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Electrometric direct current I/'V converter with wide bandwidth
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A principle of operation and electrical characteristics of a high frequency current-to-voltage (I/V)
converter are presented. The I/V converter measures the electric current with selectable gains of 10°,
10%, and 10® V/A in the frequency range from DC to 500 kHz, 1.2 MHz, and 2.4 MHz, respectively.
These properties make this I/V converter suitable for wide range of applications such as tuning forks,
torsion oscillators, ultrasound transducers measurements, detection of the piezoelectric transducers
used in STM techniques, etc., in low temperature physics. The influence of the input impedance
of a I/V converter on the precision of alternating current measurements is also discussed. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4725526]

INTRODUCTION

A fundamental feature of any active current-to-voltage
(I/V) converter is a very high value of the differential
impedance Rp, which together with a very small bias current
and low noise current, in principle determine minimal amount
of the electric current being detected. The simplest and typical
scheme of the I/V converter is very well known (see Fig. 1).
This is an electrometric type of the operational amplifier (OA)
working as an active device with a resistor Rr (typical value
of Ry is the order of 10% Q) and capacitor Cr connected in
parallel in negative feedback providing the high amplification
and frequency stability.! The electrometric type of the OA of-
fers an extremely high impedance of input transistors and very
low bias current of the order of 50 fA. However, the high am-
plification provided by the feedback impedance Zy reduces
the frequency bandwidth of the measured current signals to
a range of typically from DC to 100 kHz. This reduction is
due to a time constant T = Rr Cr. The high frequency OAs,
on the other hand, offer a lower differential input impedance,
but a broader frequency bandwidth than the electrometric
counterparts. A combination of the electrometric JFETs (or
MOSFETs) with high frequency OAs allows a design of the
I/V converters operating in a broader frequency range from
DC up to a few MHz.

There are many applications, e.g., measurements of high
impedance devices such as ultra sound piezo-electronic trans-
ducers used in “surface” microscopy (SPM, AFM, etc.)>* and
tuning forks, torsion oscillators, electrostatically driven grids,
etc., are another types of very useful experimental tools used
for study of physical properties of quantum liquids (*He, “He,
and their mixtures) and other systems at low and very low
temperatures.*® Information about a physical system inves-
tigated by any of above mentioned techniques is obtained by
observing electric current, which is usually detected by means
of a I/V converter. Aims of this article are (i) to focus the at-
tention of experimenters on fundamental properties of the real
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I/V converters (in particular, its input impedance), which are
not so obvious from electric schemes, but they may affect pre-
cision or even distort the measurements (especially at higher
frequencies), and (ii) to present properties of a high frequency
I/V converter suitable for wide range of above mentioned
applications.

As shown in Ref. 7, the precise measurements of alternat-
ing currents flowing through above mentioned devices require
reduction of the input impedance of the I/V converter Z;,. Al-
though it seems from Fig. 1 that the input impedance of the
I/V convertor should be zero as the inverting input has a po-
tential of a “virtual” ground, it is easy to show that the input
impedance Z;, of any real I/V converter can be expressed as
(Rp > Rp)

Zp(w) . Zp(o)
1+ A(w) A’

Zin(w) = (1)

where Zp(w) = Rp/(1 4+ joRpCr) and A(w) = A0)/(1
+ j(w/wsgp)) is the gain of the OA with A(0) being the DC
open loop gain of OA and wsyp is the frequency bandwidth
of the OA (f345) multiplied by 2. For comparison, the input
impedance Z;, of an ideal I/V converter (ideal OA with A(w)
— —00) equals to zero.

The input alternating current flowing through non-zero
input impedance of the I/V converter connected in paral-
lel to the capacity of the input coaxial cable C;, generates
the voltage, which causes “a current leakage” via C;,. Then
the I/V converter detects the smaller current by factor 1/(1
+ joCi,Zy,). As it follows from expression (1), at low fre-
quencies, a typical gain factor of the operational amplifier
A(0) is of the order of 10° and taking Zr = Rp = 108 Q,
then, the input impedance of the I/V convertor is Z;, =R;, =
10° Q. When the angular frequency of the input current in-
creases above wsgp, the input impedance Z;,, becomes larger
due to the degradation of A(w) with higher angular frequency.
The higher value of Rp increases the gain of I/V conver-
tor on one side, but on the other it reduces its frequency
bandwidth (see expression for Zr(w)) and increases its input
impedance, Z;,, as well. The value of the I/V converter output

© 2012 American Institute of Physics
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FIG. 1. The simplest implementation of the I/V converter.

voltage can expressed as

—Zp(w)l(w)

Zin(®)
I+ Xe(w)

Vo(w) = ; @)

where I(w) is the input current and X¢ = 1/(jwCy,) is al-
ready mentioned capacitance of the input cable. The input
impedance of the I/V converter, Z;,, forms a voltage divider
with the effective series impedance of the device under test
(DUT) in Fig. 2, representing the impedance of the transducer
or device being measured. Thus, the voltage across the device
being measured is not the same as the excitation voltage pro-
vided by the voltage source (see Fig. 2), due to the voltage
drop across the input terminals. This may result in additional
error, especially, when the high Q devices are measured and,
in order to minimize this error, the input impedance of the I/V
converter Z;, should be much smaller than the impedance of
the device being measured.

In this article we present the principle of operation and
the properties of a relatively simple I/V converter designed as
a combination of a dual JFET and high frequency OAs with
selectable gains of 10° V/A, 10* V/A, and 10° V/A in the
frequency range from DC to 500 kHz, DC to 1.2 MHz, and

INPUT 1/V CONV.
CURRENT INPUT

VOLTAGE
SOURCE
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DC to 2.4 MHz, respectively. The I/V converter has a low
input impedance of the order of 0.1 2 or less and is suitable
for the wide range of applications in low temperature physics.

PRINCIPLE OF OPERATION

A schematic connection of the presented I/V converter
is shown in Fig. 3. The differential pair of JFET transistors
provides the high input differential impedance of the I/V con-
verter, while two operational amplifiers serve as the active
circuits stabilizing the working points of the JFET transis-
tors in a broad frequency range up to a few MHz. The op-
erational amplifier OA1 holds the bias voltage between the
grounded gate and the source of the transistor T1 at con-
stant value, which is equal to the value on its non-inverting
input adjusted by the divider R1 and R2. This scheme of-
fers a broad flexibility from the point of view of the working
point adjustment for the various types of the input transis-
tors and operational amplifiers. As the bias voltage of T1 is
constant, the transistor T1 works like a current source sup-
plying a constant current Ipg;. The current Ipg; generates
constant voltage drop across the resistor Rp; and this volt-
age serves as the reference voltage for the second operational
amplifier OA2.

OAZ2 drives the second transistor of the pair T2, working
like an emitter follower, through the active negative feedback
provided by the resistor Ry and capacitor Cr. This feedback
sets the voltage drop on the resistor Rp, to be equal to that on
Rpi, and because the gate of T1 is grounded, the gate of T2
is held by the feedback at the potential of the virtual ground.
Now, let the input current of T2 go to zero. Then, the nega-
tive feedback of OA2 also sets its output voltage to be equal
to zero (a voltage offset can be compensated by means of a
compensation potentiometer). If the input current is nonzero,
in order to keep the gate of T2 on the potential of the vir-
tual ground, the active feedback of OA2 sets its output volt-
age to the value, at which the current flowing from the output
through the resistor Ry equals to the value of the input current,
i.e., Ii,, = _Vout/ZF~

In order to have a choice to select the amplification fac-
tor we added five reed relays controlled by a microcontroller

FIG. 2. The input impedance of the I/V converter Z;, with in parallel connected C;, and in series connected impedance of the device being measured (device

under test, DUT) form a voltage divider of the excitation voltage source.
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FIG. 3. Schematic connection of the I/V converter.
and darlington driver (Fig. 3 shows only their contacts). These converter. Finally, the third rf-operational amplifier works as
contacts, as shown in Fig. 3, allow to connect one of the feed- a non-inverting amplifier and adds an additional amplifica-
back impedances to the operational amplifier output provid- tion by the factor 10 or 2, which is dependent on the I/V gain
ing the amplification factor and frequency response of the I/'V selected.
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FIG. 4. DC characteristics of the I/V converter measured for three amplification factors 10% V/A, 10* V/A, and 103 V/A.
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FIG. 5. The amplitude-frequency (solid points) and corresponding phase-
frequency (open points, see scale on the right) characteristics of the current-
to-voltage converter for three amplification factors.

PROPERTIES OF THE I/V CONVERTER

Figure 4 presents the DC characteristics of the I/V con-
verter, i.e., the dependence of the I/V converter output volt-
age measured for three amplification factors as a function of
the DC input current. The Keithley Model 220 constant cur-
rent source served as a source of the calibrated current and
corresponding I/V converter output voltage were measured
by a standard digital voltmeter (DVM). Slopes of the linear
dependencies confirm the expected amplification factors of
the I/V converter (10> V/A, 10* V/A, and 10° V/A). It is
worth mentioning at this point that presented I/V converter
covers the detection of the input current in the nine orders of
magnitude.

The amplitude-frequency characteristics of the I/V con-
verter are presented in Fig. 5. To measure these characteris-
tics, a harmonic voltage generator was used as a signal source.
The generator output voltage was attenuated by —40 dB at-
tenuator. A resistor of the nominal value of 100 €2 connected
between the attenuator and I/V converter input defined the
current being detected by the I/V converter. One channel of
a digital oscilloscope measured the I/V converter output volt-
age, while the second one simultaneously detected the gener-
ator output in order to measure the frequency and the phase
characteristics of the converter. The small nominal value of
100 @ of the input resistor and a short coaxial cable used
for the connection (~50 pF) minimized the signal phase shift
on the input cable in the frequency range of interest and this
phase shift was neglected. As follows from the Fig. 5, the fre-
quency bandwidths of the I/V converter (defined as —3 dB
attenuation) are 500 kHz, 1.2 MHz, and 2.4 MHz for gains
10° V/A, 10* V/A, and 10° V/A, respectively.

The corresponding phase-frequency characteristics are
also shown in Fig. 5. The data shown in Fig. 5 are modi-
fied by subtracting the value of —180° from the originally
measured data as mentioned above. As it can be seen from
the scheme presented in Fig. 3, there are two contributions to
the phase shift of the measured signal: the first one originates
from the impedance Zr and the second one is provided by the
feedback impedance of non-inverting amplifier. Both of them

Rev. Sci. Instrum. 83, 064703 (2012)
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FIG. 6. Three noise spectral characteristics of the I/V converter measured at
gain factor 107 V/A.

can be controlled and adjusted by in parallel connected trimer
(variable) capacitors (and resistors).

Figure 6 presents three independent measurements of the
noise spectrum of the I/V converter at the gain factor of
10° V/A manifesting very good reproducibility. The region
of 1/fnoise can easily be distinguished from the region of the
frequency independent Johnson (or thermal) noise. The lat-
ter is related to the thermal motion of electrons via feedback
resistor Rp. Taking value of Ry = 10*Q, the correspond-
ing noise current I calculated from /4kzT Af/Rf at room
temperature T and bandwidth Af = 1 Hz gives the value I
= 1.25 pA. This is in very good agreement with measured
values of the Johnson noise showed in Fig. 6, confirming that
a main source of the thermal noise originates from Rp.

Finally we would like to make some remarks about tech-
nical realization of the I/V converter. In order to minimize
input leakage currents, all input parts of the I/V converter (la-
beled by the dashed line in Fig. 3) are made and connected on
a teflon insulator. The I/V converter we built has its own DC
voltage power supply with DC voltage input (not shown in
Fig. 3). This DC voltage input allows the I/V converter to be
connected to the voltage outputs (usually) provided by com-
mercial lock-in amplifiers. It makes the applications of the
converter with lock-in amplifiers much easier. The I/V con-
verter gain is selected using a none latching switch connected
to microcontroller and darlington driver which controls the
coils of the five reed relays.

CONCLUSIONS

We presented the principles of operation and technical
characteristics of the I/V converter with a selectable gain. Its
essential feature is its low input impedance of the order of
0.1 € and reasonable amplification of the order of 10° V/A
in the frequency range up to 500 kHz. The I/V converter in
combination with lock-in amplifier seems to be suitable for
a wide range of applications such as detection of the piezo-
electric transducers used in SPM techniques, the tuning forks,
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torsion oscillators, and various ultrasound transducers mea-
surements in low temperature physics.
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