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ABSTRACT

Three capacitance-to-frequency conversion circuits for interfacing capacitive
transducers with digital system are presented in this thesis. The free-running
relaxation oscillator generates an output pulse train with a frequency which is
dependent on the capacitor to be measuréd, one resistor and three resistance ratios.
The R-pumped converter uses the switched capacitor concept to create a simulated
resistor to manipulate charge. To maintain a charge balance this resistor must be
switched at a suitable rate which is indicative of the measured capacitance. In the
two-capacitor pumped converter, capacitor ratioing is used to compare the capacitor
to be measured-to a standard capacitor. A crystal clock controls the switching rate of
the measured cépacitor and the output frequency, which indicates the ratio of two
capacitors, controls the switching of the standard capacitor. Detailed analysis of
effects of nonidealities on the operation of these circuits is presented in this thésis.
All of these circuits have been implemented and tested. The test results indicate that
the stability of these circuits in terms of ppm standard deviation from average output
frequency is less than 3.0 and that the measured temperature characteristics of these
circuits match the theoretical characteristics very well. All of these circuits can be

applied in high temperature environments such as oil and gas reservoirs.

see
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Chapter 1

Introduction

Capacitance-to-frequency conversion circuits which can convert a change in capa-
citance of a capacitive transducer to a variation in output frequency are important com-
ponents of data acquisition and control systems. The reason is that capacitive transduc-
ers are widely used in automatic control of vehicles, robots and industrial processes for
the purpose of measuring pressure, displacement, liquid level, flow rate, humidity and
so on [1], [2], [3]. These transducers are usually located far away from central control
units where microcomputers or microprocessors are used to accomplish linearization,
corhpensation and calibration and are exposed to the noisy environments so that data
transmission is easily disturbed by external electromagnetic interference. The best solu-
tion to overcome these problems is to convert the sensed variable directly into an

equivalent digital number by means of built-in interface circuits at the transducer.

A number of different interface circuits can be used to realize capacitance-to-
digital conversion [4], [5], [6]. The most common method used in these circuits is to
generate a voltage proportional to the change of capacitance by using an integrator or a
capacitance bridge, and then to convert this voltage into a binary output using an
analog-to-digital converter. Although these circuits permit an accurate capacitance
measurement, their main disadvantages include relatively large component count, rela-

tively long conversion times and the requirement for a multi-phase clock.



The subject of this thesis involves the implementation of three capacitance-to-
frequency conversion circuits. These circuits have a small component count, high sta-
bility and provision for single power supply operation. The first of these circuits
described here is an RC free-running relaxation oscillator in which the frequency of
oscillation is determined by the capacitor to be measured and circuit resistors. The cir-
cuit design is such that the output frequency is not appreciably affected by the input
offset voltage and the input bias currents of the two operational amplifiers in the cir-
cuit. The disadvantage of this circuit is the requirement for five high precision and
stable resistors. In addition, a very stable time base is also needed for the accurate

measurement of output frequency.

The second of these circuits is an R-pumped capacitance-to-frequency converter.
Actually, it is a switched capacitor charge pump circuit in which the capacitor to be
measured is used to pump charge from a capacitive charge reservoir which is being
replenished by current flow through a resistor. The rate at which the capacitor must be
switched to maintain a charge balance is controlled and is indicative of the capacitor
size. Compared with the RC free-running oscillator, an advantage of this circuit is that
its stability is only dependent on one resistor instead of five resistors in the RC oscilla-

tor. However, the output frequency measurement of this circuit still requires a stable

time base.

To eliminate the requirement of high precision resistors and a stable time base, a
third conversion circuit has been developed. This circuit is a two-capacitor pumped
switched capacitor capacitance-to-frequency converter which can be used to compare

the capacitor to be measured to a standard capacitor. The basic circuit consists of the
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capacitor to be measured, a standard capacitor, four MOS switches, a large capacitor
which is used as a charge reservoir, an open-loop voltage amplifier and a voltage-to-
frequency converter. The rate at which the measured capacitor is switched is controlled
by a crystal clock and the rate at which the standard capacitor must be switched is
controlled to indicate the ratio of the two capacitors. If the same clock is used to
measure the output frequency, the system will be independent of the clock frequency.
Therefore, the problems encountered in the RC free-running oscillator and R-pumped
converter are completely overcome in this circuit. Furthermore, the basic circuit can be
modified by adding a second standard capacitor and another two MOS switches to
offset the value of the capacitor to be measured in order to enhance capacitance

changes.

This thesis is divided into chapters as follows. The basic circuit configuration and
the operation of the RC-free running oscillator: are described in chapter 2. An analysis
of the effects of circuit nonidealities on the output frequency is presented. Several
modifications of the basic circuits are addressed and some practical applications are

suggested. Measurements on an implementation of the basic circuit are also presented

in this chapter.

Chapter 3 deals with the operation of the basic R-pumped conversion circuit and
concentrates on a detailed analysis of the effects of a number of circuit nonidealities
such as the size of capacitor used as charge reservoir, the frequency-dependence of the
gaﬁn of the amplifier, the on-resistance of switches, etc., on the output frequency of

this circuit. Results of tests of the stability and temperature characteristics of this cir-

- cuit are also included in this chapter.



A technique which can be used to eliminate the effect of the input offset voltage
of the open-loop amplifier on the output frequency in the conversion circuit by inter-
changing the position of the ordinary resistor and the switched capacitor simulated

resistor is investigated in chapter 4.

In chapter 5, the concept of using capacitance ratioing, i.e., comparing the meas-
ured capacitor to a standard capacitor, and its application in the two-capacitor pumped
conversion circuit are examined. A modification of the basic circuit is presented. Test

results for the basic circuit are also included in this chapter.

In practical applications, noise is a primary concern. In chapter 6, the use of
SPICE simulation to evaluate the noise characteristics of these circuits is described.
The approach of using a macromodel of the operational amplifier to improve the simu-
lation speed and to reduce the circuit complexity is presented along with the generation
of a white noise voltage by means of a SPICE piecewise linear source function.

Finally, some simulation results are presented.

Chapter 7 is the sﬁmmary of the work. Some recommendations for further studies

relating to the circuits described in this thesis are presented.



Chapter 2
Thé Resistance-Capacitance Free-Running Relaxation Oscillator

2.1 Introduction

A resistance;—capacitance free-running relaxation oscillator (RC oscillator) whose
oscillation frequency is determined by the capacitance of a capacitive transducer and is
not effected by the plate-to-ground stray capacitances is useful in the area of instru-
mentation and measurement. The RC oscillator described in this chapter utilizes the
well known charge balance principle [7] and can generate a square-wave output with a
fréquency which is dependent on the measured capacitance C, a resistor R, and on
two other resistance ratios. The basic oscillator circuit consists of an integrator and a
non-inverting Schmitt trigger. Basically, it is a capacitance-to-frequency convcrter; but
a small modification of the basic circuit can produce a voltage-to-frequency conversion
circuit. The circuit design scheme is such that the output frequency is not appreciably
affected by the input offs'et voltage and the input bias currents of the two operational
amplifiers in the circuit. An analysis of the effects of component nonidealities on the
oscillation frequency is presented and a practical implementation example is introduced |
to show how a large value equivalent charging-discharging resistance can be obtained

by modification of the basic circuit.



2.2 Basic RC Oscillator

A simple low parts count RC relaxation oscillator circuit can be constructed as
shown in Fig. 2.1(a) to préduce the waveforms given in Fig. 2.2. It consists of an
integrator formed by operational amplifier A ,, resistor R, and capacitor C, which is
the capacitor under measurement, and a non-inverting Schmitt trigger. formed by opera-
tional amplifier A,, two resistors R 5 and R¢ and six inverters. The transfer characteris-
tics of the Schmitt trigger is shown in Fig. 2.3. The lower-threshold voltage V; and
upper-threshold voltage V, are voltage levels at which the Schmitt trigger changes
state. In this oscillator circuit, the two operational amplifiers and six inverters are all
powered from a single reference voltage Vref . The purpose of using six inverters here
is to ensure that resistor R, is large in comparison to the output resistance of inverters,

so that the output high is equal to Vref and output low is equal to zero.

The operation of this circuit can be described as follows. When V,,, the oﬁtput
of the circuit, is hi;gh, capacitor C4 will be charged by the current through résistor R 4
causing V1, the output‘ of integrator A, to ramp down until it drops just below the
lower-threshold voltage V; of the Schmitt trigger. Then V,u Will go low causing capa-
citor C, to discharge and V; to ramp up ‘towards Vref' When V, reaches the upper-
threshold voltage V;,, V,,,, will return to the high state, and th.e cycle will repeat itself,
The lower-threshold voltage V, and upper-threshold voltage V), of the Schmitt trigger

can be expressed as follows

vooogs Bs R, Rs .,
= + — .
Yr=( R6)(R1+R2 R5+R6) ref @D
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-
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Fig. 2.1 (a) Schematic of the basic RC oscillator with three-terminal capacitor

(b) Typical three-terminal capacitor with a grounded shield and plate-

to-ground stray capacitances Cg and Cy



—maat

llllllllllllll

\\\\\\\\\\\\\\\\\\\\\\\\\\\\

ammawd

Vref

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Vout

LTSN R PR RN e

sesusecucccannanannn

“Nevae

Ground---

weessanasthecann

-

YT CT NN

||||||||||

\\\\\\\\\\\\\\\\\\\\\\\\

P L S T ST ey

\\\\\\\\\ - - -t 4 - -d reowa v
'
'
1
|||||||||||||||| froromccncdiccncnrrendoveosnavoncsonnd ccocrreccnrndeananca.
v - PYPY LT TP P domrrromrcoroms 4 wrrderwrrwnws
o]
St =
3 ko 2
Vr Vr mn.u.u
P -
i i
“ i
H ‘
[}
-

wansananata

Fig.2.2 Voltage waveforms of the RC oscillator



Ry
Vin o—AN, +
OP —0
v
— out
ref O M/\: l\/\/\l D
R, R,
l Vout
Vet
J
y
0 B _ Vin
Vi Vi

Fig.2.3 Schmitt trigger and its transfer characteristic



Vv, =(1 RS) R %
=(1+
h Rg’ R +R, "¢

10

2.2)

If the period of oscillation is T, and the time interval for which V,,, is high is

Tp , & charge balance equation for capacitor C, can be written as follows

v V_ R,
_LQ’_TP__J_Q”_E.LTO =0
R, R +R, R,

so that
R
2
T, = ——7T .
: P R,+R,°
Eq. (2.4) can be re-arranged to give
Tp R,

T, R{+R,’

(2.3)

(2.4)

(2.5)

i.e., the pulse width-to-period ratio is dependent only on the ratio of R 1 to R, and is

independent of the other circuit components. Tp can be calculated by noting that dur-

ing the time Tp capacitor C 4 charges at a rate of //C 4 and that the charging current I

can be determined from

R
] = ref (1— = 2 ).
Ry R{+R,
Thus,
vV, -V
_ e
Tp- § 1 r, R,Cy
Vret € R1+R2)

and

(2.6)

2.7
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Ry LN 28)
Ry+R, Ri+R,; " Rsg

so that the output frequency f,, which is the reciprocal of the period T,, can be

obtained from

_ 1 Ry (1- Ry )R6
R,C, Ri+Ry R, +R, R,

fo @9

It is seen from Eq. (2.9) that the output oscillation frequency of this circuit is inversely
proportional to the capacitance C4 and resistance R, and is dependent on the two

resistance ratios R/R, and R5/R.

In some practical applications, the outputs of the capacitive tran'sducers are con-
nected to the RC oscillator circuit by a length of cable with a grounded shield. In this
situation, the capacitance to be measured is a typical three-terminal capacitor with two
plate-to-ground stray capacitances C,; and C,, as shown in Fig.2.1(b). The effects of
the stray capacitances C;y and C,, on the output frequency can be analyzed by using
the charge balance concept. It is noted that the stray capacitance C 1, which is ass'oci-
ated with one plate of capacitor C, is charged to Vyef Ro/(R1+R;) and then fixed at
that value, and the stray capacitance C;,, which is associated with the other plate of
C, is charged to V}, and then discharged to V; once every cycle. Since there is no
charge loss as far as the charge balance for C 4 1s concerned , the effects of these stray

capacitances on the output frequency can be completely ignored.
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2.3 Modification of Basic RC Oscillator

A second charging-discharging resistor, R, can be incorporated into the basic
oscillator circuit as shown in Fig. 2.4 for the purpose of obtaining a large effective
value of charging-discharging resistance for capacitor C,. The reason for doing so is

that large valued precision resistors are not readily available. In the circuit of Fig. 2.4, ’

R4 and R, are two ratioed resistors and the numbers of parallel inverters in the branch
consisting of R, and in the new added brar;ch are also ratioed so that the two com-
bined output resistances of inverters can have the same ratio as R4 and R . For exam-
ple, if R, is equal to 2R and R is equal to 3R, the ratio Y=R,/R  is equal to 3/2. To
maintain .the same ratio, the number of parallel inverters connected in the branch con-
sisting of R4 has to be three and the number in the branch consisting of R, has to be

two.
The charge balance equation for capacitor C 4 can be written as

Vref T — Vref RZ To _ VrefRZ Tp Vref Rl

R, 'P R;+R, R, R{+R, YR, (R;+R,)YR,

(T, ~T,)=0 (2.10)

assuming that R,=YR, and that the combined output resistances are small in com-

parison to R, and R,. Then

R
T __Ro 2 ¥ 2.11)
T, R +R;| [_1

i Y o

The output frequency f,, can be calculated by noting that during the time Tp



ref

13

Y
\%[S/\/\/\f/

Fig.2.4 Schematic of RC oscillator with two ratioed charging-discharging resistors
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yoo—v . —2 oy K2
ref — 'ref R+ R, ef Ri+R, T, 2.12)
- =Vi=V
R, YR, Cy
and
R
5
T, = R, TRy (2.13)
(1-—==)
R, +R, Y Ry
" Thus,
. -
1] —-—
_ R,C, ”
QP TINTS PAIFEC IR
The effective charging-discharging resistance R ; is
1- L
Ry =R Y
4 =Ry R R . (2.15)
(1-~-2ya- L1,
Y Ry R, v

For example, if Y=3/2 and R; =R,, then R ‘; is equal to 3Ry, ie., the effective
charging-discharging resistance for capacitance C, is three times larger than the origi-

nal R4.

2.4 Voltage-to-Frequency Conversion
The basic RC oscillator can be changed into a voltage-to-frequency converter by
disconnecting the non-inverting terminal input of operational amplifier A, from the

voltage divider R and R, and connecting it to the input voltage V, as shown in Fig.
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2.5. All of the circuit components are also powered by a single supply Vier so that
V. high is equal to Vref and V, . low is zero, assuming that the resistance R 4 is
much larger than the combined output msistance of inverters. The output of integrator
A is constrained to move from the lower-threshold voltage V, to the upper-threshold
voltage V, given by Eq. (2.1) and Eq. (2.2) during one period of oscillqtion. As
described for the case of the basic RC oscillator circuit, a charge balance for integrat-

ing capacitor C 4, a fixed capacitor in this case, can be written as

Vref Vt
R, Tp - R, T, =0 (2.16)

so that

p t
P _ , (2.17)
To Vref

Thus, to first order, the pulse-width to period ratio or duty cycle is directly propor-
tional to the ratio of the input voltage to the reference voltage and is independent of all

circuit components.

Now,
Vref -V
————T =V, -V .
R,C, 7 h ] (2.18)
Rs
where V) — V) = R Vref , and the output frequency is
6
‘ v (1 v )
f = Viref Vier ~ Rs (2.19)

The output frequency f, increases from zero for V, being equal to zero to f max When
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Fig. 2.5 Schematic of VFC
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V, is equal to —;—Vref and then decreases to zero as V, éhanges from %Vref to zero.

The maximum oscillation frequency is

f =___1_ﬁ
max = 4R, C, Rs

.2.5 VFC with Gain and Linearization

(2.20)

Voltage gain can be easily provided by connecting a resistor Ri between the

inverting input terminal of operational amplifier A; and ground as shown in Fig.

2.6(a). The charge balance for C4 can then be rewritten as

Vv \%4 1%
ref Tp tTo_ tT0=O
Ry Ry R;
so that
T V R
AR .
T, Vref Ri
and
\% R \% R
V‘ (1+ =2 1—V‘ (1+ 2y
; ,— ref Rl ref Rl R6
0 R,C, R5°

(2.21)

(2.22)

(2.23)

Gain can thus be provided at the expense of making f, dependent on the resistance

R
ratio —4—.

Ry

In practical applications, the input voltage to the VFC might be from a transducer

and V, may be a nonlinear function of the sensed variable. For example, the voltage-
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Fig.2.6 (a) VFC with gain (b) VFC with gain and linearization

18



19

temperature characteristic for an ice-point referenced copper-constantan thermocouple

is in the form of

Vz=at
Vig  1+bt

(2.24)

where a and b are constants [8]. In such cases, the VFC can be modified to give a

direct indication of V, as shown in Fig. 2.6(b), where a second resistor Ré in series
with a switch §; is connected between the inverting input terminal of operational
amplifier A; and ground, and the switching is controlled by the output Vour- If the
switch S is closed when V. is high and left open otherwise, the charge balance for

C 4 can be rewrittep as

Vv Vv 1% Vv
ref t. t t ‘
—T, - T, - T, - T,=0 - ‘
R p- R o ’ 4 ’ p (2'25)
4 4 R 1 RZ
so that
V R
(14 =)
Tp ref R i
7 = R, v, (2.26)
RZ’ Vref
During the time T,,
Vrer = Vi Vi Vi
R,C, . TV 227)

so that



20

V, R R 1% R, R
i —§(1+—‘i)1—v‘ a+ =2+ 24
Vref Rs Ri ref Ri Ré
= . 2.28)
o R, V, (
Ré “ref

Alternatively, if the switch S1 is closed when Vouz is low and left open otherwise, a

charge balance analysis similar to the one presented above yields

1% R, R
L1+ —2 44y
T ref R, R,
L 12 (229
To 1+ R4 Vt
Ré Vref
and
V. R R, R, | v R
- Eﬁ(1+—i+4‘—) ] - — 1+ =2
f ) ref 5 Rl R2 ref Rl (2 30)
? R, V, ' ’
RyCyllt—
: Rz‘ ref

If, for example, a and b are both positive, and the switch is in place when Vour 18

high, Eq.(2.26) becomes

T R
p_ 4 :
T =qt(l+ ,) (2.31)
o0 R]_
Ry b o . e e : T
where — = s Similarly, if a is positive while b is negative, and the switch is in
R, -

place when V. is low, Eq.(2.29) becomes
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° Ry Ry

In either case, linearization is achieved.

2.6 Nonidealities

Errors are introduced when the circuit is implemented because of component

nonidealities. Referring to Fig. 2.7, the two cperational amplifiers A; and A, have

input offset voltages V. and input. bias currents / b+ » Iy’. The common mode rejection
ratio (CMRR) of these two amplifiers is not infinite, and the inverters used to drive the
integrator A, have non-zero output resistances. When these nonidealities are con-
sidered, the lower-thré:shold voltage V; and upper-threshold voltage V}, of comparator

A, are given by

Rs VrefR5+Ib+2R5R6 RiRy

Vi=(1+==)[V,, - - Y i (2.33)
1= g WV R R, T RgtRg  Ri+R, (o1*152)]
and
Rs .+ Ij3RsRg RiR,
V,=(1+==)[V,, + - (It +I5)] (2.34)
h
Rg’ " '2" Rg+Rg R+R, b17702
Vref _ VrefRZ
. R, 2 R,+R,
where Vt2=Vref R1+R2_ CMRR, —V,s2

V,s2 = the input offset voltage of operational amplifier A,

CMRR 5 = the common mode rejection ratio of operational amplifier A,
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Fig.2.7 Basic RC oscillator showing effects of input offset voltage and input bias currents
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Iy, = the input bias current associated with the inverting input of A,

I, and I}, = the input bias currents associated with the non-inverting inputs of

A and A, respectively.

The effects of nonidealities can also be included in writing the charge balance for

capacitance C 4 as follows [9]:

Vg T, V[T,  V/(T,-T,)

— -I~T. =0 (2.35)
R4+rh R4+rh R4+rl b1 "o
so that
, r, —r L5 (Ry+r,)
Vt(1+ h l )+ bl 4 h
D Ry+r Vief .
= . (2.36)
T , ; <
° Vi o
1+
Vref R4+rl
Vref _VrefRZ
e vy Ry .y RiRy o\ 2 R{+R,
= —_— - ————— + 15 )+
M T = Ut RUwR, T LT Ry ARy o1 Y2 )t e
\%

»s1 = the input offset voltage of operational amplifier Ay

CMRR | = the common mode rejection ratio of operational amplifier Ay

r;, = the combined output resistance of the inverters vs;hen the output is higI;
r; = the combined output resistance of the inverters when the output is low.

The charge balénce for capacitor C, during the time period Tp is
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Vref - Vt, -
(—R4—+7;“1b1)Tp=(Vh‘Vz)C4 2.37)
and therefore “
Rs
V —_
. . R
b=

Vref - Vt _ Ib—l

Rs
== ” (2.38)

Vre f

r —rl

ref

where V," = Vt' + Iy (R4 + 1y ). Thus, if it is assumed that

I is small, it is

easy to show that the oscillation frequency is given by

Vi v Ty, =1

) (1+ )
Vref Vref R4 +r

(1-

f, = (2.39)

R v, r -r
(Ry+1)Cp=>(1+ —— B!
| 7, (!

Vref R4+rl

If the input offset voltage V,;; and V,,, input bias currents I}y, I}, I, and

I, and inverter output resistances r; and r, are all zero, the output oscillation fre-

quency f, becomes

1 R, Ry Rg

= 1- ,
R4Cy R1+R2( R1+R2)R5

fo

(2.40)
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i.e., the oscillation frequency obtained without considering component nonidealities.

A choice of R| =R, results in a very marked desensitization of f , 1O variations

in Ry, Ry, V,oq gnd Ip; as shown in Fig. 2.8 As an example, if Vre_f is 5.0 volts, the

input offset voltage V, ; can be as high as 2.5 millivolts and the input bias current

I,7 can be as high as 200pa before the total error due to these operational amplifier
nonidealities exceeds to 0.00012% of full scale. Similarly, Ry and R, changes of 0.1%

in opposite directions will result in a total frequency change of only 0.0001% of full

scale.

2.7 Implementation and Testing

Based on the scheme shown in Fig. 2.1, a prototype RC free-running osciuator
has been built by using one half of an HA5142 dual op-amp chip, one half of a
ALD2301 dual comparator chip and one MC4069 CMOS inverter chip as shown in
Fig. 2.9. A high temperature capacitor of 100pF with a température coefficient of
140ppm * 25ppm per ‘Celsius degree was selected to be capacitor C 4- The resistors
Ry, Ry, Ry, R5 and R were high precision low temperature coefficient resistors with
temperature coefficient of -1.8 + 2.3 ppm per Celsius degree and component values
were chosen to be 100 £ Q, 100 £k Q, 1 M Q, 10 £Q and 20 k Q, respectively.

Finally, a single power supply of 5.0 volts was selected for this circuit.

The prototype oscillator was tested at a constant temperature of 27 degrees :Cel-
sius by using an oil bath with temperature control accuracy of 0.01 Celsius degree. An

HP5316 universal counter was used to measure the output frequency using different
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Fig. 2.9 Practical implementation for the RC free-running relaxation oscillator

L7



28

gate times. The purpose of this testing was to demonstrate the stability of the oscilla-
tor, and the test results are listed in Table 2.1. It can be seen that the maximum ppm

standard deviation of average output frequency is about 2.74 ppm.

Gate Time | Average Frequency | Standard Deviation | ppm of Average Frequency
(HZ) ' (HZ)
100ms 4865.54 0.01 2.74
200ms 4865.79 0.01 2.24
'500ms 4865.807 - 0.009 1.76
800ms 4865.841 0.008 1.69
1.0s 4865.888 0.009 1.76

Table 2.1 Test Results for RC free-running relaxation oscillator

The temperature characteristics of the prototype oscillator were tested at various
temperatures ranging from 25 degrees Celsius to 175 degrees Celsius. Shown in Fig.
2.10 is a graph of the tested temperature characteristic of the oscillator compared with
the temperat;lre Characteristic of the high temperature capacitor C,, and it illustrates
the percentage change in the period of output frequency signal“ and the percentage
change of the capécitance Cy vs. the Variat.ion' of temperature. The gap between the
two curves of Fig. 2.10 can be attributed to the temperature coefficient of resistor R 4
and the temperature coefficient mismatches of resistors R, R,, R5 and R ¢ The test
results also demonstrate that the oscillator circuit‘ can work at temperature of 175

degrees Celsius.
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Chapter 3
R-Pumped SC Capacitance-to-Frequency Converter

3.1 Introduction

" The advent of switched-capacitor techniques has led to new and innovative
methods of capacitance measurement. In this chapter, a new switched-capacitor
capacitance-to-frequency converter with ex_ceptidnal frequency stability is described. In
the basic conversion circuit, the capacitor under measurement is utilized to pump
charge from a capacitive charge reservoi; which is replenished by a current flow
through a resistor. In order to maintain a charge balance , the cépacitor must be
switched at a suitable rate which is governed by the output frequency and is dependent
on the capacitor size and one resistor value. A switching scheme has been devised to
make the circuit insensitive to operational amplifier input offset voltage and input bias
currents and all but one resistor. The operation of the conversion circuit is discussed,
the effects of component nonidealities on the output frequency are analyzed, and

methods for elimination of these nonideal effects are presented.

3.2 Simulated Resistor Concepts

’

The fundamental principle in all switched-capacitor circuits is the transfer of
charge from one node to another in a circuit. Two simple switched-capacitor elements,
or simﬁlated resistors, which are constructed from capacitors and swimtches and can per-
- form this function are shown in Fig. 3.1 [10], [11]. In the shunt circuit of Fig. 3.1(a),

30
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capacitor C is alternatively charged to V; and V,. Each cycle results in a charge
Ag=C (V,-V,) flowing into node 2. For the series circuit of Fig. 3.1(b), the capa-
citor C is alternatively discharged, and then recharged to a voltage V{~V,. During
recharging, a charge Aq=C (V,-V,) flows into node 2. The charge flows in sharp
pulses, at the leading edge of the clock pulses used for controlling the operation of
switches. However, for each of the elements in Fig. 3.1 we can define an average
current, i, , as the charge flow Ag during each clock period T divided by that period
giving:

_Aq _ C(Vi=Vy)
tave = T - T

Thus both switched-capacitor elements behave ( on average ) as resistors of value
R=T/C. 3.1

Eq. (3.1) indicates the possibility of simulating ratioed resistors by the switching of
ratioed capacitors. Furthermore, the resistive ratios can be varied by using different

switching frequencies for different resistors.

3.3 Circuit Configuration

Fig. 3.2 shows the schematic diagram of the R-pumped switched-capacitor capaci-
tor to frequency converter circuit. It consists of three main parts:
(1). The half reference voltage generator formed by one double-pole, double-throw
(DPDT) switch and two capacitors C, and C 3.
(2). The open-loop amplifier formed by op-amp A;, a resistor R, two switches S,

S, a large capacitor C, and capacitor C,, which is the capacitor under measurement.
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Fig. 3.2 Schematic of R-pumped SC capacitor-to-frequency converter:

(a) circuit diagram; (b) half reference voltage generator
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(3). The voltage to frequency converter formed by an integrator A, and a one-shot
multivibrator consisting of one nor-gate, one inverter, resistor R 5 and capacitor Cs.
For single-supply operations, all components of this circuit are powered from a single

reference voltage Vref .

The half reference voltage generator shown in Fig. 3.2(b) utilizes one DPDT
switch and two capacitors to producé a high precision voltage equal to 1/2 Vref'
When the input switches close, capacitor C, and capacitor C5 are in series connection
with input voltage V,ef and are charged by input voltage Vref . When the input switch
is opened, and the output switch is closed, the capacitors C, and C5 are connected in
parallel. Finally, the output voltage will be equal to 1/2 Vref whether or not capacitor

C, is equal to capacitor C.

The inverting input terminal of the open-loop amplifier A is connected to the
half reference voltage 1/2Vref, while the non-inverting input terminal is connected to

a voltage divider formed by a conventional resistor R and a switched capacitor simu-

lated resistor constructed from capacitor C,, and two switches as shown in Fig. 3.1(b).
Node 1 is connected to a large capacitor C; which is used as a charge reservoir. The

difference voltage between the output of the voltage divider and the half reference vol-
tage is amplified by op-amp A ; and the output of A, is fed into a voltage to frequency

converter as an input voltage through another voltage divider R 1 and R,.

The free-running voltagé-to-frequency converter used here was developed by
Trofimenkoff and Haslett [8]. In this circuif, the op-amp A,, the CMOS nor-gate and

two CMOS inverters are all powered from the single supply voltage V,ef. If Ry is
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large, the low level of the output pulse will be very nearly equal to zero and the high

level of the output pulse will be very nearly equal to Vref‘ Then if the threshold vol-
tage of the inverter is taken to be equal to 1 Vréf’ the pulse width of the output pulse,

T,, which is controlled by the one-shot multivibrator will be given by

T,=Rs5Csln

( l—ln) . (3.2)

While the output pulse is present, the outputs of both inverters will Be high. At

all other times, these outputs will be low. A charge balance for capacitor C 4 can then

be written as

v V,
RS S
R To &, To =0 (3.3)

where T, is the perio«i of output pulse, so that

1 Vl

f,= = . 3.4
° To Vref Tp ,

Hence the output frequency, f,, is directly proportional to the input voltage V,. Furth-

ermore, Eq.(3.4) can be re-arranged to

T \%4

p ¢
—_= (3.5
To Vref

which states that the output pulse width-to-period ratio is equal to the input-to-

reference voltage ratio, independent of circuit component values.

Since the action of the two switches in the simulated resistor is controlled by the

noh-overlapping clock pulse signal which is generated from the output pulse of the
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voltage-to-frequency converter and has the same frequency of output pulse, there exists
a feed-back loop in the capacitor-to-frequency circuit. This feed-back configuration

improves the characteristics of this circuit.

3.4 Circuit Operation

The operation of the conversion circuit can be described as follows. At power on,
the output of the circuit remains low before the potential of the non-inverting input ter-
minal of op-amp A; is increased to a little higher than the half reference voltage
1/ 2Vref by charging capacitor C, through resistor R. The two switches S, and S, of
the circuit act alternately. When § 11 is open, S, is closed and vice versa. When the out-
put V,,, becomes high, switch S, is opened and switch S o 1s closed, so that capaci-
tance C,, receives charge from charge reservoir C;, and at the same time, C,is
replenished by tﬁc current flow through resistor R. If the capacitance of C is much
larger than capacitance of C,,, the potential of the non-inverting input terminal of A
will be constant and the charge stored in capacitor CnisQ,=C,V, whére V, is
the potential at non-inverting terminal of A 1- When the output V, . goes low, S is

~closed and S, is opened, allowing capacitor C,, to discharge through §;. When Vout

goes high, C,, will receive charge again, completing one period of oscillation.

For an ideal case, it is assumed the capacitance of C is much much larger than
the capacitance of C,, so that the potential at non-inverting input terminal can be con-

sidered to be constant. If the period of the output signal is Toueaz’ the charge balance

equation for C; can be written as
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Vref -V,
_—R_ Oideal “tm V+ (36)
where V, is equal to 1/2V,,¢ so that
Toideal =R C,, (3.7
Cuea T, ~— RC, (3.8)

It is seen that the output frequency f 0teat is only dependent on the resistance R and

the capacitance C,, and is, to first order, independent of the other circuit components

making up the capacitance-to-frequency converter.

3.5 Nonidealities

By inspecting Fig. 3.2, it is easy to find that the output frequency of the conver-
sion circuit is affected by nonidealities such as the size of capacitance C, parasitic
capacitance between each terminal of switch S, and ground, the input offset voltage
and input bias currents of op-amp A, and the non-zero on-resistance R,, of two

switches. The influence of these nonidealities is analyzed in the following section, and

methods for eliminating these nonideal effects are discussed.

3.5.1 The Effects of Size of Capacitor C 1 and Time Interval Tp .

In order to illustrate the effects of the size of capacitor C; and the time interval
T, on the output frequency, the open-loop amplifier A; of Fig. 3.2, which is repro-
duced in Fig. 3.3, is considered. When output V,, is turned high and switch S is

opened while switch S, is closed, capacitor C,, is in parallel connection with capacitor
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Fig. 3.3 The basic capacitance-to-frequency converter and the voltage
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C . Capacitor C,, will acquires charge from capacitor C until the voltages across
both capacitor Cy and C,, are same. The voltage between the two plates of capacitor

C, drops from V. to V.. due to the loss of charge. V. can be expressed as

follows.

oF]

min =V smay S (3.9)

At the same time, capacitor C; and C,, are charged by the power supply V,ef through
resistor R. After time interval Tp, the output Vour g0es low, the switch S is closed
but switch S, is opened. Capacitor C,, is fully discharged through switch §1 while
capacitor C is continuously charged by the power ‘supply V,ef until the voltage
across capacitor C is equal to V_, .. When the circuit is in the steady state, the

average voltage of V_ has to be 1/ 2Vref , 8o that V. can be found from

1 1
Viave = a7 Vimax *Vamin ) = —i'Vref
by substituting V 14 ‘1
fitutl . = —_.
y subsututing Vv .,.;p +max Cl +Cm

Therefore,

Ci+C,

Vimar = Vref 2C,+C,

(3.10)

During the time interval Tp, the voltage across capacitor C; is given by

4 !

¢ T R(C;+C TRC.¥CH
Vel =V g ge T A Vg (1me TETE
m
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C1+Cm “R(C t+C )
= Vref - Vref m ' ’ (3.11)
and when ¢ =Tp , the voltage of C; can be written to be
T,
-Cl'*'Cm “R(C ic )
V+(Tp )= Vref - Vref me 1hme, (3.12)

Then, duripg the time when output V, , is low (Tp <t<T, —Tp ), capacitor C is
charged by the power supply V,ef with a time constant T =R C 1> the voltage across
C,is

T, t ¢

— p — — A ————
R(C1+C,,,)]e RC1+V7'ef(1—e RCI)

Ci+C,
V+(t)= [Vref - Vref ——2C1 +C
m

Tp + t ‘
R(C,+C,) RC, (313)

=Vrer “Vrf 3¢ 3 C,

Hence, the oscillation period of the circuit, T,, can be obtained by substituting

" Eq.(3.10) into Eq.(3.13)' and solving Eq.(3.13). The result is

I =RC.[ C, " C+C, Tp ]
= + . 3.14
o mtc, ~C;  R(C;+Cp,) G149
c,+Cc, C c, 2
“If it is assumed C,/C,, is small, then In L m . m ——1—( i ) , so that
1 ¢, 2°¢
1 Cn Tp
T,=RC,_ [1-= + . .
0 ml1-2 C, R(C1+Cm)] (3.15)

Thus, as a comparison with Eq. (3.7), the fractional error is
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T

m
g=—— 4

+ .
2 C; R(C;+C,)

Thé oscillation period of the circuit can also be calculated by writing down the

charge balance equation for capacitor C; as discussed previously for the ideal case.

Vref—‘t .
—_R_T0=V+(I=Tp)cm (3.16)
— ]
where V, =——[a;+a,] and
T,
“p C,+C —t
1 m T R(C;+C,)
1= [Veg A=ggmoe " )ar
1 m
T -T T, t
o p c,+C,_ - P+ ]
1 m R(C;+C,) RC
a,= J- Vref(l——z——c—-l-_cme ! ! )dt

so that period T, can be expressed as follows by noting that ‘7:= 1 /2 Vref to yield |

T
Cl'Cm —R(CliC)
— — m 3.17
T0—2[1 > 1 ]RCm ( )

The oscillation period (;f the circuit for the ideal case is calculated using Eq.(3.7),
and is compared to the results obtained by using Eq.(3.14) and Eq.(3.17) in Table 3.1
and Table 3.2. It can be seen from Table 3.1 and Table 3.2 that the (iifference between
the ideal period and the real period obtained by using Eq.(3.14) and Eq.(3.17) is
dependent on the ratio of capacitance C, to capaicitance Cq 'and the ratio of pulse
width Tp to period T,. The error will be affected by the capacitance ratio C, /Cl,
increasing with increased ratio C,,/C;. Thus, in order to reduce output frequency

error, the ratio of C, /C should be chosen to bé as small as possible.
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Cp/ Cq =0.001

Toideal Ts Error

by Eq.(3.7) by Eq.(3.14) (%)
T,=1/2RCy 1.0 RC,, 0999999833 RC, | - 0.0000167
Tp =1/3RC, 1.0 RCpp 0.999833333 RC,, 0.0166667
T,=1/4RC, 1.0 RCy, 0999750083 RC;, | 0.0249917
T,=1/8RCy 1.0 RCpy 0999625208 RC, |  0.0374792
T,=1/10RC, 1.0 RC, 0.999600233 RC,,, |  0.0399767

Toideal To Error

by Eq.(3.7) by Eq.(3.17) (%)
T,=1/2RCp, 1.0 RC, 0.999999874 RC, 0.0000126
T,=1/3RC, 10 RCp, 0.999833361 RC,;, |  0.0166639
T,=1/4RC, 1.0 RC 0.999750092 RC,, 0.0249908
T,=1/8RCy 1.0 RC, 0.999625178 RC,, 6.0374822
Tp=1/10RCpy 10 RC,, 0.999600194 RC,, |  0.0399806

for Cp,, / C;=0.001

Table 3.1 The oscillation period calculated by using Eq.(3.7), Eq.(3.14) and Eq.(3.17)



Cp/Cy =001
Toideal To Error
by Eq.(3.7) by Eq.(3.14) (%)
T,=1/2RC, 1.0 RC, 0.999983580 RC,, 0.0016419
T,=1/3RCy 10 RC,, 0.998333415 RC, 0.1666584
T,=1/4RC, 1.0 RCpy 0997508332 RC, | 0.2491667
Tp =1/8RC 1.0 RC, 0996270709 RC,, 0.372929
T,=1/10RC, 10 RCpy 0.996023184 ch; 10.3976815
Toideat To Error
by Eq.(3.7) by Eq.(3.17) (%)
Tp=1/2RCyp 10 RC,, 0.99998770SRC, |  0.0012294
Tp=1/3RCy 10 RC,, 0.998336158RC,, |  0.1663842
T,=1/4RCp 10 RC,, 0997509361 RC,, | 02490638
T,=1/8RC, 1.0 RCpy 0.996267887RC,, | 03732112
Tp=1/10RCy 1.0 RC,, 0996019408 RC,p, |  0.3980591

43

Table 3.2 The oscillation period calculated by using Eq.(3.7), Eq.(3.14) and Eq.(3.17)
for C,, / C;=0.01 | '
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3.5.2 The Effects of Frequency-Dependent Gain of Op-Amp 4,

As mentioned in the above section, the potential at the non-inverting input termi-
nal of op-amp A is a dc voltage with some ripple instead of an ideal dc voltage. This
ripple is amplified by the open-loop amplifier A; and the waveform at the output ter-

minal of A4 ; depends on the frequency response characteristic of op-amp A ;.

If the capacitance C,, is very small in comparison to the capacitance C,, the
difference between the two time constants R (C,+C{) and R C can be ignored.
Therefore, as shown in Fig. 3.4, the ripple at the non-inverting input terminal V 4 can

be approximately expressed as

vV, =-

A
+r _2'

A
+'1—,0—f ) (3.18)

. c, 7
where A=V . (1-———+—)=

cic, _Vref Z—C-,-I—Z_l—c—m— and T, is the oscillation period of

the output frequency signal. The potential also can be expanded in a Fourier series to

yield [12]

~
— —

A 1
—7-{2_)7(- sin2knf,t, (3.19)

where f, is the output frequency. It can be seen from Eq.(3.19) and Fig. (3.4) that the

ripple contains a series of sinusoidal harmonics whose amplitude decreases with fre-

quency by a factor of 1/k.

The differential gain of the op-amp A, can be expressed as [13]
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Fig. 3.4 A diagram illustrating the effects of input ripple voltage and
frequency response characteristics of op-amp Ay
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f (3.20)
foa

1+j

by using a dominant-pole frequency response model, where Ao is the open-loop dc
gain of the amplifier, j=vN—1, f is the frequency and f,, is the location of the fre-

quency pole. For a sinusoidal harmonic input voltage connected to the non-inverting

input of A ;, the voltage gain is

A40
A (J = R
d ) \/1+< 7 )2 (3.21)
oa
and thé phase angle is
¢(jf)=tan! f—i— . (3.22)

Hence, for the open-loop amplifier A; with an input voltage V + given by Eq.(3.19), -

?

the output ripple voltage V. can be easily shown to be

~_Aha0 2 1 sin(2k ©f, t —tan~! —2
o TS K, 2 ? foa ~ (323)
k 1+4+¢( ) )
foa

As an example, if it is assumed the pole frequency f oa 18 1.5 Hz, the open-loop gain
Ay is 120db, C,, is 120pf, C, is 0.1uf, resis:tor R is 100kQ, and the output frequency
is about 83.33 kHz, the output ripple voltage V,»» calculated by Eq.(3.23), has a peak-

to-peak value of about 30 millivolts as shown in Fig.(3.5).
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Fig. 3.5 Output waveform of open-loop amplifier A,
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From the above analysis, it can be concluded that the peak-to-peak value of the

output ripple voltage depends on the capacitance ratio C,, /C; , the open-loop gain
and ﬁle pole frequency of op-amp A,. If the peak-to-peak value is large, the output
frequency will be affected even though the integrator of the VFC has an ability to
suppress high frequency harmonics. One approach for reducing output ripple voltage is

to choose a small capacitance ratio C,, / C by using a large capacitor C 1

3.5.3 The Effects of Stray Capacitances

In some situations, the capacitance to be measured C,, is a typical three-terminal
capacitor with two plate-to-ground stray capacitances Csq and Cy, as shown in Fig.
(3.6). To simplify the analysis, the assumption that capacitance C, is much much
larger than capacitances C,,, C;; and C;, is made so that the potential of the non-
inverting input of op-amp A can be considered to be unchanged during the switching
period.

In this ideal case, at power on, the output of the circuit remains low before the
potential of the non-inverting input terminal of op-amp A increases to a little higher
than the half reference voltage l/inef by the charging of capacitor C; and stray
capacitance C,, which is in paralleil with capacitance C, through resistor R‘. When
the output V. becomes high, switch S is opened and switch S, is closed, so that
capacitance C,, receives charge from charge reservoir Cy and C{}, and at the same
time, C; and C;; are replenished by the current flow through resistor R. The charge

stored in capacitor C,, is @, =C,, V, where V_ is the potential at the non-inverting 7



Vref 1/2 Vref

out
- VEC
s |
Sl\f: ;—-CmC81 1
T “1
gl
\) Co

Fig. 3.6 The switched capacitor capacitance-to-frequency conversion circuit with

a typical three-terminal capacitor
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terminal of A;. After the output V,,, is tumed to be low, S is élosed and S, is
opened. This allows capacitor C,, to discharge through S; and the stray capacitor Cso
acquires charge Q. ,=C,V, from C; and C,;. When Vour 8oes high, C, will be
discharged tﬁrough S, while C, will receive charge again, and completing one period
of oscillation.

It can be seen that the charge taken away in one period by capacitor C,, and Cso
is @, +Q,,, and this charge must be compensated by the current flow through resistor
R in order to maintain a charge balance. Hence, the chérgé balance equation can be

written as

Vo =V “ ‘
——’”—R—i:ro =C,V,+C,V,, (3.24)

" and the oscillation period can be found to be
T,=R(C,+Cy) (3.25)
by substituting V, =1/2 V,ef into Eq.(3.24).

The above simplified discussion ignored the role which the capacitor size of C,
plays. Nevertheless, it leads to a qualitatively correct conclusion, namely that the effect
of stray capacitance Cg; on the output frequency can be ignored since C,1 plays no
- role in drawing charge from the charge resérvoir. However, the effect of stray capaci-
tance Cy, on the output frequency must be considered since capacitance C,, does take
charge from tf_le charge reservoir just as capacitance C,, does, and this will cause an

error in the output frequency.
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3.5.4 The Effects of On-Resistance of Switches

When the switches S; and S, are closed, both of them have non-zero on-
resistance R, and the value of R,, can be in the range of a few hundred ohms to a
few kilohms. In order to illustrate the effect of the non-zero R,, on the operation of
the capacitance-to-frequency conversion circuit, the open-loop amplifier of Fig. 3.2 ,
reproduced in Fig. 3.7(a), is considered. Including the on-resistance of both switches
S, and S,, results in the equivalent circuit of Fig. 3.7(b). If it is assumed that the
switch resistances R, ; and R, , are linear and equal, and the capacitance C 1 is much
larger than C,,, the potential of the non-inverting input of A, V +» can be considered
to be constant. Then, when ¢ =Tp, the voltage across C,, is of the form

T,

P

ch (t =Tp )=V+ (1.._.e Ron2Cp ) (326)

Heré, it is assumed that C,, was initially fully discharged. Capacitor C, dischérges
through resistor R,, 1> and at the time when the output is about to turn high, ie.,
when ¢ =T, the voltage across capacitor C,, is

T,-T,

" Ron1 Cs, 3.27
Vo (1=, )=V, (=T, )& FoiCn (3.27)

Thus, as a comparison with the ideal case where R,,1=R,,,=0 shows, on-resistances
reduce the effective value of capacitance C,,» and increase the output frequency.
Because R, | and R, have the same value, and T, —Tp >Tp is usually valid, switch

on-resistance Ron should be chosen at least one hundred times smaller than the resis-

tance of R so that the capacitance C,, can fully charge and discharge when this circuit
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Fig. 3.7 Open-loop amplifier Aq: (a) circuit diagram; (b) equivalent circuit

including switch resistances
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is used to measure the capacitance of C,,,.

3.5.5 The Effects of Amplifier Nonidealities

Both operational amplifier A; and A, have input offset voltage V,s and input

bias currents /] and I, these amplifier nonidcaliﬁes can cause errors in the output fre-
quency of the circuit. However, the error associated with input offset voltage and input
bias currents of A, is reduced because there exists a feed-back loop in whiéh the
amplifier A, is enclosed in the circuit and the amplifier A, is an open-loop amplifier
whose gain is about 120db. Here, only the effects of nonidealities of A; on the output
frequency are considered, and these effects can be illustrated by writing down the
charge balance equation of C,, assuming that the capacitance of C, is much larger

than that of C,, . If the input offset voltage of A, is V., and input bias currents of A,

are [ b+1 and / b1> the charge balance equation for C 1 is

V =V
T, I} T, =C, V, (3.28)
so that
2V _.—I% R
f = 1 - 1 (1+ os174p1 ) (3.29)
° T, RC, 1y °
5 ref_Vosl
where V + is the potential at the noninverting terminal of A 1> and V = % Vref '"Vosl'

The error introduced by the input offset voltage V,s1 and input bias current I is

small. For example, if V,ef is 5 volts, V¢ is 2.5 millivolts, I;; is 100pa, and R is
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100k Q, the total error due to these operational amplifier nonidealities will at most be

equal to 0.0002 percent of full scale.

3.6 Implementation and Testing

As shown in Fig. 3.8, a prototype implementation has been built by using discrete
components. The op-amps and switches used were HA5142 and LTC1043 respectively.
The capacitors C 1» Co and C5 were chosen to be 0.1uF. A high temperature capacitor
with a temperature coefficient of 140ppm * 25ppm per Celsius degréc was selected for
capacitor C,, and the capacitor value was chosen to be 100pF. An high precision. low
temperature coefficient (—=1.8%£2.3ppm /°C ) resistor of 100k Q was used for resistor

R, and finally, the power supply Vref was set to be 5 Volts.

Measurement were made at a constant temperature of 27 degrees Celsius to show
the stability of the prototype converter. In order to obtain a very stable working tem-
perature, an oil bath with temperature control accuracy of about 0.01 Celsius degree
was used in the testing. The measurement data listed in Tablé 3.3 are obtained at
different gate times by using an HP5316 universal counter. From Table 3.3, it can be
seen that the R-pumped converter is very stable, and the maximum ppm standard devi-

ation of average frequency is only 0.76.

The prototype converter was tested under various temperature‘ranginé from 25
degrees Celsius to 175 degrees Celsius. The measurement msdts are plotted in Fig.
3.9. In Fig. 3.9, the two curves show' the percentage cghange in the period of output fre-
quency signal vs. the variation of temperature and the percentage change of the capaci-

tance C, vs. the variation of temperature, respectively. Compared with the
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Gate Time | Average Frequency | Standard Deviation | ppm of Average Frequency
(Hz) (Hz)
100ms 91575.49 0.07 0.76
190ms 91575.30 0.07 0.76
500ms 91575.31 0.06 0.67
800ms 91575.301 0.053 0.57
1.0s 91575.225 0.052 0.57

Table 3.3 Test Results for R-pumped Converter

temperature characteristic of capacitor C,,, the temperature characteristic of the output

frequency matches the capacitor temperature characteristic very well. It is obvious that

the temperature characteristic of this converter is primarily dependent on the' capacitor

C

This conclusion is verified by the curves shown in Fig. 3.9.

» if a high precision low temperature coefficient resistor is selected for resistor R.
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Chapter 4
High-Acéuracy R-Pumped SC
Capacitance-to-Frequency Converter

4.1 Introduction

As mentioned in chapter 3, the R-pumped switched capacitor capacitance-to-
frequency converter is useful in the area ’of instrumentation and measurement. How-
ever, this basic conversion circuit has an important disadvantage in that its output fre-
quency is affected by the input offset voltage and input bias currents of op-amp A, as
shown in Fig. 3.2. It is desirable to reduce the effects of input offset voltage and input
bias currents of op-amp A, so that a high accuracy capacitance-to-frequency converter
can be achieved. The basic conversion circuit discussed in chapter 3 can be modified
for this purpose by alternatively interchanging the voltages applied to normal resistor
R and the simulated switched capacitor resistor at a frequency which is much lower
than the output frequency of the circuit. The technique for implementing such a
modified capacitance-to-frequency conversion circuit and a discussion of the operation

and performance of the modified circuit are presented in this chapter.

4.2 The Modified Conversion Circuit
The basic conversion circuit discussed in chapter 3 can be modified for the pur-
pose of reducing the influence of input offset voltage and input bias currents of Ay by

adding a binary counter and a D-type flip flop to change the voltage polarity applied to
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the input voltage divider consisting of resistor R and a simulated switched capacitor
resistor as shown in the schematic diagram of Fig. 4.1. The modified circuit consists of
four main parts:

(1) the pulse voltage generator formed by binary counter and D-type flip flop

(2) the half reference voltage generator

(3) the open-loop amplifier

(4) the voltage-to-frequency converter.

Since the last three parts play the same functions as they do in the basic' circuit, only

the function of the pulse voltage generator is discussed here.
The function of the pulse voltage generator can be described as follows. The out-
put of the circuit V,, is fed into the binary counter as a clock frequency so that the

output pulse of the counter is a square waveform with a pulse width T which is a mul-

tiple of the output oscillation period T, of the circuit. Therefore,

T=mT 4.1)

o

where the options of m =1,2,4,...,211 are available on an MC 14040 12-bit binary
counter. The output of the counter is connected to the D input of the D flip flop, while
the voltage divider of resistor R and the simulated switched capacitor resistor consist-
ing of two capacitors C,, and C; and two switches S, and S, is connected between
the Q terminal and Q terminal of the D flip flop. For single-supply operatibn, all of
the circuit components are powered from a single reference voltage Vref’ so that the

high levels of both @ and Q are Vref and the low levels of Q and O are zero. As

‘shown in the timing diagram of Fig. 4.2, when the Q terminal of the D flip flop is
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Fig. 4.1 Schematic of modified capacitance-to-frequency converter:

(a) circuit diagram; (b) half reference voltage generator
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Fig. 4.2 Timing diagizm for the modified capacitance-to-frequency conversion circuit
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Vief and @ is zero, the voltage input into the non-inverting input of the open-loop
amplifier A, is the voltage across the simulated switched capacitor resistor, while the
Q terminal of the D flip flop is zero and 0 is Vref , the voltage across the resistor R
is fed into the non-inverting input of the open-loop amplifier. Because op-ainp Aqis
working in an open-loop state, the open-loop gain of A is as large as 120 db, and the
differential voltage between the non-inverting input V_ and inverting input V_ is very

small so that it can be assumed to be zero. To simplify the analysis, it is assumed that

the capacitance of C 1 is much larger than the capacitance of C,,,.

When the potential at the Q terminal of the D flip flop is Vref’ and the potential
at the O terminal is zero, the conversion circuit diagram appears as shown in Fig.
4.3(a). At this time,l the input voltage divider, which consists of a normal resistor R
and a switched capacitor simulated resistor, is connected between the Q and Q termi-
nals of the D flip flop. Because the input voltage of the voltage divider is generated
from the output frequency of the circuit via a division by the binary counter, its fre-
quency is much lower f.han the output frequency of the circuit. When the output of the
circuit goes high, the switch S, is open and the switch S, is closed. Capacitor C,,
acquires charge O =C,, V from charge reservoir C, and C is replenished by the
current through resistor R. When the output of the circuit turns low, the switch S 5 is
opened and switch S, is closed. Capapitor C,, wil djschafge completely through the
switch §;. The output frequency of the circuit when Q is high and § is low can be

derived by considering the charge balance for capacitor C;
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Fig.4.3 (a) The circuit when Q is high and (3 is low
(b) The circuit when Q is high and Q is low
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Vref -V,

7 fo1CnVi—Ig1 =0 42)

where V= —;— Vref —V,s1 for the modified circuit, and V,; is the input offset voltage

of op-amp A, and [b+1 is the input bias current associated with the non-inverting input

of op-amp A ;. Thus
Ly INR+V
1 o ‘ref ~ b1 + Vos1

“RC 1
" E'Vref _Vo_sl

fo 1 (4‘3)

When the potential at the Q terminal of the D flip flop drops to zero, the poten-
tial at the Q terminal rises to Vref' Compared with the situation discussed above, the
positions of the resistor R and the switched capacitor simulated resistor are inter-

changed. When the output of the circuit goes high, the switch S, is open and the
switch S, is closed. The capacitor C; will acquire charge Q =(Vref -V,)C,, from
the power supply Vref through the charging of capacitor C,, and C{, and at the same |
time, the current flow through resistor R will take away charge from the capacitor C 1
When the output of the circuit turns low, the switch S, is open and the switch Sy is
closed, so that the capacitor C,, can discharge through switch S;z. The charge balance

for Cl can be written as

14
(Vref -V)G, foz_f'_lb-Fl =0. (4.4)

Therefore, the output frequency for the case when Q is low and Q is high can be

expressed as
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1
1 _Z-Vref _Vosl+II;-IR

"RC 1
" EVref'*'Vosl

]"’ 02 4.5)

Eq.(4.3) and Eq.(4.5) indicate that the output frequency f o1 1s a little higher than
the output frequency for the ideal case where the effects of input offset voltage and
input bias currents of op-amp A are ignored and that the output frequency f 02 18 ‘a
little lower than the output frequency of the ideal case. It is possible to partly cancel
the error caused by the input offset voltage and input bias currents of A, by averaging

the output frequency in time interval of measurement ¢t =2 T. Therefore, the average

output frequency is

2
_nloitfor) 1 1+ 2Vss1 _Ib+1RVos1) '
ave 2n RCm lVZ _y2 4.6)
4 ref os1

Comparing the output frequency obtained from Eq.(4.6) with the output frequency
of Eq.(3.28), it is easy to observe that the influence of op-amp nonidealities on the out-
put frequency is greatly reduced in the modified conversion circuit. For example, if

the power supply is 5 volts, and the input offset voltage V,s1 and input bias current

I b+1 are the same as tho§e in chapter 3, i.e;, V,s1 18 2.5 millivolts, Ib+1 is 100pa, and R
is 100 £ Q, the total error introduced by these amplifier nonidealities is equal to

3.2x10710 percent of full scale, which is approximately equal to the square of the error

of the basic conversion circuit.
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4.3 The Negative Feedback Configuration

As discussed in chapter 3, the basic conversion circuit has a negative feedback
loop so that the characteristics of the circuit can be greatly improved. For the modified
conversion circuit, since the two switches S, and S, are controlled by the output fre-
quency, there still exists a feedback loop. However, to ensure the feedback is negative
feedback‘rather than positive feedback when the polarity of the pulse voltage con-
nected to the input voltage divider changes‘ alternatively , a new branch consisting of
switch S5, capacitor C, and resistor R has to be added. In this section, the operatioﬁ
of the negative feedback loop in the conversion circuit without the new branch of
switch S, capacitor C, and resistor R g will be investigated first, then the operation of
the voltage-to-frequency converter with the new branch will be analyzed to show how

the modified circuit assures that the feedback is negative rather than positive.

.Suppose that in the circuit shown in Fig. 4.1; the potential at the Q terminal of
the D flip flop is Vref and the potential at the O termiqal is zero. If at é:ne t=t, the
output frequency suddénly increases due to external interference or internal noise, the

rise of output frequency will be fed back to the input voltage divider and will cause

the rate of switching of §; and S, to increase so that more charge will be taken away
from capacitor C;. This will cause the potential at the non-inverting input of A; to
drop slightly and cause the output voltage of op-amp A 1> Which is fed into the
voltage-to-frequency converter as an input voltage, to decrease to a new value which
tends to decrease the output frequency and to restore the output frequency at time

t=t,. It can be seen that the function of the feedback configuration is opposite to the
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action of external interference and internal noise so the feedback is negative feedback.
When the potential at the O terminal drops to zero and the potential at the O ter-
mina.l rises to V¢, the position of the resistor R and the simulated switched capacitor
resistor are interchanged. If the external interference and internal noise causes a sudden
increase in the output frequency, this will cause the rate of switching of S ; and S, to
increase. Therefore, the c;apacitor C, would acquﬁc more charge from the power sup-
ply Vref causing the potential at the non-inverting input of A to rise slightly and the
_output of op-amp Arl to raise to a new value which will tend to increase the output fre-
quency. Obviously, in this case the feedback is positive instead of negative, and that is
undesirable in the conversion circuit. This problem can be corrected by making a
modification in the voltage-to-frequency converter circuit so that its output frequency

will decrease when its input voltage increases.

A voltage-to-frequency converter with the characteristic that its output frequency
increases with increasing input voltage when the potential at the Q output is high and
that its output frequencir decreases when the input voltage decreases when the potential
at the O output is low can be constructed as follows. When the potential at the Q ter-
minal is V,ef and that at the Q— terminal is zero, the switch S 3, which is controlled by
the D flip flop, is closed. The resistor R is shorted because both of its two ends have
the same potential. The equivalent circuit for this case can be reproduced as shown in
Fig. 4.4(a). If at this time the input voltage of the voltage-to-frequency converter is Vi
the output frequency of the voltgge—to-frequency converter, which is the same as that

discussed in the basic R-pumped conversion circuit of chapter 3, can be expressed as
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Vi,

Foy, SV T “.7)

since the output frequency of the voltage-to-frequency converter is proportional to the
input voltage V,, it can satisfy the requirement for negative feedback in the modified
conversion circuit.

- When the potential at the Q terminal becomes zero and that at the O terminal
turns to be V¢, the switch S5 is opened. As shown in the equivalent circuit of Fig.
4.4(b), the capacitor C, holds the input voltage V;, of the time just before the potential
at O turns low and the input voltage V,, is input into the inverting input of. op-amp A -

through the resistor Rg¢. It is assumed that the input voltage is V.,» the voltage across
the capacitor C, is V,; and the voltage difference between V,, and V,: is

AV =V,2—V,1 , then a charge balance for capacitor C, can be written as

AV V’: Vref |
2rr L1+ 1 =, (4.8)
Ry ° Ry, ° R, P

so that the output frequency is

V. —AV
Fon, =t “9)

Vref T, )
It can be seen from Eq.(4.8) that when the potential at @ is low and that at Q is high

the output frequency f, will decrease if input voltage V,, is larger than the voltage

across the capacitor C,, V,i so that the requirement for negative feedback is satisfied.

From the above analysis, it can be concluded that the basic voltage-to-frequency con-
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verter with this modification guarantees that the feedback is negative at all times.

4.4 Implementation and Testing

A prototype high-accuracy R-pumped converter was implemented by using
discrete components to confirm the principle of operation. The operational amplifier
and switches used were HAS 142 and LTC1043, respectively. CMOS chips MC14040
and MC14013 were used for the binary counter and the D-type flip-flop, respectively,
and transmission gate MC14066 was selected for switch S¢. Capacitors C, C¢ and C,
were chosen to be 0.1 pUF. A high temperature capacitor of 100pF with temperature
coefficient of 140ppm + 25ppm per Celsius degree was chosen for capacitor C,,and a
high precision low temperature coefficient (—1.8+2.3 ppm /°C ) resistor of 100 k Q

was chosen for resistor R. A single power supply Vref was set to be 5.0 volts.

The stability of the prototype circuit was tested at a constant temperature of 27
degrees Celsius by using an HP 5316 universal counter. The measurement data taken
at different gate times are listed in Table 4.1. Compared with the test results of the
basic R-pumped converter, the ppm standard deviations of average frequency are much

larger. The reason is that the output frequency of the high accuracy converter has to be

Gate Time | Average Frequency |-Standard Deviation | ppm of Average Frequency
HZ) " (HZ)
100ms 90624.63 1.51 16.61
1.0s 90624.621 0.832 9.22
5.0s 90624.621 0.546 6.03

Table 4.1 Test Results for High Accuracy R-pumped Converter
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changéd to eliminate the effect of input offset voltage V. so that the output frequency

is not as stable as the basic R-pumped converter.

The temperature characteristic of the prototype circuit was tested at different tem-
perature in the range from 25 degrees Celsius to 175 degrees Celsius. The test results
are plotted in Fig. 4.6, and the test results are the same as that of the basic R-pumped

converter except that the gap between the two curves is smaller than that of Fig. 3.9.
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Chapter 5
Two-Capacitor Pumped SC
Capacitance-to-Frequency Converter

5.1 Introduction

A circuit which can compare the capacitance under measurement to a standard
capacitance is very useful in the capacitive sensor system. This chapter discusses a
novel two-capacitor pumped switched capacitor capacitance-to-frequency conversion
circuit which can be used to measure the capacitance ratio of two capacitors of which
one is the capacitor to be measured and the other is a standard capacitor. Unlike the
R-pumped switched capacitor capacitance-to-frequency converter discussed in chapter
3, this circuit can generate an output with a frequency which is proportional to the
capacitance of the capacitor under measurement and the clock frequency and is

inversely proportional to the capacitance of the standard capacitor.

The basic two-capacitor pumped switched capacitor capacitance-to-frequency
conversion circuit consists of the capacitor to be measured, C,,» a standard capacitor,
C,, four MOS switches, a large capacitor C 1 Which is used as a charge reservoir, a
high-gain open-loop amplifier A, and a voliage-to-ﬁ'equency converter which is the
same as that used in the R—pumped ;:onversion circuit. The rate at which the measured
capacitor is switched‘ is controlled by a crystal clock and the rate at which the standard

capacitor must be switched is controlled by the output frequency to indicate the ratio
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of the two capacitors. If the same clock is used to measure the output freqliency, the
measurement system will be independent of the clock frequency. Furthermore, the
basic circuit can be modified by adding another two MOS switches and a second stan-
dard capacitor to offset the value of the capacitor to be measu;ed in order to enhance

capacitance changes.

5.2 The Basic Circuit Configuration

The basic two-capacitor pumpéd conversion circuit is shown in Fig. 5.1. It is
similar to the R-pumped switched capacitor conversion circuit except that the resistor
R in the R-pumped circuit is replaced by a switched capacitor simulateci resistor
formed by the capacitor to be measured, C,,, switch S; and switch S, and that a
standard capacitor, Cy, is used with switches S and S, to form an“oth:er simulated
resistor. An external clock frequency f, is introduced to control thg switching of capa-
citor C,, and the output frequency f, is used to control the switching of capacitor C;
in this circuit.

¥

The operation of the basic two-capacitor pumped conversion circuit can be

described as follows. As shown in Fig. 5.2, when the f ¢ clock frequency waveform
goes high, switch §; is closed and switch § o is opened and when the f, waveform
turns low, switch S, is opened and switch S 1 is closed. The switching of capacitor Cn.z
pumps charge of amount (Vref -V,)C,, into capacitor C; where V__ is the potentiai
at the non-inverting input of A ;. At the positive-edge of the output Vous» SWitch S5 is
closed and switch S4 is opened and at the negative-edge of V,,,, switch S, is closed

and switch S5 is opened. The switching of capacitor C, takes away charge equal to
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Fig. 5.1 Schematic diagram of the two-capacitor pumped
‘capacitance-to-frequency conversion circuit
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Fig. 5.2 Timing diagram of the two-capacitor pumped capacitance-to-frequency
conversion circuit
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V. C, from the capacitor C;.

For the ideal case, i.e., the effects of the nonidealities such as the input offset vol-
tage, V., of operational amplifier A 1> input bias currents Ib+ and I, of A4, the parasi-
tic capacitor from the non-inverting input terminal of A to ground can be ignored and
the potential at the non-inverting input of A can be considered to be %Vref . In one
second, the total charge pumped into capacitor C, by the switching of C, is

%Vn,f C,, f. and the charge taken away from capacitor C; by the switching of capa-

citor C is %me C; f,- By considering charge balance for capacitor Cl', the total | .

charge pumped into large capacitor C; by the switching of capacitor C,, and by the

switching of capacitor C; should be zero. Therefore, it follows that

1 1
> Vref Cmfe = 5 Vyes Cs fp =0. (5.1)

The output frequency of this circuit can be obtained from the above equation and can

be expressed as
fo = fc ~ - (5'2)

It can be seen that the output frequency of this circuit is only proportional to the
clock frequency f,. and to the capacitance ratio C,, to Cg. If the f, clock is used to
measure the output frequency, the measurement system will be independent of the

clock frequency.
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5.3 Effects of Nonidealities

As for the R-pumped capacitance-to-frequency converter, the output frequency of
the two-capacitor pumped capacitance-to-frequency converéion Circuit is affected by
component nonidealities. Referring to Fig. 5.i, both of the operational amplifiers have
ini)ut offset voltages and input bias currents, and the gains of the operational amplifiers

are frequency-dependent. The capacitance of capacitor C; is not infinite, and the capa-

citance to be measured is a three-terminal capacitor with two plate-to-ground stray

capacitances. Only the effects of input offset voltage V. _

. . +
s> input bias gurrents I and

I and the size of capacitor C; will be analyzeci in the following section.

5.3.1 The Effects of Amplifier Nonidealities

The amplifier nonidealities, such as the input offset voltage V,s and input bias

currents [ b+ and [, can introduce some errors in the output frequency of this circuit.

However, because the operational amplifier A, is enclosed in the negative feed-back
rloop, t.he error caused by the input offset voltage V., and input bias currents I b+2 and
f »o 1s negligible. The effects of the input offset voltage V., and input bias currents
Iy, I are considered as follows.

If it is assumed that the size of capacitor C 1 is much larger than that of the capa-
citor C,, and C;, the potential at the non-inverting terminal of A can be considered to
be constant. Each time the clock waveform f ¢ 8oes high, the capacitor C; receives

charge through capacitor C, from power supply Vref’ which lis equal to
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(Vref -V,)C,,, and each time the f, waveform turns high, the charge taken away
from capacitor C,; by the switching of capacitor Cy is equal to V_ C. If charge bal-

ance is considered for capacitor C, it follows that

(Vref =VOr. Gy _Ib+1 =V, C [y (5.3)
By substituting V +='%'Vref —V,s1 into the above equation, the output frequency f R
can be shown to be

Cm (1+ 2Vosl )— Ib+1 (5.4)
¢ C 1 1 ' )
s E'Vref ~Vos1 (E'Vref —Vos1)Cs

fo=7

It is noted that the output frequency is affected not only by the input offset voltage

2V
V,s1» but by the input bias current Ib+1 as well. The term osl is very
5 Vref —Vost
2V0s1
small. For example, if V,s1 = 2.5 microvolts, Vref= 5 volts, is only
; E Vref - Vosl

0.000002, so that the error caused by input offset voltage V,s1 18 relatively small. The
second term in Eq.(5.4) is error introduced by the bias current Ib+1 . If it is assumed
that C,, =100 pF and J;; =100 nA, the second term in Eq.(5.4) is equal to 400 Hz. If

the output frequency £, is about 100 kHz, the error caused by the bias current Ib+1 is

about 0.4%, which is much larger than the error introduced by the offset voltage Vos1
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5.3.2 The Effects of the Size of Capacitor C;

.The size of the capacitor C; contributes an error in the output frequency f,.
Assuming that the operational amplifier A, is ideal, i.e., the input offset voltage and
input bias currents are zero, the effect of capacitor C, can be analyzed by using the

charge balance principle.

As shown in the Fig. 5.3, assume the f,, clock waveform is low so that switch S 1
Ais opened and switch S, is closed. At the time when V_,, turns high, switch § 4 1s
opened, and switch S is closed. If the capacitor voltages of the two capacitors C 1 and
C, are assumed zerd, a charge balance equation for a closed surface which is passed
between the bottom plate of C; and the top plate of C; in such a way that it is not

crossed by any conductors can be written as

Cy+(Vy=5 Ve )C1 =0 5.5)

where V__ is the potential at the non-inverting terminal of A;. V_ can be obtained by

solving above equation, and the result.is of the form

V, = _1_ 14 _ﬁ_ (5.6)
T2 clvC, ' '
1 C,C;
The charge stored on the bottom plate of Ciis —— Vief 7o C,+Cs and the charge
1 C,C;

stored on the top plate of capacitor C; is + V. , as shown in Fig. 5.3. At

ref 'C+Cs
the negative edge of V,,,, switch S 4 1s closed so that the charge stored on the top

plate of C; is transferred through switch § 4 to the bottom plate of C, resulting in
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VEC

®

Fig.5.3 (a) The circuit when the f0 waveform is high and the fc waveform is low

" (b) The circuit when the f, waveform is low and the f, waveform is high

82



83

these two kinds of charge cancelling each other out so that the voltage across capacitor

Cs changes to zero. In the meantime, the charge stored on both of the two plates of
the capacitor C'| remains fixed as long as V,,, remains low. When the positive edge of
Vour appears, the switches changes their states, ie., S, is opened and S 3 is closed.
Capacitors Cy and C, are charged from the power supply V,ef, and the charge bal-

ance equation for the same closed surface as above gives

1
Vi Co+ (V=5 Ve )C1 = 4 (5.7)

where g, is the charge accumulated on the bottom plate of capacitor C 1 before the

c,C,

switches change their states, and is equa'l to _%—Vref —C"—Fa This time the total

charge stored on the bottom plate of C, ¢,, can be found by substituting V + Which is

obtained from Eq.(5.7) into the following equation.
_ 1
42 = (V+__2—Vref )Cy

-—lV C,Cs -——l—V ¢, C Cy (5.8)
27 Ci+C; 2 C+C, C+C, '

It can be seen from Eq.(5.8) that the charge accumulated on the bottom plate of C;
contains two parts. The first part is the new charge obtained from the present switching

of capacitor C, while the second part comes from the redistribution of the old charge
stored on the bottom plate of C, before the present switching of capacitor C,. In the
charge redistribution, a small portion of the charge stored on the bottom plate of C 118

taken away by the capacitor C, and therefore, the second term of Eq.(5.8) is multi-
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C C :
1 which is dependent on the ratio of L and is less than 1.0.
Cq+C; . E C,

plied by a factor

Therefore, after every switching of capacitor C, the total charge stored on the bottom

plate of C is the sum of the new charge obtained from the present switching and the

Cy
Ci+C,~

old charge before the present switching multiplied by factor
. s

- C
In order to simplify the analysis, it is assumed that the capacitance ratio —— is

s

m

C

s

an integer. After switching cycles of capacitor C,, the total charge stored on the
bottom plate of C, g, > is given by

Cm

_ 1 Cy 1 C1_ay (59
qc, = 2V’efCS[Cl+Cs+(C1+Cs)+ ...... +(C1+C) 1.

S

When the f, clock waveform tur'ns high, switch §; is closed and switch S, is opened.
Capacitor C; obtains some charge from the power supply through the capacitor Cp-
As shown in Fig.5.3, this time the charge received by the bottom plate of capacitor C 1
is positive charge which is opposite to the charge obtained by the switching of capaci-

tor Cs. The charge received by capacitor C; when f ¢ 1s high is

Tev =5 Vref Tixc,

(5.10)

By considering charge balance for the closed surface,

1 C1Cn 1 Cy Cy .
2Vref G "2 ref Cleso G +C C.+C
1 m 1 s 1 s 1
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From Eq.(5.11), the output frequency f o for the case where the effect of the size of

capacitor C is considered can be expressed as

Cm
fo=kf, C (5.12)
S
where the factor k is i
Cm
C_
k = d :
Cm (5.13)
C1+C Cl Cs
C = | 1=( cac’
s 1 s

Compared with the output frequency for the ideal case, there is a factor & in

Eq.(5.12); and it is dependent on the capacitance ratio C,/C,, and capacitance ratio
C,, /C;. The relationship of factor £ to the capacitance ratio C,, /1 C, for different
capacitance ratios C'y/C,, is plotted in Fig. 5.4. Fig.5.4 indicates that the larger the
capacitance ratio C{/C, , the smaller the difference between the factor ¥ and 1.0 and
the closer the capacitance ratio C,, / C, approach 1, the smaller the difference between
factor £ and 1.0. Therefore, to reduce the error, the capacitance ratio C;/ C,, has to be

chosen as large as possible.

5.4 Modification of the Basic Circuit

As seen in the discussion of the effects of capacitor C 1> the capacitance variation
of the capacitor C,, can not be very large, because the error in the output frequency
will increase with an increase of the capacitance ratio C,, ! C,. The basic circuit can be

modified by adding a second standard capacitor C, and two other switches S5 and S 6
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to offset the value of capacitor C,, for the purpose of enhancing capacitance changes
and reducing the output frequency error. In the modified circuit shown in Fig. 5.5, the
switching of the capacitor C, is controlled by the clock frequency f ¢+ Every time
when the f, clock waveform goes high, the switching of capacitor C,, and capacitqr
'Cr pumps charge of amount (Vref -V,)C,, —V,C, into capacitor C; and every time
when the output of this circuit V,,, turns high, the switching of capacitor C; removes
charge of amount V C, from the capacitor C;. If the -operational amplifier A, is ideal
and the capacitance of C; is much larger than the capacitance of C,,, the output fre-

quency of the modified circuit can be easily obtained by writing down the charge bal-
ance equation for capacitor C; as follows

fc[(Vref—V+)Cm—V+Cr]=fo V,Cs, (5.14)-
where V is the potential at the non-inverting terminal of A and it is equal to %—me

here. So the output frequency of the modified circuit is

(5.15)

The output frequency of the modified circuit is affected by the component nonidealities
in the same way as discussed in the basic circuit, and the conclusions drawn in above

section can be applied directly to the modified circuit.



Fig. 5.5 Schematic diagram of the modified two-capacitor pumped
capacitance-to-frequency conversion circuit
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5.5 Implementation and Testing
The stability and the temperature characteristics of the two-capacitor pumped cir-
cuit were tested by implementing the circuit shown in Fig. 5.5. The stability wés tested
at constant temperature by using an oil bath with a temperature control accuracy of
about 0.01 Celsius degree, and the temperature characteristic was tested for various
temperatures in the range from 25 degrees Celsius to 175 degrees Celsius. The opera-
tional amplifiers and switches used in the implementation were HA5142 and LTC1043,
respectively. Capacitors C,,, C, and C'; were chosen to be 100pF, 200pF and 0.1pF,
respectively, and the temlieratgre coefficients of these capacitors are +140 ppm * 25
ppm per Celsius degree. The power supply voltage Vref of 5 volts and an external

clock frequency of 250 kHz were selected for this circuit.

Test results are listed in Table 5.1. The output frequency was measured by using
an HP5316 universal counter using different gate times, and the temperature was set to
be 27 degrees Celsius. As shown in Table 5.1, the maximum ppm standard deviation

of the average frequency is about 2.4.

Gate Time | Average Frequency | Standard Deviation | ppm of Average Frequency
(HZ) \ (HZ)
100ms 130349.7 0.3 24
200ms 130349.7 0.2 1.8
500ms 130349.8 0.1 1.1
800ms 130349.98 0.11 0.87
1.0s - 130349.98 0.10 . 0.79

Table 5.1 Test Results for Two-capacitor Pumped Converter
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The test results for the temperature characteristic of the conversion circuit are
plotted in Fig. 5.7 with a comparison of the temperature characteristic of the capacitor

C,, and C;. Theoretically, the temperature coefficient of the output frequency should
be zero if the temperature coefficients of capacitor C,, and C, match and cancel out

each othqr completely. However, there is a mismatch of about 25 ppm / per Celsius
degree in the capacitor temperature coefficients and this. results in the temperature
coefficient of output frequency deviating from zero. When Fcompared with the tempera-
ture characteristics of the RC free-running oscillator and the R-pumped capacitance-
to-frequency converter, it appears that the output frequency of the two-capacitor
pumiped capacitance-to-frequency circuit is insensitive to the ambient temperaiure vari-
ation if the temperature characteristics of the capacitor to be measured and the standard

capacitor can match each other very well.
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Chapter 6
Simulation of the Noise Characteristics

6.1 Introduction

Because of the fact that all of the circuits discussed previously are effected by
resistor and amplifier noise and this noise places a limitation on the achievable resolu-
tion, the evaluation of the noise performance is one of the important design considera-
tions of these circuits. SPICE, a widely used simulation program, has been used to
evaluate the effects of noise sources on the standard deviation of the output frequency.
It is well known that SPICE is a useful circuit simulator at the device level, and is
suitable for the simulation c;f analog ci;cuits. However, the capacitance-to-frequency
conversion circuits are hybrid analog/digital circuits which contain a large numbers of
bipolar transistors or MOSFET’s and diodes, so some special attention must be paid
to the simulation of the noise characteristics. In this chapter, the noise models used in
the simulation of noise characteristics are introduced, and a macromodel of the opera-
tional amplifier, which is developed for improving the simulation speed and reducing

the circuit complexity, is described. Finally some simulation results are presented.

6.2 The Noise Source and Modelling

Noise existing in the circuits discussed in this thesis comes from three
phenomena: (1) thermal noise in resistive material of both passive or active devices,

caused by the random motion of electrons due to thermal agitation; (2) shot noise in
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semiconductor devices, which is due to the discrete particle nature of carriers in
current carrying devices; (3) flicker noise or 1/f noise, which refers to several
phenomena that display a power spectral density that is approximately inversely pro-

portional to frequency [15].

Thermal noise and shot noise are both approximately white in nature, that is, the
power spectral density is constant and independent of frequency. The spectral density
of thermal noise is proportional to both the temperature and the device resistance. The
spectral density of shot noise is proportional to the dc current level. Flicker (1/f)

noise is the dominant noise source at low frequency. The 1/f phenomena is character-

ized by a power spectral density that follows a —1(; law.

It is possible to predict the actual noise performance of a particular circuit by
modelling the theoretical noise sources as equivalent noise voltage and noise current
generators. If the noise generators can be assumed to be uncorrelated, the total noise

output of the circuit can be estimated.

The equivalent noise model for a resistor with a resistance R is illustrated in Fig.

6.1(a), and the noise spectral density of a resistor is defined as

Sp =4kTR; 6.1
where k is Boltzman’s constant and T is the absolute temperature [16]. The power
spectral density is normally expressed in volzs2/HZ.

An equivalent noise model for an operational amplifier is shown in Fig. 6.2(b)

[17]. In this case, all of the noise sources internal to the device are referred to the
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Fig. 6. 1 (a) Noise model for resistor (b) Noise model for operational amplifier
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amplifier inputs and are represented as two noise current generators and a single,noise
voltage generator. The spectral density of each generator depends on the type of device
(;bipolar, JFET, or MOSf‘ET ) and the amplifier design. For the purpose of analysis ,
these geherators are modelled as follows: |

(a) input noise voltage generator (e,;), S,,, = S,;
(b) negative input ﬁoise current‘generator iy S;_ =83

(c) positive input noise current generator (s Sin =8

where S, and §; are the respective spectral density functions of the noise sources.

In MOSFET amplifiers, the output noise contribution due to the input noise
current sources is extremely small in comparison to the contribution due to the input
noise voltage source, and therefore can usually be neglected. Similarly, thermal noise
génerated in small resistors (R <100K Q) will be small in comparison to the op-amp
input noise voltage, and in general can also be neglected [18]. This two assumptions

are used throughout the simulation of the noise characteristics.

6.3 The Macromodel of Operational Amplifier

SPICE, a well known simulation program, originally was developed in the early
1970’s for the purpose of integrated circuit design simulations in order to avoid
difficult breadboarding. Since then, it has evolved into a far more widespread analog
design tool and has been widely used on different types of compﬁters, from main-
frames to PC’s. However, if transient analysis of SPICE is utilized to evaluate the
noise characperistics of these capacitance-to-frequency conversion circuits discussed in

chapter 2, 3, 4, several problems must be solved. It is known that each conversion
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circuit to be simulated is generally composed of two operational amplifiers, one nor
gate, several analog switches and several inverters, and the whole circuit consists of a
largé number of semiconductor devices such as bipolar transistors, MOSFET’s and
diodes. Because SPICE models semiconductor devices at the p-n junction and two-
terminal element level, when a large circuit, such as the capacitance-to-frequency
conversion circuit is simulated, one problem is that the simulation may exceed the
simulator circuit-size capability established by memory limitations and convergence
problem could arise. Even though an adequate simulator and computer are available,
the required simulation time may make the simulation impractical. This problem can
be solved by using a macromodel of the operational amplifier to significantly reduce
the circuit complexity compared to the actual circuit, and therefore improve the simu-
lation speed. In fact, the macromodel simulation approach may be the only practical

way to simulate large circuits.

The term macromodel is most commonly used to represent a model which
"simplifies" a more complex circuit function. The primary reason to create and use a
macromodel is to decrease the circuit complexity and thereby increase the simulation
speed when compared to the full device level transistor model. Many macromodels
have been proposed both for analog and digital circuits. Some have been moderately
successful, but perhaps the most successful has been the macromodel for bipolar
operaﬁonal amplifiers developed by G.R.Boyle, B.M.Cohn, D.O.Pederson, and

J.E.Solomon [19].

The macromodel proposed in reference 19 is a good equivalent circuit for the 741

class of operational amplifiers with a bipolar NPN input stage. It accurately models the
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input and output characteristics, differential- and' common-mode gain versus frequency
characteristics, quiescent dc characteristics, offset characteristics, and large-signal
characteristics such as slew rate, output voltage swing, and short-circuit current limit-
ing. This amplifier macromodel can be used for small-signal frequency response, dc
operating point, and transient simulations. The only limitation of this class of models is
thﬁt it can only model operational amplifiers used with both positive and negative sup-

plies. This is due to the internal ground reference within the model.

A circuit diagram of this macromodel is given in Fig. 6.2. Indicated in this figure
are the input, interstage and output stages of the macromodel. The model parameters
are also noted in this figure. The circuit elements contained in the macromodel are
those available in SPICE.( i.e. resistors, capacitors, dependent current sources, indepen-
dent sources, diodes and bipolar transistors ) All the circuit element values andlthe
transistor parameters for this model can be calculated from information obtained from

manufacturer’s data sheets. Detailed equations with example are given in reference 19.

One important point for fully understanding this model is that the input
differential pair Q1 and Q2 are operated at an input-output gain of unity, i.e., the out-
put of the differential pair V, is equal to input V;,. This primary factor allows consid-
erable flexibility in implementing different but related models of the basic Boyle struc-
ture. In fact, any differential transconductance pair can in principle be substitﬁted in

the front end after suitable transconductance adjustments.

The complexity of this macromodel has reduced an 81-node circuit with 193

branches to a 16-node circuit with 28 branches. The speed improvement is between 6
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and 10 to 1.

With the replacement of the NPN input transistors shown in the basic Boyle
model with PNP bipolar types, or alternatively, with JFET or MOSFET types, four
separate macromodel types, which are supported by the above mentioned basic Boyle
topologies, can be used to emulate many device specific conditional details. For exam-
ple, with PMOS input transistors used in the front end, the low input bias currents and
low input offset rvoltage chopper-stabilized operational amplifier as well as the single
supply CMOS amplifier can be modelled.

The macromodel for the CMOS operational amplifier is shown in Fig. 6.3. The
numerical value of the model elements can be obtained from the manufacturer’s data
sheets or from the experimental measurements of the operational amplifier characteris-
tics. Except for the input stage, the technique which was used in the basic Boyle
model can still be utilized to determine the macromodel parameters. A complete
derivation of all the macromodel parameters can be found in reference 19. Here, only

some important equations for the input stage are discussed.

The absolute values of the input MOS transistor parameters can be chosen arbi-
trarily. The input offset voltage V,s can be modelled by specifying different threshold

voltages for the two transistors, so that the offset voltage is
VOS = IVT]. - VT2 I (6.2)
The input bias and offset currents are modelled by two current sources Iy and I5s,

and the values of I, and I, are chosen in such a way that the average value of

these two current sources is equal to the input bias current of the operational amplifier
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and the difference (I;1—1I;,) is equal to the input offset current. Two equal resis-
tances Ry and R, are introduced in the input stage to provide a degree of freedom
for independent control of slew rate and zero db frequency, and their values can be

found from the differential mode voltage gain, which for convenience is taken to be

unity. Thus,

Va _ ngdl
V. 1+ngS1

in

=1 (6.3)

where g, is the transconductance of the input transistors. The value of &y in the

above equation can be determined from

8n =\21p B (6.4)
where [ is the transconductance constant for the MOSFET defined by

B=kCor. (65)

In the above equation, L C | is the product of the channel surface carrier mobility and
the oxide capacitance per unit area, and W /L is the ratio of channel width to channel
length. In order to maintain the voltage gain at unity, when a different value of B is
assumed for these two MOS transistors, a different value for resistor R, would have to

be selected.

The equations used to calculate the parameters of the macromodel with MOSFET
input stage are summarized in Table 6.1 and the values of these macromodel parame-

ters for the TSC913 operational amplifier are given in Table 6.2 [20].
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Design Equations for the Operational Amplifier Macromodel

kT
Vp=—=
T™ q

- — Q. -16
Isd3 - Isd4 =8-10 A
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Table 6.1 The design equations for the operational amplifier macromodel
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TSC 913 Data Sheet and Macromodel Parameters

TSC913 Macromodel
Data Sheet Parameters
Vos (LV) 5.0 T ) . 300
L. (A 2.069-10 -31
Ig(pA) 90 as1(A) ?
C, (pB) 30

Ipos(pA) 5.0 |
CMRR (db) 116
Ayp (db) 120
SR (V/uS) 2.5
foapMHZ) L5
Vour (V) fromVss +0.3 to Vy4- 0.9

Cs (pF) 46

R, (KQ) 100
Vom(v) 17

Iss (HA) 75
Vim(V) 1700005
B, mA/V?) 0.55

B, (MA/VY) 0.55

I, @A) 925

Ig, (PA) 87.5
Rg¢1(Q) 111

Ry (KQ) 3536
Laz(A) 8-10 ~16
C; (pF) 12

G, (umho) 2828
Gepm( nmho) 0.448

Ri(Q) 768

Rpp(Q) 489.2
G, (mho) 7228
L A) 542.1
R.(Q) 0.03669
Gc (mho) 27253
Vq (V) 1.704
Vg (V) 0.504

Table 6.2 The data sheet and macromodel parameters of TSC913
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HAS5142 Data Sheet and Macromodel Parameters

HA-5142 _ Macromodel
Data Sheet Parameters
. -16
Izg(nA) 45 Isl(A) 8-10 )
Io(A) - 861910 1
CMRR (db) 105 Cg( pB) 7.5
Ayp (db) 100 R, (KQ) 100

SR (V/uS) 15
fogpMHZ) 0.5

Igg (RA) 451
RE (mQ) 9.442

B, 498.3
B, 501.6
Ig; (nA) 45.15
Igy MA) 4485
Rpi(KQ)  9.442
R, (KQ) 1061

a3 (A) 810 "16
L1 (A) 3.7-10 32
C, (pF)  8.66

G, (umho) 94.25
Gep( nmho) .53

Ry (Q) 76.8

Rpp(Q) 489.2
G, (mho)  21.69
L (a) 97.58
R(Q) 0.204
Ge (mho)  4906.8
Vs (V) 1.604
V4 (V) 0.104

Table 6.3 The data sheet and macromodel parameters of HA5142
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The macromodel of the bipolar operational amplifier used with single supply can
be obtained by replacing the NPN input transistors of the basic Boyle model with the
PNP transistors. The values of the macromodel parameters for the HA5142 are calcu-

lated by using the equations in reference 19 and are summarized in Table 6.3 [21].

6.4 The Generation of Noise Voltage Source

In the simulation of the noise characteristics of the capacitance-to-frequency
conversion circuits, an assumption that the spectra of the input noise voltage sources

are all white was made in order to simplify the simulation.

In SPICE, no white noise voltage source is available. Therefore, the white noise
voltage source was generated by using the SPICE piecewise linear source function [22]
in such a way that the noise voltage is essentially a straight line interpolation of a

Gaussian distributed random sequence.

To generate a white noise voltage source, the following procedure should be fol-
lowed [23]. First, a random sequence generation program is used to produce ‘a real
uncorrelated Gaussian distributed random sequence with zero mean and specified stan-
dard deviation. The length of this sequence is determined by the time duration at
which the SPICE transient analysis is made and the sampling time, i.e., the time inter-
val between two interpolation points'. For example, if the SPICE transient analysis is
made from zero to 400 microseconds and the sampling time is chosen to be 0.2

microseconds, the sequence length will be 2000.
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For a real random sequence X =X (k), k=0,1,2,...n ,7 where the elements are
uncorrelated with each other, and with E X (k)=0 and D X (k)=0c2, it is easy to

show that its autocorrelation sequence is:

k=1

2
EX(k)X(l):{g ’ b2l (6.6)

The power spectral density function of this random sequence is the Fourier transform

of autocorrelation sequence of Eq.(6.6) and can be expressed as

X (w)=0c2. (6.7)
As shown in Fig. 6.4, the speétrum of the random sequence is an ideal white noise
spectrum.

Secondly, an interpolating function should be chosen for the interpolation opera-
tion. If the random sequence discussed above can be considered to be a uniformly
sampled signal and sampled at a rate of 1/T Hz, where T is the sampling time, the

reconstructed noise voltage source can be given by
X (£)=3x (KT )g (¢t —kT). ’ (6.8)
k=0
In Eq.(6.8), x (kKT ); k£=0,1,2,... is the random sequence and g(t) is the interpolating

function.

Eq.(6.8) is the convolution of the random sequence and the interpolating function
in the time domain so that its Fourier transform can be transformed into a product

operation in the frequency domain and yields



Fig. 6.4 (a) Random sequence and its power spectrum

(b) Sinc(t) function and its frequency spectrum
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joT

X (0)=X (e )G (j o), (6.9

where X (ejmT) is the spectrum of the random sequence and G (j ®) is the spectrum

of interpolating function g (¢ ).

The interpolation operation can be viewed as a filtering operation. As such, inter-
polation design becomes a low pass filter design, and the interpolation problem is con-
verted to a problem of choosing a suitable interpolating function which possesses ideal

low pass filter characteristics [23]. It is desirable to use a sinc(t) function whose
definition is sinc (¢ )=i;it- as the interpolating function. Because, as shown in Fig.

6.4, in the frequency domain the Fourier transform of the sinc(t) function is a rec-
tangular pulse, which is often called a gate function and the gate function possesses an
ideal low pass filter characteristic. Unfortunately, it is impossible to use the sinc(t)
function as an interpolating function {n SPICE. The best approach to generating a
white noise voltage source is to utilize a SPICE piecewise linear source function, and

it is, in essence, the straight line interpolation of the Gaussian distributed random

sequence discussed above.

The straight line interpolation can be shown in Fig. 6.5. As shown in Fig. 6.5, the
interpolating function of straight line interpolation is a triangle in the time domain. The
triangle intérpolating function in Fig. 6.5 has the analytic expression given by
i

T ltl<T (6.10)
g (1)=|g ltl>T

1

where T is the sampling time. The Fourier transform of the triangle in Eq.(6.10) can
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Fig. 6.5 (a) Straight line linear interpolation

(b) Triangle interpolatioﬁ function and its spectrum
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be calculated by use of the definition, as follows
G(jw)=[g(t)e I ®ar, (6.11)

Substituting Eq.(6.10) into above equation and calculating the integration yields the

transform as
G (j0)=T sincz(-‘?zl). 6.12)

In this case, the frequency spectrum of the triangle interpolating function is the square
of the sinc(t) function and can be plotted as shown in Fig. 6.5. The first zero crossing
of the spectrum occurs at a frequency f =1/T Hz, and as the sampling time T is

decreased, this first zero crossing moves up in frequency.

In order to obtain a close approximation of the white noise spectrum in a
specified frequency range, the spectrum of the noise voltage source produced using
straight line interpolation has to be constant in the specified frequency range. As dis-
cussed above, the shape of the spectrum of the noise voltage source is determined by
the shape of the spectrum of the interpolating function and the shape of the spectrum
of ther random sequence. However, the; spectrum of the random seél;en;:e is ah ideal
white noise spectrum, so the shape of the spectrum of the noise voltage source is only
dependent on the shape of the interpolating function, and in this case, is only depen-

dent on the. shape of the spectrum of the triangle.

Although the spectrum of the triangle interpolating function is not an ideal gate
function, its magnitude spectrum can be thought of as constant in a narrow frequency

range [23]. For example, the magnitude spectrum is decreased from its peak value to
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90% of its peak value from the frequency of zero to the frequency of 1/67T. The nar-
rower the frequency range, the more constant is the magnitude of the spectrum. There-
fore, the quality 6f spectrum of the noise voltage source can be controlled by chosing
the sampling time T such that the magnitude spectrum can keep constant in the
specified frequency range. It is better to select the sampling time as small as possible,
however, there is a tradeoff between the quality of the noise voltage source, the CPU

time needed to run the simulation program and the memory needed for the storage of

data.

In our simulation, the sampling time is chosen in such a way that the ﬁequency
of 1/6T is equal to the ten times of the output frequency of the simulated circuit. For
example, if the output frequency of the circuit is f o, =83.333KHZ, the sampling time

is selected to be 0.2 s.

6.5 The Simulation Results

Three capacitancg;—to-ﬁ’equcncy converter circuits including the resistance-
capacitance free-running relaxation oscillator, R-pumped switched capacitor
capacitance-to-frequency converter and two-capacitor pumped capacitance-to-frequency |
converter were simulated by using the Meta-software 1990 HSPICE simulation pro-
gram. The simulation was mainly concentrated on the evaluation of the noise charac-

teristics of these circuits.

The noise models used for the two operational amplifiers of the simulated circuits
in the simulation consist of a noise-free operational amplifier with a white noise vol-

tage source in series with the inverting input terminal. These two white noise voltage
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sources are uncorrelated and are generated by using straight line interpolation of a
Gaussian distributed random sequence. The effects of the noise voltage of the resistors
can be ignored because the resistances of all of the resistors in these simulated circuits
are less than 100k €. In the simulation only the effects of the noise voltage source of

the operational amplifier were simulated.

It is very important to pay attention to the selection of appropriate value of the
initial state of the simulated circuits to assure convergence. When a very long time
transient analysis is needed to obtain the steady state of these circuits, it is better to
divide the whole time interval into a couple of short time intervals and to do the simu-
lation for a short time and store all of the node voltages and use them as the initial
state for next s-imulation. By doing so, the difficulty of exceeding the memofy of the

system in a long time simulation can be easily overcome.

The simulation results of the noise characteristics for the RC oscillator, R-pumped
converter and two-cépacitor converter are shown in Fig. 6.6, Fig. 6.7 and Fig. 6.8,
respectively. It is seen from these diagrams that the standard deviations of output fre-
quency have an approximately linear relationship with the input noise voltage spectral
density of noise voltagé source. The noise characteristics of the circuits at actual noise
levels can be obtained by extrapolating the simulation data to the lower noise levels.
For example, from Fig. 6.7, tﬁe standard deviation when the noise voltage is about
Imv/VHz is equl to 0.0011 and the standard deviation when the noise voltage is about
10mv/VHz is equal to 0.0073, therefore, the standard deviation for the actual R-
pumped converter with noise level at 2.5v /YHz can be obtained by extrapolation to

be about 0.0004. This value is very close to the test results of Table 3.3 in chapter 3
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| where the standard deviation can be found to be 0.57 - 1078V1.0-91575.2=0.00015.
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Chapter 7

Conclusions and Suggestions for Further Studies

In this thesis, a number of capacitance-to-frequency conversion circuits for inter-
facing capacitive transducers with digital systems have been described. These circuits
include an RC free-running relaxation oscillator, an R-pumped éwitched capacitor
capacitance-to-frequency converter and a two-capacitor pumped capacitance-to-
frequency converter. Because of their low parts count, single power supply operation

and high stability, these circuits should be useful in industrial applications.

Thcr RC free-running oscillator generates an output pulse train with a frequency
whicil is dependent on the capacitance to be measured, one resistance and three resis-
tance ratios. The disadvantage of this oscillator is that its stability depencis on the sta-
bility of five resistors and a stable time base is needed for accurate frequency measure-

ment,

The R-pumped switched capacitor converter uses the switched capacitor method
to create a simulated Tesistor containing the capacitor to be measured and two
switches. One end of this sirﬁulated resistor is voltage driven and the other end is con-
nected to a large capacitor which is used as a charge reservoir. The effective value of
| the simulated resistor is automatically adjusted by 7thc output frequency until it is
approximately equal to the resistance of a normal resistor. An implementation of this

circuit using discrete components has been tested. Test results show that this circuit

118
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has the best stability in terms of ppm standard cigviation from average output fre-
quency among the studied circuits and it is less than 1 ppm and that the long term sta-
bility is almost entirely dependent on one resistor. The test results also indicate that
this circuit can work well over the temperature range of 0 degrees Celsius to 175
degrees Celsius. The error introduced by the open-loop amplifier nonidealities can be
eliminated by either choosing a low offset voltage and low input bias current opera-
tional amplifier or by using the technique of interchanging the position of the normal
resistor and simulated resistor. The error caused by the limited size of the capacitive
charge reservoir can be reduced by selecting the capacitance ratio C,/ C,, as large as
possible. This circuit shows that the use of a switched capacitor simulated resistor
formed using the capacitor to be measured and two switches is a very useful approach

in instrumentation applications.

In the design and implementation of the two-capacitor pumped converter, the con-
cept of using capacitance ratioing, i.e., comparing the measured capacitor to a standard
capacitor, in the capacitance-to-frequency conversion circuit was examined. The out-
put frequency of this circuit is proportional to the clock frequency and the capacitance
ratio C,, to C,. The stability of this converter depends on neithér resistance nor the
time base if the same clock is used to measure the output frequency. The circuit has
been tested and the test results show that the stability of this circuit in terms of ppm
standard deviation from average output frequency is about 2.0. As for the temperature
characteristics, the test results indicate that the output frequency will be basically free
from the effect of afnbient temperature if the temperature characteristics of the capaci-

tor to be measured and the standard capacitor match each other very well. Therefore,
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this circuit should find applications in a high temperature environment such as oil and
gas reservoirs. From the advantages discussed above, it appears that the use of capaci-
tance ratioing is the best approach to the design of capacitance-to-frequency conversion

circuits and it can be directly applied to the design of capacitive sensors.

The two designs of R-pumped converter and two-capacitor pumped converter can
be applied directly to the design of silicon capacitive sensors so that the sensor and the
signal conditioning circuit can be fully integrated on the same silicon wafer. By doing

so, low cost and ease of interfacing with digital systems can be realized.

- “In the practical implementation of both the R-pumped converter and the two-
capacitor pumped converter, the stray capacitances from the MOS switches introduce
an error in the output frequency. Techniques which can eliminate the effects of stray
capacitances: of the MOS switches on the output frequency need to be studied in

further work.

Possible further research work might involve investigation of the design of a
filtering circuit. In practical applications, after the frequency signal from these interfac-
ing circuits is transmitted to the central control unit, an analog signal which is
representative of the measured capacitance is sometimes needed. The design and

implementation of such a filtering circuit would be useful.
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