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Summary: This paper proposes a measurement technique to analyse the frequency response to changes in
the control voltage of variable capacitors (varactors) with capacitance controlled by an external voltage. Examples
are based on micro-electro-mechanical systems (MEMS) or ceramic components. The measurement principle is
based on an RC circuit to which a continuous wave signal at the corner frequency of the resulting filter structure
is applied. Equations are derived to determine the capacitance values as well as the frequency response of the
varactor. Finally, a test setup is presented that verifies the results using a commercially available ceramic varactor.
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Introduction

The measurement of capacitance is a long used
and well known measurement application. There
are many different methods to measure a static
capacitance, as for example time constant mea-
surements and impedance measurements [1]
as well as resonance based measurements [2].
With the increased use of time variable capaci-
tances (varactors), as for example used to tune
resonant circuits and other electronic circuits,
the analysis of the frequency response and re-
sponse time of varactors becomes more impor-
tant.

For two-port varactors using different ports for
control of the capacitance and signal, different
approaches have been made to measure the re-
action time and frequency response to changes
in the control voltage. For MEMS-capacitors the
dynamic capacitance can be easily determined
during manufacturing by monitoring the mechan-
ical motion of the capacitor plates [3]. However,
this is not possible for packaged varactors and
embedded topologies for which moving elements
are not accessible. Another approach is to mea-
sure displacement current that is created by the
movement of a charged capacitor [4]. The dis-
placement current however can be very small for
low capacitances and voltages and then requires
a very high measurement accuracy. A more ro-
bust but also more complex measurement setup
is shown in [5], where the nonlinear properties of
the continuously changing capacitance are used
to create an intermediate frequency. The latter
can be filtered or directly measured using a spec-
trum analyzer. This measurement principle how-
ever is very complicated to set up and requires
lots of external components. In [6] another setup
is shown that measures the frequency response
of a system directly in time domain, however the
signal generation is relatively complex as a fre-
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Fig. 1: Parameter definitions and measurement setup
for frequency response measurement of a two-port
varactor.

quency ramp is required.

As an alternative, we propose a simple mea-
surement setup that allows the measurement of
capacitance change based on an RC-circuit and
continuous wave (CW) waveform generation. RC
elements are widely used for capacitance mea-
surement [7][8]. Most principles use the phase
shifting properties of RC element to accurately
determine the capacitance value. This work will
focus on amplitude measurement of the RC cir-
cuit near the corner frequency of the low pass
filter model, as changes of this property are
very easily observable over time using an oscil-
loscope. From measurements of the signal am-
plitude the frequency response of the varactor
to chgnges in the control voltage can be deter-
mined.

Measurement Principle

The proposed measurement principle is based
on a first order low pass filter, containing the var-
actor under test (DUT) and a known resistor R;.
Figure 1 shows the basic measurement setup
and voltage definitions.

An AC voltage V;,, is applied to the low pass
filter by a signal source. The applied voltage is
attenuated by the RC element, depending on the
sizes of resistor and capacitor, and can be mea-
sured as V,,,; using an oscilloscope. The voltage
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V.on controls the capacitance C as specified by
the manufacturer of the varactor.

When modelling the varactor’s response to an
applied control voltage as a low pass behavior,
a mechanical corner frequency w,, can be de-
fined. The frequency of the input voltage w;y,
should be set to a value significantly larger than
the mechanical corner frequency w,, for two rea-
sons: Firstly, the measurement frequency should
be high enough to not have any effect on the var-
actor’s behavior. Secondly, the change in am-
plitude of the measurement signal will indicate
changes in the capacitance. Therefore, the dy-
namic of the measurement signal should be sig-
nificantly higher than the highest possible dy-
namic of the varactor to improve the time reso-
lution. For measurements up to the corner fre-
quency the Nyquist theorem is a good approxi-
mation for the lowest usable signal frequency, so
that

Win > 2Wm~ (1)
R; is used to set the RC element’s corner fre-
quency to the input frequency w;,. For the ca-
pacitance an initial capacitance value C; from
within the varactor’s range is selected.
1

winCs

The amplitude of the input signal V., has a lower
limit set by the measurement accuracy of the

voltage detection of Voui- As a voltage ratio is

measured, the higher V;,, the more accurate the
measurement is. On the other hand, a high volt-
age across the signal port may interfere with the
DUT’s performance, e.g. causing self-actuation.
Information provided by the manufacturer should
be consulted to avoid unwanted effects or de-
struction of the DUT.

From the measured voltage V,,,;, with different
control port signals applied, the relative capaci-
tance change as well as the frequency response
of the varactor can be derived. This will be dis-
cussed in section .

Derivation of Varactor Parameters

In this section the derivation of the capacitance
based on the measured voltage V,,,; will be ex-
plained. This will be done for the setup shown
in section and for a slightly different setup that
allows adapting the tuning ratio. In section basic
techniques to determine the varactor’s frequency
response will be discussed.

Capacitance

Defining a tuning factor of the capacitor a that
relates the capacitance at an instance in time to
the initial capacitance C linearly, so that
1

and w;, = —— 3

w RiC. 3)
the relation between measured output voltage
amplitude V,,,» and the tuning factor a can be de-

rived. For this, the ratio between V,,, and Vi,

C = aC,
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Fig. 2: Relation of tuning factor a to the ratio between

measured voltage amplitude V.. and the input
voltage amplitude Vi,,.

using the definitions
‘/in - ‘A/inejd)m and Vout = ‘A/outej(bout (4)

is used. The relation between both signals is
then described by

N ) V.. eidin
Vo edtou — _ Vin . 5
out€ 1 ¥+ jwinRIC ( )

Solving equation 5 for a using the relations from
equation 3 results in

¥ _ ‘7171
1+ jal

The relation is plotted in figure 2.

From Fig. 2 it can be seen that the measured
amplitude ratio can be directly converted into the
tuning factor a. However, the measurement res-
olution for both parameters needs to be very fine
as the tuning ratio a increases or decreases. The
highlighted areas in Fig. 2 show the values for a
which are no longer distinguishable with a mea-
surement resolution of

AV = 0.01 % (Vour/Vin)- (7)
which are approximately a,,;, ~ 0.14 and a,nq. ~
100. The minimum tuning factor detectable with
AV is Atyin = 0.02 % Cs.

In case the tuning ratio of the capacitor re-
quires measuring values for a that are greater
than the limits of the voltage measurement ac-
curacy allows, the tuning ratio can be artificially
decreased by adding a known capacitance Cj,

in parallel to the capacitance under test. This
known capacitor C; changes the tuning factor to

/ Cq
a =a+ C. (8)
and the resonance frequency to
, 1
w,m = m
Using (5) and solving for a with
— Cd

b
Cs
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Fig. 3: Relation of tuning factor a to the ratio between
measured voltage amplitude V.. and the input

voltage amplitude Vi, for different ratios b between
the parallel capacitance Cy and the inital capacitance

S

results in

N 2
b b\ > V;
= ——— — - -1 (14+b+102
¢ 2 (2) + <Vaut> ( + + )

(11)
from magnitude measurement.

Figure 3 shows the resulting relation between
tuning factor and magnitude for different values
of b. It can be seen that an increase in tuning fac-
tor a leads to a significantly smaller decrease in
Vout/ Vi for higher values for b. The highlighted
area again shows the values for a indistinguish-
able with a measurement resolution AV as spec-
ified in (7). This shows that for higher values of
a can be distinguished using the same measure-
ment accuracy.

Frequency Response
The RC element and control voltage can be de-

scribed as a two port device using V.., as input
and the capacitance value

as output. This system can then be modelled
using a transfer function. Depending on the de-
vice under test, a transfer function model can be
created and the parameters of the device de-
termined. As an example, this will be done for
a first-order low pass filter model for which can
be defined by a corner frequency w,,. Two ap-
proaches to determine w,,, are shortly presented
and will be verified in section .

Amplitude Measurement

The first approach is to measure the corner fre-
quency directly. This is doneAby applying a sinu-
soidal signal with amplitude V,,,, and offset ;, to
the control port of the varactor. The steady state
capacitances for the center

Co=Clv,,.=vp> (13)
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minimum

Cmin =C

Veon=Vo—Veon’ (14)
and maximum

Cmaw =C

Veon=Vo+Veon (15)
values of the control voltage are determined.
The frequency of V,,, can then be altered un-
til the minimum and maximum capacitances are
determined to reach

Cma:v - C(0

C - \/i + CO‘VCU’!L:VO+VQU'7L (1 6)
and
C() - szn
C=Cy— — A Vion=Vo—Veon" (17)

The frequency at which both conditions (16) and
(17) are fulfilled is the corner frequency w;,, .

Step Response

The second approach uses the step response of
the system to measure the time constant . To
do so, a voltage step is applied to the control port
of the varactor while the capacitance is at an ini-
tial value of Cy. Measuring the time between the
voltage step and the moment at which the ca-
pacitance C reaches C' = (Cy/e, gives the time
constant 7. From this the corner frequency

_m ] (18)

T or 27T

fm

can be calculated.

Validation Measurements

To verify the proposed methodology an example
measurement was conducted using the ceramic
variable capacitor LXRW19V201-058 by Murata
Manufacturing Co.. The measurement is set up
as shown in Fig. 1 with the control voltage V...
and input signal V;,, waveforms generated using
a 33500B waveform generator by Keysight Elec-

tronics. Waveform detection of V,,; was done
using a Wavesurfer 64Xs oscilloscope by Tele-
dyne LeCroy.

The LXRW19V201-058 varactor is controlled
with voltages from 0V to 5V and has a capac-
itance of 200pF |y, —ov and 100pF|y,  —sv.
The parameters selected for the first measure-
ments are as shown in Table1. At first target

values for V;,, and f;, are set. These values
are then verified via measurement by setting the
control voltage to its initial value of V,,,, = 2.5V.
The discrepancy in targeted and actual parame-
ters is due to ohmic losses between output of the
waveform generator and system input.
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Tab. 1: Measurement parameters for reference
measurements

Parameter | set Value | verified Value

Vin 500 mV 489 mV
fin 1000 kHz 900 kHz
C, 150 pF

EN
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Fig. 4: Measured control voltage V.., and RC output
voltage V.« showing the correlation between control
voltage level and output amplitude for sinusoidal
input.

Capacitance

At first, a sinusoidal control voltage between 0V
and 5V at f.,, = 100Hz is applied as control
voltage to verify the capacitance measurement.
Figure 4 shows the measured control and output
voltage over time. The envelope of the measured

voltage V,,,; follows the control voltage.

To verify the capacitance measurement, the
capacitances at maximum and minimum value of
the control voltage are determined and listed in
Table 2.

These measurements match the typical char-
acteristic provided by the manufacturer with an
error of 2.69 % and 5.73 %, respectively. This dif-
ference can be caused either by inaccuracies
in the measurement setup, as for example a
slight mismatch in setting the corner frequency,
or in component tolerances, as no information
about tolerances are provided by the manufac-
turer. This shows that the measurement setup
provides an easy to implement and quick way of
measuring capacitance ranges.

Frequency Response

The second measurement is aiming at measur-
ing the response time of the variable capacitance
to changes in the control voltage. During this

Tab. 2: Results of reference measurements for
maximum and minimum capacitance

t ‘ ‘A/(:(m, ‘ ‘/o’u,t a ‘ C
17.54ms | 0V | 299mV | 1.298 | 194.63 pF
22.51ms | 5V | 401mV | 0.698 | 104.68 pF
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Fig. 5: Measured control voltage V..., and RC output
voltage V.« showing the correlation between control

voltage level and output amplitude for rectangular
input.

Tab. 3: Expected and measured output voltage
amplitude and capacitance at f;, = 757.88Hz

case ‘ C ‘ Vou@(zmp ‘ ‘/ou,t,m(zas

Cm, eas

(16)

(17)

181.g%ppF 3IImV | 326 mV | 167.7
11795 pF | 384 mV | 369 mV | 1304

measurement, the same system parameters as
given in Table 1 were used. However, instead of
alsigusoidal wave a rectangular waveform is ap-
plied.

Figure 5 shows the measured control and out-
put voltage over time. The measurement data
shows that the capacitance of the varactor does
not follow the control voltage instantaneously.
The amplitude of the output voltage changes
with a time constant of approximately 7 =210 us
when modelled by a first-order low pass filter.
Using this, the cutoff frequency can be deter-
mined to be f,,=757.88 Hz using (18).

This result is verified using a sinusoidal input
voltage and the conditions for C specified in (16)
and (17). From the conditions and using the val-
ues from Table 2 the capacitance values and volt-
age amplitudes at corner frequency can be cal-
culated and then verified via measurement. The
results are shown in Table 3.

The measured capacitance at f;,, =757.88 Hz
is smaller than the expected capacitance, indi-
cating that the DUT’s corner frequency f,,, must
be smaller than 757.88 Hz. Using the direct mea-
surement of the signal amplitude the corner fre-
Iqluency was determined to be approximately 435

Z.

Conclusion

In this paper an easy to implement measurement
methodology was proposed that allows measur-
ing the frequency response of variable capaci-
tances to changes in the control voltage. The
advantages of the RC element based measure-
ment method is the comparatively easy imple-
mentation using a single resistor, a continouos
voltage supply, an oscilloscope, and an arbitrary

pF
pF
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control voltage generator. For adaptation of the
DUTs tuning ratio an additional known capaci-
tance can be added. The measurement method-
ology was verified by measurement of a commer-
cially available ceramic variable capacitance.

References

[1] R. Parthier, Messung an Kondensator und
Spule. Springer Vieweg, 2016, pp. 143—-145.

[2] A. Teramoto, R. Kuroda, M. Komura,
K. Watanabe, S. Sugawa, and T. Ohmi,
“Capacitance-Voltage Measurement Method
for Ultrathin Gate Dielectrics Using LC Res-
onance circuit,” IEEE Transactions on Semi-
conductor Manufacturing, vol. 19, no. 1, pp.
43-49, 2006.

[8] G. Kahmen, M. Wietstruck, M. Kaynak,
B. Tillack, and H. Schumacher, “Static and
Dynamic Characteristics of a MEMS Varactor
with Broad Analog Capacitive Tuning Range
for Wideband RF VCO Applications,” in 2015
European Microwave Conference, 2015, pp.
1011-1014.

[4] R. M. Patrikar, Ed., MEMS Resonator Filters,
ser. Materials, Circuits &amp; Devices.
Institution of Engineering and Technology,
2020. [Online]. Available: https://digital-
library.theiet.org/content/books/cs/pbcs065e

[5] B. Lacroix, A. Pothier, A. Crunteanu, C. Cib-
ert, F. Dumas-Bouchiat, C. Champeaux,
A. Catherinot, and P. Blondy, “CMOS Com-
patible Fast Switching RF MEMS Varactors,”
in 2006 European Microwave Conference,
2006, pp. 1072—1075.

[6] K. Yu, G. Feng, H. Zou, L. Li, X. Zeng,
L. Wang, and M. Chen, “A New Measure-
ment Technology of Grounded Capacitance
Parameters of the Distribution Network Lines
Based on Resonance Method,” in 2019 IEEE
3rd Conference on Energy Internet and En-
ergy System Integration, 2019, pp. 2597—
2601.

[7] M. Ansari and M. Ahmed, “A Novel Di-
rect Reading Active-RC System for Measure-
ments of In-circuit, Discrete, and Incremental
Capacitances,” IEEE Transactions on Instru-
mentation and Measurement, vol. 38, no. 4,
pp. 922—-925, 1989.

[8] R. N. Dean and A. Rane, “An Improved Ca-
pacitance Measurement Technique Based of
RC Phase delay,” in 2010 IEEE Instrumenta-
tion & Measurement Technology Conference
Proceedings, 2010, pp. 367-370.

iCCC2024 - iCampus Cottbus Conference 2024

Sessions
DOI 10.5162/iCCC2024/6.3

o1



