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Abstract

:

The most common method used to pick up biomedical signals is through metallic electrodes coupled to the input of high-gain, low-noise amplifiers. Unfortunately, electrodes, amongst other effects, introduce an undesired contact resistance and a contact potential. The contact potential needs to be rejected since it would otherwise cause the saturation of the input stage of the amplifiers, and this is almost always obtained by inserting a simple RC high-pass filter in the input signal path. The contact resistance needs to be estimated to ensure that it does not impair correct measurements. Methods exist for estimating the contact resistance by dynamically modifying the input network configuration, but because of the presence of the input RC filter, long transients are induced any time a switch occurs between different input configurations, so that the measurement time may become unacceptably long. In this paper, we propose a new topology for a DC removal network at the input of the differential signal amplifier that results in an AC filter whose time constant can be continuously changed by means of a control voltage. As such, we can speed up the recovery from transients by setting very short time constants (during the input resistance estimation process) while maintaining the ability to obtain very low cut-in frequencies by setting a much larger time constant during actual measurements. A prototype of the system was built and tested in order to demonstrate the advantage of the approach we propose in terms of reduced measurement time.
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1. Introduction


Biological acquisition systems are commonly designed with a low-noise voltage amplifier (LNA) as a front-end [1]; recent research shows, for example, low-power and low-noise configurations [2,3] and differential and high-CMRR circuits for EEG acquisition [4,5]. These amplifiers are almost always differential and with a band that extends from DC, as reported in [6,7]; even when the electrode is of the capacitive type, the amplifier is designed as a directly coupled one [8].



The electrical behavior of the contact between the patient and the amplifier is complex [9,10]; it is often nonlinear and, even when linear models are used, frequency-dependent. However, with the exception of capacitive electrodes, two elements are always present: a series resistance and a series DC potential, called the half-cell potential. The series resistance is detrimental to the quality of the measured signal [11,12,13], both because of the added noise and the attenuation that results when considering the input resistance of the amplifier; it is paramount to monitor its value when performing measurements. The half-cell potential is often much bigger than the signals of interest. As the amplifier designs usually present a high gain, they may saturate if the input signal is not properly conditioned.



As a consequence, removing the DC component of the input signal is a necessary stage when low-voltage signals are acquired. Especially in the case of neurophysiological monitoring, adhesive or needle electrodes are connected to the subject being monitored [14,15,16]; the half cell potential of the two electrodes between which the measurement is carried out are never exactly the same, causing an inherent differential voltage in the contact circuit. This results in a DC offset in the input signal that has to be removed [17,18].



A common solution is to use a high-pass (HP) RC (resistance-capacitor) filter. The corner frequency of the high-pass filter must be quite low, in the order of tenths of Hertz, to account for the band of several physiological signals. This results in very slow settling times (in the order of tens of seconds) for the whole system. In other words, the low corner frequency allows a constant response in the band of interest, but increases the time response when the input voltage is affected by a steep change due to the large RC value.



A long settling time is not only a problem when connecting and disconnecting the system to the subject: changing the input configuration with the subject connected to the amplifier also causes transients. In addition to the filtering and amplifier stages, monitoring systems are usually fitted with the circuitry necessary to measure contact impedance; a too high contact impedance is a sign of a poor or deteriorating contact and can strongly affect the quality of the measurement. Generally, the impedance assessment circuit consists of a generator that injects a current into the patient [19,20,21], usually by means of a square or sinusoidal signal. This methodology also implies stopping and resuming the acquisition process for a period of time. In [22,23], a novel passive method is presented, consisting of analyzing the voltage variation when parallel loads are connected to the input of the system, thus preventing the injection of current.



The approach in [22] consists of continuously monitoring the biopotential source. When an impedance measurement is needed, several electronic switches are acted upon so that several known resistors are connected in parallel to the input signal path. If the sources are ideal (zero connection impedance), no voltage change would be expected; conversely, the presence of a contact impedance will degrade the input signal [20]. Assessing the contact impedance is, however, not trivial as the source signal is essentially unpredictable. In most cases, the exact value of the impedance is not needed: assessing whether it is low enough to guarantee a correct measurement is sufficient in many cases. Literature and current clinical practice set an approximate value of 5 KΩ as the limit for most common monitoring techniques such as EEG or evoked potentials [24,25,26]. Several statistical characteristics and estimation methods have been used to predict the impedance value from the registered signal [19]. In [22], observing and computing the changes in the input signal during the impedance measurement cycle enabled us to detect if the impedance was within an acceptable range.



The main problem with the procedure of connection and disconnection of the additional loads is that it causes changes in the DC values of the equivalent input sources, thus triggering long transients that need to be extinguished before actual measurements can be obtained. Therefore, the lower the cut-in frequency, the longer the time needed to complete the measurements required for the characterization of the contact impedance.



Ideally, we would like to be able to speed up the transients during the changes in the input circuit configuration and return to the low cut-in frequency configuration as soon as the transients are extinguished. Of course, such an approach would be effective only if we are able to avoid the introduction of further transients when switching back from a higher cut-in frequency (resulting in faster transients) to a lower cut-in frequency (required for extending the measurements in the low frequency range).



In [27], a new method is proposed to address a similar issue that consists of the integration of an active loopback to compensate for the DC offset of the signal. This is obtained due to a current generator that charges and discharges a capacitor in series with the input of the amplifier. This capacitor acts as a floating voltage source that cancels the variation in the DC voltage at the input much faster than a common RC filter. An intrinsic nonlinearity is exploited in order to obtain fast transients upon large and abrupt changes in the input while retaining a very low cut-in frequency when such transients are extinguished. However, in [27], there is no direct control on the input filter cut-in frequency, as would be desirable for our application.



The aim of this study is to extend and adapt the method presented in [27] to the case of a differential amplifier for bio-potential measurements by introducing the ability to employ a control voltage for setting the cut-in frequency. This approach, as will be shown in the experimental section, allowed us to dramatically reduce the time required to perform impedance measurements with the method outlined in [22]. This time reduction is significant, since it allows us to effectively address and solve the most important drawback of the approach in [22].



In Section 2, we explain the process that leads to the proposed circuit topology. In Section 3, we detail the circuit of the prototype and apply it to the problem of measuring contact resistances in a passive way. Finally, we discuss the results in Section 4 and Section 5.




2. Proposed Approach


In this section, we describe how we propose to solve the problem of having an AC-coupled amplifier that can be smoothly switched from a configuration where it has a very low cut-in frequency (and therefore very long time constant that generates slow transients) to one where the cut-in frequency is higher but with faster transients. Firstly, we summarize the case for a single-ended amplifier based on the active filter presented in [27] and adding the proper circuitry to allow the active filter to be controllable with an external voltage; finally, we extend the principle to a fully differential amplifier topology.



2.1. Single-Ended Amplifier


As outlined in the Introduction, the main problem with performing the estimation of the contact impedance using a purely passive approach is that it requires repeated measurements while changing the input circuit configuration by means of switches. Any time a switch is moved to short the input or connect and disconnect resistances in the signal path, long transients are induced because of the very low input cut-in frequency of the system. This translates into quite long measurement times that might not be acceptable in a number of situations.



While a low cut-in frequency is required in order to not lose information during actual measurements on the patient, higher cut-in frequencies could be tolerated during the contact impedance estimation process.



A simple method to obtain an AC-coupled amplifier with an adjustable cut-in frequency would be to resort to a number of electronic-controlled switches to change the blocking capacitor in the input path, as shown in the simplified diagram in Figure 1a. With a larger capacitance (switches closed), we obtain a lower cut-in frequency; by disconnecting some of the capacitors, we increase the cut-in frequency. During transients, we may open all or some of the switches to obtain a high cut-in frequency, thus speeding up the transients, and when the transients are extinguished, we can close all switches to obtain the largest equivalent capacitance and, hence, the lowest cut-in frequency.



The obvious problem with this approach is that the capacitors connected to open switches would be charged to voltage levels that are, in general, different from those of the capacitors still connected in the circuit. Therefore, when the previously disconnected capacitors are switched back in, to obtain the lowest cut-in frequency, an almost instantaneous charge redistribution occurs. This results in a voltage step whose amplitude depends on the previous history and that, in turn, results in a transient that will evolve with the time constant corresponding to the lowest cut-in frequency, thus making the approach just described completely useless.



If we want to effectively reduce the set-up time, a system must be devised for switching from a high cut-in frequency to a low cut-in frequency, minimizing the transient time. The approach we developed to address this issue relies on the design of an auxiliary system that acts upon the main circuit in so that the lower cut-in frequency can be continuously adjusted by a voltage signal, thus allowing for gradual transitions from one configuration to another. Moreover, when the steady state is reached with the lowest cut-in frequency, the auxiliary system is essentially deactivated and does not contribute in any way to the actual measurements on the patient.



It is interesting to reflect on the fact that the presence of a capacitor in series with the signal path in a voltage amplifier merely blocks the DC component across the source. We can look at the transients as the time required for the capacitor to change to a DC voltage that subtracts from the input DC component so that the high gain stages of the amplifier do not saturate. From this view, in order to reduce the transient time, we need to find a method to speed up the charging of the input capacitor at the correct value without interfering, if at all possible, in the overall response of the system during actual measurements. This approach was followed in [27] in the case of a single-ended amplifier for low-frequency noise measurements in a situation in which the maximum peak-to-peak voltage of the input signal was not expected to exceed a few tens of microvolts, and the availability of a control voltage for directly controlling the cut-in frequency was not necessary.



In this paper, we exploit the basic concept developed in [27] and show how we can obtain a voltage-controlled cut-in frequency and how this can be extended to the case of a differential amplifier with adjustable bandwidth. In order to simplify the discussion, let us start with the case of a single-ended amplifier, as in the schematic diagram in Figure 1b. We essentially add an auxiliary system to what would otherwise be a conventional AC-coupled amplifier. Such an auxiliary system reduces to the feedback block (FB) controlling the value of the current   i f   charging the capacitor   C B  . The entire auxiliary system can be regarded as a voltage controlled floating current source and can be easily implemented using integrated photovoltaic couplers, as in [27].



A key observation is that, if the FB sets the current   i f   to a constant 0, the auxiliary circuit would have no effect on the circuit response, and we might as well remove the auxiliary system from the amplifier. In general, however, the FB operates according to the following equation:


   i f  =  G m   v o   



(1)







Since we are interested in the behavior of the system at low frequencies, we can assume the gain   A v   of the amplifier is constant (i.e., independent of the frequency). Moreover, assuming, as is often the case,    R c  ≪  R B   , we can easily obtain the overall response of the system in the Laplace domain as follows (we use capital letters for quantities in the Laplace domain):


   V o  =  A v   V i  =  A v   (  V s  −  V f  )   



(2)







Since:


   V f  =   I c   s  C B    =    I f  +  I s    s  C B    =    G m   V o    s  C B    +   V i   s  C B   R B     



(3)




when combining Equation (2) with Equation (3), we have:


   A  v F   =   V o   V i   =  A v    s  τ F    1 + s  τ F      τ F  =    R B   C B    1 +  G m   A v  R    



(4)







The result in Equation (4) shows that that we obtain a high pass response with a cut-in frequency   f  L F    given by:


   f  L F   =  1  2 π  τ F    =   1 +  G m   A v   R B    2 π  R B   C B     



(5)







As we anticipated, if    G m  = 0  , the cut-in frequency corresponds to the one set by the passive AC filter   R B  -  C B   in the input path. Moreover, from Equation (5), it is apparent that we can change the value of the cut-in frequency by changing the gain   G m  . Since we want to be able to control the value of the cut-in frequency by means of a control voltage, we modified the approach followed in [27] by adding an analog multiplier in the path from the output of the amplifier to the input of the FB block, as shown in Figure 2a. Assuming a constant control voltage   v  c t r l   , we have:


   V  o m   =  (  k v   v  c t r l   )   V o   



(6)




where   k v   is the multiplier scaling factor. Now   A  v F    has the same form as in Equation (4), except that we have, for   τ F   and   f  L F   :


   τ F  =    R B   C B    1 +  G m   A v   R B   k v   v  c t r l       f  L F   =   1 +  G m   A v   R B   k v   v  c t r l     2 π  R B   C B    ,  



(7)




from which it is clear that we can change the cut-in frequency by adjusting the control voltage   v  c t r l   . Note that whatever value of   f  L F    is set with the circuit discussed so far, in the pass-band (i.e., for   f ≫  f  L F    ), the input impedance of the amplifier remains unchanged and equal to   R B  . As an example of the results that could be obtained in term of frequency response, Figure 2b shows the result of SPICE simulations performed with typical values of the circuit parameters that can be experienced when implementing the FB, as in [27].




2.2. Extension to a Differential Amplifier


Extending the approach we discussed above to the case of a differential amplifier requires some caution. In a single-ended amplifier, the error signal at the input of the FB is proportional to the output voltage, which is directly proportional, as in Equation (2), to the difference between the input signal and the voltage across the coupling capacitor   C B  . In a differential configuration, we have two blocking capacitors,   C  B 1    and   C  B 2   , as in Figure 3. If we indicate with   V  S 1    and   V  S 2    the input voltages and with   V  f 1    and   V  f 2    the voltages at which   C  B 1    and   C  B 2    are charged, respectively, we have:


   V o  =  A v   V d  =  A v   [  V  s 1   −  V  f 1   −  (  V  s 2   −  V  f 2   )  ]   



(8)







We must therefore devise a strategy in order to use the output voltage for inducing a change in the voltages   V  f 1    and   V  f 2    across the blocking capacitors. The decision taken in this study was to induce equal and opposite changes in the voltages   V  f 1    and   V  f 2   , i.e., to ensure that it is    i  f 1   = −  i  f 2     at all times.



With this choice, the FB block only acts on the dynamics of the differential signal: if a step occurs at the inputs, resulting in a step in the common mode voltage   V C   together with a step in the differential voltage   V D  , the FB will only react to the change in   V D  , with the dynamics of   V C   evolving as if the FB was not present.



To be more precise, if a pure common mode step is presented at the input, this will not be sensed by the FB, since the instantaneous voltages at the inverting and noninverting inputs of the instrumentation amplifier would be ideally the same during the transient. In this case, and in the absence of any other signal following the common mode input step, the inputs of the instrumentation amplifier evolve toward zero with a time constant    R  B 1    C  B 1   =  R  B 2    C  B 2    , regardless of the setting of the FB.



Up to this point, we assumed ideal behavior for the instrumentation amplifier and, in particular, we assumed no offset to be present. The presence of the offset, however, needs to be carefully discussed in view of how we plan to employ the FB.



If both the input offset voltage and the input offset current are null (i.e., if the bias currents are the same on each input), the steady state corresponding to a constant common mode voltage at the inputs of the system is    i  f 1   =  i  f 2   = 0  . The input bias currents of the instrumentation amplifier flows through the resistances   R  B 1    and   R  B 2    and produces a purely common mode voltage at the inputs (resulting in    V o  = 0  ). In this situation, switching on and off the FB produces no transient on the system.



However, if an offset is present, when the FB loop is active, it tends to compensate for such an offset by forcing opposite currents    i  f 1   = −  i  f 2     at steady state in order to produce a differential input, compensating the intrinsic offset of the instrumentation amplifier. In this situation, when we switch off the FB, we necessarily introduce a transient, which, since the FB is disconnected, evolves with the smallest time constant of the circuit. The amplitude of the transient and the time required for its effect to become negligible depend on the magnitude of the offset. This effect is likely to be small in most situations. However, in order to ensure that it is negligible and that we take full advantage of the proposed approach, we need to guarantee that we can act on the system in order to compensate for the offset of the instrumentation amplifier. Adding a circuit for offset compensation and making it automatic so that the final user need not worry about it would be quite simple. As we show in the next section, in order to minimize the complexity of the prototype, we opted for a manual compensation approach. However, the compensation setting does not depend on the source impedance, which means that it needs to be performed only once and checked from time to time.





3. Results


To showcase the new amplifier design, we built a fully functional prototype. We then applied it to replace the front-end amplifier of the system in [22], tackling the problem of the passive measurement of contact resistances. In this section, we first introduce the details of the implementation, providing a complete prototype schema. Then, we show that the new circuit topology can markedly reduce the time needed to perform contact resistance estimation.



3.1. Prototype


A prototype was built and tested to demonstrate the effectiveness of the proposed approach. A low-noise AD8429 amplifier was chosen for the differential measurement, and configured for a gain of 50 V/V, similar to the system in [22].



The main difference with respect to [22] is the presence of the two floating current sources   i  f 1    and   i  f 2    across the capacitors   C  B 1    and   C  B 2    in the top portion in Figure 4, which represent the action of the FB whose detailed implementation is reported in the bottom portion of the figure.



Switches from 1 to 4 were used to change the configuration of the input section of the system. Following [22], these were operated to perform a series of measurements from which the contact resistances were estimated. As noted above, the task of the FB is to speed up the recovery of the system from the transients induced by repeated changes in the configuration of the switches.



The operation of the differential amplifier in the absence of the floating current sources is discussed in [22]. A circuit was built around the operational amplifier OA3 to enable the fine adjustment of the offset of the system (when the FB was inactive), avoiding transients when the FB was deactivated following a change in the switch configuration.



The implementation of the FB was based on two integrated dual photo-voltaic MOSFET drivers (VO1263). Each VO1263 essentially contains two miniaturized solar cells, each with its own light emitter source in the form of an integrated LED. As discussed in [27], a single VO1263 can be used to obtain a current-controlled floating current source capable of delivering positive and negative currents in the order of a few microamperes with a voltage compliance in excess of 10 V. In our prototype, two VO1263 were combined to form a dual floating current source, with nominally opposite currents, controlled by the current at the output of OA2 in Figure 4.



The transfer coefficient  α  from the driving current toward the output current is typically in the order of 2 × 10−3 A/A for driving currents above a few tens of microamperes, as illustrated in Figure 5. This plot also shows that the behavior is not linear for low output currents. This is not a limitation in our case since the FB is used merely to speed up the transients after the switch configuration changes.



In ideal conditions, toward the end of the transients, we should be approaching    i  f 1   = 0   and    i  f 2   = 0  . The decrease in the slope of the input-output curve in Figure 5 for low currents means that the effectiveness of the feedback decreases as well. Consequently, we obtain a disengaging effect of the FB close to the steady state, which helps to smooth the the transition from active to inactive FB at the end of the transients.



The voltage multiplier AD835 was used to change the feedback gain from the voltage   v out   toward the currents   i  f 1    and   i  f 2   , by means of the voltage   v  c t r l   . If we neglect, for the moment, the effect of the low pass filter   R  L P   -  C  L P   , the voltage   v  o m    at the output of the multiplier is:


   V  o m   = −   R  g 2    R  g 2     k V   v  c t r l    V  o u t    



(9)




with    k V  = 1  −1 in the case of the AD835.



The voltage at the output of the multiplier drives a voltage-to-current converter implemented with the operational amplifier OA2, so that the current through the LEDs inside the VO1263 devices is:


   I  L E D   =   v  o m    R L    



(10)







Note that when    I  L E D   > 0  , the two upper LEDs in Figure 4 are “on” and the two bottom LEDs are “off”; when    I  L E D   < 0  , the two upper LEDs are “off” and the two bottom LEDs are “on”.



Finally, including the transfer coefficient  α , the gains   G  m 1    and   G  m 2    from the output voltage to the currents   i  f 1    and   i  f 2    are:


   G  m 1   =   i  f 1    v  o u t    = −   i  f 2    v  o u t    =  G  m 2   = − α   R  g 2     R L   R  g 2      k V   v  c t r l    V  o u t    



(11)




with the values of the parameters in Figure 4. When   v  c t r l    is at the maximum value of 1 V, the gains amount to:


   G  m 2   = −  G  m 1   ≃ 20  μ A / V   



(12)







Extending the results in Equation (7) to the case of the differential configuration, when the FB is active with    v  c t r l   = 1 V  , we obtain a low-pass limit that is 160 times larger than the low-frequency corner corresponding to the time constant    C B   R B   , i.e., about 16  Hz  instead of 100  m  Hz . When   v  c t r l    is 0, the FB is inactive and the low-frequency corner is set by   R B   and   C B  , which is 100  m  Hz .



Finally, a low-pass filter   R  L P   -  C  L P   , with a time constant of 10  m  s , was added to the control signal in the input of the multiplier control voltage and used to smooth the gain change in the feedback loop.



The remaining differences in the full circuit in Figure 4 with respect to that in Figure 3 were implementation details, applied following the recommendations in the component’s data sheets.



A separate microcontroller board provided the   v  c t r l    output in a 0 V –1 V  range and was also used to control the switches when performing the source resistance assessment.




3.2. Measurements on the Prototype


Although the system is, strictly, nonlinear for small values of feedback loop signal (due to the aforementioned nonlinearity in the coupling devices, which makes the loop inactive for very small signals), we tested the frequency response with relatively large signals, keeping the output voltage as high as possible, around 2  V  peak-to-peak. The result (measured in the range 1  Hz –1000  Hz ) is provided in Figure 6a; the behavior is basically the same as that shown in Figure 2b.



In the time domain, the behavior of the amplifier was checked by applying a pure differential square voltage to the amplifier input (cyan line in Figure 6b) with the feedback loop disabled (   v  c t r l   = 0  ); at a certain point in time,   v  c t r l    is abruptly raised to a value of   0.35   V (not shown in the diagram; the switching instant is marked with a dotted vertical line).



The exponential transient of the output (orange line) before the change shows the natural hard response of the circuit, with a time constant in the order of ten seconds. As soon as the feedback loop is enabled, the system smoothly switches to a much faster response, as can be easily deduced from the shape of the following transient. In conclusion, we can speed up the circuit when we expect large transients due to the switching of the input configuration during the resistance measurement phase, and switch back to the normal behavior for the measurement phase.




3.3. Application to Resistance Estimation


Similar to the procedure in [22], the parallel connection circuit is managed with a digitally-controlled switch and a microcontroller that activates and deactivates the corresponding connections within the four configurations necessary to complete the impedance measurement. To summarize the procedure, the RMS of the signal is first estimated over a selectable period   T S  , and then measured again over the same   T s   for each switch configuration reported in Figure 7b. From this information, we can calculate the approximate values or the contact resistance. The mathematical details can be found in [22].



In the original system, the switching phase lasted at least 30  s  due to the time needed to wait for the end of the transient. One example sequence of measurement, for the four different switch configurations, is shown in Figure 7a.



Since this kind of system is intended for input voltages in the range of microvolts or millivolts, the waveform generator that emulated the input signal in our tests was followed by a resistor attenuator. The differential signal was obtained by a linear circuit with adders and a difference amplifier circuit (not shown) so that we generated two signals with known common and differential mode components. The differential input signal used as a test signal was a sinusoidal waveform with a frequency of   100   Hz and an amplitude around   20   mV peak-to-peak. The common mode was a similar sinusoidal signal, at the same frequency, with a 20 mV amplitude as well.



During the switching phases, the   v  c t r l    signal was set high, and then re-set to zero after the output amplitude and RMS were measured.



To test the system, we set   R +   and   R −   to known values: in this case 100  Ω , 5 KΩ, and 50 KΩ, which correspond to a good, middling, and poor contact, respectively. The resistance values obtained with the procedure outlined above were then compared with the known value of contact resistance.



Figure 8 contains the output voltage (  v  o u t    in Figure 4) of one of the impedance measurements corresponding to the impedance values    R +  = 5  k Ω    and    R −  = 51  k Ω   . The transients are much more subdued than those in [22], and the measurement can be carried out in a shorter time.



Finally, Figure 9 shows the result of the passive resistance measurement performed across all possible combinations of the three chosen values of contact resistance, comparing the results obtained with the approach in [22] (RC filter) with the methodology proposed in this paper (active filter) considering the enhanced, shorter measurement time. The active filter enables a better global resistance assessment and avoids false positives (detecting poor contact resistance as good or middling) which is the main objective of the system.





4. Discussion


As previously stated, one of the main drawbacks of the original impedance measurement methodology proposed in [22] is the time needed for the completion of the contact resistance estimation process, due principally to the transient responses triggered by the steep changes in the input voltage. In the case of the original RC filter circuit, and considering a balance between accuracy and latency, a safety period proportional to the time constant of the high pass filter is required before starting the RMS calculation (chosen as representative statistical measurement) in order to avoid the transient effect. A typical measurement with that system is shown in Figure 7a; the time spent performing the contact resistance measurement is in the order of a minute (around 30  s  in the case of the measurement shown).



The time constant with the active filter is much shorter, which means that the safety period can also be shortened in the same order of magnitude. The new system settles much faster than the older system, as can be seen by comparing Figure 7a and Figure 8.



The results of the resistance detection, as shown in Figure 9, are slightly worse in absolute value than those obtained in [22]. However, the time spent in the resistance measurement is at least one order of magnitude less than that needed without the active filter topology. In the end, the only relevant information for the monitoring devices is if the contact is good enough. In Figure 9, note that no contact resistance configuration lying outside the quadrant where both contact resistances are low (the lower left one) is mis-detected as good. The absence of such a case shows that there are no false positives in the detection, which confirms the suitability of the approach.



In addition to the application shown here, a similar topology can be applied to all the cases where a differential amplifier needs to be designed with a high-pass filter with very low cut-in frequency, while a fast settling time is advantageous during the phases of connection and re-connection of the system to the signal sources.




5. Conclusions


In this paper, a new topology was proposed to design AC-coupled differential amplifiers with a cut-in frequency that can be continuously changed through a control voltage. This feature allows us to speed up the recovery from transients by setting very short time constants (when large transients occur at the input) while maintaining the ability, by setting a much larger time constant during actual measurements, to obtain a flat response down to very low frequencies. A prototype of an amplifier employing the proposed topology was built, tested, and used to speed up a recently proposed measurement procedure to determine the contact resistance due to electrodes in bio-signal measurement experiments. This procedure, based on measurements performed after provoking controlled changes in the input network configuration, while effective, was limited by the presence of long transients after each change occurs. With the prototype we built, comprising an adjustable AC input filter with a time constant ranging from 8 ms up to   1.6   s, it was possible to reduce the overall measurement time for the determination of the parasitic resistances from about 30 s to about 5 s. The new circuit shows no degradation in sensitivity and in the lowest frequency that can be explored during signal acquisition.







Author Contributions


Conceptualization, R.G., C.C. and G.S.; methodology, E.A.R., C.R.-M.G.; software, E.A.R., C.R.-M.G. and R.G.; validation, R.G. and E.A.R.; formal analysis, C.C. and G.S.; investigation, E.A.R., G.S., C.C., C.R.-M.G. and R.G.; resources, C.R.-M.G.; writing—original draft preparation, E.A.R., C.C., G.S. and R.G.; writing—review and editing, G.S., C.C., C.R.-M.G. and R.G.; visualization, R.G.; project administration, C.R.-M.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Measurement and simulation data are fully available upon request.




Acknowledgments


The authors would like to acknowledge the support from the technical personnel at the Universidad Pontificia Comillas laboratories, namely José María Bautista and Antonio Martínez. They would like to acknowledge the collaboration with Analog Devices, for providing a ADALM-2000 system that was partially used for the building of the prototype. Finally, they would like to thank Christopher Michael Turner for the English language help and review.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	LNA
	Low-noise amplifier



	RMS
	Root mean square



	HP, HPF
	High pass (filter)



	RC filter
	Resistance-capacitor filter



	FB
	Feedback block



	DC
	Direct current (used for continuous signals)



	AC
	Alternating current (used for variable signals)
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Figure 1. Simple (a) and proposed (b) amplifier topology for obtaining a variable bandwidth. The current generator is controlled by the output voltage if = Gmvo, where Gm is the transconductance gain. 
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Figure 2. Controlling the feedback loop (with a variable-gain amplifier or a multiplier) enables an external controlling voltage: (a) the basic circuit; (b) the results of the LT-SPICE simulation with Gm = 80 μΩ−1, kv = 1 V−1, Av = 50 V/V, CB = 10 μF, RB = 160 kΩ, Ec = 0 V, Rc = 5 kΩ, over several values of the controlling voltage. 
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Figure 3. Simplified schematic diagram of the differential case. 
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Figure 4. Full circuit used in the tests. The components without labels were added following the suggestions of the respective data sheets, so they are not substantial for the discussion of the behavior. The upper circuit is the main amplifier with the switches used to check the contact impedance, simulated by the   R +   and   R −   resistors (together with the equivalent output resistance of the divisor used to reduce the input voltage range). The lower circuit is the FB, consisting of a multiplier,   G m  , and current injection stage. All the components were supplied with a symmetric   ± 5   V source. 
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Figure 5. Input-output characterization of the optocoupler.   I  L E D    is the input current and   I  S C    is the short-circuit output current. 
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Figure 6. (a) The measured frequency response (please see the main text) for different values of vctrl; (b) transient response when vctrl is changed abruptly from 0 to 0.35 V at t = 2.5 s. 
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Figure 7. Example of the output of the amplifier during the resistance measurement in the system described in [22]. S1 to S4 are the four configurations of the input switches for each stage; normal operation is with all switches off. The table in (b) specifies the switch position for each stage. 
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Figure 8. Example of the output voltage from the prototype for    R +  = 5    KΩ and    R −  = 51    KΩ, switching every 400  m  s . The base signal is a 100  Hz  sinusoidal one; it is evident that the transients are fast when the control voltage is high. 
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Figure 9. Resistance assessment result, with a switching period of 1  s . The cyan dots are the real values of the contact resistance, the red squares are those estimated using the active filter, and the blue stars are the values estimated with the RC filter. 






Figure 9. Resistance assessment result, with a switching period of 1  s . The cyan dots are the real values of the contact resistance, the red squares are those estimated using the active filter, and the blue stars are the values estimated with the RC filter.



[image: Electronics 10 02631 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
State

B
2
3
S4

switches
v-gnd vignd VR
ON  OFF OFF
ON  OFF OFF
OFF  ON  OFF
OFF  ON ON

viR

OFF
ON
OFF
OFF

(b) Switch position for each phase (ON,

(a) Time response during the resistance
prR

closed; OFF, open).





media/file4.png
1KHz

N
, T
\ — o
= o
LWAN > -
AVAN L
AN v
N 0
Rt N
///// N\ = T
— // ’/ // o
- o\ NN -
= N\ AN U
o AN NN
> // N\ A
> VN4 N
NN KON -
N NG\
\// N\
\ \)//// AN //// N
/AN £
Y y 4 N N / N o
X / NN NG (=}
N/ N\ N\ -
X AN // AN
d // SO N
NN Y m
m m m m m m
T ke g T T
o o o o o
s
~
s
< =
~ A
aa
=~
7
\/\/\/w||||+:
N
- f
—

electrode

(b)

(a)





nav.xhtml


  electronics-10-02631


  
    		
      electronics-10-02631
    


  




  





media/file18.png
Rn [€)], log scale

100k

51k

7.5k
5k

2.5k

100

©® Real value *x RC Filter |:|I Activé ﬁlter‘
| | | |

| |
I | I | I I 1
o & NN ¥ Q-

Rp [€)], log scale





media/file16.png
Vo (V)

1 I
output voltage

t (s)






media/file2.png
____________

i EC Rc i Zf
’ II AN~ ”
electrode

(a) (b)





media/file5.jpg
in
yon -
CIB, i ClA
i
Co SRy
R
0w @ T
C2B L

C2A

Detrl

Vo





media/file3.jpg
Vivaun

208

Growng vt

4o
FAME SR R M Y

(a) (b)





media/file1.jpg
(a)

E R‘

elecuode






media/file7.jpg
s

1XADGA2AKN R .

b _ €
N’T’ < 3o
A @D

L Y

MI G §






media/file10.png
800

600

400 +

200 +

1 ISC (HA)

N

/OD ?v\
Q

Oo—l_N

/\/%
Y
o
| e (A
100 300 400





media/file12.png
Gain (dB)

—10

—15

—20

—25

— 0.0V
—0.15V
— 05V
— 1.0V

100 10! 102
f (Hz)

(a) Frequency response.

103

0.5
O |
05
Verg : 0 — 035V
_1 | | | |
0 2 4 6
t (s)

(b) Transient response.





media/file9.jpg
800 1

600

400

200

300

400





media/file0.png





media/file14.png
(8]

— >

- N W

o

Output voltage [mV]

1
—
T

0 10 20 30

Time [s]

(a) Time response during the resistance
measurement.

State switches

v-gnd v+gnd v-R v+R
S1 ON OFF OFF OFF
S2 ON OFF OFF ON
S3 OFF ON  OFF OFF
54 OFF ON ON OFF

(b) Switch position for each phase (ON,

closed; OFF, open).





media/file8.png
————|/<-——l———|
00 i N
5kQ ! L0 uF l
! n |
10kO) 50 k) C1B! § | C1A /1\93/(\)/_< 330) N
A i [ VIV
RAl CBl RBl 5
vt 1000 5k 160 kO >
Cp R
+R +GND f L G ,
= == A InF T~ 1310 ADB429 > Vout
=+ =+ ~ < Rp
160 k)
10k0) R- 9B Cﬁz Vit "
N o St A S A
5kO l . |
PR Y
\ v-GND v-R M L
J__ 1 J__ 2 le — )
- - oa
Switches: 4+
1x ADG202AKN
-5V <— VW NVW—AVN—> 5V
10kQ Ry  10kQ
10kO)
\ LLED V01263 x 2 i
—  VP1eb3 X - , 1
t\ 0a2 | 5 | C1B >
- Rip oad _/ i (3 | :
Vetrt / l X |
10kQ N E | ir C1A >
Z ! | .
1}11: S— CLp g | 1* : » C2A
% | W Lo
(am] . | 1
1 < ILED | & |
- 3 y TFE __________________ :I C2B
. | ~ |
RL I 5 If:
1000 | # |
oal —_ —_ — E |
I + : ?¥ i
: (4 Lo
= | % 4 |






media/file11.jpg
1
1) =
03|
g
0
i #
% 00y
0 0t 107 10 B 2 4 O
£ (Hz) t(s)

(a) Frequency response. (b) Transient response.





media/file6.png
Octrl

Uom

FB
Ay

C2A '

il g T
|

+ U2 —

L2





media/file15.jpg
Yo (V)

output voltage
Van

t(s)






media/file17.jpg
Rn (9], log scale

stk

7.5k
sk

25

®

100

S —*

© Realvalue x RC Filter @ Active filter]

& N e & &
Rp [, log scale





