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Abstract 

In a large number of sensor principles, small currents are being measured and the performance of the current amplifier 
has a decisive influence on the performance of the entire measurement system. Usually current amplifiers are designed 
as a so-called resistive transimpedance amplifier, i.e. the current to be measured is converted into a voltage via a resistor. 
The higher its resistance, the lower the noise current density caused by thermal noise. At the same time, however, a higher 
resistance reduces the maximum measurable current at a given output voltage and the maximum bandwidth at a given 
parasitic capacitance. An alternative are capacitive transimpedance amplifiers, which integrate the current to be measured 
on a capacitor, corresponding to a nearly infinite resistance. However, leakage currents and charge injection of the 
switches necessary for resetting the capacitor in this setup result in new sources of error. These errors can be compensated 
successfully by the novel active reset architecture presented here, which actively regulates the voltage across the capacitor 
to zero during reset. This enables the design of a current amplifier with a unique combination of ultra-low noise, wide 
linear dynamic range and high bandwidth. A demonstrator of the current amplifier achieves a standard deviation of the 
measured current of 3.4 fA at a 3-dB bandwidth of 48 Hz, which corresponds to a noise current density of 0.49 fA √Hz⁄  
assuming a uniform distribution over the frequency spectrum. Moreover, the demonstrator achieves excellent zero-point 
stability even without temperature control. Over a period of several days, the zero-point remained within ± 500 aA. 
 
 
 
1 Introduction 

The majority of measurement systems are based on sensor 
principles where the physical or chemical measurand is 
transformed into an electric current or a charge. In particu-
lar, ionization-based sensors such as photoionization detec-
tors (PID) or flame ionization detectors (FID) output ex-
tremely small electric currents from femto- to nanoam-
peres. As the current amplifier is the link between the sen-
sor and the rest of the measurement system, the perfor-
mance of the current amplifier is crucial for the perfor-
mance of the whole system. Low limits of detection require 
low noise current amplifiers. Short response times require 
current amplifiers with high bandwidths. As the noise in-
creases with bandwidth, the faster an amplifier gets the 
smaller its noise has to be. Furthermore, it also must pro-
vide a continuous wide linear dynamic range. The combi-
nation of all these properties in a single current amplifier is 
a major design challenge. 

2 Experimental 

Generally, current amplifiers are designed using a resistor 
as the feedback element. This kind of current amplifier to-
pology, known as a resistive transimpedance amplifier and 
shown in Figure 1 a), uses an operational amplifier to reg-
ulate the output voltage so that the current to be measured 
flows through the parallel network of the feedback resistor 
Rf  and its parasitic capacitance Cp.  
 

 

Figure 1: a) Resistive transimpedance amplifier with feed-
back resistor Rf and parasitic capacitance Cp. b) Capacitive 
transimpedance amplifier with feedback capacitor Cf and 
reset switch S. 
 
The thermal or Johnson-Nyquist noise current standard de-
viation σi as given by eq. 1 [1,2] depends on the Boltzmann 
constant kb, the absolute temperature T, the resistance of Rf. 
and the noise bandwidth which can be approximated by the 
amplifier bandwidth fg when assuming an ideal filter re-
sponse. The higher the resistance of Rf, the lower the noise 
current standard deviation σi becomes.  

𝜎𝑖 = √
4 kb 𝑇 𝑓𝑔

𝑅𝑓

   (1) 

Hence, to reduce the amplifier noise at a given temperature 
and amplifier bandwidth, the resistance of the feedback re-
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sistor Rf should be chosen as high as possible.  Unfortu-
nately, this also decreases the maximum measurable cur-
rent at a given output voltage and the maximum bandwidth 
at a given parasitic capacitance Cp. The noise current only 
reduces with the square root of the resistance, but the max-
imum measurable current reduces linearly, thus achieving 
a wide dynamic range requires extremely high output volt-
ages. Furthermore, extremely low parasitic capacitances or 
complex compensation schemes are needed to achieve a 
high bandwidth. 
 
A different approach to overcome these restrictions is the 
use of a capacitor as the feedback element. The input stage 
of such a capacitive transimpedance amplifier is shown in 
Figure 1 b) with the feedback capacitor Cf  onto which the 
current to be measured is integrated. The resulting output 
voltage is subsequently differentiated. As the feedback ca-
pacitor Cf is nearly an infinite resistance, it is adding virtu-
ally no noise [3]. Furthermore, the maximum measurable 
current can now be increased by resetting the capacitor 
more often through the reset switch S. Nonetheless, leak-
age currents and charge injection of the reset switch result 
in new sources of error, limiting the performance of this 
otherwise superior concept. Here, we present an active re-
set architecture, which actively regulates the voltage across 
the capacitor to zero during reset [4], successfully compen-
sating the errors introduced by the switches and reducing 
the needed reset time. This enables the design of a current 
amplifier with a unique combination of ultra-low noise, a 
continuous wide linear dynamic range and high bandwidth. 
The basic setup is shown in Figure 2. 

 

Figure 2: Basic scheme of a capacitive transimpedance 
amplifier with the active reset architecture, an antialiasing 
filter and the analog-to-digital conversion. 
 
The significant advantage becomes more obvious when 
studying the equivalent circuits of the measurement and re-
set configuration as shown in Figure 3. In the measurement 
configuration, the circuit maximizes the open resistance of 
the critical switch S2 through a current-limiting compensa-
tion network in series, preventing leakage current and 
charge injection. Hence, the circuit behaves like an almost 
ideal integrator. The output voltage of the integrator is di-
rectly sampled by the ADC and then digitally differenti-
ated. The resulting amplifier gain after differentiation only 
depends on the size of the capacitor Cf. When a certain 
charge has been integrated, the output voltage of the oper-
ational amplifier reaches its preconfigured threshold and 

the control logic subsequently switches the circuit to the 
reset configuration. In this configuration, switch S2 is 
closed, turning the operational amplifier into a simple 
buffer and switch S1 is switched to ground. Since now one 
side of the integration capacitor and the non-inverting input 
of the operational amplifier are connected to ground, the 
voltage across the capacitor is regulated to 0 V - the capac-
itor is actively discharged in a fast and reliable manner by 
the operational amplifier. Thus, the current-limiting com-
pensation network does not hinder the discharge process. 

 

Figure 3: Equivalent circuit of the capacitive transimped-
ance amplifier with the active reset architecture in meas-
urement configuration (left) and in reset configuration 
(right). Only the resistance of S2 is shown, as S1 is not con-
nected to any critical nodes of the circuit.  
 
This design has been successfully proven by the demon-
strator shown in Figure 4. The capacitive transimpedance 
amplifier, the antialiasing filter and the ADC are shielded 
and galvanically isolated from earth in order to suppress 
unwanted electromagnetic interference signals. The con-
trol logic is implemented in a Cortex M0+ microcontroller. 
The digitized samples of the ADC and control signals are 
exchanged with the measurement computer via an USB in-
terface. The data is oversampled with a frequency of 1 kHz, 
which simplifies the digital filter design. 

 

Figure 4: Photo of the capacitive current amplifier with 
slightly opened housing. 
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3 Results and Discussion 

The here presented demonstrator of the capacitive transim-
pedance amplifier shown in Figure 4 achieves a standard 
deviation of the measured current of 3.4 fA at a 3 dB band-
width of 48 Hz, which corresponds to a noise current den-
sity of just 0.49 fA √Hz⁄  assuming a uniform distribution 
over the frequency spectrum. This value is only 20 % 
above the theoretically possible noise current density of an 
ideal resistor with a resistance of 100 GΩ, (0.41 fA √Hz⁄ ) 
as shown by the comparison in Figure 5. Furthermore, in 
a real amplifier other noise sources from the operational 
amplifier and additional noise sources of the resistor be-
yond Johnson-Nyquist noise would add to this. At the same 
time, such a high resistance as the feedback element in a 
resistive transimpedance amplifier would already be com-
pletely impractical for many realistic applications. On the 
one hand, the parasitic capacitance of the circuit would 
need to be just 33 fF to achieve the bandwidth of 48 Hz 
achieved with the capacitive transimpedance amplifier. On 
the other hand, to amplify a current of 10 nA at a resistor 
value of 100 GΩ, an output voltage of 1 kV would already 
be required. 

 

Figure 5: Comparison of the noise current of the devel-
oped capacitive transimpedance amplifier with the thermal 
noise of an ideal 100 GΩ resistor. Both traces use the same 
filter. 
 
In contrast, the here presented capacitive transimpedance 
amplifier demonstrator runs with a conventional opera-
tional amplifier and is capable of covering a measurement 
range of six orders of magnitude from 10 fA to 10 nA with-
out any range switching (Figure 6) while achieving the 
mentioned ultra-low noise current density of 0.49 fA √Hz⁄ . 
Moreover, the demonstrator achieves excellent zero-point 
stability even without temperature control. The Allan devi-
ation of the demonstrator as a measure for zero-point sta-
bility is shown in Figure 7. 

 

 

Figure 6: Current measured (dots) with the capacitive tran-
simpedance amplifier against the set value of a custom low 
noise current source verified by a current meter from 
Keysight Technologies and linear regression (dashed line, 
R² = 0.99). 

 

Figure 7: Allan deviation of the developed capacitive tran-
simpedance amplifier. 
 
Figure 8 shows an exemplary measurement of fast current 
pulses emanating from a flame ionization detector (FID) 
coupled to a hyper-fast gas chromatograph (GC) [5]. In this 
application, the characteristics of the presented amplifier 
are of particular advantage. The linear output signal of the 
FID can cover up to 7 orders of magnitude, while the hy-
per-fast GC generates current pulses with a full width at 
half maximum (FWHM) of less than 100 ms, thus requir-
ing a high bandwidth for sampling. 
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Figure 8: Measurement of current pulses generated by a 
flame ionization detector (FID) during a gas chromato-
graph (GC) run. 

4 Conclusion 

In this work, we presented a novel design of a capacitive 
transimpedance amplifier. The novel design enables the 
use a capacitive transimpedance amplifier with its inherent 
very low current noise density while overcoming major 
performance limitation of the usual amplifier designs 
through the here presented active reset architecture. This 
architecture with two switches in the feedback loop of the 
operational amplifier and the combination of minimum an-
alog signal conditioning, direct digitization and digital sig-
nal processing enables a continuous measurement of the 
current with a unique combination of wide linear range, 
ultra-low noise, excellent zero-point stability and high 
bandwidth. 
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