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Abstract—The ultimate resolution limit of the current front-
end of wideband impedance detection circuits is set by the input
total capacitance and input equivalent noise. We present a
solution to reduce the noise of more than an order of magnitude
when the capacitance cannot be further minimized. By
introducing a properly-chosen inductor (and a proper and stable
biasing network) it is possible to cancel the capacitive reactance
at the resonance frequency (~10 MHz) which becomes the sensing
frequency, thus significantly reducing the detection noise, while
preserving the accuracy of the transfer function. A detailed
analysis of the scheme, and its experimental validation with
different inductors are presented. In all cases an improvement
larger than 10 is achieved with an input-referred current spectral
density of ~1 pA/\/Hz at the operating frequency of ~20 MHz.
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L INTRODUCTION

The measurement of impedance is a very well consolidated
sensing technology. Today, novel applications are emerging in
different fields, enabled by the advancements of micro-
fabrication technologies [1]. With the downscaling of the
dimensions of devices and electrodes, the current signal
flowing in the sensor impedance tends to become smaller and
smaller, making high resolution (i.e. low noise) a pivotal aspect
of modern impedance detection systems. The readout circuit
must be often co-designed with the transducer, in order to push
the performance limits, by custom-tailoring the electronics to
the specific sensor. Impedance spectroscopy is often used to
characterize novel materials and devices [2,3], while the final
sensor implementation is based on tracking the impedance
value over time at a single fixed frequency (or a few discrete
tones). This is the case of capacitive sensors [4,5] as well as of
AC-coupled conductance measurements, such as impedance
cell counting in microfluidic systems [6] or hitless light
monitoring in semiconductor waveguides [7]. Although in
some cases, when the relative signal variation to be detected is
in the order of 1 ppm, the instrument back-end (in particular
digital lock-in amplifiers suffering from multiplicative flicker
noise of the A/D and D/A chains [8]) might dictate the
achievable resolution, in the majority of cases the noise of the
front-end limits the instrument performance.
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In the majority of applications mentioned above, the
impedance measuring instrument is composed by a voltage-
forcing section and by a current-reading one, followed by a
digital processor to calculate the impedance. Current sensing
provides the following advantages with respect to other
configurations (such as bridges or current-forcing schemes): (i)
precise control of the voltage applied to the sensor, (ii)
immunity to parasitics to ground. In fact, the sensor current is
typically converted into a voltage by a transimpedance
amplifier (TIA, Fig. 1a) which collects the current at the virtual
ground and forces it in the feedback branch (Rr|| Cr). Negative
feedback grants: (i) very low input impedance, (ii)
neutralization of any stray impedance from the input node to
ground (such as Cj, in Fig. 1a). Although not affecting the
signal transfer function, the total input capacitance C;, affects
the stability of the feedback loop and the noise performance of
the TIA. In fact, the input-equivalent voltage noise of the first
operational amplifier is differentiated across C;, producing a
current noise increasing with frequency. Commonly, many
efforts are devoted to the minimization of this capacitance, for
instance by reducing the distance between the sensor and the
integrated TIA [1,9] or by choosing the right substrate for the
fabrication of the sensor [10]. However, in some cases, this is
not possible and the physical properties of the sensor (or its
distance) set a large Cj, (much larger than a few pF) which
corresponds, in combination with an input voltage noise which
can be hardly reduced below ~1 nV/\Hz, to a large noise floor.
This is especially detrimental for high-speed (i.e. large-
bandwidth) applications, such as the detection of ionic current
through nanopores modulated by the passage of single macro-
molecules [9,11].

In this work we address the ultimate resolution performance
of the TIA current front-end by proposing a simple and radical
solution: adding an inductor at the input in order to lower the
noise at the LC resonance frequency. We demonstrate a ten-
fold noise performance improvement with respect to the state-
of-the-art current amplifiers [12,13]. The suppression of the
equivalent voltage noise is achieved by nullifying the
admittance at the virtual ground node with an inductive
reactance tuned to counterbalance the capacitive one. This is
perfectly suited for tracking the sensor impedance at a fixed
sensing frequency, which is chosen as the resonance frequency
of the LC tank.
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Fig. 1. (a) scheme of a traditional TIA. (b) scheme of the improved TIA modified with the inductor L at the virtual ground node of the current amplifier.

Beyond impedance, this solution is promising also for other
applications where high-resolution detection of a modulated
current is required, as in Raman spectroscopy. It is a non-
contact analytical technique, for the analysis of molecules and
organic compounds with growing applications in materials
science and biomedicine. A laser beam interacts with
molecular vibrations and the result of this interaction is
typically acquired by a photodiode connected to TIA in a lock-
in scheme [14]. At the modulation frequency, the electronic
noise of the amplifier is mainly due to the capacitance of the
photodiode. If it becomes comparable with the laser shot noise,
it may be a limitation for the current detection performance
[15].

The main advantage of this technique is that the
measurement signal-to-noise ratio (SNR) is increased by
reducing the denominator (the noise) without influencing the
numerator (the signal). In fact, the accuracy of the signal
transfer function remains unaltered, differently from other
resonant solutions where resonance is used to “amplify” the
signal (numerator) at the price of reduced absolute accuracy
[16,17,18] or an increased complexity of the system to detect a
phase shift [19] or a frequency shift [20]. Furthermore, any
amplitude of input DC current can be managed by this scheme.
The only critical aspects are: (i) the sensing frequency is single
and depends on the value of Cj,, (ii) the losses of real inductors
limit the improvements of this approach.

II.  ANALYSIS OF THE PROPOSED SOLUTION

Figure 1a shows the scheme of a standard transimpedance
amplifier where C;, is the sum of all capacitances related to the
virtual ground node of the amplifier (capacitance of the sensor
and the stray capacitances). The input current i;, is converted
into a voltage through the feedback impedance Rr and Cr. The
equivalent input noise is given by:
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equivalent input voltage noise, respectively, of the operational
amplifier and k is the Boltzmann constant. The first three terms
can be reduced using a FET operational amplifier and a large
feedback resistor [12]. In order to extend the bandwidth of the
TIA, advanced transimpedance architectures use the amplifier
as an integrator stage [13]. The last term increases with the
frequency becoming the limiting factor in many practical
conditions. It is given by the voltage fluctuations of the virtual
ground that produce a noise current through the impedance
connected to the input of the amplifier, i.e. the input
capacitance and the feedback capacitor at high frequency.

are the equivalent input current noise and the

In order to reduce this noise, we have added an inductor at
the input node of the amplifier as shown in Fig. 1b. At the

resonant frequency given by . =1/ 27\JL(C;, + C)  the

inductor and the capacitors are ideally an open -circuit,
hampering the transfer to the output of the equivalent voltage
noise of the amplifier with a beneficial effect on the noise.
Ideally the inductor is able to suppress completely the transfer
of the voltage noise of the amplifier. The inductor’s loss limits
the reduction factor of the noise for two reasons. Firstly, the
quality factor of the resonance (Q) is a finite number and
consequently the reactive elements are not an open circuit. It
can be found that the noise term given by the voltage noise of
the operational amplifier is reduced by @’ at the resonant
frequency. Secondly, the losses of the inductor are a source of
noise that we have modelled with a resistor in parallel to the
inductor. At the resonant frequency f.;, the value of the resistor
is related to the quality factor by the relation R = 27fesOL.
The noise contribution due to the inductor losses can be
estimated with the thermal noise of Rjpss:
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The equivalent input noise of the proposed circuit at the
resonant frequency is therefore:



Fig. 2. Scheme of the additional network needed to set the TIA DC bias.
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As experimentally demonstrated in the section IV, the
noise of proposed solution can be more than one order of
magnitude lower than the noise of a standard transimpedance
amplifier in the same operating conditions.

It is important to highlight that the noise suppression
operated by the inductor does not affect the accuracy of the
frequency response of the circuit at the resonant frequency.
Indeed, the loop gain is

s’LCp
14 5L/ Ryygs + 52 L(Cy + Cp)

Gloop ()=— A(s) (4)

where A(s) is the gain of the operational amplifier. At the
resonant frequency the magnitude of the loop gain is enhanced
by a factor Q with respect to the value of a standard
transimpedance amplifier, thus granting an excellent virtual
ground. Therefore, the input current signal i;, entirely flows
through the feedback capacitor fixing the gain of the amplifier
t0 Vou/iin = 1/sCF irrespective of the inductor value and of the
quality factor of the resonance Being the gain of the resonant
amplifier equal to the gain of an integrator stage operated at
the same frequency, the reduction of the noise provided by the
inductor directly increases the signal-to-noise ratio of the
current (or impedance) measurement.

Finally, we note that the inductor provides a low-
impedance path to ground for the DC current at the input
node. Consequently, the proposed circuit can operate with any
DC bias of the device under test. On the contrary, a standard
transimpedance amplifier has a maximum DC input current
limited by the saturation of the voltage amplifier. A large DC
current requires a correspondently small value of the feedback
resistor Rr to prevent the saturation of the amplifier with a
detrimental effect on the noise performance.
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Fig. 3. Scheme of the circuit presented in this work, with the details of
chosen off-the-shelf components.

III. EXAMPLE OF IMPLEMENTATION

The proposed circuit cannot be directly implemented in
many practical cases. The pure capacitive feedback of the
amplifier and the inductor at the input node set to zero the loop
gain of the circuit at zero frequency, as shown in eq. (4). Being
in open loop configuration, the voltage output of the
operational amplifier would easily saturate to the maximum
value. We address this issue by introducing an additional
network that is able to fix the bias point of the operational
amplifier at DC, as shown in Fig. 2. The additional network is
composed by a gain stage K and a low-pass filter. It sets the
voltage of the noninverting input of the operational amplifier to
keep the DC value of the output voltage around zero. At the
resonant frequency the variation of the amplifier output does
not change the voltage of the noninverting node, thanks to the
strong attenuation of the low-pass filter. Thus, the additional
network does not affect the frequency response of the amplifier
at the frequency of the input signal. Assuming the path through
the gain stage K and the low-pass filter actives at frequencies
much lower than the resonant frequency, the loop gain of the
additional DC loop can be approximated with

Fig. 4. Photograph of the test board with both schemes for comparison.
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Fig. 5. Current noise spectral density from different versions of TIA implementing respectively C;, = 12 pF (a) and C;, = 100 pF (b). The resonant amplifier uses
an inductor of L = 22 uH. The red and black curves represents the measureed noise in TIA with the inductor (resonant topology) and without the inductor
(standard TIA). The blue and the dashed orange curves are respectively the simulated noise accounting for the inductor losses and the simulated noise in a

traditonal TIA.
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The stability of the DC loop is assured by choosing a
negative gain K and the pole of the low-pass filter lower than
f/(KAy), where fp is the dominant pole of the operational
amplifier.

Figures 3 and 4 show the circuit implemented to validate
the new topology of transimpedance amplifier. We adopted a
JFET operational amplifier (ADA4817 by Analog Devices) to

reduce the equivalent input current noise at few f4/+Hz , so

we can consider this contribution negligible compared to its
voltage noise. The large gain-bandwidth product (410 MHz) of
the ADA4817 allows the correct operation of the circuit for
resonant frequencies of tens of MHz. The gain stage K is
implemented using the operational amplifier LT6200-10 (by
Linear Technology) configured as an inverting amplifier with a
gain of -10 and a bandwidth of 160 MHz. The output of the full
circuit is taken at the output of this inverting amplifier to profit
of its additional gain. The pole of the low pass filter is 0.5Hz in
order to operate the DC loop up to few kHz, well below the
dominant pole of the ADA4817 (about 230 kHz) and the
resonance of the inductor (> MHz).

The value of the inductor is chosen based on the input
capacitance C;,, of the experiment to have the resonant
frequency in the range of 1-100 MHz. The lower limit is
dictated by the low Q factor of large inductors (>100 uH). On
the other side, the resonance frequency must be in the circuit
bandwidth. The last condition also poses a limitation to the
minimum value of the feedback capacitor Cr.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental validation of the proposed
transimpedance amplifier has been carried out by comparing its
noise performance and the noise of a traditional TIA. The latter
was designed using the same operational amplifier (ADA4817)
and the same capacitors Cr and C;,. The feedback resistor was
selected to Rr=1 GQ to have a negligible thermal noise at the
frequency of interest.

We have considered two different case studies with
Cn=12pF (Cpr=2pF) and C;,=100pF (Cr=12pF),
respectively, to evaluate the noise suppression in different
conditions. In both cases we used a totally capacitive DUT and
no stationary input current. The inductors used in the reported
experiments (22 uH and 500 nH) were purchased by Coilcraft.
We fabricated the circuit prototypes by adopting all SMD
components (only exception is L = 500 nH). The prototypes
were completed by a network to filter the supply voltage and
placed in a closed metallic box acting as a Faraday cage. Noise
spectrum measurements were performed by the Agilent MXA
N9020A spectrum analyzer and the transfer functions were
measured by the Agilent E5061B network analyzer.

The measured input-referred noise spectra in the case of
Ci, = 12 pF are plotted in Fig. 5a. The inductor added to the
virtual ground is L=22 uH. The noise of the standard TIA
(black line) increases proportionally to the frequency in
agreement with eq. (1) (orange line). The proposed TIA (red
line) shows a dip in the noise spectrum in correspondence of
the resonant frequency f., = 9 MHz, as expected. The noise is
suppressed by a factor = 3.1 in agreement with the eq. (3) (blue
line) taking in account the losses of the inductor related to the
quality factor (Q =20 at f.s). The noise at frequencies below
the resonance increases due to the decrease of the inductor

impedance that produces a current noise of ~e? /(22/L)*. The
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Fig. 6. Measured input-referred current noise for C; = /00 pF with an
inductor of L = 500 nH (red line) and without the inductor (black line). The
blue and the dashed orange curves are respectively the simulated noise with
the inductor and the simulated noise in a traditonal TIA.

noise of the two circuits is very similar for frequencies higher
than the resonance. The slight difference can be justified by
gain mismatch between the fabricated amplifiers and to the
additional input capacitance given by the inductor.

To quantify the improvement in the noise performance
given by the proposed scheme, we define an improvement
factor IF as the ratio of the noise in a standard TIA and the
noise of the resonant circuit, both calculated at the frequency of
the resonance:

-2
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By assuming the noise of the TIA dominated by the voltage
noise of the operational amplifier (see eq. (1)) and the noise of
the resonant amplifier limited by the losses of the inductor (see
eq. (3)), the improvement factor can be expressed as

2
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In addition to the obvious observation on the importance of
the quality factor of the resonance, eq. (7) suggests that the
resonant scheme is particularly advantageous for large input
capacitances. This trend is confirmed in the measurement
reported in Fig. 5b. The noise spectra are obtained with an
input capacitance of C;, = 100 pF and a feedback capacitance
of Cr = 12 pF. In agreement with eq. (7), the noise suppression
is doubled (= 5.8) with respect to the case of C;, = 12 pF. The
improvement factor also profits of the higher quality factor of
the inductor at the new resonant frequency (Q = 30 at 3 MHz).

IF = (6)

A high value of the input capacitor allows a further
reduction of the noise by choosing a smaller inductor, as shown
in Fig. 6 in the case of C;, = 100 pF. The resonant amplifier is
operated with an inductor of L =500 nH obtaining a noise
suppression of more than one order of magnitude (= 14). The
improvement has two reasons: i) the lower inductance
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Fig. 7. Measured tranfer function vo./i;, of the resonant circuit (black line)
with L = 500 nH and C;,, = 100 pF and of a standard TIA operated as an
integrator (Cr = 12 pF and Rr = 1 GQ, red line). The nominal values of C,
and Cr are the same in the two circuits.

increases the resonant frequency and consequently the noise of
the standard TIA at f., is increased; ii) a smaller inductance
allows a higher quality factor, about 110 at f., in our case.
Indeed, the improvement factor predicted by eq. (7) is a factor
2 higher than the measured one. This discrepancy is probably
attributed to additional losses of the parasitic at the input node
of the amplifier.

Finally, the frequency response of the resonant amplifier in
the last configuration (Cj, = 100 pF and L = 500 nH) is shown
in Fig. 7 together with the response of the standard TIA
(operating as an integrator stage due to the large value of Rr)
without the inductor at the input node. As expected, the gain of
the amplifier is not affected at the resonance (f.., = 20 MHz) by
the presence of the inductor. Thus, the improvement of the
signal-to-noise ratio is obtained without a reduction of the
accuracy. The lower gain of the resonant amplifier at low
frequency is due to the reduction of the loop gain determined
by the small impedance of the inductor, as predicted by eq. (4).

V. CONCLUSIONS

We have demonstrated that high-sensitivity current
measurements at a single frequency can be enabled by the
addition of an inductor at the virtual ground node of a TIA. The
inductive reactance nullifies the admittance at the virtual
ground node of the amplifier and hampers the transfer to the
output of the voltage noise of the operational amplifier. A
simple additional network has been designed to keep a closed-
loop configuration of the operational amplifier at low
frequency. We have experimentally demonstrated a noise
suppression in excess of a factor 10 with respect to a traditional
TIA stage. The improvement of noise occurs without alteration
of the amplifier gain or a degradation of the accuracy at the
resonant frequency, thus making the circuit ideal for high-
resolution impedance measurements at a single frequency.
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