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Abstract— Operation of traditional fieldmeters typically relies on me-
chanically actuated capacitance for DC fields measurement. This paper pro-
vides theoretical background for operation of an electric field sensor with a
solid state variable capacitor. Design is supported by circuit and FEA mod-
els, illustrating the operation. Theoretical work is verified against results of
sensor’s tests performed in DC, AC and pulse electric fields.

I. INTRODUCTION

Low frequency AC and DC electric field measurements can be done in
a broad variety of ways, utilizing variety of physical phenomena: in-
duction, force, electroptical effects (Kerr or Pockels), flow of ions (in
radiation based devices). The existing instruments can also be divided
into two classes: long range and short range sensors. This classification
reflects the way the sensor is used, and some instruments can be used in
both far and near field detection. The meaning of “far”” and “near field”
used here is somewhat different from the traditional definition used in
electromagnetic field theory, as it is impossible to define a wavelength
for a DC and for an impulse electric field that these sensors can measure.
In this manuscript the focus is on on methods that use capacitive coupling
(induction) to the electric field. These techniques can be classified as 1)
dynamic induced current/voltage sensors and 2) Kelvin probe sensors.

Dynamic sensors require changes in the electric field in order to be able
to detect the field. Standard techniques for near and far field measure-
ment, employed here, involve an antenna coupled to a voltage or current
measuring instrument. These techniques were extensively described in
the literature [1, 2, 3]. Passive sensors relying on the variation of electric
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field find numerous applications in, for example, detection of moving ob-
jects [4, 5], electrostatic discharges (ESD) phenomena [6], electromag-
netic field due to seismic activity [[7], etc.

Kelvin probe-based sensors do not rely solely on change of the electric
field. Instead, the probe operation depends on change of the capacitive
coupling between the field and the sensor. In this way an electric cur-
rent is induced in the probe, and the magnitude of that current is pro-
portional to the magnitude of the electric field [8]. In fieldmeters and
electrostatic voltmeters the capacitance is formed by the instrument’s
sensor and the object that is being measured. In 1932 Zisman [9] intro-
duced the vibrating Kelvin probe. This technique became a base for con-
temporary Kelvin probe techniques, including Kelvin force microscopes
(KFMs)[10, 11]. The mechanical motion of the sensor needs to be pre-
cisely controlled, to assure proper measurement accuracy of the meters.
Another way of changing the capacitance was by intermittently inserting
a grounded shutter plate in front of the sensor, either in a form of a rotat-
ing vane or using a shuttle mechanism. The fieldmeters with a rotating
vane or mechanically vibrating sensors [12, 13, 14], are used in broad
range of applications, for example in assessment of the electrostatic dis-
charge (ESD) threats [15], atmospheric research [16], etc. Fieldmeters
are not very sensitive, and their bandwidth is limited by the velocity of
the rotating vane or the vibration frequency of the sensor, with the max-
imum reaching about 20 Hz [17]. The fieldmeters technical capabilities
are not sufficient for application in the projectile sensing. Electrostatic
voltmeters (ESVM) are much more sensitive and precise than fieldme-
ters with the bandwidth of up to 3 kHz [17]. Their construction, how-
ever, is relatively expensive and complicated. In both cases limitation
comes from the fact that they use mechanical modulation of the capaci-
tance. There are, however, several electronic devices that can have their
capacitances controlled electronically: a varactor (a.k.a. varicap), a MOS
(metal-oxide-semiconductor) or a MIS (metal-insulator-semiconductor)
structure. The idea of using varactors for direct/contacting low current
measurements was introduced in 1979 by Herscovici [18] and commer-
cialized by Hewlett Packard in their 4140B pA Meter/DC Voltage Source
[19]. The MOS electrometer for current measurements was described by
several authors [20]. With some modifications the same method can be
utilized in non-contacting electric potential measurements [21]. This pa-
per gives a theoretical background and describes implementation of this
sensing technique.

II. SENSING TECHNIQUE THEORY

The electric field sensing system under consideration can be represented
as a diagram shown in Figure 1. The object under test, which is the
source of an electric field, is capacitively coupled (C,)) to the sensing
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Fig. 1. Sensor’s front-end circuit.

plate of the sensor. The plate is a common node for a varactor couple.
The varactors are being fed with an RF carrier signal through a center
tap transformer. In this way the RF generator and the sensing part of
the circuit are galvanically separated. This setup can be portrayed as a
circuit presented in Figure 2, where the generator and the transformer
are replaced by two voltage sources V(t). Both varactor cathodes are
connected to the sensing element at the node A. Together they form a
variable, voltage-dependent capacitor. The sensing plate is coupled to
ground (Cp,), and to the object under test (C,,). Assuming that the ob-
ject has a fixed electric charge Q, the voltage with respect to ground will
depend on its capacitive coupling to the ground and to the sensing plate.
The sensing plate potential is floating at the average value of the car-
rier signal - which is zero. Since the plate size is relatively small, it can
be assumed that the object’s potential depends only on the capacitance
of the object to the earth ground, C,e. The capacitance C,, can be ne-
glected. The circuit operates in a way similar to the amplitude modulator.

Object under test

Fig. 2. Equivalent circuit diagram of the varactor sensor front end.

The sinusoidal RF carrier signal applied to varactors is modulated by the
electric field signal coming from the object under test. To illustrate the
circuit operation, an arbitrarily selected value of 3 kHz AC signal source
is being used in place of the object under test, as shown in PSpice sim-
ulation, Figure 3. The values for the RF voltage sources were selected
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based upon the measurements made on a prototype of the circuit. Capac-
itor C; = C,, value had been selected based on results of modeling using
the Comsol Multiphysics software for a spherical object, 1 cm in diam-
eter, at 2 m distance from the sensing plate. That particular FEA model
was developed for the sensor’s application in projectile detection [22],
and in this manuscript only some of the modeling results are utilized for
the sake of showing the concept of the sensor’s operation. The resulting
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Fig. 3. PSpice front end circuit used in the sensor’s circuit simulation.

output current through resistor R is shown in Figure 4. The envelope of
the current signal carries the information on the sensed voltage signal (3
kHz sine in this case). This signal then is amplified and demodulated to
recover the voltage produced by the object under test. Consider Figure
Srepresenting the theoretical base for the sensor operation. The varactor
components are replaced with an equivalent voltage-dependent capacitor
in series with the object-to-plate capacitance. Let’s represent the capac-
itors by their respective impedances. An additional assumption is being
made here: signal V, () of the tested object is much slower than the car-
rier signal V(r), and it is treated (for simplicity) as a DC signal during
the Laplace transformation. Writing the Kirchhoff’s current equation for
this circuit yields

V(t)—Vo(t
Zoy+R+Ze,p
which is equivalent to
Lo, L
1(s) s 2)

 Zey(s)+R+

’
op
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Fig. 4. Simulated output voltage, 3 kHz, 1 V p-p input signal in place of the
sensed object’s signal.

where V is the magnitude and @ is the circular frequency of the sinu-
soidal voltage source representing the carrier signal. Recall that the ca-
pacitance C, of the varactor is a nonlinear function of the reverse voltage

V. [23]: c
j0

M
(1)

Parameters C;o (zero-bias junction capacitance), M (grading coefficient)
and V; (junction potential) have to be experimentally determined for a
given type of varactor. The prototype design uses 1SV277 [24] varactors,
for which the parameters were measured as: M=1.7, V;=3.5 V, C;y=6.9

G = 3)
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Fig. 5. PSpice equivalent circuit used in demonstrating variable capacitance con-
cept.
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pF. The reverse voltage V., established across the varactor, is equal to
the difference between voltages V(t) and V4 induced at the sensing plate.
The C-V curve shown in Figure 6 indicates that for low reverse voltage
values the C-V relationship can be considered linear:

C, =K -V,+Cjo, 4)

where K is the line slope coefficient. For the reverse voltage range of
1SV277 from 0 to 2 V, the value of K = -1.8. Substituting formula 4 to

1SV277 characteristic

\.[C. =K -V, 1 Cy

capacitance, pF

5 6
reverse voltage V

Fig. 6. Capacitance - voltage characteristic of 1SV277 varactor.

the equation for current 2 yields

Lo, 4
I(S) — 57+ 0 s (5)
Co | KVo 1]
% + 2+ w2 +R+ 5-Cpp

Instead of solving this equation for the current I(s) (note again that the
voltage V, is treated as a DC voltage, as it is much “slower” than the car-
rier signal), it is much easier to simulate the variable capacitance element
using the Analog Behavioral Modeling (ABM) module in PSpice [25],
and demonstrate that the output of the linearized model is identical with
the dual varactor model in Figure 3. The ABM functions allow for math-
ematical models implementation, and for the variable capacitance we use
ABM2/1 element out of the ABM PSpice library. Figure 7 shows imple-
mentation of the linear, voltage-dependent capacitor. The ABM function
act as a current source I injecting the time-varying current proportional to
changes of the voltage and capacitance, as outlined in [25]. The equation
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Fig. 7. PSpice equivalent circuit used in demonstrating variable capacitance con-
cept.
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linking voltage, capacitance and current is implemented as follows:

(((6.5—1.8-(V(%N1,%N2))) - le — 12)-0.03 - DDT(V (%N1,%N2)))
(6)

which is identical to v
A
C— 7
r @)

The resulting current (Figure 8(a)) is identical with the current obtained
with the varactor couple. It can be therefore concluded that the variable
capacitance model theory is describing the action of the dual varactor
front end sensing circuit. Moreover, it has been determined experimen-
tally, and confirmed by using the PSpice model simulations, that by se-
lecting steeper varactor C-V characteristic greater sensitivity can be ob-
tained. Changing the slope coefficient K in the linearized model from
-1.8 to -4 results in increased depth of AM modulation, which is shown
in Figure 8(b).

The depth of modulation, or the modulation index, is proportional to
the "gain" associated with the slope coefficient K. This allows for aug-
menting of the input voltage signal, induced on the sensor. One way
of making the electric field sensors more sensitive is to utilize devices
with C-V characteristics as steep as possible, bearing in mind that the
modulation index should not exceed 100% to avoid distortion. Figure 9
presents an example of a pulse signal detected by the sensor’s front end,
before processing: The object used here was a plastic pellet dropped into
a Faraday cup in front of the sensing plate - in this way the net charge of
the pellet was determined.

[=C(Vy)
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Fig. 8. Simulated output voltage using linear model of the variable capacitance,
3 kHz, 1 V p-p input signal in place of the object under test signal.
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Fig. 9. Example oscillogram of the sensor’s unprocessed signal. Sensor to object
distance 0.09 m, object’s charge 50 pC, amplitude of the detected signal 12 mV

III. CONCLUSIONS

Operation of the varactor electric field sensor was analyzed and dis-
cussed. The basic concept of the sensor can be best explained as having
two capacitances in series, one between the sensing plate and the object
under test, and the other capacitance is that of varactors. The varactor ca-
pacitance can be varied, making detection of DC electric fields possible.
Moreover, due to nonlinear C-V characteristic the voltage induced on the
sensing plate is converted to comparably larger current, thus increasing
sensitivity.
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