A Ten-Decade Logarithmic
Current-to-Voltage Converter

The DN120 logarithmic I/V converter is capable of translating the entire
dynamic range of current (10 fA-100 pA) produced by various sensors

into a buffered output voltage that can easily be measured and

recorded by a data acquisition system.

Jim Phalan, Dawn Electronics Inc.

ogarithmic current-to-voltage (I/V) con-

verters are called for when current over

a large dynamic range is to be meas-
ured without the use of gain adjustment.
Until recently, converters could operate only
over a six-decade dynamic range (1 nA-
1 mA) of input current. Sensors such as
photodiodes, ionization chambers, and pho-
tomultipliers, however, often have current
outputs far below 1 nA.

Theory

The DN120 logarithmic I/V converter is
capable of measuring current from +10 fA
to +100 pA. The input stage of this device
(see Figure 1, page 52) is a transimpedance
amplifier consisting of a pnp and an npn
low-leakage silicon transistor and an ultra
low current op amp. The output voltage V,
comes from the idealized intrinsic transistor
equation for silicon [1]:
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where:
Ie = Iix if [y >>Ip
Vpy: = base-to-emitter voltage of

conducting transistor

I = forward collector current of
transistor

Iy = reverse saturation current of
transistor

k = Boltzmann’s constant (1.38 X 107}
joules/kelvin)

1" = absolute temperature in kelvin

q = unit electron charge (1.6 X 10~
coulomb)

This equation shows that the conducting
transistor’s base-to-emitter voltage is propor-
tional to the natural logarithm of the collec-
tor current. If the op amp leakage current Iy
is small compared to the input current, the
amplifier output voltage V is proportional to
the logarithm of the input current Ix. This
fundamental property of a transistor is used
in almost all logarithmic I/V converters.

Although it is not
apparent from Equa-
tion 1, temperature
has a strong influ-
ence on diode char-
acteristics. The re-
verse saturation I
roughly doubles with
every 10°C increase
n junction tempera-
ture [2]. As a result,
the temperature coef-
ficient of Vpy; is ap-
proximately —2ZmV/
°C. Conventional
logarithmic I/V con-
verters usc tempera-
ture compensation

techniques to reduce this effect, but these
devices are generally limited to a six-decade
dynamic range.

The DN120 differs from other logarithmic
converters in that the diodes are mounted
on a thermoelectric cooler stabilized to
23°C (296.2 kelvin) to prevent ambient
temperature variations from affecting the
diode characteristics. The equation relating
the output voltage V, to the input current
I for the amplifier in Figure 1 is then:

Vy=-2550107In I (2)

Photo 1. The current-to-voltage converter's dynamic range was tested on a radiometer.
Shown here before final assembly, the equipment consisted in part of the converter, the
ovlinder (left of the converter) that kept direct sunlight from striking the photodiode,
and the photodiode (below the cylinder).
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Figure 1. The transconduc-
tance amplifier in the first
stage of the DN120 pro-
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Figure 2. The output valt-
age of the DN120 is zero
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where: (see Figure 2). When the input current is
Iiv =I¢, and positive, transistor Q1 conducts; when it
Iy g>>1 is negative, Q2 conducts. The output voltage

V, from this stage, which increases 58.8 mV/

34103A And the change in output voltage per  decade, is fed into two active rectifier circuits
DC-coupled Ranges decade change in input current is: that have independent full-scale and gain
+1,+1.5 2 25 3, 5 +7.5g adjustments for positive and negative input
and custom V.oV e Iina current (see Figure 3, page 53). Recombin-

ing these signals produces the output voltage.
Equations 4.1 through 4.4 define the con-
verter's [/O characteristics:

s
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input current of the op amp enable the con-
verter to measure input current down to
10 fA and to resolve current changes of <1 fA.

The smallest current the converter can | Positive Input Current | Negative Input Current
measure is determined by the reverse satura- | (41) i “43) S
| tion current I of the transistors and the input | = +1070 e
| leakage current of the op amp. The reverse | For3V>Vo>0 For -5V <Vo <0
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and custom tronics, 1s typically <Z tA. The low reverse sat- -
uration current of the transistors and low  Application

A simple radiometer incorporating a
1.2 mm? silicon photodiode from Centronic
Inc. (Newbury Park, California) was con-

(330) 659-3312

FAX: (330) 659-3286
www.summitinstruments.com

R Summit Instruments, Inc.
Il 2236 N. Cleveland-Massillon Rd
Akron, Ohio 44333-1255 USA |

structed to demonstrate the converter’s
dynamic range (see Photo 1, page 51). The
photodiode was connected to the input of
the DN120 as shown in Figure 4 (page 53).
Photodiode current I, which is directly pro-
portional to the incoming radiation, flows

Circuit Design

‘The DN120 was designed to produce an
output voltage that increases 0.5 V/decade
change of input current, and to deliver
+5.0 V when the input current is £100 pA
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into the converter’s virtual ground input.
This produces an output voltage V¢, that is
proportional to the logarithm of the current
(Equation 4.2).

The radiometer (sce Figure 5) was pointed
vertically to measure the mtensity of the light
radiating from the sky. The photodiode was
placed in a tube to prevent direct sunlight
from entering the aperture. A data acquisition
system incorporating a Hewlett-Packard
34401A DMM and a PC running HP34812A
BenchLink software measured and recorded
the converter’s output from 1:16 p.m. to
10:27 a.m. the following day. This time
period exposed the photodiode to the maxi-
mum radiation of midday and the minimum
radiation of carly morning. Measurements
were made every 30 s lhc recorded data
were transferred to a thmsoft Fixcel file.

Figure 6 (page 54) plots the output voltage
V(, as a function of time. This voltage is the
logarithm of the photodiode current, which
can be calculated using Fquation 4.1, and
is shown on the right Y axis. Note that the
DN120 measured nearly eight decades of
photodiode current; the highest light level
occurred at the beginning of the test when
there were clouds in the radiometer’s ficld of
view, and the lowest level in the early mom-
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ing hours of the experiment. These extremes
occurred at 1:34 p.m. and 2:28 a.m. and pro-
duced photodiode currents of 7.08 pA and

165 fA respectively. >
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R e I R e precise temperature stabilization of the log
DN120 Output Voltage (Vo) vs. Time of Day transistor. This is demonstrated by the
DNT20°s 10 decades (33 bits) of logarithmic
conversion from 10 fA to 100 pA.

The radiometer application illustrates how
almost eight decades of photodiode current
were logarithmically converted to usable out-
put voltage. Similar results have been
achieved in applications such as ionization
chambers used to detect nuclear radiation
and photomultipliers that measure ultralow

levels of light. W

Figure 6. This plot of the output voltage V', of the DN 120 log-
arithmic current-to-voltage converter was produced by the
radiometer in Vigures 4 and 5. The voltage is the loganthm of
the photodiode current Iy, which is directly proportional to
__the intensity of light striking the diode. Note

that the photodiode current measured at

might is millions of times less than that

measured at the beginning of the experi-

ment when clouds were present. The log-

<« Clouds are in the field of
view of the radiometer

Clouds are out of the field
of view but some
atmospheric turbulence
still present

= Log Iy =
V°-~{7v —2——}

output voitage (Vo)
- vs. input current (1)

arithmic amplifier makes it possible to
ameasure and view photodiode current |-
over this entire dyvnamic range
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It must be noted that the radiometer was
not calibrated to determine a scale factor

I pW/em? (at 900 nm), strikes the Cen-
tronic silicon photodiode.
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DN120 Output Voltage (V,) vs. Time of Day
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Figure 6. This plot of the output \'()/[(Ig(’ V', of the DN120) /t‘)g
arithmic current-to-voltage converter was produced by the
radiometer in Figures 4 and 5. The voltage is the logarithm of
the photodiode current Iy, which is directly proportional to
_the intensity of light striking the diode. Note
that the photodiode current measured at
_night is millions of times less than that
measured at the beginning of the experi-
_ment when clouds were present. The log-
arithmic amplifier makes it possible to

\ measure and view photodiode current

over f/li* entire (/\ namic range.
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