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Abstract A Pico-ammeter has versatile application in
the measurement of low current of nuclear detector,
biological cell or tissues and to know the character of new
electronic devices. But noise can be generated due to some
internal and external sources such as, poor design, placement
of ammeter, dust, humidity, bending of connecting wires and
even the selection of electronic devices, thus the
measurement goes tricky. Several design techniques,
guarding, shielding, and an unconventional wiring technique

can help to measure low current accurately by reducing noise.

This paper describes this low current measurement problems
in detail and their corresponding solutions. It also shows the
comparison of different low current measurement systems
(LCMYS). Feedback type ammeters are more preferable than
shunt ammeter and current conveyor technique. In
operational amplifier selection, CMOS type op-amp is better
than BJT and FET.

Keywords Pico-current, Triboelectric Effect, Guarding,
Shielding, LCMS

1. Introduction

Ammeters are commonly connected in series to measure
current flow through the circuit. But it does not seem to us an
important matter the placement an ammeter in a circuit i.e.,
in-between load and source or after load to ground.
Placement of an ammeter does not make any effect on the
current source for typically >1mA, but it plays an important
role for an ultralow current (pA to fA range) measurement. In
every cases load has to be placed in-between the ammeter
and source, not to the ground [1]. As a simple matter of
placement of an ammeter has an effect on measurement,
special design and setup is required for ultralow current
measurement.

Picoammeters have versatile field of applications in
research and engineering such as radioactive measurement,
biomedical, chemistry, electrochemistry, magnetism and to
discover electronic device character [2,3]. In nuclear physics
Geiger Muller tubes, photo multiplier tubes, accelerometers,
photo detectors and other type of sensors produce very low
current in the range from 107 to 10"°A depending on the
activity of radionuclide [4].

Picoammeter is also applicable to measure leakage current
of capacitors and transistors, reverse leakage current of high
voltage diodes, gate leakage current and sub-threshold
current of MOSFETs [5,6]. Gamma and photon
measurements with photomultiplier tubes, ion beam
measurements, and I-V characteristics of carbon nanotube
(CNT), wafer level photo diode testing and photoconductive
current measurement of PIN photodiode are also its
application [5]. In bio-sensor research, picoammeter is
applicable for clinical diagnosis, DNA probing and
monitoring systems [7,8].

In general, current is directly measured, i.e., current is the
prime concern to measure current only but now voltage is
also one of the important parameter which can be measured
to calculate current [9]. There is no better design available
for measuring nano and pico range current; moreover, noisy
background makes an effect on measurement [7]. Typically,
Two basic circuit designs based on operational amplifier are
available to measure low current; these are the shunt
ammeter circuit and the feedback ammeter circuit
[4,5,10,11]. The shunt amplifier circuit is commonly used in
general purpose DMMs, where a small value resistor is used
as a shunt and a small voltage drop across it called burden
voltage [10] shown in figure 1. Considering the loading
effect, shunt resistor is as low as preferable. Moreover, low
value resistors have fast response time, higher temperature
stability, and higher voltage coefficient than that of higher
value resistor [12,13].
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Figure 1. Shunt amplifier [12].

However, low burden voltage (in the range of about 200
mV to 2V) increases the Johnson noise [4][10]. Additionally,
there is a limitation in measurement of current below 107" A,
due to more short response [4].

Thus, appropriate shunt resistor selection is often a good
trade-off between noise and burden voltage. The output
voltage depends on the relative value of feedback resistor, R
and input resistor, Rp respectively is given by [12]:

_ Ra+RB
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_ Ra+RB
R ) - IINRSHUNT( R )
B B

At a question of fast response in ultra-low current
measurement the shunt ammeter is slower than that of the
feedback ammeter [10]. Considering both the problem of
speed and shunt value selection, feedback type
pico-ammeter can overcome all the shortcomings of the
shunt amplifier method [4]. Thus, pico-ammeters and newer
electrometers are commonly designed with feedback
amplifier configurations [12]. In feedback type ammeter,
capacitive feedback or resistive feedback configuration are
commonly designed [8][14].

Capacitive feedback ammeter is a current integrator with
high gain and large bandwidth. The performance of
capacitive feedback as low current measurement system
(LCMS) can be measured separately with two phases of
operation namely: reset and infegration phase. In reset
phase, input and output terminals are shorted by means of
short the feedback capacitor’s terminals and the op-amp
configuration act as a voltage follower. In this case, the only
source of noise is operational amplifier itself [8,14].

During the integration phase, the switch is opened shown
in figure-2 and the circuit act as an integrator where,
initially the capacitor is uncharged and integrates the input
current. The resulting output voltage is:

1 (T
Vout = afo Iin(t)dt

(1)

2)

Figure 2. Low current measurement system with capacitor feedback
configuration.
The resistive feedback amplifier is an active

transimpedance amplifier (TIA) which converts the input
current to a voltage reading [10].

Eour = -liNRF

Figure 3. Feedback amplifier [12].

As op-amp of TIA has very high input impedance, very
low offset voltage, and low burden voltage so the input
current has a negligible change and the entire current would
flow through the high feedback resistor (typically
value >10GQ). In contrast, the Johnson noise current follows
an inverse function with feedback resistor [4]. Feedback
amplifier method has low voltage burden (in the range of
0.2-2 mV) and fast rise time can be achieved by using high
gain operational amplifier [12].

Another approach is to measure low current called current
conveyor technique that amplify the input current directly
[8,14]. Current conveyor is a building block of current mode
equivalent to operational amplifier perform in voltage mode
with three (may have 4-6) terminals (X,Y,Z) where, X is low
impedance terminal and Y, Z are high impedance terminal
[15,16] shown in figure-4. The current conveyor was first
introduced in 1968 but it was not coming in use at that time
due lack of understand its applications. Now, it has been
observed that the current conveyor has several advantages
over operational amplifier, such as, higher voltage gains over
a large bandwidth of a small signal [15,17]. In its operation if
a voltage is applied in terminal Y, equal potential will appear
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at X. Similarly, an input current I in X terminal force to flow
an equal amount of current (i.e., I) into the terminal Y. As
well as, the current I will convey into the output terminal Z
such as the output act as a current source with high input
impedance. As the potential at X is the same with that
terminal Y, the current conveyor can apply a clamping
voltage to measure low currents [8]. Current conveyors are
classified in three categories: first generation (CCI), second
generation (CCII) and third generation (CCIII) respectively.
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Figure 4. Block diagram of current conveyor.

The input and output relation of first generation current
conveyor can be described with matrix equation as:

L1 0 1 o1[%
Vel=11 0 o]k 3)
1 lo +1 olly,

The current noise of the current conveyor (CCI) can be
calculated as

Kpld4F
Cox(LD)f

S =(8+2)(4KT?2 g, + ) [42/Hz] (%)

Where, g, is the transconductance of the input stage and
o is the current amplification factor. In the CCI the overall
noise is the sum of the noises at source current and the
conveyor bias current. Therefore, the total noise is more
than that of resistive feedback or capacitive feedback
configuration. So, in low current measurement current
conveyor circuits are not generally used. Moreover, D. Kim
et al.,, reported that the capacitive feedback, resistive
feedback and current conveyor technique can measure
750fA, 4pA, and 600pA RMS at 10kHz respectively [8,14].

2. Sources of Noise

There are several sources of noise during low current
measurement that are, noise in source itself, interconnection,
environmental condition and as well as design technique.
The noise current is generated within the source itself is due
to leakage, piezoelectric, or triboelectric effects, or through
dielectric absorption [9,10,12,13].

In resistive feedback system the dominant noise is the
thermal noise of the feedback resistor and the input
impedance of the current source. From the noise model of the
resistive feedback system, the output power spectral density
is given as:

Sy =ef +ef(1+ Yy Rp)? [V?/Hz] (5)

Where, e, is the combination of thermal and flicker noise
of op-amp, ey is the thermal noise of the feedback resistance
Rr and Yy is the admittance of the equivalent input circuit
(cells, tissue and ion chamber etc.).

In the capacitive feedback the output power spectral
density at rest and integration phases are given as in equation
(6) and (7) respectively:

SV,rest = eI%/I [VZ/HZ] (6)
2
Sv.in = € (YC—M - e-”)) v2/Ha] ()

Where, Cr is the feedback capacitance and T is the
integration time [14][20]. The measured noise spectral
density for resistive feedback is around 2 X 107* for
capacitive feedback 1 x 107*, and for current conveyor
1.3x 107*2 [A/VHz] respectively for maximum bandwidth
of 10kHz. In higher frequency (>10kHz) capacitive and
resistive feedback shows similar performance [21].

Noise can be also generated in the design circuit and
semiconductor such as, thermal noise is generated due to rise
of temperature of the electronic devices [22][23]. This type
of noise is sometime called Johnson noise. It can be
described by Nyquist equation:

e2 = 4kT (8)

where, k is the Boltzman constant, T is the absolute
temperature in kelvin.

Noise associated with a discrete structure of electricity and
the individual carrier injection through the pn junction is
known as shot noise [22,23]. The shot noise current is given
by the equation:

ig?=2 ql Af 9)

Here, q is the electron charge, I is the forward junction
current, and Af'is the frequency change.

Random noise produced in all linear devices are known as
1/f noise called flicker noise and is due to material failures or
imperfection in the fabrication process. But the actual source
of this noise is still unknown. It is the dominant source of
noise in low frequency less than 200 Hz [22-24]. There are
two models of 1/f noise, one is called surface model
developed by McWhorter in 1957 used for MOSFET and
another is bulk model by Hooge in 1968 for BJT devices [23].
Fluctuation of the number of carrier’s
generation-recombination at the centre of the junction of the
transistor, there will be a noise called generation
recombination noise. This type of noise is a function of
temperature and biasing condition.

In triboelectric effect, charge is generated in between the
insulator and conductor due to movement of conductor and
insulator against each other. Here, free charge (electrons) rub
off the conductor and create a charge imbalance that causes a
current flow called triboelectric current. It is about hundreds
of pA for polyethylene cable [19]. Excess triboelectric
current can be minimized by reducing the length of the cable
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from source to ammeter. But this solution is not realistic due
to less workability or less usability in measurement [25].
Coaxial or triaxial cable application can be an effective way
to minimize this noise [26].
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Figure S. Triboelectric effect [5].

Piezoelectric currents can be generated in the insulating
terminals and interconnecting circuits when mechanical
stress is subjected to certain insulating material. So, special
care should be taken to avoid unnecessary stress insertion to
the circuit. Dirty PCB and other hydroscopic materials can
absorb moisture, thus losses electrical resistance and leads to
a leakage current between the conductors. Sometimes weak
batteries are generated due to charge separation between two
conductors on the circuit board, e.g., an epoxy printed circuit
board may generate several nanoamperes current if etching
solution, flux or other contaminations are not properly
cleaned [12][27]. To overcome this problem, every
interconnection of the circuit should be thoroughly cleaned
with cleaning solvent such as isopropyl alcohol or methanol,
and dry completely before use. But spry flux is not
recommended for final cleaning because water soluble fluxes
can leave a film behind [28]. Another way to reduce this
piezoelectric current is using high surface resistivity and
smaller dielectric absorption material such as, Teflon,
Sapphire (resistivity >10'®) [5].

Electrical noise generated from the external environment
greatly affects the low current measurement performance
due to the capacitive coupling between environment and
measurement setup [11].

Radio frequency (RF) or Electromagnetic frequency

(EMF) interference sources such as 50/60 Hz power line,
TV, radio broadcast, tube light, high voltage arcing and so
on are the common sources of electrical noise. The human
body can be an another external source of noise, as human
body is normally charged and contains a certain level of
potential, the coupling capacitance may induce noise
current if one move here and there close to the signal line
[11]. Light is also a source of electromagnetic noise because
some components such as diodes, transistors are photo
sensitive, thus light tight shielding is also required [5].
Metallic cage shielding is required to eliminate or minimize
the external electromagnetic field and as well as desiccant
packs can be used when humidity is an issue [27].
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Figure 6. Electrochemical effect/ dielectric absorption effect [5].

3. Design Technique

Several design techniques and selection of components
can improve the performance and accuracy of the
pico-ammeter. In this regard, IC selection is an important
part prior to designing ultra-low current measurement
circuit. Input bias current, voltage and current noise and
offset drift are due to temperature as low as preferable to
design. A short list of comparison among three types of
op-amp ICs are given in table 1.

Table 1. Comparison of different types of op-amp [24][29]

Parameter Bipolar JFET CMOS
Input Offset voltage 10pV-7TmV 500pV-15mV 200pV-10mV
Input offset voltage drift 0.1-10pV/°C 5-40pV/°C 1-10uV/°C
Input Bias current 100-50,000 pA 1-100 pA 0.1-10 pA

Input bias current drift Fairly stable Doubles for every 10°C increase Doubles for every 10°C increase
Voltage noise 1.8nVVHz >10nVVHz 4.5nVVHz
Current noise 1 .2pV\/HZ 0.5fVVHz 0.5VVHz
Overall performance Good Better Best
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Figure 7.

From the table-1, it is observed that CMOS op-amp is
preferable to design a pico-ammeter circuit. But 1/f noise is a
dominant source at low frequency in the sub threshold region
of CMOS. In addition PMOS has a larger device area and
less 1/f noise than that of NMOS [7].

As mentioned earlier that pico-current measurement
amplifier is simply a transimpedance amplifier with large
feedback resistor and high input impedance, it should be
shielded along with the external input circuitry [30].
Shielding of a metallic crates to the ground or a common
potential can generates stray capacitance and leakage current
[26,31]. However, guarding is an effective way to reduce this
leakage current and lowering the input stray capacitance [5]
[18,26,32]. It should be kept in mind that the guard is not a
ground, it surrounds the input trace and the ground shielding
protects the guard from the external interference [26,33].

Input stray capacitance can be compensated by connecting
a capacitor which is parallel to the feedback resistor, as
shown in figure 6 [1,32]. As it is difficult to know the value
of input stray capacitance, feedback capacitor’s value should
be experimentally selected. Instrument response time i.e.,
settling time and stabilities is directly affected by this
feedback capacitor. Thus, the values of feedback capacitor
are as low as preferable [1].

Noise can also be generated even after shielding, if
grounding is not proper. Current measuring instrument has
two types of grounds. One is the signal ground or common
ground and other is chassis ground or power ground. The
common is the ground for the complete measuring circuit; it
will affect the system’s low-level measurement performance.

\
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Comparison between unguarded and guarded low current measurement regarding leakage current [34]

In contrast, the chassis ground is attached to the metal cage
inclosing an instrument, mainly used for safety purpose of
the user. There is no problem with connecting these grounds
together. But sometimes, the power line ground can be noisy
and may not be in the same level of the signal ground
[13,35].
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Figure 8. The feedback capacitor parallel with Rf and guard and
grounding configuration [1].

In ultra-low current measurement, to prevent the leakage
current due to poor insulating property of PCB (printed
circuit board), an unconventional wiring technique can be
used. In where all the leads of the components are soldered
together above the board using insulated turret terminal as a
support [30]. The most commonly used insulation standoff
materials are fiberglass, glass, ceramic, PVC, epoxy and
Teflon. Among them Teflon is generally used due to its low
price.
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Figure 9. Turret terminal used for unconventional wiring technique

As all the components connection is made above the PC
board, the electromagnetic influence by PCB is eliminated.
This technique has an advantage of the lowest leakage, the
lowest stray capacitance and overall improved current
measurement performance [28]. But this technique has its
limitations of commercial production.

4. Conclusions

In this paper, sources of noises associated with ultra-low
current measurement and its minimization techniques are
briefly discussed. This article is a primary help prior to
design an electrometer. This paper also shows that feedback
amplifier circuit is better to use as picoammeter, due to its
low burden voltage and less instrument settling time over
shunt amplifier. It has been observed that dust, humidity,
wind, temperature and electromagnetic interference have a
great impact on noise generation. Thus, it would better keep
all components with circuit in a metal box in a cool and dry
place. Stray capacitance and leakage current can be
minimized by guarding. However, unconventional wiring
techniques can reduce Piezoelectric effect. Different types of
op-amp ICs have a great influence on noise generation due to
leakage current and CMOS would be the best choice to
overcome those problems. Triboelectric effect can be
minimized by replacing ordinary cable with coax and triax
cable.
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