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Abstract

:

Impedance measurements are crucial in a variety of applications, from the characterization of lithium batteries, microbial fuel cells, and biosensors to the study of polymers and material degradation, where strict requirements have to be met in terms of frequency bandwidth and current level. Here, we present a cost-effective compact solution for ultra-low-frequency impedance measurements, operating in a wide range, from 1 mHz to 250 kHz. Coupled to a lock-in amplifier, the designed circuit is based on a Howland current pump cascaded by a precision current divider in order to set the conversion factor at 100 nA/V, 1 μA/V, or 100 μA/V. Therefore, it is possible to generate very low-current signals to measure resistive impedances up to 100 MΩ. In addition, a feedback network is inserted to null the voltage drift induced by leakage currents and offset voltages, thus allowing the measurement of low-capacitance loads, experimentally tested down to 10 nF. Remarkably, the feedback network allows to perform measurements also in the presence of high voltage bias of the load and experimental results performed up to 60 V demonstrate the excellent stability of the designed system, thus a high voltage compliance. The proposed circuit is particularly interesting for the conditioning of both resistive and capacitive sensors and it is likely to be an effective solution for the implementation of a portable instrument for measuring signals from biosensors.
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1. Introduction


Electrochemical impedance spectroscopy (EIS) is a non-invasive measurement technique employed for the characterization of complex systems [1]. It is widely used in several research fields and various applications such as corrosion monitoring [2], characterizations of solar cells [3], food control [4], and biomedical applications [5,6,7,8].



In some specific applications, very tight constraints must be met in terms of current levels and frequency bandwidth. Indeed, several examples of impedance measurements in a very low frequency range are shown in the literature. In [9], the Warburg impedance of Li-ion cells in the range 0.1 mHz–100 Hz is investigated. Ultra-low-frequency impedance spectroscopy is also used for the investigation of wood [10], in the range 1 mHz–100 Hz, and for the analysis of thermoelectric modules [11] in the range 1 mHz–10 kHz. Impedance measurements down to 0.01 Hz are also useful for studying the deterioration of Mg electrodes [12], for characterizing microbial cell fuels [13,14], for studying the capacitive properties of polymers [15], for bioimpedance measurements [16] and for the characterization of biosensors [17].



High-performance impedance meters operating over a wide range of frequencies are commercially available [18,19]. Several low-cost solutions have been reported in the literature. Most of them are based on the AD5933 impedance converter from Analog Devices managed by a microcontroller. However, the proposed solutions reach down to a few tens [20,21] or hundreds [22] of Hz, thus not allowing impedance analysis at ultra-low frequencies. Piasecki et al. [23] describe an ultra-low frequency (down to 1 mHz) impedance meter based on the STM32F405RG microcontroller (STMicroelectronics) that uses the embedded DAC and ADC both to generate the excitation signal and to acquire the load signal. Recently, a low-cost, portable impedance analyzer, down to a few mHz, which exploits a commercial soundboard coupled to tailored external hardware and open software to adapt the configuration to the specific application has been proposed [24].



When weak signals are employed, the lock-in amplifier (LIA) appears to be the most adequate solution for voltage-signal acquisitions, guaranteeing a very high dynamic reserve, up to more than 100 dB. LIAs are used in several application areas, including EIS techniques and lock-in-based impedance analyzers have been also proposed [25,26].



The LIA input stage is optimized for voltage signal acquisitions with very high full input dynamics (from about 1 nV to more than 1 V) in a wide frequency range (from 1 mHz to about 100 kHz). LIAs allow impedance measurements implementing the amperometric measurement method, i.e., injecting a sinusoidal current IZ in the device under test (DUT) and acquiring the voltage signal VZ at DUT ends. A two-phase LIA, which receives the reference signal at the same frequency and phase of IZ, recovers both the amplitude and the phase shift of VZ, allowing for the calculation of the complex impedance by the ratio between VZ and IZ. Importantly, LIAs implement a high-performance sinusoidal oscillator, which can be used as an internal reference signal VREF, as well as be replicated at the output. An LIA can be effective for precision impedance measurements implementing a versatile and high-accuracy voltage-to-current (V/I) converter, which takes VREF as input and produces the DUT current IZ. The Howland current pump configuration is a popular solution for delivering precise current signals, also applied for ultra-low frequency EIS [27].



In this work, an add-on analog circuit for a commercial, portable USB lock-in amplifier is proposed for impedance measurements in the wide frequency range 1 mHz–250 kHz. The LIA is used both to generate the excitation signal and to acquire the voltage signal generated at the ends of the system under analysis. A Howland circuit based on the high-precision LT1995 gain-selectable amplifier operates as a V/I converter (100 µA/V), taking the sinusoidal reference signal of the LIA and thus injecting a known current in the DUT. A precision current divider, based on an LT1996, has also been inserted in order to lower the V/I conversion factor down to 1 µA/V or 100 nA/V, hence increasing the versatility of the system and allowing high impedance measurements. In addition, the prototypal circuit implements a feedback network assuring good performance also for capacitive loads and complex RC networks, as well as for biased DUTs (i.e., guaranteeing high voltage compliance, tested up to 60 V). The benefits of the proposed prototype are high compactness, versatility, and cost-effectiveness.




2. Materials and Methods


The solution proposed in this work is a lock-in add-on for impedance measurements of RC loads. In particular, a portable USB lock-in amplifier (Anfatec mod. 250) was used for the experimental characterization. The LIA was used to source an excitation signal VS (generated by the LIA internal oscillator), which is converted to the current IZ injected in the DUT using a custom-made voltage-to-current converter based on the Howland circuit. Then, with respect to the reference voltage VS, the LIA acquires both the modulus and the phase shift of the voltage VZ at the DUT ends as a function of the signal frequency. The DUT impedance is then calculated as the modulus and the phase-shift components of the VZ/IZ ratio. Table 1 outlines the main features of the Anfatec LIA used in this work. Although the manufacturer declares a minimum nominal frequency of 10 mHz, the instrument was adequate down to 1 mHz, as shown by the experimental results illustrated below.



The acquisitions of the complex components of VZ were performed with a specifically developed Labview virtual instrument (VI). From the front panel of the VI, the user sets the measurement parameters (e.g., both the amplitude and the frequency range of the sinusoidal signal generated by the LIA internal oscillator), and the Bode diagrams are displayed during data-sample recording. We set up the measurements to acquire up to 50 samples for each component at each frequency, then calculated the mean value and the standard deviation of each sample, obtaining a maximum error ~1%. For a rough evaluation of measurement repeatability, each DUT characterization has been repeated five times, observing an error within 1–3%.




3. Description and Characterizations of the Prototypes


The solution proposed in this paper is intended to feature extremely low-frequency operation (1 mHz) and a low V/I conversion coefficient as well, allowing for precise impedance measurements in specific applications. In addition, it must be insensitive to leakage currents for the measurement of capacitive loads, guaranteeing stability and reliability, and ensuring, at the same time, a high degree of portability and cost effectiveness. All these properties have been met using high-precision commercial devices, acting on their configuration to obtain suitable functionalities. A detailed description of the system implemented in this work is reported in the following subsections.



3.1. Basic Voltage-to-Current Converter Using the Conventional Howland Current Pump


To perform an efficient V/I conversion, a first stage employing an LT1995 IC from Analog Devices with suitable band characteristics was configured to obtain a Howland current pump. The most important feature of the selectable-gain amplifier LT199x series is the integration of excellent matched resistors, well suited for the implementation of a good balanced resistor bridge in the Howland circuit [28]. As sketched in Figure 1a, at the op-amp inputs, this chip is equipped with three couples of matched thin-film resistors (pins 1–3, 8–10). The net of resistors has been connected to achieve the desired balanced-bridge condition with the two feedback resistors (pins 5 and 6). The excellent resistor matching (0.2%) and the very low temperature coefficient (−30 ppm/°C) featured by the integrated thin-film resistors ensure an ideal environment to obtain a stable and highly accurate bridge condition for the Howland bridge circuit.



The V/I conversion is performed by connecting the load to one of the unused resistors (pin 3). This represents the main drawback of using a selectable-gain amplifier topology for the implementation of the Howland circuit for sourcing an RLOAD load. Indeed, the output voltage dynamics are limited, owing to the lack of a direct connection between the load and the non-inverting terminal of the op-amp. Such a limitation has been minimized using the lowest resistance (V/I output series resistance ROUT = 1 kΩ), thus reducing the unwanted voltage drop at its ends. For the typical Howland circuit (load directly connected to the op-amp non-inverting input [29]), the voltage V(+) at the non-inverting input is equal to IZ·RLOAD, where IZ is the load current. Conversely, for the circuit of Figure 1, V′(+) = (RLOAD + ROUT)·IZ. Hence, the loss in dynamics, calculated as [V(+) − V′(+)]/V(+), is ROUT/RLOAD. This implies that, when connected to a 10 kΩ resistive load, the circuit can provide 10% less than the ideal maximum output voltage, while for RLOAD >> 1 kΩ, the output dynamic limitation can be neglected.



Figure 1b shows the behavior of the LT1995 Howland circuit as simulated in the wide 102–108 Hz frequency range by LTSPICE software (continuous lines) for different values of the resistive load. By simulations, the position of the dominant-pole shifts from 5 MHz down to about 100 kHz as the load value increases from 10 kΩ to 1 MΩ. The typical bandwidth of LIAs is 100–250 kHz. Therefore, simulations shown in Figure 1b confirm the effectiveness of the proposed V/I converter coupled to an LIA for low-frequency impedance characterizations.



It is worth noting that the simulation carried out for 1 MΩ clearly shows a response with the dominant pole positioned at about 50 kHz, i.e., the presence of an equivalent parasitic capacitance Ceq~3 pF in parallel to the load, coherent with the LT1995 capacitance of 2.5 pF (typical) of each input pins declared for the device [30]. Moreover, in the Howland circuit, the finite gain bandwidth product (GBW) of the op-amp mainly affects the output capacitance COUT seen between the op-amp inverting input and ground [31]. For the LT1995, GBW~30 MHz and COUT~7 pF is estimated for the configuration shown in Figure 1a.



The circuit sketched in Figure 1a was then assembled for fast prototyping on a copper board using Manhattan style construction and enclosed in an aluminum box where three BNC connectors were used for VIN+, VIN−, and VZ connections. The integrated circuit was supplied at ±15 V and two 100 nF decoupling capacitors have been soldered close to the supply pins of the chip (not shown in the figure).



The circuit was preliminarily characterized by means of a digital oscilloscope (Agilent, DSO-X 3024A) connected at the output VZ with a 1 m coaxial cable. An Agilent 33220A waveform generator was used as the sinusoidal voltage source at the VIN+ input. To reduce the insertion loss, the waveform generator was set for 50 Ω termination. Therefore, to assure the balanced-bridge condition for the Howland circuit, the VIN− input was terminated with 50 Ω. Measurements have been carried out with a 10 kΩ load from 100 Hz to 20 MHz. Dots in Figure 1b are the ratio between the rms values of VIN+ and VZ as acquired by the oscilloscope, then normalized to the maximum value recorded at the lowest frequency. As it can be observed, the simulations reproduce the experimental measurements well for the 10 kΩ resistor for both the frequency values up to hundreds of kHz and the slope of −40 dB/decade at higher frequency. The discrepancy between the simulated and the experimental behavior in the range 0.5–10 MHz is tentatively attributed to the parasitic capacitance of the coaxial cable used for VZ connection. For a parasitic capacitance of about 100 pF (typical of 1 m coaxial cables [32]), a 200 kHz cut-off frequency is found and consistent to the result shown in Figure 1b. Significantly, such a result underlines the requirement of decoupling the load voltage VZ for accurate impedance measurements, i.e., mitigating the effect of parasitic components in parallel to the load. A solution in this regard is described in the next subsection where an upgraded version of the V/I converter is shown.




3.2. The Voltage-to-Current Converter for Low-Level Currents


In the basic configuration of Figure 1a, the voltage-to-current conversion coefficient results in IZ/VIN+ = 1/R1, where R1 is the resistance connected to the input signal. The choice of R1 (pin1, 4 kΩ) ensures the minimum available conversion coefficient for the LT1995-based Howland circuit, nominally 250 µA/V.



To further decrease the conversion coefficient down to extremely low values, a different configuration has been implemented. Figure 2 sketches the schematic of the proposed circuit, where only the relevant components are shown, using two switches (S1 and S2) allowing for setting different values for the conversion coefficient. For S1A–C switches in the ‘1′ position, the circuit is almost equivalent to the previously described configuration, except for the presence of the output buffer based on an OPA277 for decoupling the load voltage to the acquisition system.



When S1A-C are switched to ‘2’, a further stage is employed in the IZ output current path. A second IC has been used, namely the LT1996 high-precision selectable-gain amplifier equipped with high-value internal resistors and configured to act as a current divider [33,34]. Like in the first stage, the high quality of thin-film resistors ensures a precise and stable ratio between resistances in the input and output branches, which defines an exact current division I2/I1 = 1/109 (see Figure 2). The load connected to one of the resistors still reduces the output voltage dynamics. (In the next subsection, it will be shown how the final design overcomes the limit of the output voltage dynamics.) Nonetheless, it is worth noting the advantage of the implemented circuit in decreasing the V/I coefficient with the current division by more than two orders of magnitude, i.e., down to 2.29 µA/V.



The voltage buffer placed as the output stage provides two main roles. The first is to further divide the current flowing in the DUT: when the S1C and S2 switches connect the op-amp inputs to the current divider outputs (S1C = 2 and S2 = 1, see Figure 2), the buffer also acts to reduce the load current, further attenuating IZ by a factor of 10. Therefore, the conversion coefficient is reduced to 229 nA/V. At the same time, as mentioned, the buffer allows for decoupled-load voltage acquisition.



The circuit was assembled and enclosed in a metal box with BNC connectors and supplied at ±15 V. We evaluated the main feature of the assembled circuit by using a set of resistors as loads. To reduce the electromagnetic interference and the induced noise, especially for very-high values of load resistance, each resistor was encapsulated in a small copper box and connected to the Z input with a short (10 cm) coaxial cable. For the measurements, the circuit was coupled to the Anfatek LIA (mod. 250). The sinusoidal VIN+ signal was generated by the LIA (50 Ω terminated) internal oscillator, whereas VZ was connected to the input of the instrument. As indicated in Figure 2, the VIN− input was terminated at 50 Ω as well, to guarantee the balanced-bridge condition of the Howland circuit.



To obtain insight on system performances, the proposed circuit has been tested in the 1 mHz–1 MHz frequency range for different resistive load values in the range 100 Ω–100 MΩ. Figure 3 shows the Bode diagrams of the acquired data. The amplitude (Figure 3a) and the phase shift (Figure 3b) plots follow a single-pole behavior with a −20 dB/decade slope at high frequency. As expected, the lower the load value, the higher the cut-off frequency. In the 100 kΩ–100 MΩ range, a parasitic capacitance COUT~40 pF in parallel to the load is evaluated by the frequency position of the −3 dB attenuation and the −45° phase shift in Bode diagrams of Figure 3. In this case, measurements were performed with the current divider (switch S1 = 2 in Figure 2). Then, the cut-off frequency is mainly attributed to the output capacitance of the current divider. Indeed, a GBW < 1 MHz is declared for the LT1996 [35], thus an output capacitance COUT of a few tens of pF is estimated [31]. On the other hand, for resistances from 100 Ω to 10 kΩ, only the LT1995-based Howland pump was used to have a higher conversion coefficient. In this range, the attenuation observed for f > 105 Hz is attributed to the bandwidth limit of the LIA (250 kHz).




3.3. A V/I Converter with High Output Voltage Compliance


The main drawback of the solution illustrated in Figure 2 is that any offset current of both the Howland current pump and the op-amp current divider generates a leakage current in the DUT. For pure resistive loads, this results in an offset voltage that sums up to that of the OPA277 buffer. The LIA is able to eliminate any constant contribution within its input dynamics (5 V for the Anfatec 250), thus amplifying only the AC component of interest. However, for purely capacitive loads, leakage currents generate a drift of the VZ output voltage for the circuit reported in Figure 2. As an example, Figure 4 shows the signal VZ recorded by the digital oscilloscope during the characterization of a 1 µF capacitor (VS = 5 V, 30 Hz, and V/I coefficient 2.29 µA/V). Importantly, the drift of the output voltage VZ can reach the limits of the lock-in input dynamics, therefore saturating its input stage.



A simple solution to overcome the aforementioned drawback is to discharge the load capacitor through a MOSFET switch whenever the voltage gets close to the LIA limit as detected by a comparator driving the gate of the MOSFET. However, for such an implementation, the MOSFET capacitance affects the overall measured impedance, reducing the measurement accuracy. Conversely, to adapt the circuitry of Figure 2 to capacitive-load measurements and attenuate the DC component of the VZ signal, we added an analog feedback network to the circuit of Figure 2, as shown in Figure 5.



An integrator produces an output voltage proportional to the average value of VZ. The following stage drives the inverting input VIN− of the Howland current pump, which produces a constant current counteracting the DC current flowing into the DUT, i.e., the DC component of VZ. When considering the presence of a DC offset current IOS at the V/I output (S1 switch connected as indicated in Figure 5, i.e., current divider not selected), we have to take into account that OPAx227 op-amps offer an ultra-low offset voltage VOS (±10 μV at room temperature, ±100 μV in the range −40 °C–+85 °C), and ±2.8 nA maximum bias current IB. On the contrary, LT1995 and LT1996 show 5 mV and 0.2 mV maximum VOS, and typical 0.6 μA and 2.5 nA for IB, respectively. Therefore, the IOS value of about 2.5 μA is evaluated as dominated by both the VOS and IB of the LT1995 chip.



Let us assume IOS is sourcing the Z output, as indicated in Figure 5. When both the reset switches are closed, they discharge the feedback capacitor and the DUT, and force the voltage VZ to zero as well. During the reset period, IOS flows to ground and the integrator output voltage is equal to the op-amp offset voltage (±10 μV typical). On the other hand, when the reset switches are opened, the IOS flows in the DUT inducing an increase in VZ. Therefore, the output voltage of the integrator decreases and its amplitude is reported as an increase in VIN− by the inverting amplifier implemented in the feedback network. Then, the Howland current pump injects an IFB current flowing, as shown by the green arrow in Figure 5, i.e., counteracting the IOS and closing the negative feedback path of the system. The steady state condition is reached when IFB ≅ IOS, thus keeping to a stable value the VZ voltage. When the current divider is selected (S1 = 2), the negative feedback is still guaranteed by implementing a non-inverting amplifier in the network (see S1D and S1E in position “2”).



However, when the period of the sinusoidal signal VS is comparable to the integrator response time, the feedback network also induces an attenuated component at the same frequency of VS, thus affecting the V/I conversion factor in both the amplitude and the phase. To address this drawback, the values of the components implemented in the feedback network were chosen to provide the best trade-off between the integrator response time and the measurement accuracy at low frequencies. The feedback network, in the final assembly, provides an integration time of 10 s and an attenuation of 10 for the second stage. It is worth to note that the steady state value of VZ was of the order of a few tens of mV for all DUTs characterized in this work.



The circuit shown in Figure 5 also includes a 50 Ω adapter at VIN+ based on a non-inverting op-amp stage, where the trimmer was adjusted to set the V/I conversion factors reported in the table of the same figure. Significantly, the inaccuracy was maintained well below 1% for frequencies down to 2 mHz. As indicated in the schematic of Figure 5, the non-inverting input stage and the amplifier of the feedback network are based on a single OPA2277 chip. The same solution can be used for the buffer at the converter output and the integrator, thus increasing only by one the number of chips used in comparison to the open-chain solution of Figure 2.



Figure 6 shows the picture of the assembled prototype. Two different boards were used to assemble the V/I converter and the feedback network circuits. The latter includes an OPA2277 to implement the input 50 Ω adapter.



Figure 7 shows the results obtained with the completed prototype for the 1 μF capacitor, highlighting the effectiveness of the feedback network in mitigating the drift of the signal observed for the open-chain V/I converter (Figure 4).



Figure 8 reports the experimental results obtained for a set of polyester and aluminum electrolytic capacitors. As expected, for polyester capacitors (Figure 8a), the impedance is inversely proportional to the signal frequency up to the ~250 kHz limit of the lock-in amplifier. Conversely, for electrolytic capacitors (Figure 8b), the effect of an equivalent series resistance of a few Ohms is found at high frequency.



Very remarkably, the adopted solution also allows the characterization of DUTs when using a bias voltage. Indeed, let us assume that we insert a continuous voltage source VBIAS in series to the load (as indicated in light color in Figure 5). Before the measurement session, with both the reset switches closed, VBIAS is applied at the DUT ends, whereas VZ is fixed at virtual ground. Then, when the reset switches are open, the series between the DUT and the VBIAS is connected between Z and ground. In this condition, the feedback network starts reacting to maintain the VZ voltage around 0 V, driving the current pump via the VIN− input to supply the DC current required by the load.



Figure 9a shows the characterization of an aluminum electrolytic capacitor (1 μF, 16 V) carried out at different VBIAS. The device shows the same behavior up to the working voltage declared by the manufacturer. However, a different behavior is observed for twice the maximum allowed voltage: the capacitance decreases, whereas the equivalent series resistance increases, as expected for aged capacitors [36,37]. This result highlights the effectiveness of the designed system to monitor the state of capacitors, especially when employed in switching-power-supply applications.



Figure 9b shows the behavior observed for a tantalum capacitor (1 μF, 50 V). In this case, the device did not show any significant performance degradation at 60 V for 5 h.



Finally, the prototype was also tested measuring the impedance of a complex RC network that emulates the response of a diamond biosensor [17], see Figure 10a. The impedance of the emulated sensor was measured between 0.1 Hz and 100 kHz. Figure 10b reports the Bode diagrams for both the experimental results and the LTSPICE circuit simulation of the RC network. The experimental results are in excellent agreement with simulations, corroborating the data reported in the literature as well. These results confirm that the proposed circuit is suitable for impedance measurements in the wide frequency range required for the characterization of this class of diamond biosensors.





4. Conclusions


This work describes a lock-in add-on for ultra-low-frequency impedance measurements from 250 kHz down to 1 mHz. The solution is based on a Howland circuit operating as a V/I converter. Thanks to a high-precision current divider, conversion factors of 100 nA/V, 1 μA/V, and 100 μA/V can be selected. We designed, assembled and characterized a prototype which has been tested on resistive loads, allowing precise measurements from 100 Ω to 100 MΩ. A tailored feedback system has been designed to eliminate the voltage drift on capacitors induced by leakage currents. The adopted solution allows for the measurement of the complex impedance on several kinds of capacitors in the 10 nF–100 µF range, also demonstrating a high voltage compliance, at least up to 60 V, as verified by experiments. In addition, we tested the possibility to analyze the equivalent impedance of a biosensor, forecasting applications in setups where strict constraints have to be met in terms of frequency and current level. The good technical features of the device combine with compactness, cost-effectiveness and portability.
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Figure 1. (a) Sketch of the Howland circuit based on the LT1995, with the thin-film resistors connected to obtain a voltage-to-current converter. The input signal is connected to the 4 kΩ resistor, representing the conversion coefficient. The equivalent matched feedback resistances are given by the parallel connection between the 4 kΩ and 2 kΩ resistors. (b) Characterization of the Howland current pump for different load resistors. The continuous black lines represent the LTSPICE simulations, while dots are the experimental data related to a 10 kΩ resistor. Red dashed lines indicate the asymptotic slopes for single- or double-pole response. 
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Figure 2. Sketch of the complete circuit for impedance measurement, where only the relevant values of components are represented. The LT1995 performs the V/I conversion, while the LT1996 IC acts as a current divider. The OPA277 is used as a buffer, further dividing the current and decoupling the load from the instrument used for the voltage measurement. The switches S1 and S2 can be used to configure the circuit with different V/I coefficients from 250 µA/V to 229 nA/V. 
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Figure 3. Bode diagrams of the (a) modulus and (b) phase shift for resistive-load measurements. The red dashed curve is a guideline to indicate a single-pole slope. 
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Figure 4. Measured output signal of the circuit of Figure 2 for a 1 µF capacitor (LIA reference signal at 30 Hz). The signal is clearly affected by the drift induced by leakage currents at the circuit output. 
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Figure 5. Schematic of the V/I converter for impedance measurements with improved output voltage compliance. The table reports the new V/I conversion coefficients as resulting when adding the 50 Ω adapter at VIN+. 
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Figure 6. Picture of the assembled prototype, indicating the employed integrated circuits, as well as the input and output connectors. 
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Figure 7. Measured output signal on the capacitance load (1 µF) when the feedback network is used. As can be seen, the signal is no longer affected by the drift (see Figure 4). The frequency of the reference signal is 30 Hz. 
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Figure 8. Experimental results of impedance measurements carried out with the prototype sketched in Figure 5 for polyester (a) and aluminum electrolytic (b) capacitors in the range 0.01–100 µF. 
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Figure 9. Impedance measurements of electrolytic capacitors at different bias voltages. (a) Aluminum (1 µF, 16 V) and (b) tantalum (1 µF, 50 V) capacitors up to 32 V and 60 V, respectively. 
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Figure 10. (a) RC network used to emulate a diamond biosensor [17]. (b) Simulations (continuous lines) and measurement results (dots) of the modulus and the phase shift of the RC network (red and blue dots, respectively). 
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Table 1. Main features of the Anfatec USB lock-in amplifier.
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	Signal Input
	



	Input impedance
	1 MΩ||20 pF



	Input Sampling Rate
	20 MHz



	Bandwidth
	DC to 250 kHz



	Input Sensitivity
	10 nV to 10 V



	Amplitude Accuracy 1
	<1%



	Reference Output
	



	Internal Oscillator
	10 mHz–250 kHz



	Amplitude Accuracy 1
	<0.5%



	Reference Output Voltage
	<1 mVpp–15 Vpp



	Output Sampling Rate
	≥20 MHz







1 From DC to 250 kHz.
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