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Abstract

Transducers whose outputs are characterized as a charge require signal
conditioning to convert the charge produced to a voltage or current for use in
instrumentationsystems. Blast gauges, in particular, require processing which
preserves the transient nature of the data and very fast risetimes, which would
otherwise be degraded by long cable runs and parasitic capacitances. A charge
amplifier which amplifies and converts a charge to a low-impedancevoltage
suitable for driving coaxial lines is described, along with theory of operation.
Charge amplifiers of the type described are relatively unaffected by temperature
and power supply variations, and occupy less than two square inches of printed
circuit board space per channel.
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1 The Nature of 'Charge'

Charge is one of the four imponderable units necessary to describe all physical
phenomena, as are length, time, and force or mass. The unit of charge is the coulomb;
the charge on an electron is 1.602 x 10 coulombs.-19

2 Capacitors As Charge Transducers

A capacitor is a storage device, which holds and concentrates charge as electrons
collect on one capacitor surface attracted by the opposite charge on the other surface
separated by an insulator. Because a capacitor has in its construction an insulator
between its input conductors, electrons never cross from one side to the other.



When a voltage (which represents a 'potential') is placed across a capacitor, the
capacitor charges to that external voltage through some inevitable source resistance,
as shown in Figure 1.

Figure 1: Classic Capacitor Charging Circuit

The equation for the capacitance of a parallel-plate capacitor is

(1)

Where A is the area of either plate (both plates the same size); d the distance between
the plates; the permittivity of free space, or 1/36 x 10 8.85 x 10 farads/meter;0

-9 -12

and the relative permittivity of the insulation material used, which has a practicalr

range of 1 15 or so.

Voltage developed across a capacitor with no initial charge and with the switch shown
closed at t - 0 is

(2)

where V, R, C are fixed voltage, resistance, and capacitance, respectively, and v and ic c

are functions of time t. Eventually (after a 'long time'), the entire battery voltage is
present across capacitor C. At any point, by definition, the charge in the capacitor is
given by

(3)

and the charge and voltage across the capacitor are always proportional. While the
external resistance affects the rate at which the capacitor charges, power loss across
any finite resistor for a complete charge of the capacitor is the same.

When the circuit of Figure 1 is modified to add more capacitors in series as shown in
Figure 2, the resulting capacitance is decreased, but the same charge is present on
each capacitor no matter what each individual capacitor's value is.

Since the voltage across the capacitor string eventually equals the voltage V (that is,
V v +v +v and lim ( v + v +v )= V), the voltage across each capacitor will bec c c t c c c1 2 3 1 2 3



Figure 2: Multiple Capacitor Charging Circuit

whatever satisfies Eq'n 3. Also, if the series capacitance is lower than that in the
circuit of Figure 1 and R remains the same, each capacitor will charge more quickly to
its final value than the single capacitor in the circuit in Figure 1, a result that is
probably counterintuitive, though a consequence of Eq'n. 2.

The current through the capacitor and the rest of the circuit in Figure 1 is identical,
since there is but one current loop, but current is most easily calculated for the resistor
since Ohm's Law holds. Then circuit current corresponding to the expression in, Eq'n.
2 is

(4)

which is an exponential, decreasing to zero as t . The rate at which i(t) decreases is
again due to the resistance R. Current and charge in the capacitor are related by the
expression

(5)

so the charge in a capacitor could be measured by integrating i (t)over time t, although
the charge rate would be determined by any resistance used in the integrator.

A capacitor can be thought of as a transducer in the sense that it changes charge to
voltage.

3 Charge Sources

As a perfect voltage source can be thought of as a voltage source independent of load,
capable of supplying infinite current, a perfect current source is capable of supplying a
specified output current into any load no matter how high the voltage need be. Internal
resistance of a perfect voltage source is zero; internal conductance (reciprocal of



resistance) of a perfect current source is zero as well. Approximations of perfect
voltage and current sources, especially over a more limited range of loadings are
indeed possible. A perfect charge source produces a charge independent of load
capacitance at least over some range, and is approximated by a voltage and a large
(infinite?) series capacitance. Hence as in Figure 3, the charge produced is
independent of the capacitance of the load, which consists of cable and parasitic
capacitances and of the observation capacitor across which a voltage is measured.

Figure 3: Measurement Equivalent Circuit

As R. P. Reed notes in his paper [Sandia, p. 42] a piezoelectic transducer should be
considered as a charge source, not as a voltage or current source. The proper load for a
charge source is a capacitor, not a resistor, since the capacitor stores the charge and a
resistor dissipates the charge as heat.

By knowing the observation capacitance and any parasitics that can't be ignored, a
voltage observed across the observation capacitance can then be measured and the
output charge deduced by application of Eq'n. 3. Unfortunately, the act of measuring
the voltage across the capacitance inevitably discharges the capacitor. Measurement of
the current through the capacitor would involve integration of the current to obtain the
charge, which would involve added series resistance, thus inevitably slowing the
charging process.

4 An Active Charge Amplifier

Use of the feedback charcteristics of a modern operational amplifier can make a
near-perfect charge measurement circuit, as shown in Figure 4. When a charge enters
at point 1, a current flows through capacitor Ci toward point 2. The output of the
amplifier, which was initially zero, is driven negative by the difference in voltage
between its positive input, at zero volts, and the negative input into which a positive
voltage occurs as a result of the current flow. Impedance of the amplifier inputs is
infinite (or nearly so) and gain of the amplifier is also infinite (or nearly so), so the
voltage level at point 3 falls to a point at which C charges such that the voltage atf



An 'ideal' charge source has a zero source resistance, but the charge source cannot1

deliver the charge to a load without some dissipation.

Figure 4: Ideal Charge Amplifier

point 2 is forced back toward zero. The feedback action continues to maintain point 2
at very near zero volts regardless of any change in charge at point 1. Since no current
flows into the operational amplifier at point 2, the currents through the two capacitors
must be the same. The voltages at point 2, which is maintained at zero due to the
feedback, thus the voltage across capacitor C , which is also v , is whatever voltage isf out

necessary to produce the current necessary to charge C in accordance with Eq'n. 5.f

Since the currents are equal, and the voltages across the two capacitors, which still
must satisfy Eq'n. 3, are inversely proportional to the capacitances of C and C . Gainf i

of the entire system, for a charge q present at point 1 (and thus across capacitor C toin i

ground) is thus given by

(6)

and, assuming that the charge source produces a constant charge for at least capacitive
loads between limits which include C . (in parallel with parasitic capacitances, ifi

appropriate), produces a low-impedance voltage proportional to input charge as
desired. Once C is selected, C is then selected for desired charge gain for the circuit.i f

If C is selected to be as small as possible for a given charge source, charge time isi

minimized and the effect of nonzero source resistance is minimized as well.1

If the circuit is considered to be a voltage amplifier, driven by a perfect voltage source
rather than a charge source, the gain of the circuit is equal to the ratio of C to C due tof i

the ratio of the impedances of the two capacitors, except that at DC the impedances of
both capacitors are infinite, so the circuit gain is undefined.



If the circuit is considered in terms of operational amplifier circuitry from analog
computation, the circuit is both an integrator and a differentiator of an input voltage,
and performs the operation

(7)

where is a dummy variable and c(0) is a constant term which is set to zero by the
feedback resistor.

5 Real Vs. 'Ideal'

The amplifier circuit in Figure 4 will not work for long with 'real' devices, although it
will work well enough for most purposes except for one. Since there is no DC path in
the loop for the negative input (the 'summing point') the amplifier's DC output will
drift to one of the supply rails and stay that way. Hence the response of this amplifer
cannot extend down to DC. A circuit which provides DC stability is shown in Figure
5, which differs only by addition of feedback resistor R .f

Figure 5: practical Charge Amplifier Circuit

DC gain of the circuit (interpreted to mean output voltage for a constant charge) is
zero, and response falls below gain predicted by Eq'n. 6 when R = 1/2 fC. For thef

circuit we built, using R 1.5M and C = .01 f, the low-frequency 3 dB corner is atf = f

10.6 Hz, which presents no problem with a blast gauge; by a different selection of
amplifier, the response could be extended below 0.1 Hz if needed for seismic
measurement, etc.



6 Response Time and Slew Rate

Real amplifiers have other limitations as well, and operational amplifiers used for
general communications work will not perform well in use as a charge amplifier.
Typical internally-compensated amplifiers have frequency responses to around 1 MHz
at unity gain; the amplifier used for this application (the Élantec EL 2073) has a unity
gain of 400 MHz, and a gain-bandwidth product at any gain of 200 MHz. As a
consequence, gain to a 1 MHz signal is several hundred, assuring that the feedback
circuit necessary for accuracy is stiff enough to act quickly when the input changes
abruptly. A two-volt step on the output when loaded by a 50 output cable and series
resistor responds at a rate of at least 175 V/ s, thus rising fast enough for 40 ns pulses
to be resolved at full amplitude.

7 Line Drivers

The output of the charge amplifier drives a coaxial cable of whatever length is
necessary for the desired system. The coaxial cable acts as a 50 load at any
frequency of interest (at least several hundred MHz) if terminated in a single 50
resistance at the far end, or is infinite in length. For exceptionally long cable runs tilt
equalization may be necessary for frequency flatness, but this is a function of the
cable and not the amplifier. A properly terminated cable does not appear as a
capacitor, only as a resistor. When properly terminated, as any circuit the output
voltage will be exactly one-half the output voltage at the amplifier.

8 Power Supply Considerations

An operational amplifier circuit does not depend on the power supplies which operate
it as references and the absolute voltage on either power supply and the ratio between
the voltages should not matter so long as the output is not saturated and pinned to one
of the supply rails. ln actuality, some power supply feedthrough does affect any
amplifier. For the Élantec EL 2073, power supply rejection is typically 80 dB at DC
and 40 dB at 30 Mhz, so a power supply variation of ±10% at 30 MHz would cause a
±5 mV change in the output voltage, which is about 1% of full scale. Since a power
supply variation as extreme as that described here is unlikely (and unacceptable),
power supply noise should be essentially unreadable.

9 Calibration

While a charge amplifier converts charge to voltage, the actual physical phenomenon
to be measured is not a charge but a pressure, which is measured by stimulation of a



A bar is a single standard atmospheric pressure, around 14.3 pounds per square inch2

absolute [PSIA]. A pascal [Pa] is the preferred metric unit, with atmospheric pressure equal
to 10  Pa.5

transducer to produce charge. Transducers made from polyvinylidene fluoride [PVDF]
produce outputs in accordance with the formula

(8)

where the multiplier and exponent were determined experimentally and p is in
gigapascals [Gpa]. A one square centimeter gauge thus produces an output of about
0.7 C when an excitation pressure of 50 kbar or 5 GPa. Unlike crystals which have2

been used historically PVDF gauges are flat and can be sandwiched between layers of
material and sized to fit space available. Producing a test signal for a transducer and
charge amplifier involves either hitting the gauge connected to the amplifier with a
calibrated hammer or (in the absence of a gauge) supplying a charge from a large
capacitor or a switched low-impedance voltage source. A typical gauge used to
demonstrate a breadboard circuit had a 10 mm active area, and thus produced an2

output of 0.07 C, which produces an output of

into the 0.22 FF load presented by C of the amplifier in Figure 6. Using a 0.1 Fi

feedback capacitor, the output voltage pulse is

If a 50 output resistor and cable load are used, the effective gain would be reduced
by half, to 11 V/ C.

Gain of the amplifier for the AC term of the circuit is

The negative sign is a consequence of the inversion in the amplifier, and to get a
positive output (usually what is desired), the leads of the gauge would be connected so
that the charge output from the gauge is negative.

10 What a Charge Amplifier Is Not

A charge amplifier measures an input charge (or more precisely, as shown, the change
in input charge). A transducer whose reaction to measured stimulus is not an



Transducers called electrets replace the high-impedance high voltage with a3

'permanent' charge, but still produce very high-impedance outputs.

Figure 6: Transducer and Charge Amplifier Test Circuit

appropriate input signal for a charge amplifier circuit. Consider the case of a classic
'condenser microphone' where one of the plates of a charged capacitor is used as a
diaphragm, varying the capacitance of the transducer capacitor in response to the
change in position of the diaphragm. If the charging resistance and voltage are high
the charge does not change appreciably since the average capacitance of the
transducer does not change, but in accordance with Eq'n. 3, if q stays constant and c
varies, the instantaneous voltage across the capacitor varies as well. A
signal-conditioning circuit for such a system is shown in Figure 7.

Figure 7: Variable-Capacitance Transducer Circuit

Due to the high resistances and voltages necessary, the capacitor-based transducer3

circuit does not use the same signal conditioning as a charge source, which appears as
a very low resistance.

11 SNORT Unit



A printed-circuit board with four charge amplifiers and on-card ±6 V regulators wasdc

built for use at the NAWS Supersonic Naval Ordnance Research Track [SNORT] at
China Lake. The board, which measures 6½ x 3" is shown in Figure 8.

Figure 8: Quad Charge Amp and Regulator Board

The board is a two-sided circuit with a large ground plane which acts as a heat sink for
the voltage regulators. While the board could have been made smaller, it was not
necessary to do so for the intended use. The board drives coaxial output lines directly
without external buffer amplifiers.

12 Conclusion

A charge amplifier circuit as described in this paper can be used to measure blast
pressures in the ranges produced by PVDF and similar gauges. The charge amplifier
described produces higher frequency response and more accurate rendition of the
charge profile of the input transducer in a smaller package and a lower cost than
circuits previously used, and produces an output proportional to charge rather than the
integral of charge.
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