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ABSTRACT Radiation detectors need front-end electronics capable of measuring currents over a large
dynamic range with femtoampere sensitivity. The goal of this work is to find an alternative to the legacy
systems implemented using discrete components or technology nodes of 350 nm or higher. The 130 nm
technology is evaluated on its leakage current performance to assess its employability in such applications.
A comparative analysis of three low current measurement topologies, namely the charge balancing, reset
counting, and direct slope measurement methods, is carried out and their performance in different current
ranges is evaluated. The charge balancing method was found to provide a better dynamic range with greater
accuracy. However, in the lower current range, the direct slope measurement method was found to give
faster results than the other two methods with comparable accuracy. Also, an application-specific integrated
circuit implementing the charge balancing method was found to be linear throughout the dynamic range of
−1 fA to −1 µA and could measure currents with an accuracy of ±7%. This achievement in the 130 nm
technology opens the way to using the high-speed digital cells offered by this technology in conjunction with
the low-leakage transistors to design a high-speed accurate current measurement system.

INDEX TERMS Femtoampere measurement, radiation detector, low current measurement.

I. INTRODUCTION
Femtoampere current measurements face numerous chal-
lenges owing to the very minuscule nature of the signal that
needs to be sieved out from the vast sea of noise sources.
In most current measurement applications, currents below
picoamperes are considered to be leakage currents [1], [2].
However, for specific applications, such as biomedical signal
processing [3] and environmental radiation monitoring [4],
accurate measurements in the femtoampere range are often
required. The bottleneck in such applications is elimination
of the intrinsic leakage currents associated with the technol-
ogy being used and the measurement environment. These
leakage currents depend on many factors and are not easily
compensated for by calibration. To attain the goal of fem-
toampere sensitivity, it is important to choose a technology
for which the intrinsic leakages are in this range or lower.
As the technologies scale down, shrinking the channel length
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and the gate oxide thickness will negatively affect the leakage
currents [5], rendering the advanced nodes unusable for low
current measurements. It is unfortunate that the numerous
processing capabilities often required in making fast com-
putations for real-time current monitoring systems appear
elusive for these applications because of the high leakage
current. A solution in this scenario is to use a two-chip
system that has the leakage-critical analog part in a higher
technology node and the high-speed digital section in a
lower technology node or a modern field-programmable gate
array (FPGA). To avoid the complexities associated with
a two-chip solution and to bring the overall cost down,
a technique of using the IO transistors for the entire analog
section and core transistors for the digital section is proposed
here.

A femtoampere-sensitive current digitizer was designed
at European Organization for Nuclear Research (CERN),
in AMS 350 nm technology [6]. The leakage current of
this technology node is low enough to attain the required
sensitivity. Much work has been done in the technology
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node of 350 nm or higher for ultra-low current measure-
ments [2], [7]–[10]. An implementation in 180 nm technol-
ogy [11] reports a current resolution of 314 fA, and another
in 130 nm [12] attains a sensitivity of 135 fA. However,
no work has been reported in 130 nm or lower that mea-
sures current with 1 fA sensitivity and with a dynamic range
extending up to microamperes. Therefore, for low current
measurement applications, as an alternative to the popular
350 nm node, TSMC 130 nm technology is evaluated in this
study. The core transistors were found in simulations to have
leakage currents on the order of picoamperes and are not the
most suitable candidates for this application. The IO transis-
tors operating with a supply voltage of 3.3V have thick gate
oxides and leakage currents in the femtoampere range. This
work aims to characterize the leakage currents associated
with the IO transistors of the TSMC 130 nm technology and
to evaluate the employability of this technology in low current
applications. In the course of designing current measurement
circuits, three basic circuit topologies were evaluated to dif-
ferentiate their capabilities. The limitations associated with
each approach and the performance over different current
ranges are extensively studied and demonstrated.

II. LOW CURRENT MEASUREMENT TOPOLOGIES
Current-to-frequency conversion (CFC) is the most com-
monly used technique tomeasure very low currents [13], [14].
A CFC circuit consists of an operational transconductance
amplifier (OTA) with a feedback capacitor and a reset
switch. The current to be measured charges the capacitor and
thereby produces an output with a slope of integration propor-
tional to the input current. Measurement of this slope enables
one to calculate the input current. The slope measurement can
be accomplished in multiple ways. Three basic approaches
are explained in the following.

FIGURE 1. Reset counting method.

A. RESET COUNTING METHOD
The circuitry for this method [15] is shown in Fig. 1.
A comparator produces an output each time the CFC output
crosses a threshold. When the comparator output is high,
a pulse generator produces a pulse of fixed length. This pulse

FIGURE 2. Current-to-frequency converter output.

then resets the feedback capacitor of the CFC. An external
circuit counts the number of pulses.

The output of the circuit in Fig. 1 is shown in Fig. 2. The
number of pulses in a fixed amount of time is proportional to
the input current. The measured current Iin is given by

Iin =
NCf(Vth − Vcm)

T
, (1)

where N is the number of resets in the measurement time T ,
Cf is the feedback capacitor, Vcm is the initial voltage at the
output of the integrator and equals the common mode voltage
of the OTA, andVth is the threshold voltage of the comparator.

B. DIRECT SLOPE MEASUREMENT
In this method, the output of the CFC is fed to two com-
parators with different threshold voltages, as shown in Fig. 3.
The measurement of the time difference between the two
threshold crossings enables calculation of the slope of the
CFC output, which is proportional to the input current.

FIGURE 3. Direct slope measurement.

The input current can be calculated from

Iin =
Cf(Vth2 − Vth1)

t2 − t1
, (2)

whereVth2 andVth1 are the threshold voltages of the compara-
tors, with Vth2 > Vth1, and t2 and t1 are the respective times
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FIGURE 4. Charge balancing method.

of arrival of the falling edges of the comparator outputs Vout2
and Vout1 in the measurement system. The output Vout2 may
be used to generate the reset pulse for the feedback capacitor
to start the next measurement cycle.

C. CHARGE BALANCING METHOD
In the charge balancing method [16], shown in Fig. 4,
a reference charge is added to or subtracted from the feedback
capacitor each time the CFC output crosses the threshold.
The number of charge injections is proportional to the input
current and can thus be calculated. The input current in this
topology is calculated as

Iin =
NQref

T
, (3)

where Qref is the reference charge generated by the charge
pump, N is the number of charge injections, and T is the
measurement time interval.

Besides the three methods described above, other tech-
niques, such as ADC sampling of the integrator slope or use
of a transimpedance amplifier for current conversion, are
available [1], [11], [12], [17], [18], but these methods
are not considered in the present study. Other novel solu-
tions for ultra-low current measurement employ technolo-
gies such as single-electron pumps or ultra-low noise current
amplifiers [19].

III. TECHNOLOGY EVALUATION
The technology of interest, the TSMC 130 nm node, was
evaluated in terms of the leakage currents. A comparison of
the drain-to-source current variation with the gate-to-source
voltage for the NMOS transistors of the AMS 350 nm and
TSMC 130 nm technologies is shown in Fig. 5. The spectre
simulations were carried out by varying the gate voltage and
tying the source and bulk terminals to the ground. The drain
terminal was held at a voltage of 0.1V, which was found to be
the maximum voltage that could appear across the drain and
source terminals (Vds) of the switches in their off state in the
circuit implementations considered here.

The off current observed for the AMS 350 nm NMOS core
transistor was 40 fA, that of the TSMC 130 nm core transistor

FIGURE 5. Transistor characteristics for TSMC 130 nm and AMS 350 nm
NMOS transistors with W /L = 1 µm/1 µm, Vds = 0.1 V.

FIGURE 6. Transistor characteristics for TSMC 130 nm and AMS 350 nm
PMOS transistors with W /L = 1 µm/1 µm, Vds = 0.1 V.

was 178 pA, and that of the corresponding IO transistor was
460 fA. The analogous characteristics for PMOS transistors
are shown in Fig. 6.

The off currents associated with the PMOS transistors were
simulated to be 22 aA for the AMS core transistor, 33 fA for
the TSMC IO transistor, and 74 pA for the TSMC core tran-
sistor. The core transistors of the TSMC 130 nm node showed
leakages on the order of picoamperes and hence could not
be directly used in femtoampere measuring systems. As an
alternative to AMS 350 nm transistors, the IO transistors of
the TSMC130 nm node looked promising in terms of offering
comparable leakage performance. Another main candidate
was the gate leakage current, which at lower technologies
such as 130 nm could be significant for low current appli-
cations. However, the unavailability of accurate gate leakage
models for simulationmake estimation of this leakage current
difficult, necessitating the use of test structures to quantify it.
With the thick gate IO transistors rated for 3.3V, their leakage
current was expected to be comparable to that of the core
AMS 350 nm transistors.

IV. SYSTEM DESIGN
To evaluate different topologies, four test chips were designed
in TSMC130 nm technology. Chip 1 is made of two channels,
with the first channel having electrostatic discharge (ESD)
diodes in its input path and the second one without any
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FIGURE 7. System architecture.

ESD structures. The two channels are identical and each
consists of an integrating amplifier with a reset switch. The
purpose of the chip is to determine whether the integrator can
distinguish currents with femtoampere sensitivity by integrat-
ing them with various slopes.

Given that ESD diodes have been identified as the main
sources of leakage in femtoampere measurements [20],
the chip also aims to identify the leakage currents associated
with the ESD diodes in this technology.

Chip 2 also has two channels, which, in addition to the
integrator in Chip 1, have three comparators with different
threshold voltages for performing current measurement with
the direct slope or reset counting method. The second channel
has floating input and its purpose is to identify all the leakages
in the system.

Chip 3 incorporates the charge balancing method and has
dedicated blocks for charge generation using switched capac-
itors and a clock generator to generate the clocks for the
switched capacitor.

Chip 4 is similar to Chip 2 but has an additional switch in
the input path. This switch is closed during the integrating
phase and opens when the integrator is in reset. This helps to
eliminate the charge loss during the reset period. Chip 4 aids
in understanding the effects of inclusion of such a switch in
the input path.

The system architecture, with details of the four chips,
is displayed in Fig. 7. For Chips 1, 2, and 4 the depicted
section shows the first channel. These chips also have an
identical second channel for leakage current measurement.
At the heart of all the topologies is an integrator. An oper-
ational amplifier or OTA may be used to realize the

integrator. The folded cascode OTA topology of the
UTOPIA 2 application-specific integrated circuit (ASIC) [21]
designed in AMS 350 nm was adopted for the integrator
realization. The input stage of the OTA was realized using
PMOS transistors because of their intrinsic low-noise behav-
ior and lower leakage compared with the NMOS transistors,
as observed from the simulations.

A voltage follower isolates the OTA section from the
comparators. To minimize the effect of noise on comparator
switching, resistors R1 and R2 are used to provide hysteresis.
The threshold points of switching are calculated as

UTP = Vth + (Vsatp − Vth)
R2

R1 + R2
, (4)

LTP = Vth + (Vsatn − Vth)
R2

R1 + R2
, (5)

where UTP is the upper threshold point, LTP is the lower
threshold point, Vsatp is the positive saturation voltage of
the comparator, Vsatn is the negative saturation voltage, Vth
is the threshold voltage, and R1 and R2 are the feedback
resistors. Values of 20 k� and 3 k� were used for R1 and R2,
respectively. The threshold voltages for the comparators were
generated externally using programmable precision digital-
to-analog convertors (DACs).

For direct slope measurement, three sets of values can
be calculated by measuring the time difference between the
falling edges of the three comparators. The output from
the third comparator is used to generate the reset signal.
The charge balancing method has a charge generation block
where a switched capacitor Cref is charged to a reference
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voltage Vref, thereby generating a charge

Qref = Cref Vref. (6)

The reference charge is then subtracted from the charge stored
in the feedback capacitor. The reference charge generation
and subsequent discharge are controlled by the switches
S1–S4 of the switched capacitor. S3 and S4 are used to
remove any residual charge in Cref. S2 connects Cref to Vref,
and later S1 connects Cref to the input path. The generation of
the control signals is carried out by the clock generator block
according to the enable signal, which is a pulse generated
based on the output of the fourth comparator. An FPGA
is responsible for generating the reset and enable signals
and receiving the comparator outputs to perform the current
calculation.

V. EFFECT OF NONIDEALITIES ON
CURRENT MEASUREMENT
Current calculation in all three methods using (1)–(3)
assumes ideal components and conditions. However, there
are many factors that can affect each term in the current
calculation and lead to erroneous results.

A. RESET DURATION
In the reset counting method, the capacitor terminals are
shorted through a reset switch each time the integrator output
reaches a threshold voltage. The time t required to reset the
integrator by discharging the capacitor Cf is proportional to
the on resistance of the transistor switch, Ron:

t = Ron Cf ln
(
Vinit
Vt

)
. (7)

In (7), Vinit is the initial voltage across the capacitor and Vt
is the final voltage. A transistor with W /L = 4 µm/350 nm
was simulated to have an on resistance of 600 �. There are
two transistors in series in the reset path, making an on resis-
tance of 1.2 k� for the switch. The time to discharge a 1 pF
capacitor completely through this resistance is around 6 ns.
This reset time results in fewer resets in themeasurement time
Tm compared to the ideal case. The current calculation in (1)
can be modified to include the reset time Trst:

Iin =
NCf(Vth − Vcm)
T − NTrst

. (8)

The correction factor helps tominimize the error. A plot of the
error in current measurement for an input current of 10 µA
with andwithout correction for a range of reset times is shown
in Fig. 8.

The measurement time T was chosen as 100 ms, Cf was
set to 1 pF, and 1V was taken to be 0.5V. From the graph it
is clear that the effect of the reset time can be compensated
for with minimal impact on accuracy. The residual error is
mainly due to the quantization effect arising from the fact
that N is an integer. The correction works when the total
measurement time T � Trst. Thus, the effect of the reset
time on measurement accuracy in the reset counting method

FIGURE 8. Percentage error in current measurement versus the reset
duration for an input current of 10 µA with and without correction.

can be minimized. The reset time does not have any effect
on the threshold crossing method and the charge balancing
method, since this time does not come into play in the regular
measurement interval.

B. COMPARATOR DELAY
The rise and fall times of the comparator directly mani-
fest as its propagation delay. This delay of the comparator
also affects the current measurement in the reset counting
method. The comparator delay in turn appears as a shift in
the threshold voltage, and the integrator output overshoots
the threshold. If this delay could be accurately determined,
it could be compensated for in the same way as in (8), with
Trst replaced by Tc, the delay associated with the comparator.
The delay should be limited so that the integrator output does
not reach saturation. In the direct slope method, the match-
ing between two comparator delays affects the accuracy.
Since the threshold voltages of the comparators are different,
the associated propagation delays also differ. The comparator
delay thus acts as the main source of error in this method for
currents of tens of nanoamperes and above. The comparator
delay has almost no impact onmeasurement in the charge bal-
ancing method, since the quantum of charge being subtracted
is determined by a separate charge generation circuit that is
independent of the comparator parameters.

C. COMPARATOR THRESHOLD
The comparator threshold affects the charge that is built up
in the feedback capacitor in each reset cycle. In the reset
counting method, the comparator threshold is proportional
to the gain of conversion, so the current calculation gets
modified to

Iin =
NCf(Vth − Vcm +1Vth)

T
, (9)

where1Vth is the change in the threshold voltage. The direct
slope method is heavily dependent on the matching between
the threshold voltages of the comparators. By using more
than two comparators, a better estimate of the slope can be
obtained and the deviation in the threshold voltages can be
averaged out. From (3), the comparator parameters do not
affect the conversion gain in the charge balancing method,
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and hence this method is immune to changes in the threshold
voltages of the comparators.

D. OTA OFFSET
The finite input offset voltage of the OTA affects the cal-
culation in the reset counting method in the same way as
the comparator threshold voltage. This is because, instead of
starting the integration from Vcm, it starts from Vcm + Vos:

Iin =
NCf(Vth − Vcm − Vos)

T
, (10)

where Vos is the offset voltage of the OTA. The OTA offset
does not have any effect on the direct slope method since it
gets cancelled out in the calculation. The charge generation in
the charge balancing method depends on the voltage to which
the switched capacitor is connected. Thus (3) gets modified to

Iin =
NCref(Vref − Vos)

T
. (11)

E. RESISTOR VALUES
The accuracy of the feedback resistors determines the thresh-
old voltage, and a change in the resistor values by process
variation affects the current calculation in the same way as a
change in comparator threshold. For the direct slope method,
the effective voltage difference in threshold voltages is

1V = (Vth2 − Vth1)
R1

R1 + R2
. (12)

The accuracy of the resistors therefore affects the accuracy
of measurement. By measuring the UTPs using (4) for the
two different threshold voltages, the resistor values can be
calibrated. In the charge balancing method, like the other
comparator parameters, resistor values have minimal impact.

F. CAPACITOR VALUES
The values of the feedback and charge balancing capacitors
can affect the measurement and need to be calibrated.

G. SWITCHED CAPACITOR NONIDEALITIES
Effects such as charge injection and clock feed-through can
have an impact on the charge generation and discharge in the
charge balancing method. Proper sizing of the switches of
the switched capacitor and accurate timing of the clocks can
reduce these effects [21].

VI. CURRENT MEASUREMENT LIMITS
A. LOWER LIMIT
The lowest measurable current is strictly a limitation imposed
by numerous factors, the most prominent among them being
the leakage current in the system itself. It is a cumulative
contribution linked to the technology, the circuit topology,
and the measurement setup. The accuracy of the current
generating source and the means by which it is transported
to the measurement circuitry also limits the magnitude of the
minimum current that can be accurately measured.

Different sources of leakage for a current measurement
ASIC have been studied and characterized for the AMS
350 nm technology in [22]. The sources of leakages from the
circuit point of view are the drain-to-source leakage of the
reset switch, the gate leakage current of the input transistors,
and the leakage current of the ESD diodes. The charge bal-
ancing method has additional switches for charge injection,
which contribute extra leakage currents. Chip 4 with the input
series switch also has also an additional leakage current.

Consider a system with a leakage current Ileak. Let 1V
be the difference between the initial voltage of the integrator
output and the threshold voltage, and let Cf be the feedback
capacitor. To distinguish a signal of magnitude Imin, the min-
imum measurable current, the minimum time resolution 1t
that must be measured with precision is

1t =
Cf ·1V · Imin

Ileak(Ileak + Imin)
, (13)

or

1t ∼=
Cf ·1V · Imin

I2leak
. (14)

The challenge is accurately measuring this time difference.
For a system with a leakage of 1 pA, assuming Cf to be
1 pF and 1V to be 0.1V, the 1t required to measure 1 aA is
100 ns, which is theoretically possible. However, the leakage
current does not remain constant and is heavily dependent on
temperature, voltage, and process variations. This variation
makes it even more challenging to calibrate out the leakage
current. Even though, theoretically, measurement down to
attoamperes is possible with all the measurement topologies,
1 fA is a reasonably observed limit in standard laboratory
conditions.

B. UPPER LIMIT
There are many circuit elements limiting the maximum cur-
rent that can be measured by the different topologies. The
nonidealities described in Section V are the major factors
that limit the maximum current measurable with the required
accuracy. Calibration helps to minimize the nonidealities to
a certain extent, beyond which the error in measurement
increases. Apart from the aforementioned factors, the main
limiting factor in the measurement is the OTA.

The OTA remains stable until an input measured current is
comparable to the bias current that flows through the output
stage of the OTA. In the present design, this bias current is
around 140 µA. For input currents above the bias current,
the operating point of the OTA shifts, which results in the
output shifting from the common mode voltage. The OTA
loses its linearity in this region of operation.

The sizing of the transistors forming the reset switch is
another factor that can result in a shift of the OTA output
from the initial value. For higher currents, the drain terminal
of the transistor that is connected to the OTA output moves
to increase the drain-to-source voltage. This in turn shifts
the output voltage. When a minimum-sized transistor is used
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as the reset switch, as the input current is increased from
1 µA to 10 µA, the initial output voltage of the OTA shifts
by 300 mV, which reduces the effective voltage headroom
for slope measurement before the OTA output saturates.
This issue can be minimized by increasing the width of the
transistor switch, thereby increasing the drain current for
smaller drain-to-source voltage. The transistor sizing is thus
a tradeoff between the leakage current and the maximum
current to be measured. A T-switch having three transistors
with W /L = 4µm/350 nm can attain the required leakage
below femtoampere level and support the maximum current
until the limitation of 140 µA of the OTA is reached.

Each topology has dedicated additional circuitry that fur-
ther imposes limits on the maximum measurable current.

1) RESET COUNTING METHOD
Considering the effects of all the nonidealities, the current
calculation can be modified to

Iin =
Nα Cf(Vth − Vcm − Vos −1Vth)

T − NTrst − βNTc − Td
, (15)

where α is the correction factor from the calibration of the
capacitor value, Tc is the comparator delay, Td is the delay
due to the digital logic in the FPGA that generates the reset
signal,1Vth is the mismatch in the comparator threshold, and
β is the proportionality factor for the delay associatedwith the
comparator and takes into account its dependency on the input
current; hence this factor was formulated as a ratio with the
reset count N which is the best estimate of the input current.

Most of the nonidealities identified in (15) are constants
and can be corrected by calibration. The main limiting factors
are the comparator delay and finding a constant value for β
for a wide range of input currents. This limits the maximum
current that can be accurately measured with this method.
Consider a 3.3V system with a 1 pF feedback capacitor.
Assuming a total delay of 50 ns for the comparator and digital
section, for an input current of 15 µA and above the OTA
output approaches saturation and loses linearity.

Increasing the feedback capacitor makes the system slower
and reduces the impact of the comparator delay on the mea-
surement for higher currents. Thus there is a tradeoff between
the frequency of operation of the CFC and the desired upper
current limit.

2) DIRECT SLOPE METHOD
The limitation in this method arises from the precise mea-
surement of the time between two comparator outputs. For a
system in the above example with an input current of 5 µA
and a threshold voltage difference of 0.1V, the time to mea-
sure is 20 ns. Given the nonconstant delay associated with the
comparator, measurement in this range is greatly error prone.

3) CHARGE BALANCING METHOD
The maximum measurable current in this method is deter-
mined by the charging and discharging time of the capacitor

that generates the reference charge:

Imax =
Vref

5(Ron1 + Ron2)
, (16)

where Ron1 and Ron2 are the on resistances corresponding
to the transistor switches that connect the capacitor to the
reference voltage and the OTA input, respectively. For a
reference voltage of 1V and simulated on resistances, Imax is
calculated as 2.6 µA.

VII. MEASUREMENT SETUP
The test chips were directly wire-bonded onto an FR4 printed
circuit board as shown in Fig. 9. Packaging was avoided to
eliminate unwarranted leakage from the package. The test
board generates the power supplies and houses the DACs
to generate precise bias and threshold voltages for the chip.
An FPGA board receives the comparator outputs of the chip,
generates the control signals, and programs the DACs.

FIGURE 9. Bonded chip.

The current was injected from a Keithley 6430 current
source. The outputs captured from the chip on an oscilloscope
were transferred to a computer through Ethernet. The current
calculations were carried out in the FPGA. The whole data
capture was controlled from a MATLAB environment inter-
faced to the FPGA board through an universal asynchronous
receiver-transmitter. The experiment was carried out under
standard laboratory conditions, and the chip was shielded in
a metallic enclosure for protection against perturbations for
Electromagnetic Compatibility.

VIII. MEASUREMENT RESULTS
The current generated by the ionization chambers, which
is the target application, is typically negative. The slope
of the integrator output is positive for negative current and
vice versa.

The output of the OTA obtained from the first channel of
Chip 1 is shown in Fig. 10. The measurement was carried
out in a controlled environment at 25◦C. The slope of the
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FIGURE 10. OTA output of Chip 1 with input current swept from 7.5 fA
to −7.5 fA.

output is close to zero for an input current of 7.5 fA. This
represents the cumulative leakage currents at the input. Apart
from the leakages associated with the printed circuit board
and the cable, the leakage of the ESD diodes, the gate leakage
of the input transistors of the OTA, and the leakage current
of the transistor in the reset switch are all included in this
input bias current. From Fig. 10 it can be seen that the chip
distinguishes current with 1 fA sensitivity. A common mode
voltage of 2.2V was chosen for the OTA and so it integrates
from this value.

The second channel, without the ESD diodes, produced a
similar response but the bias current was found to be 2 fA.
A total of five chips were evaluated for leakage currents and
the results are summarized in Table 1.

TABLE 1. Measured input leakage currents.

All the chips with ESD diodes in the input reported leakage
currents of 7 fA. The second channel in Chip 1 had no ESD
diodes and hence reported a leakage current of only 2 fA.
The additional input switch of Chip 4 added 3 fA to the
leakage. Similarly, the three switches for charge injection in
Chip 3 contributed an additional 3 fA, making a total leakage
current of 10 fA.

A. MEASUREMENT RESULTS IN THE
FEMTOAMPERE RANGE
All three methods produced linear results when injected with
an input current ranging from −1 fA to −25 fA. The results
from the reset counting method are displayed in Fig. 11. The
current values shown are absolute values without taking the
polarity into consideration.

The input leakage current was measured and compensated
for while plotting the graph for better visualization. Since all

FIGURE 11. The measured current and corresponding percentage error
with input current swept from −1 fA to −25 fA with the reset counting
method.

FIGURE 12. The measured current and corresponding percentage error
with input current swept from −1 fA to −1 µA with the charge balancing
method.

the methods exhibited similar behavior, only the result of the
reset counting method, which had the highest maximum error
(−9.4%), is shown here. The maximum error reported by the
charge balancing method in the −1 fA to −25 fA band was
−7.2 %. Of the three methods, direct slope measurement was
found to have the smallest errors, with the maximum error
reported as −7%.

B. MEASUREMENT RESULTS IN THE FEMTOAMPERE
TO MICROAMPERE RANGE
As the input current was increased, the charge balancing
method was found to perform better than the other two meth-
ods. Fig. 12 shows the linearity and error plot for currents of
up to −1 µA for the charge balancing method. The output of
the chip was found to be linear over the entire measurement
range, and the percentage error in the considered dataset
remained within±3%. The leakage current was compensated
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for in post-processing for this plot as well. With the other two
methods, for an input current above −10 nA, the comparator
delay resulting in the threshold shift and the subsequent
overshoot of the integrator output before it was reset led to
errors above 10%.

IX. DISCUSSION
A detailed comparison of different low current measurement
topologies has revealed the vulnerabilities and advantages
associatedwith each of them. It was found that the threemeth-
ods performed equally well in the femtoampere measurement
range. The charge balancing method was found to have the
highest dynamic range and better immunity to nonidealities.
The main limiting factor in the reset counting and direct slope
measurement methods consisted of the delays associated with
the comparator and other circuits, which were variable with
respect to the input current, making the proper compensation
of such delays in post-processing infeasible. For the reset
counting method, the delay resulted in an overshoot of the
integrator output, affecting the conversion gain. By using
additional circuitry to measure the exact voltage at which the
integrator output resets, the conversion gain can be corrected.
An ADC that measures the output of the integrator at the start
and end of the reset will give an exact value for the quantum of
charge that is made to reset in each cycle. In the case of direct
slope measurement, increasing the feedback capacitor value
is the easiest way of increasing the dynamic range. It rep-
resents a tradeoff against the measurement time and hence
should be meticulously calculated. Increasing the feedback
capacitor value is beneficial for all the methods in facilitating
a higher amount of charge collection and thus increasing the
overall dynamic range.

X. CONCLUSION
The limits of different low current measurement topologies
arising primarily from various nonidealities have been stud-
ied and measured. The technique of using the IO transistors
with thick gate oxides, as demonstrated in [23], has been
used to establish the employability of a 130 nm technology
for applications targeting femtoampere current measurement.
The measurement capability, which spans nine decades,
opens doors to numerous application scenarios for this tech-
nology node. The high-speed core transistors can be used to
realize the digital section currently implemented in FPGA to
make a single-chip solution for a high-speed accurate ultra-
low current measurement system.
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