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Design and construct ion of a capacitor sensor with a precise readout system areAbstract
described in this paper. A variable air-gap capacitive transducer was constructed and for signal
measurement a successful attempt was made to exploit the capacitance changes in terms of the
phase angle of the detected signal. The reported setup makes it possible to detect capacitance
changes of the order of 2.5 fF in a 4.5 pF range and the readou t cir cu it can det ect a
capacitance change of about 22 aF (5 in 106). There is a linear relat ion between the air-gap
distance and the output of the sensor over an experimented gap range of 0.5-4.5 mm. It shows
a nonlinearity deviation factor of 1% from the expected theoretical line. The dynamic range of
the system is variable from 5 mm to 2.5mm and it mainly depends on the initial air-gap distance.
Adding a stray capacitance of 180 pF to the system only causes a 0.1% error in the sensor
outpu t. In comparison with the other sensor systems the one reported in this paper is much
more sensitive, reliable, and stray-immune to electrical interferences.
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tBwA oM ,o¢ve SiBw /SwA ²k{ xnAq£ y¼{j »¯pBi o¢ve ð½ SiBw ° »eAog ³§Bz« �½A nj ²k¼ña
²k{ ²jBvTwA pBw o¼¼rU ³M ¬pBi S¼wok o¼¼rU x°n pA ,ºo¼£@²pAk¯A nAk« SiBw ºAoM ° ²j±M o¼rT« tBñ{ BM ¬pBi
±ñ¼ÇQ 4.5 ¬pBi S¼wok ºAoM - jAnBw ±Tªw 2.5 j°ke - ða±� »¯pBi RAo¼¼rU ,o¢ve �½A pA ²jBvTwA BM /SwA
oÇYA ,oTª¼¦¼Ç« 4.5 - å.5 tBÇñ{ ·¦æBÇw ºAoÇM ° ²j±ÇM »fi ,o¢ve �½A »]°oi /SwA ²k{ ºo¼£@²pAk¯A jAnBw
»Un±~M »eAog /SwA oTª¼¦¼« 2.5 BU ¬°oñ¼« 5 pA ,©Tv¼w �½A ºnB� ¶j°kd« /SwA kænj ð½ pA oTª� »fio¼s
kænj å.1 B´®U ºjAnBw ±ñ¼Q 18å »wBcA ¬pBi ð½ ¬j°qwA ° ²j±M q¼aB¯ ©Tv¼w oM S½pAnBQ ºB´¯pBi oYA ³� SwA

/k®�»« jB\½A »]°oi nj Bfi

INTRODUCTION

Much progress has been made over the last few
years in developing the capacitor transducers
[1-4] and complementing measuring circuit s
[5 ,6 ] . H owe ve r , fo r t h e p r e c i s io n in
in st rumen t a t io n a nd me asu remen t s, t h e
capacitances to be measured are in the range of
0.1-10 pF with a required resolu tion of better
than 0.1-10 fF, respectively. This requirement
a lo ng wit h o t he r con side ra t ion s such as
environmental effect s and structural stability
challenges the deve lopment of a much more

sensit ive capacit ive sensor system. To alleviate
some of the problems a sensitive sensor system
was developed of which the results are reported
in this paper.
In order to have a reliable sensor system

several parameters should be taken into account
it s design and it s ope rat ion . R egarding the
t r an sduce r pa r t , h igh st ru ctu ra l stab ilit y,
sensit ivity, flexibility, and dynamic range of
ope ration are important . In fact parameters
such as sensit ivity, stability, and immunity to
st r ay cap acit an ce s have e n cou rage d t he
development of the new readout circuits. The
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Figure 1. Cross-sectional view of the capacitive transducer. The main components are the upper electrode (50 mm diameter
and 2 mm thickness), a lower electrode (25mm diameter and 2mm thickness) with a guard-ring (outer diameter 50mm and
inner diameter 26mm), the lower and upper electrode supports (82mm diameter and 8mm thickness), three adjusting screws

(M5, 30mm length), three springs, and a micrometer screw.

complexity of the readout circuit and the system
cost are the other important factors which play
key roles in the sensor mass production and in
the real field applications.
In this paper , first , we describe the design

and const ruct ion of the transduce r and the
re adout de t ect ion cir cu it . The mechanical
de tails of the designed sensor is given and its
operational advantages and disadvantages are
discussed. In the detection part , the electrical
cha ract e r ist ics o f th e re adou t cir cu it a r e
presented and the operat ion of the new setup
fo r mea su r ing t he cap acit ive change s is
demon st r a t e d . Se co n d , we p re se n t t h e
experimental results with more emphasis on the
special features of the reported system. Finally,

we conclude thes paper by giving a summary of
the results and making some suggestions for
further improvement of the system.

TRANSDUCER DESIGN

A schemat ic cross sect ion o f th e designed
t ran sduce r is shown in F igure 1. The basic
instrumentation associated with th is type of
t ran sduce r s is simp le and requ ir e s only a
variable gap capacitor, a mechanical mount, and
a drive mechanism to change t he a ir -gap
distance.
The main body of the unit consists of two

pieces of plexiglasse s as shown in F igure 1.
These two plates are machined care fully and
connected toge the r by three spr ing loaded
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screws. By using these screws the coarse spacing
between the two plexiglass plates is controllable.
In practice, it is possible to change the distance
between the capacitor main electrodes and also
to check the parallelism of the electrodes with
respect to each other.
The capacitor electrodes are machined from

brass or aluminum rods. The upper electrode
has a diameter of about 50mm and a thickness
of about 2mm. This electrode plate is mounted
on anothe r p iece of p lexigla ss which has a
diamete r of about 55mm. Actually this is the
moving e le ct rode of t h e capacit o r and is
connected to a micrometer screw.
The lower electrode of the capacitor consists

of an inner electrode plate with a diameter of
25mm and a Ke lvin guard-ring [7,8] with the
outer diameter of 50mm. The two elect rodes
are carefully mounted on a plexiglass piece. The
gap provided between the inner electrode and
the guard-r ing is about 0.5mm thick which is
from the plexiglass mate rial. Two e lectrodes
have a thickness of about 2mm. Like the other
e le ct ro de t he se e le ct rode s a r e ca re fu lly
mach ined from the a luminum rod and a re
polished for a good surface quality.
The error sources in the transducer design

and operation can be the guard- electrode, gaps,
se nsit ivity to e lect rode distance var iat ion ,
sen sit ivity to late ral disp lacement , t ilt and
b e n d in g o f t h e e le ct r o de s , e le c t r o d e
co n t am in a t io n , a n d t h e gap d ie le ct r ic
condit ion .The gap condit ion include s th e
d ie le c t r i c va r ia t io n du e t o h umid i t y,
temperature , and the absorptin effect . In our
design we have considered all these parmeters
and care has been taken to minimize these
e r r o r s d u r in g b o t h co n s t r u c t io n a n d
measurements.
Fo r a more p recise line ar posit ioning a

stepping motor is connected to the micrometer
screw by a flexible coupler. With a 500 mm/turn

screw pitch and a motor with 800 steps/turn
(Step-Syn model number 103-7550-0110) it is
possible to have a minimum step size of about
0.625 mm in the displacement measurements.
For automating the system, an interface board is
designed which controls the motor movement.
A fine movement of the capacitor electrode and
as a result a precise control of the capacitor gap
d i s t a n c e a r e a c c o mp l i s h e d b y t h i s
hardware-software combination.

DESCRIPTION OF
THE READOUT CIRCUIT

Several techniques such as resonace, oscillation,
charge /discharge and AC bridge are used in
many applications. For detecting signal, we have
taken the advantage of a new technique which
is based on the capacitance -to-phase angle
conversion[9,10]. The schematic representation
of the readout circuit is shown in F igure 2a,
which requires a circuit design for producing
two sign a ls wit h a n ap p r o p r ia t e p h a se
diffe r ence (p-Y) . This ciru it design is not
shown in F igu r e 2a bu t can be found in
references[9,11]. More details of producing two
sinusoidal input signals can be found in Ref.[9],
whe re the phase angle Y in dete rmined from
tan-1 (R 1C1w). For the operating frequency of
10kHz, R1=1k W and C1=10nF the phase angle
Y is about 3.67 degrees. The amplitude of these
signals A and B, Figure 2b, is about 5 V which is
adjustable for one of the input signal ( in th is
case A).
O the r components are a buffer amplifie r,

comparators, low pass filt ers, analog with the
digit a l conve r t e r s, and d igit a l t o ana log
converters. Figure2b shows the arrangement of
the stray capacitance measurements. If Cx is an
unknown capacitance then this technique can
be used to measure any small changes on it s
capacity (DCx). Also by placing a well defined
capacitance C0 in parallel with Cx one is able to
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Figure 2. (a) Schematic block diagram of the readout and the monitoning circuits. The main components are a capacit ive
transducer, Cx (variable from. 75 pF to 9 pF), a reference capacitor C0 (12 pF, 24 pF or 34 pF), CT(12 pF) and RT(22 MW),
a buffer amplifier (OP1 and OP2, LF 353), two comparators (LM319), two low pass filters (f0= 2 Hz), two ADCs (ICL
7109), two DACs (DAC0800), interface board, and a PC for signal processing. (b) Cs1 and Cs2 are the stray capacitances

(180 pF) added alternatively to the circuit at node 1 or 2.

me asure t he value of t h e Cx wit h a h igh
accuracy.
Alternatively, we can measure a normalized

capacitance ratio such as Cx/Cx0, where Cx0 is are
ference value for Cx and we define Cx=C x0+C x1.
H e re C x1 is th e capacitance change of t he
transducer due to a displacement of X1 from its
in it ia l posit ion , X 0. The block diagram of the
detection and monitoring system is also shown

in Figure 2a. As can be seen, the final signal is
processed digitally by a PC, while the output is
recorded as a dimensionless number.
Following the theoretical analysis given in

Reference [9], the normalized digit ized output,
Dout, can be written as

(1)Dout = ____ = ________ ___Cx1
Cx0

tan(Y)
n

Dc
D s

where, Y is the phase difference, Dc and D s are
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Figure 3. Variation of the sensor output with respect to the displacement for X0=2.3mm. The line denoted by, o,
is for the experimental results and by, x, is for the theoretical calculations.

digit ized ou tput of two ADCs as shown in
theblock disagram of F igure 2a, and n is the
parameter that depends on the voltage ratio of
the two multipliers (VRS/VRC).
Now any change in the value of Cx1 such as

DCx1 can produce variation in the output such
as (for constant values of n and Y):

(2)DDout = _____ = ________DCx1
Cx0

tan(Y)
n*2m-2

where, m is the number of bits of the ADC and
other parameters are defined previously. The
parame te r DC x1 can be conside re d as th e
min imum re so lvable cap acit ance change
(MRCC) of the reported readout scheme.
By substituting the capacitances in terms of

t h e gap d ist a n ce s in E qu a t io n ( 1 ) a n d
exchanging the posit ions of C x0 and C0 in the
circuit ( see Figure 2a) the final equat ion for

data analysis becomes.

(3)Dout = X1/X0
where X 0 is the distance at wh ich the ze ro
adhustment is made and X1 is the displacement
fr om X 0 . I n fact E qu a t ion ( 3) shows t he
calibrat ion line for the senso r system. The
impo r t an ce o f t h is sch eme is t h e lin e a r
relationship between the output signal and the
parameters to be controlled (the gap distance in
this case). Another advantage of this method is
that output readout signal corresponding to the
capacitance change is independent of the C0
value . However, Cx0 and as a re sult X 0 value
cont ro l the slope of the ca librat ion line in
sensor operation.

EXPERIMENTALRESULTS

O u r e xp e r ime n t a l syst em co n sist s o f a
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Figure 4. Sensor output as a function of displacement for X0=4mm. The line denoted by, o,
is the experimental results and the solid line shows the theoretical results.

t ransduce r, a detect ion circuit , and finally a
digita l signal processing uin t . By using the
constructed transducer and readout circuit, data
co llect ion was accomp lished by a PC via a
writ ten program to cont ro l both the steppe r
motor and the signal processing. In the first
experiment the variation of the output, Dout with
respect to the gap distance , X 0, was studied.
The digitally averaged output values at different
X0 values were recorded and the result of this
study for X0= 2.3 mm is shown in Figure 3. To
compare these re sult s with the t heore t ical
calculat  ions,  t  he  e  xpe  rime  nt  al  slop  e  1/X0 was
computed through a least line fit method. The
experimental slope is 4.38*10-4 which is in clear
agr e emen t wit h t he t he o re t ica l slo pe o f
4.35*10-4 .
In orde r to determine the deviation of the

e xp e r imen t a l va lu e s from t he e xpe ct e d
theoretical values and as a result the linearity of
the system we calculated the deviat ions at
several X0 values. In general this deviation or
nonlinearity factor is of the order of 1%.
To check the linearity of the sensor at higher

gap distances the output variation for X0 = 4mm
is disp layed in F igure 4. As can be se en in
F igure 4 th is se nso r system shows a line ar
behavior at this value of X0. The results of this
study indicate that for this range of operation
(X0= 0.5-4.5mm) the linearity of the system is
quite acceptable. However, by increasing X0 one
expects that the deviations of the output signals
from the expected theoretical values increase.
This nonlinearity could be due to two factors,
one is the nonlinearity of the mechanical drive
syst em an d t h e o t he r is t h e t r an sdu ce r
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Figure 5. Sensor output variation as a function of displacement for X0=1.01 mm to show the sensor resolution.
The line denoted by, o, is the experimental results and the one denoted by, x, is the theoretical calculations.

(depends on the difference between the radius
of the guard-ring and the inner electode with
respect to the gap distance). At higher X0 values
the edge effects become more pronounced, thus
the small non linear ity can be e xplain ed by
considering these factors.
To check the re solu tion of the system, in

another studywe have used the smallest single
step scan (0.625mm) in the range of X 0= 1.01
mm (C x0= 4.5pF ) . The resu lt of t h is study,
shown in Figure 5, indicates that the theoretical
slope of this line is 9.9*10-4 corresponding to a
re  solut  ion  of  about  5  in  10-6  .  Comparing  t  his
re so lu tion with 44 in 106 for X 0= 2.3mm and
127 in 106 fo r X0= 4mm, one can observe that
the re so lu t ion of the system is decreasd by
increasing the X0 value. Theoretically this can
be noticed from Equation (3) in which DDout is

inve r se ly p ropo r t ional t o X 0 and dir e ct ly
proportional to the DX1. However, it would be
no t ice d t h a t a lt hough de cre asing X 0 will
conside rably increase the sensit ivity of the
device , th e dynamic range of it s ope rat ion
decreases. So depene ing on the application
condit ions, one can optimize the system for an
appropriate operation range and resolution.
The variation of the capacitance change for

X 0= 1 mm is p re se n t e d in F igu re 6. The
min imum re so lvable cap acit ance change
(MRCC) of the readout circuit for Cx0 value of
about 4.5 pF is 22 aF. Theoretically MRCC can
be o b t a in e d fr om E qu a t ion ( 2) . Th r e e
parameters Y, n, and m influence the resolution
o f t h e r e a do u t cir cu it . To in cr e ase t h e
resolution, one can increase n and m or change
the phase angle Y. The overall resolution of the
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Figure 6. Capacitance changes as a function of displacement for Cx0 value of about 4.5pF.

device is controlled in part by the mechanical
dr ive system and the readout cir cu it . The
min imum re solvable disp lacemen t for th e
mechanical drive unit is limited by the pitch of
the micrometer screw and the number of motor
steps per turn. Because of the low resolution of
t h e mech an ica l dr ive syst em the ove r a ll
resolution of the present system is limited to a
cpacitace change of about 2.5 fF in 4.5 pF range
(5.5 in 104) . With the present combinat ion a
minimum displacement change of about 0.625
mm is possible. This value is much less than that
of the readout system which is around 25 nm.
However, the mechanical re solu t ion can be
reduced to the half of this value by driving the
motor at half step mode of operaion.
A lt ho u gh in cr e a sin g n in cr e ase s t h e

re solu tion , it decreases the dynamic range of

the measurements. This is illustrated in Figure 7
for different n values which clearly shows the
variation. As can be observed from Figure 7 the
dynamic range is about 952.5 mm for n= 0.4
wh ile it decre ase s to 7.5 mm fo r n= 7 ( for
X0=2.3mm and Y=3.67 degree).
One of the most important parameters in the

sensor performance is the reporducibility of the
system. In orde r to t e st th is pa rame te r we
plotted the results of the two different runs at
the same value of X0=4.28 mm. To see the data
points better in Figure 8 intentionally we picked
up the two ru n s wit h diffe r e n t scan n ing
increments (one has an increment of 1.25mm
and the othe r 1.875mm). As can be se en in
Figure 8 there is a good agreement between the
re sult of the two t r ia ls, which confirms the
reproducibility of the system.
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Figure 7. Sensor dynamic range as a function of parameter n at a fixed value of X0=2.3mm, top.
The bottom part shows the correspoding readout resolving power.

I t s h o u ld b e me n t i o n e d t h a t t h e
expe r imental slope o f the line de not ed by
symbol, o, is 2.9*10-4 while the slope of the
other line is 2.84*10-4 . As can be seen the
difference in the slopes is only 0.06*10-4 which
is negligible. However, the remaining difference
is due to the zero adjustment (difference in the
line intercepts) which could be corrected by the
zero adjustment option of the readout system.
This difference , however, does not have any
effect on the slope of the calibration line, which
is the more important parameter of the sensor
system.
The e ffect of changing the va lue of t he

reference capacitance, C0, (see Figure 2a) in the
se n so r o u t pu t wa s st udie d fo r d iffe r e n t
capacities. The result of this study for C0= 12

pF, 24 pF, and 34 pF are presented in Figure 9.
Two inportant poin ts can be concluded from
the results of this study. First, the slopes of the
calibration lines are 1.3*10-4 , 9.9*10-4 , and
9.6*10-4 for the case of C0=12pF, and 24pF,
and  34  pF  ,  re  spe  cit  ve  ly.  The  slope  s  wit  hin  t  he
experimental error of the system (0.4*10-4 at
this range) are the same which means that the
slope of the calibration line is independent of
the C0 value. This fact is in agreement with the
outcome of Equation (3) which clearly shows
that the final formula does not depend on the
C0 quantiy. Second, as can be seen in Figure 9,
by increasing C0 value the dynamic range of the
ope ra t ion a lso increase s acco rdingly. The
dynamic range for C0= 12pF , 24pF, and 34pF
are 170mm, 220mm, and 270 mm, respect ive ly
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Figure 8. Sensor output readouts at the two different trials denoted by, x, and, o, to show the reproducibility of
the system for a fixed value of X0=4.28mm.

(X0= 1mm). However, it should be mentioned
that increasing the C0 value will decrease the
sensit ivity of th e de tect ion system to some
extent. So there is as usual a trade off between
the system dynamic range and its sensitivity.
A comparison of the results of this study with

those of others reported in the lite rature will
reveal some of the featurs of the new system. A
digital readout technique for capacitor sensor
application has been reported[5] in which a
capacitor difference with a resolution of 0.05 fF
on capacitiors in the 20-100 fF range has been
obtained. Later some attempts have been made
in orde r to cance l t he noise e ffect fo r t he
readout system. This readout circuit has been
used for a pressure sensor chips containing 100
pF air - gap capacitors and a resolution in the
30 aF range has been reported[6].

In another study [12] the use of a long range
capacit ive displacement sensor is explained
which has a re so lu t ion of 1mm over a wide
range of about 150 nm. In comparison with this
report our readout system has a resolut ion of
about 25 nm and the t ransduce r with 1 mm
air-gap distance shows a resolution of about 5
ppm. The result of our prototype system reveals
a high sensit ivity and linearity at a reasonable
mid dynamic range.
H owe ve r , in cr e a sin g t h e n umbe r o f

averaging points in data recording increases the
re solu t ion , but with the available ADCs it
increases the measurement time. The resolution
of the readout system is however much more
than the reso lu t ion of the drive unit for the
t ransduce r . I t must be poin ted out that the
design of capacitors with very small capacity is
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Figure 9. Shows the effect of varying C0 in the sensor operation. The solid line denoted by the symbol, x, is for the
case of C0=12pF, the dashed-line denoted by, +, is for C0=24 pF, and the one denoted by, o, corresponds to C0=34 pF.

on ly possible in the in tegrated circu it s and
would be hard to build in a discrete fashion .
The readout system reported here with a high
sensit ivity is ve ry suitable for measuring such
small capacitance changes in integrated circuits.
To check the stray immunity of the system,

we have meaured the output changes due to
adding the st ray capacit ances C s1 (node 1)
orC s2(node 2) as shown in Figure 2b. For adding
C s1= 180 pF the out pu t change was abou t
1.88*10-3 which corresponds to a capacitance
change of 8.46*10-3 pF for the Cx0 value of
4.5pF. Placing Cs2=180 pF at node 2 the output
va r iat ion is even le ss in th e  o rde r o f 10-3

(4.5*10-3 pF) for the same Cx0 value which
indicaltes that the system is more immune to the
stray capacitances from this side of the system.

If we define the stray immunity factor as DCx/Cs
then we can compare our results with those of
the others[13]. In that report a stray immunity
fa ct o r o f 10 -4 h a s b e e n o b t a in e d ( fo r
Cs= 100pF) while our system shows a factor of
4.7*10-5 at node 1. The stray immunity factor
as DCx/Cs of 4.7*10-5 at node1. The stray
immunity factor at node 2 for our system is
2.5*10-5 in comparison to 5*10-5 for that
report which is better by a factor of 2.

CONCLUSIONS
In summary, there is a good agreement between
the experimental resu lts of this work and the
calculated values for the system calibration line,
re so lu tion , and the ope rat ion range . O the r
advantages of th is system are the re liability,
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stability, and the stray-immunity which allows its
ope rat ion in open environment without any
shielding requirement. Although the results are
satisfactory, the mechanical drive system can be
further improved to increase the mechanical
reso lut ion and also to increase the dynamic
range of the ope ration . The resolution of the
readout circu it can also be improved by using
high speed ADCs with highe r bit numbers.
E ven though the capacitance changes were
measured in th is study, it is also possible to
implement the reproted system for sensing
othe r parame te rs that somehow have small
influence on the tranducer capacity [14,15].
Error analysis of the reported transducer and

the readout circuit requires a detailed discussion
which is out of the scope of th is paper and is
planned for the future report. However, in such
analysis one must consider the nonlinearity,
st ray-immunity, offse t e rrors and the noise
p ro blem causing an ove ra ll e r ro r in t h e
measurements. In our design care was taken to
minimize the stray capacitances, gap effects, and
the environmental effects on the transducer and
error sources for the circuit. Although we have
tested the readout circuit at the frequency of 10
kH z, the de sign is capable of ope rat ing at
frequencies up to 50 kHz. The environmental
conditions such as air temperature and humidity
effects can influence the capacitance variation,
but these minor changes can be compensated
for by the ze ro adjustments at the star t of a
measurement and are negligible for the short
pe riod of the meaurement . Finally, we admit
that the re are some othe r me thods for the
con st ru ct ion o f th e more accu ra t e micro
sensors, but such method of fabrication requires
micro machining and micro technology that are

not available at the present time.
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