cannot be seen here but can be observed
n Fig. 3.

Fig. 3 shows non-compensated �f0/f0 frequency variations for
ifferent capacitances Cx for three temperatures T = 0◦ C, T = 25 ◦C,
nd T = 50◦ C. When the capacitance Cx = 0 pF, a typical frequency
ariation for the AT-cut crystals (at T = 0 ◦C, T = 25 ◦C and T = 50◦ C)
s −2.5 ppm at T = 0 ◦C and 1.5 ppm at T = 50◦ C depending on the
eference temperature point T = 25 ◦C at Cx = 0 pF [8]. By increasing
apacitance value Cx, temperature variation is changed due to non-
deal capacitors with zero temperature coefficient.

The comparison of characteristics f0/Cx (Fig. 2) shows that the
inearity in the range Cx = 0–4 pF is very good (illustrated best by
ig. 4), where the trend line for T = 25 ◦C is given (also shown are
haracteristics for T = 0 ◦C and 50 ◦C). Due to a small frequency
ariation, the characteristics showing different temperature ranges
annot be displayed.

Fig. 5 shows frequency variation �(f01–f02)/f02 in the range
0.01 ppm after the temperature compensation. The comparison
f Figs. 3 and 5 points to the suitability of the proposed approach.

Fig. 6 shows capacitance–frequency characteristics of the con-
erter with regard to the change of the capacitance Cx and a
omparison of the characteristics for various sensitivity values
1 = (L1a, L1b, L1c). The inductance L1c records the highest sensi-
ivity, i.e. ∼=12 kHz/pF. The results show linearity of 0.1% of the
apacitance–frequency characteristics. The settings of Cx is in steps
f 1 pF with laser trim capacitors which have tolerance of 0.1%
51]. However, for this particular experiment, the capacitors Cx

nd inductance L1 with tolerance of 0.1% were specially selected
52–55] by the measurement with HP 4194A impedance/gain phase
nalyzer.

Fig. 7 shows the frequencies f01, f02 – (a) and (b), (f01 − fr),
f02 − fr) – (c) and (d), and fout – (e) and (f), depending on the switch-
ng of the Syn signals (for one and four measurements within the
yn period) and the frequency difference when the capacitors have
he values Cx = 2 pF and C8 = 2.01 pF. If capacitances Cx and C8 are
he same, fout ∼= 2 kHz (for both Syn signals), which means that fr is
y 2 kHz higher than f01 and f02 (initial settings by fr and C8). Sys-
em response f0 for one switch is 4.5 �s. Converter’s response time

s calculated using two switches, as illustrated by Fig. 7a–d to get
wo sequential measurements, for one temperature compensated
apacitance measurement (Fig. 7e and f) depending on fout/Cx char-
cteristics (Fig. 6) and it amounts to ≥10 �s (Fig. 7a, c, and e) plus
Fig. 8. Extended temperature dynamic stability of f01 and f02 (T1 = 0 ◦C, T2 = 50 ◦C)
(Cx = 2 pF and C8 = 2.01 pF).

2 ms  (as described in Section 2.5). In case of four measurements
at every Syn state, the response time is ≥10 �s plus 8 ms  (Fig. 7b,
d, and f). Fig. 7a–d also demonstrates that the temperature influ-
ence on the reference frequency fr (in the same time span) changes
the frequency difference (f01 − fr) and (f02 − fr) representing fout of
the same size class, as shown by Fig. 7a (Diff1 ∼= Diff2), which is
why the fr influence is compensated (the temperature influence is
significantly reduced) (Fig. 7e and f).

Fig. 8 experimentally shows extended dynamic stability – the
frequency change of f01 and f02 (which in this experiment differ
by 26.6 Hz) if the converter is influenced by a temperature change
from T1 = 0 ◦C to T2 = 50 ◦C and back. Since only one crystal char-
acteristics is included, the dynamic change of both frequencies is
approximately the same. The frequency shift between f01 and f02
depends on the difference between Cx1 and C8.

Fig. 9 shows the short-term frequency stability for the frequency
difference (f02 − fr) and a dynamic error occurring when the tem-

◦

Fig. 9. Short-term frequency stability (f02 − fr) occurring when changing the tem-
perature in the range 0–50 ◦C (measurement time: 2500 s – two cycles).
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Fig. 10. (a) and (b) Capacitance–frequency converter, (c) Example of capa

epresents the frequency change occurring during the instant tem-
erature change from 0–50 ◦C. The C range, on the other hand,

llustrates slower frequency change (f02 − fr) during the cooling
ack to 0 ◦C.

Fig. 9b illustrates the frequency stability for fout, dur-
ng the temperature change (Fig. 9a) in the range 0–50 ◦C
nce both frequencies are deducted (�fout = dynamical
rror = (f01 − (fr + �fr)) − (f02 − (fr + �fr))). The comparison of
ig. 9a and b shows dynamic error in the range ±0.09 Hz (Fig. 9b
F)) during the temperature change 0–50 ◦C (Fig. 9a (B)) in the time
pan of 5 s. Here the change was 10 ◦C/s (temperature shock was
roduced by a hairdryer). In the range C (Fig. 9a) the temperature
hange was 0.05 ◦C/s. The comparison of results in Fig. 9a and
ig. 9b shows that the dynamic temperature influence on the
requency change in relation to the Syn signal is approximately
he same (Fig. 9a shows the frequency change by one period of the
yn signal) and well dynamically compensated at the output of
he converter as illustrated by Fig. 9b. The latter also shows high
requency dynamic stability (D and E) in the range ±0.002 Hz, in
hich the environment temperature does not change so quickly

nymore (C range in Fig. 9a).
If the change of the output frequency sensitivity fout ∼= 12 kHz/pF

Fig. 6 – L1C) is in the temperature range between 0 and 50 ◦C
nd the supply voltage stability is 5 V ± 0.01 V, the frequency ref-
rence fr stability 0.01 ppm, then frequency stability at the output

out = ±0.0001 Hz, which gives the converter resolution ±20 zF.
For this experiment, a converter (Fig. 10(a)) was produced in

he SMD  technology on Al2O3 as shown (Fig. 10(b)) ceramics. At
he front side of the housing, the converter has the pins for C8, Cx

nd L1 and at the back side of the housing, it has pins for supply
oltage 5 V, Syn  signal and output frequency fout. For special indus-
rial purposes, capacitance C8 and L1 can also be placed inside the
ousing.

Fig. 10(c) shows how the capacitance Cx can be placed directly
o the pins. From the practical point of view, parasitic capacitances
therwise added by the cables are reduced.

. Conclusion

This article discusses the results of the temperature compen-
ation of capacitance–frequency converter with a single quartz
rystal oscillating in the switching oscillator circuit. The results
how that the switching method excellently reduces quartz crys-
al non-linear frequency–temperature characteristics, its aging and
scillator circuit elements, the influence of the supply voltage on

he oscillating circuit, as well as the reference frequency fr tem-
erature instability and counter error. The great advantage of the
roposed method is that it resolves the issue of high sensitivity, lin-
arity and at the same time the temperature compensation of the

[

[

ce Cx which can be directly connected to the pins as shown by the arrow.

crystal characteristics and those of other elements, as well as the
frequency stability after temperature compensation. The results
shown in the article relate to a significantly wider frequency range
(2–45 kHz) with zeptoFarad resolution than is usually covered
by practical measurements. The reference frequency fr instability
and the frequency counter measurement error can also be greatly
reduced.

The results clearly show that the oscillator switching method
for high-precision capacitance–frequency transducing opens up
new possibilities through the self-temperature compensation of
the main oscillating element and other disturbing [56] influences.
This makes this switching method a very interesting tool for the
capacitance–frequency converter especially because of the zepto-
Farad resolution which is highly promising in various fields of
physics, chemistry, mechanics, biosensor technology and in specific
high-quality production industries.
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