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A B S T R A C T

Two novel scalable and electronically adjustable differentiator designs are presented in this paper. These designs 
are based on special variable gain amplifiers extending well-known concept of standard single operational 
amplifier-based differentiators. The key novelty lies in their scalability, which allows for an enhanced time 
constant value by adjusting the ratio of resistors. Simultaneously, the special form of gain control using a DC 
voltage offers wide electronic tunability. The solution performs high input and low output impedance, both 
independent of frequency. Experimental testing demonstrated time constant adjustments in two configurations: 
from 64 ns to 4.5 µs (a ratio of maximal and minimal value 70) and from 8.7 µs to 183 µs (a ratio of 21). As an 
application example, the proposed differentiator is utilized in the design of a readout system for an absolute 
phase shift difference to pulse width ratio converter, suitable for monitoring a very slow phenomenon such 
biosignals.

1. Introduction

Modern analog chip designs prevent the use of large value capacitors 
due to their impracticality for integration, as they require a significant 
amount of chip area [1]. This issue is not limited to integrated circuits 
but also affects discrete systems operating at very slow, low-frequency 
signals (from sub-Hz to tens of Hz). In such cases, large value capaci
tors occupy a significant space on printed circuit boards (PCBs), espe
cially when using small surface mount devices (SMDs). However, very 
high capacitance values (in the range of μF or hundreds of nF) are often 
required at many places, particularly for decoupling applications [2,3].

Several methods have been proposed [4–14] to create so called 
active solutions that enhance capacitance values (or general ideal 
impedance response [5,8,9]) through active circuit gain. These methods 
primarily focus on capacitance multiplication, where the effective 
capacitance is increased by a multiplication constant (or scaling factor) 
[4,6,7,10,11–14]. In some cases, electronic adjustment is not necessary, 
as fixed scalability can be achieved by passive elements [6,10]. How
ever, many designs allow both capacitance boosting/scaling and 

electronic adjustment [4,5,7–9,11–14]. Next, many capacitance multi
plier circuits achieve a boosted value for grounded capacitance or 
inductance [5,8–10,11,12,13]. However, some topologies – or their in
ternal solutions – become significantly more complex when imple
menting floating elements [4,7,12,14]. It is important to note that 
floating elements are essential in operational amplifier-based solutions 
for various building blocks and applications. A comprehensive review of 
impedance and capacitance multipliers was recently published by Sen
ani et al. [15], summarizing over 250 different solutions. However, a 
detailed discussion of these designs is beyond the scope of this work. 
Recent research (from 2022 to 2024) highlights the growing interest 
capacitance multiplication among researchers worldwide. However, 
most studies have focus solely on linear filtering applications [16,17]. 
This work, on the other hand, demonstrates several additional beneficial 
implementations.

The operational amplifier-based lossless differentiator is a typical 
example of a building block where a floating capacitor is used [16,17]. 
Additionally, the standard solution of differentiator with an operational 
amplifier (opamp) has a frequency dependent input impedance, which is 
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Table 1 
Comparison of typical and similar lossless differentiator solutions with the proposed circuit designs.

Reference Total no. 
of active 
elements

No. of active 
elements 
responsible for 
capacity 
electronic 
adjustment

No. of 
passive 
elements 
(floating/ 
grounded)

Impedance 
character 
(input/ 
output)

Frequency 
independent 
input 
impedance

Time constant 
defined by passive 
and active 
parameters 
simultaneously

Scaling 
of time 
constant

Method 
of 
scaling

Electronic 
adjustment of 
time constant

Input/output 
impedance 
independent on 
electronic 
adjustment of 
time constant

Method of time 
constant 
electronic 
adjustment 
(driving)

Linear 
adjustment

Operation 
mode

[16,17,19] 
*

1 0 2/0 Low/Low No No No − No − − − voltage

[20] 2–3 0 2–3/0–1 Low/High No No No − No − − − current
[21] 2 1 0–1/1–2 High/Low Yes Yes No − Yes Yes voltage Yes voltage
[22] 1 0 1/1 Low/High No No No − No − − − current
[23] 2 2 1/1 Low/High Yes Yes No − Yes N/A current Yes current
[24] 1 1 2/0 High/Low Yes Yes No − Yes Yes voltage Yes voltage
[25] 1 0 1/1 Low/Low No No No − No − − − voltage
[26]** 1 0 2/0 Low/Low No Yes No − Yes Yes voltage N/A voltage
[27,28] 

***
2 1 0/0 Low/High N/A Yes N/A N/A Yes N/A current N/A current

[29] 2 0 1/3 High/Low Yes No Yes ratio of 
resistors

No − − − voltage

[30,31] 2 2 0/1 Low/High N/A Yes No − Yes N/A current No current
[32] 1 1 1/0 Low/Low No Yes No − Yes N/A current N/A current
[33] 2 1 0/1 Low/High N/A Yes No − Yes N/A current No current
[34] 1 0 2/0 Low/Low No No No − No − − − voltage
This work 

(Fig. 2)
2 1 4/0 High/Low Yes Yes Yes ratio of 

resistors
Yes Yes voltage Yes voltage

This work 
(Fig. 4)

2 1 3/1 High/Low Yes Yes Yes ratio of 
resistors

Yes Yes voltage Yes voltage

*a well-known standard solution using operational amplifier (opamp), capacitor and resistor.
**replacement of a feedback resistor by a variable MOS-based resistor.
***use of real parasitic features of opamp (single-pole model), many key features for comparison purposes are not tested and shown (only basic theoretical analysis is available), two electronically adjustable parameters 
are available for time constant adjustment.
N/A − information not available/explained or visible from available formulas and results.
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a significant issue when the excitation signal is not properly buffered (i. 
e., lacks impedance separation). However, some two-port solutions for 
lossless differentiator can be implemented without relying on the com
plex floating capacitor multiplier solutions discussed earlier. The 
fundamental principle behind time constant scaling and adjustment is 
the use of Miller effect [13,14,18]. This phenomenon multiplies the 
capacitance in the time constant by a certain factor, which can be 
determined by the gain of the active circuit. This factor is defined by a 
parameter of an active device or parameter based on external elements 
outside of the active device. This multiplication factor (a constant) may 
be fixed (called the scaling factor), electronically adjustable, or both 
simultaneously. These aspects are analyzed independently in the 
following sections.

Table 1 presents a comparison of various differentiator solutions, 
highlighting key properties such as ease of implementation, potential 
conflicts in further circuit integration, performance, and the availability 
of fixed scalability and electronic adjustability of the time constant. The 
analysis of these solutions, summarized in Table 1, leads to several 
important observations: 

a) Some existing solutions, including recent ones, do not focus on the 
electronic adjustment of the time constant of the differentiator 
[19,20,22,25,29,34].

b) The scalability (i.e., boosting) of the time constant using a fixed 
multiplication factor is possible in limited cases [29].

c) Electronic time constant adjustment has been used several times 
[21,23,24,26–28,30–33], though information about the dependency, 
trend and range adjustment is rarely provided [21,23,24].

d) The input and output impedance characteristics are not optimal for 
cascading in several cases [19,25,26,34].

e) In some designs, the impact of the electronic adjustment process on 
the input or output impedance of the differentiator remains uncer
tain [23,27,28,30–33].

f) Many solutions operate in the current mode 
[20,22,23,27,28,30–33].

Only solutions that allow fixed scaling require two additional passive 
elements (resistors) to set the scale [29]. However, these elements are 
useful for achieving a fixed scaling factor, enabling a significant increase 
(or decrease) in the time constant value compared to the original. In the 
simplest case, this scaling is achieved by multiplying the mathematical 
product of the original capacitor value by a parameter such as resistor 
[19], transconductance [30] or the resistance of a current input terminal 
[33] in the circuit. All electronically adjustable solutions have similar 
complexity, requiring at most two active devices. The most comparable 
designs to our newly presented concepts can be found in [21] and [24]. 
Both solutions utilize commercially available devices, making them easy 
to access and implement.

However, neither of these designs incorporates additional scaling 
beyond electronic adjustment. It seems that the simultaneous use of a 
fixed scalability factor and electronic adjustment in differentiators has 
not been previously explored. Furthermore, most of the aforementioned 
solutions do not provide detailed information on key qualitative pa
rameters such as tunability and adjustability ranges or required driving 
voltage ranges.

The limitations of prior solutions motivated our research, leading to 
the following objectives, which we aim to fulfill simultaneously: 

a) High input impedance.
b) Low input impedance.
c) Frequency-independent input and output impedance in ideal 

topologies.
d) Input and output impedances independent on the electronic adjust

ment process.
e) Configurable scalability (fixed multiplication constant) of the time 

constant.

f) Linear and continuous electronic adjustability of the time constant.
g) A maximum of two commercially available active devices.
h) A maximum of two additional circuit elements for fixed multiplica

tion constant scaling (with a preference for scaling via element 
ratios).

All verifications of the proposed concepts are based on experiments 
using commercially available off-the-shelf components. This approach is 
sufficient to confirm both the functionality and feasibility of the discrete 
design. However, current trends in electronics favor the integration of 
complete analog systems and front-end components onto a single chip, 
which significantly reduces circuit size. Despite this advantage, inte
grated design is very expensive at all stages – from the design and to 
fabrication – and is more suitable for mass production of final products 
rather than for initial verification of ideas, principles or concepts. 
Therefore, we chose to use discrete components to demonstrate the 
feasibility and potential applications of our concepts. The active devices 
used can be integrated onto a chip with some limitations (such as gain 
range, linearity, dynamic range, frequency response, and DC accuracy). 
Nevertheless, the circuit ideas and principles presented in this work are 
reproducible and practically realizable.

The rest of this paper is organized as follows. Section 2 introduces the 
principle of time constant adjustment using a variable gain amplifier 
(VGA) and defines the two proposed solutions, including the features of 
selected devices. Section 3 presents an experimental analysis of both 
differentiator designs, as well as the most significant parasitic effects 
generated by real circuitry. The final part of Section 3 demonstrates an 
application example in the form of a readout for absolute phase shift 
difference evaluation. Finally, Section 4 concludes this paper.

2. Adjustable differentiator solutions

Modern VGAs are available in various forms of devices, each offering 
significant advantages in terms of adjustability range, terminal charac
teristics, and frequency response. For this study, we selected only up-to- 
date and commercially available devices that provide notable benefits. 
The opamps used in our design are the LT1364 [35] and OPA2652 [36]. 
The most important features of these devices are summarized in 
Table A1 and Table A2 in the Appendix A.

Fig. 1 illustrates a differentiator based on a VGA, specifically using 
the VCA810 [37] as an example. This solution represents the funda
mental theoretical concept behind the proposed design. The VGA in this 
setup operates on the basic ideal principle vo = (v+ − v− )⋅A), where the 
adjustable gain is defined as A = 102(|Vset_A| − 1). Hereby, the ideal 
transfer response 

Kdiff (s) = − sCR⋅GAINVGA = − sCR⋅A = − sCR⋅102(|Vset A |− 1 ) (1) 

indicates an exponential dependence of the time constant on the Vset_A 
voltage. The time constant is given by τdiff = C⋅R⋅102(|Vset_A| − 1). The gain 
A can be adjusted from 0.01 to 100. However, such a wide gain range has 
certain limitations when very low gain values lead to noise issues or very 

Fig. 1. The adjustable differentiator using the simplest VGA (VCA810) – a 
fundamental concept.
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high gain values may cause saturation due to small DC voltage offsets. 
Nevertheless, the topology shown in Fig. 1 presents the fundamental 
concept of an adjustable differentiator. The design employs a standard 
opamp with a feedback resistor and the simplest VGA for gain adjust
ment. The fixed scaling factor is not implemented in this solution. It is 
important to mention that all differentiators in this study have an 
inverting behavior due to the origin of topology using the inverting stage 
of opamp.

The solution presented in Fig. 2 enhances the versatility of the dif
ferentiator by introducing time constant scalability through additional 
parameters, achieved by implementing the VCA824 VGA device [38]. 
This device has internal topology depicted in Fig. 3. The name of the 
device reflects its underlying operational principles, combining multiple 
functional units: a modified current differencing unit (MCDU) [39–42], 
a variable gain current amplifier (VGCA) [39–41], and a current feed
back operational amplifier (CFOA) [39–41], collectively referred to as 
MCDU-VGCA-CFOA [43]. The detailed principle is explained in Ap
pendix B. Then the adjustable voltage in Fig. 2 is defined as A = B⋅2Rf/ 
Rg. Due to the high-frequency nature of the VCA824, the high-speed, 
high-frequency OPA2652 opamp is used in this configuration (both 
devices have similar performance).

The ideal transfer function of the differentiator shown in Fig. 2 is 
given by: 

Kdiff (s) = − sCR⋅GAINVGA = − sCR⋅
(

2⋅B⋅Rf

Rg

)

≅ − sCR⋅
[
(Vset B + 1)⋅Rf

Rg

]

(2) 

The corresponding time constant τdiff = C⋅R⋅(Vset_B + 1)⋅Rf/Rg shows a 
linear dependency on the voltage Vset_B. Compared to (1) and the pre
vious solution, this approach offers greater flexibility in adjusting the 
time constant due to the additional degree of freedom introduced by the 

ratio of Rf and Rg.
Fig. 4 shows an alternative solution using the AD835 voltage-mode 

multiplier [44] as the VGA. The ideal operation of the multiplier has the 
following form: vw = (vx1 − vx2)⋅(vy1 − vy2)⋅k + vz, where k ≅ 1 is the 
intrinsic constant of the multiplier. All inputs, including the auxiliary ter
minal z, have high-impedance voltage character, while the output terminal 
w has a low-impedance character. The feedback resistors Rf1, Rf2 enable 
the formation of the VGA gain, defined as: A ≅ Vset_A ⋅ (1 + Rf1/Rf2). 
Accordingly, the ideal transfer function of the differentiator in Fig. 4 is: 

Kdiff (s) = − sCR⋅GAINVGA = − sCR⋅A ≅ − sCR⋅Vset A⋅
(

1 +
Rf1

Rf2

)

(3) 

The time constant scalability is determined by the ratio of Rf1 and Rf2, 
while Vset_A allows for continuous adjustment of the time constant τdiff =

C⋅R⋅Vset_A ⋅ (1 + Rf1/Rf2).

3. The verification

3.1. Analysis of differentiators

This section presents the analysis of the features of differentiators 
from both solutions shown in Fig. 2 and Fig. 4. The evaluation focuses on 
the behavior in the frequency domain. Measurements were made using a 
Keysight DSO-X 3024 T oscilloscope. The input signal frequency was 
varied from 100 Hz to 10 MHz, with input voltage amplitudes ranging 
from 20 mV to 100 mV. The circuits were powered by a ± 5 V supply 
voltage.

For the first solution in Fig. 2 (VCA824 and OPA2652), the initial 
time constant was determined by the following passive element values: 

Fig. 2. The adjustable differentiator using the special VGA VCA824.

Fig. 3. Internal concept of MCDU-VGCA-CFOA (VCA824) [43].

Fig. 4. The adjustable differentiator using the special VGA AD835 device.

Fig. 5. Experimental verification of the adjustable differentiator from Fig. 2
(magnitude responses).
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R = 1 kΩ, C = 1 nF, Rg = 470 Ω and Rf = 1 kΩ (both auxiliary elements), 
and compensation capacitor Ck = 10 pF. Under these conditions, the 
expected (ideal) time constant at Vset_B = 0 V is tdiff = 2.13 μs. For 
comparison, a standard opamp-based lossless differentiator, using only 
R and C, would yield a fixed time constant of 1 μs for the same 
component values. The ideal range of time constant variability is ex
pected to span from 106 ns to 4.26 μs (for Vset_B = − 0.95 V and 1 V). The 
dependence is linear based on the definition of the adjustable gain of the 
VCA824. The simulated range is from 65 ns to 4.43 μs and the measured 
range was obtained between 64 ns and 4.47 μs (the measured ratio of 
τdiff_max and τdiff_min is 70).

Fig. 5 shows the comparison of the ideal, simulated, and measured 
results for the minimum and maximum time constant at low frequencies 
and high attenuation values. The measured differentiator indicates 
reliable differentiation behavior with the frequency range of 2 kHz to 
200 kHz (spanning of two frequency decades) for the selected RC values 
(time constant). Fig. 6 captures the time constant adjustability range and 
the errors between theoretical, simulated, and measured results.

The error between theory and measured values is approximately 10 
% for most of the Vset_B range. For very low values of Vset_B, it exceeds 20 
%. However, the discrepancy between simulation and measurement 
remains within 11 % across the full range.

The second solution shown in Fig. 4 (AD835 and LT1364) was tested 
for an expected (ideal) initial time constant of tdiff = 192 μs at Vset_A =

1 V. The parameters of circuit elements, including auxiliary resistors Rf1 
= 100 Ω, Rf2 = 5.6 Ω and compensation capacitor Ck = 33 pF, allow for a 
theoretical time constant adjustment range from 9.6 μs to 192 μs (for 
Vset_A ranging from 0.05 V to 1 V). For comparison, a standard opamp- 
based lossless differentiator (using only R and C) has a fixed time con
stant of 10 μs, assuming R = 10 kΩ and C = 1 nF, which are the same 
values used in Fig. 4. The simulation results range from 9 μs to 179 μs 
while the measured results range from 8.7 μs to 183 μs. Fig. 7 presents an 
example of the minimum and maximum achievable time constant 
values. The operational frequency range is estimated to be 2 kHz to 80 
kHz, given the selected parameter settings. The differences observed in 
linear response plots (see Fig. 8) indicate a very low error of up to 9 % 
and 3 % for measurement vs theory and measurement vs simulation, 
respectively. These results indicate higher accuracy than the solution in 
Fig. 2, but the time constant adjustment range is narrower compared to 
the previous case (the measured ratio of τdiff_max and τdiff_min is 21). For 
this circuit solutions, the differentiation performance in the time domain 
was evaluated. For this purpose, typical examples of waveforms were 
selected. Fig. 9 illustrates four representative waveforms at frequencies 
within the differentiation range: sine wave, square wave, triangular 

Fig. 6. The adjustability of the time constant of the solution in Fig. 2: a) the dependence of the time constant on the driving voltage, b) evaluation of the error.

Fig. 7. The experimental verification of adjustable differentiator from Fig. 4
(magnitude responses).

Fig. 8. The adjustability of time constant of solution in Fig. 4: a) the dependence of time constant on driving voltage, b) error evaluation.
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wave, and Gaussian impulse.
Table 2 compares the most significant performance aspects of both 

topologies introduced in Fig. 2 and Fig. 4. The time constant values and 
their adjustment ranges depend on the selected parameter values, 
meaning these values are not strictly final. The most important practical 
difference between both solutions is the extended adjustability range of 
the VCA824 (see Fig. 2). This is evident in the time constant ratio, which 
is 70 (see Fig. 2) compared to 21 (see Fig. 4). The overall circuit 
complexity of both solutions is similar. From a practical implementation 
perspective (as indicated in Table A1), the VCA824-baed solution (see 
Fig. 2) is more sensitive to proper RF compatible design than the AD835- 
based solution (see Fig. 4). If the device terminals are not properly 
terminated, or stability precautions are not applied during circuit design 
and printed circuit board (PCB) layout, the VCA824 circuit is more 
susceptible to stability issues and self-oscillations. The approximate 
range of monotonically increasing magnitude in the differentiation 

region (i.e., the difference between the maximum and minimum 
magnitude values in Fig. 5 and Fig. 7, where the response remains 
“linear” in dB scale), is 50–60 dB for both minimum and maximum time 
constant values in Fig. 5 and 40-50 dB in Fig. 7. This range is sufficient 
for many practical applications, though some limitations are introduced 
by the measurement equipment, particularly dynamic range and vertical 
resolution. Both solutions allow the time constant scaling via resistors. 
However, the VCA824-based differentiator offers a wider electronic 
adjustment range due to its special gain parameter (Vset_B + 1), which 
affects the overall time constant, particularly for very low values 
(negative Vset_B). This results in time constant ratio of 70. In contrast, the 
AD835-based differentiator provides a larger fixed scaling factor 
(19 vs. 2 in Fig. 2). In summary, while both solutions achieve compa
rable performance, the AD835-based solution operates over a narrower 
frequency range than the VCA824-based solution. However, the 
VCA824-based differentiator provides a greater range of time constant 
adjustment due to its unique gain definition but also introduces a higher 
risk of instability. The block diagram of the setup, the device under test 
(DUT), and photos of the prototypes are shown in Fig. 10.

The operational range of the device depends on the selection of time- 
constant-forming elements and their parameters. In other words, the 
operational range can be modified by appropriately choosing the values 
of capacitor and resistor, independently of the parameters associated 
with the electronically adjustable features. The examples provided in 
this paper serve as illustrative demonstration for proof-of-concept 
verification. Designers may choose different configurations of the dif
ferentiator based on their specific application requirements. Regardless 
of the configuration, the high-frequency limit typically falls within the 
range of a few MHz, primarily due to the limitations of the active 
components used and the real-world performance of the circuit on a 
PCB.

3.2. Analysis of the most significant parasitic effects in used topology

This section focuses on a general description of the most significant 
parasitic influences, using a simplified model to aid understanding. 
These parasitic effects increase the risk of instability and related issues. 

Fig. 9. The example of measured differentiation of selected waveforms: a) sine wave, b) square wave, c) triangular wave, d) Gaussian impulse.

Table 2 
Comparison of solutions introduced in Fig. 2 and Fig. 4.

parameter Fig. 2 Fig. 4

DC voltage adjustability range − 0.95 → 1 V 0.05 → 1 V
Single polarity DC voltage range No Yes
Time constant variability 64 ns → 4.47 

μs
8.7 μs → 183 μs

Time constant ratio range τdiff_max/τdiff_min 70 21
Fixed time constant scale factor based on 

auxiliary resistors
2 19

Electronic adjustability extension Yes No
Number of passive elements 4 4
Number of active elements 2 2
Observed approximate differentiation range 50–60 dB 40–50 dB
Observed frequency range of operation (precise 

differentiation)
2 kHz → 200 
kHz

2 kHz → 80 kHz

Stability and self-oscillation issues possibility high medium
Approximate maximal temperature instability of 

value (− 20 → +40 ◦C)
±15 % N/A (not 

modelled)
Approximate maximal supply voltage instability 

of value (±4 → ±6 V)
±5% N/A
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Fig. 11 shows a typical model including the most critical parasitic ele
ments applicable to all circuits discussed in this work. One key parasitic 
effect is the differential input resistance Rp of the VGA, which limits the 
gain at low frequencies. As shown in Table 2, the Rp values are in the 
hundreds of kΩ, leading to an expected |Kdiff_min

/ (ω → 0)| between − 40 
dB and − 60 dB. It is also visible from the experimental results captured 
in Fig. 5. Similarly, in Fig. 7, the observed range − 20 dB to − 40 dB 
corresponds to a lower Rp value than in the first circuit (see Fig. 4). The 
ratio of R and Rp defines the minimum magnitude of the differentiator’s 
frequency response. Another key issue is the resonant peak, which arises 
due to the serial output inductance Ls, often increased by metal wires 
and interconnections. The approximate value of Ls is in the low range μH 
(tens of μH).

Fig. 12 explains the parasitic effects described, providing useful 
equations for estimating their impact on the differentiator’s magnitude 
response. These parasitic effects are particularly problematic because the 
gain theoretically increases to infinity at this frequency, causing a 

significant stability risk. Nevertheless, these issues can be easily mitigated 
using a compensation capacitor. Both introduced solutions include special 
compensation elements (capacitor Ck) used to minimize instability risks. 
The compensation capacitor Ck reduces the theoretically infinite gain of 
the differentiator at resonant frequency (|Kdiff_max

/ (ωp)| = ∞), following 
the approximate relation: |Kdiff_max

/ (ωp)| ~ GAINVGA⋅C/Ck,when Ck is 
connected. Notably, all results presented in Fig. 5 and Fig. 7 correspond 
with these estimations. It is important to note that the resonant frequency 
ωp is not directly dependent on the gain of the VGA. However, this de
pendency affects ωp in a manner consistent with simulated and measured 
results. The underlying mechanism is quite complex, requiring extensive 
model modifications (such as a single-pole model of a real opamp) for a 
more precise analysis. However, such models often yield formulas that do 
not provide a straightforward interpretation.

Temperature variations within the range of –20 ◦C to + 40 ◦C were 
observed to have a maximum impact of approximately ± 15 % on the 

Fig. 10. The experimental setup: a) block diagram, b) photograph of the workplace including the DUT, c) module using the scheme in Fig. 2, d) module using the 
scheme in Fig. 4.

Fig. 11. The simplified model of the most significant parasitic elements in the 
proposed topology. Fig. 12. Illustration of the magnitude response of the differentiator influenced 

by the most significant parasitic elements.
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capacitance value, particularly for the smallest values within the 
adjustable range. Similarly, supply voltage variations from ± 4 to ± 6 V 
introduced a maximum uncertainty of about ± 5 % at the lower end of 
the capacity range.

Based on a simple noise analysis simulation (noting that its accuracy 
may be limited due to differences between the simulated model and the 
real circuit, including physical realization, and uncertain noise contri
butions of some components), the solutions shown in Fig. 2 and Fig. 4
are comparable in terms of noise characteristics. The primary differ
ences appear at higher frequencies due to differing parasitic resonance 
quality factors of both solutions.

3.3. Application example: Readout for absolute phase difference 
measurement

Integrators and differentiators are widely used in various complex 
industrial systems [45], particularly in instrumentation [46], measure
ment and sensing applications (e.g., bio-signals [47] and biomedical 
applications [48]). This section presents an application example focused 
on designing a simple readout system for measuring the absolute value 
of phase shift, which is calculated from the pulse width of generated 
impulses. The main idea is to eliminate the need for an analog-to-digital 
converter (ADC) in a microprocessor by using only standard digital 
ports.

The proposed readout system is shown in Fig. 13. The system oper
ates with a ± 5 V supply voltage, which generally does not require 
additional special protection or level shifters blocks, except in one case 
(see the block using bipolar transistor). The readout demonstration 
targets sensing applications that process or generate very slowly varying 
physical quantities. The sensed (input) waveforms are generated by an 
RC divider, acting as the DUT or the source of the sensed quantity, 
excited by a 1 Hz sine wave with an amplitude of 1 V. Due to the large 
time constant (100 ms) of the DUT, a visible phase shift occurs between 
the excitation wave vtest(t) and the sensed wave vout(t). Two single- 
threshold comparators are used to indicate zero-crossing moments in 
both waveforms, generating bipolar rectangular signals vcomp1,2(t). 
Then, the rectangular bipolar signal is processed by proposed differ
entiator in order to create very narrow peaks (i.e. corresponding with 
the time constant settings τdiff ≪ tper). These signals are processed by the 

proposed differentiator, using the first topology from Fig. 2. It allows 
precise tuning to shape the square wave edges into sharp peak impulse at 
each rising and falling edge, denoted as vp1,2(t). Since the differentiator 
has an inverting configuration, the polarity of output peaks is inverted 
relative to the input edges. A diode limiter (selecting only the negative 
peaks vp1n,2n(t)) is used to extract time markers corresponding to the 
zero-crossing moments of the sensed waveforms in the rising direction. 
The system then requires polarity inversion from negative to positive 
peaks, which is achieved by a block of analog inverters generating 
vSET(t), vRESET(t). The resulting positive peaks can be easily processed by 
a digital RS flip-flop, which directly generates a pulse signal vpw(t) with a 
width tpw equal to the time difference between the zero-crossing mo
ments of the sensed sine waveforms. The last single block generates an 
impulse with a duration of proportional to the signal period (i.e. half the 
period). This information is derived from the vtest(t) wave using the first 
zero-crossing comparator. The output of the comparator is connected to 
a simple bipolar transistor switch whose base input is protected by a 
parallel diode to handle negative polarity voltages. The phase shift dif
ference is then calculated as Δφ = tpw/tper⋅360◦, where tper is the period 
of the waveform. The microprocessor can easily determine the phase 
shift by measuring the duration of digital pulses. In this case, the phase 
shift generated by the DUT’s RC two-port at a frequency of 1 Hz is Δφ =
35.1◦.

The impact of the supply voltage on the application (specifically, the 
readout) is mainly observed in the amplitude level of the generated 
pulse that represents the duration of a complete period. This effect arises 
from the simplified circuit solution of this subpart, which is based on a 
basic bipolar switch. However, the variation in pulse amplitude can be 
reduced using a diode limiter, for example. Importantly, the time dif
ference that defines the phase shift between the two signals (the output 
of the RS flip-flop) remains unaffected. Although the amplitude of the 
impulse may vary, it does not significantly interfere with the correct 
identification of the minimal TTL high (H) level. As a result, the impact 
is considered negligible, since the pulse width (duration) is the critical 
parameter being processed, not the amplitude levels. To ensure reliable 
operation, the supply voltage should not drop below ± 4 V.

Fig. 14 captures the entire operation in detail, based on a PSpice 
simulation of the system shown in Fig. 13. The simulation-based results 
show a pulse width of tpw = 97 ms and a half-period tper/2 = 500 ms. 

Fig. 13. Readout of the absolute value of the phase shift measurement through the digital port of the microprocessor.
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Using the previously presented formula, the calculated phase shift is 
nearly identical to the expected theoretical value, with a difference only 
in the second decimal place. All simulation parameters and circuit de
tails are shown in Fig. 13.

4. Conclusion

The improvements in active building blocks for analog signal pro
cessing are very popular and useful topics of current research, see for 
example [49,50]. This paper introduced two novel solutions for scalable 
and electronically adjustable differentiators, utilizing a special VGAs 
and an opamp. The proposed approaches extend the time constant of a 
standard single opamp differentiator through resistor ratio scaling while 
also introducing electronic adjustability to these designs. A key advan
tage of these differentiators is their high and frequency-independent 
input impedance, in contrast to traditional single opamp-based solu
tions, where the input is connected directly to a capacitor terminal. 
Among the two implementations, the VCA824-based solution offers the 

Fig. 14. Waveforms observed in the developed phase-shift difference measuring readout: a) sensed signals, b) outputs of the comparator bank, c) outputs of the 
differentiators, d) output of the positive limiters, e) outputs of the analog inverters, f) outputs of the RS flip flop and bipolar switch.

Table A1 
Selected features of the used VGA devices (±5 V supply).

Parameter VCA810 
[37]

VCA824 [38] AD835 [44]

Resistance of voltage inputs 1 MΩ 1 MΩ 100 kΩ
Resistance of current auxiliary 

inputs
− units-tens of 

Ω
−

Resistance of voltage auxiliary 
inputs

− > 100 kΩ 60 kΩ

Output resistance 200 mΩ < 10 mΩ 1 Ω
Maximal output current ± 40 mA ± 50 mA ± 70 mA
Slew rate 300 V/μs 1700 V/μs 1000 V/μs
Bandwidth 30 MHz 170 MHz 150 MHz
The worst voltage linear range 

of transfer
≤ ±1.2 V ≤ ±1.5 V ≤ ±1.2 V

The worst current linear range 
of transfer

− ≤ ±2 mA −

Gain control (A) exponential 
102(|Vset A |− 1 )

linear 
(Vset_B +1)⋅ 
Rf/Rg

linear 
Vset_A ⋅ (1 +
Rf1/Rf2)

Table A2 
Selected features of the used opamp devices (±5 V supply).

Parameter LT1364 [35] OPA2652 [36]

Resistance of voltage inputs 5 MΩ 35 kΩ
Output resistance 0.7 Ω 60 mΩ
Maximal output current ± 30 mA ± 100 mA
DC gain 65 dB 63 dB
Slew rate 1000 V/μs 330 V/μs
Bandwidth > 50 MHz 700 MHz
The worst voltage linear range of transfer ≤ ±3.3 V ≤ ±3.0 V
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widest range of time constant adjustment given by its unique gain 
control mechanism. Specifically, its driving voltage can take both posi
tive and negative values (range: − 0.95 V to 1 V), whereas the AD835- 
based solution operates within a more limited range (0.05 V to 1 V). 
However, in both cases, the time constant varies linearly with the 
applied DC driving voltage. The selected time constant values differ 
intentionally between the proposed solutions, but their time constant 
ratios τdiff_max/τdiff_min are comparable. The VCA824-based differentiator 
achieves a ratio of 70, while the AD835-based design reaches 20. The 
operational frequency range extends from a few kHz to several tens of 
kHz. In addition, the most significant parasitic effects were analyzed, 
including limitations introduced by the finite input impedance of the 
VGA and resonant peaks that could lead to instability issues. The pri
mary source of variation in the differentiator shown in Fig. 2 is tem
perature, with deviations of up to ± 15 %. A comprehensive 
performance comparison of the two proposed solutions is presented in 
Table 1.

These research results are important in various areas of the electrical 
engineering applications for sensing purposes (readout systems) 
[51,52]. Application examples demonstrating waveform shaping and 
basic differentiator operation – such as the derivative of a sine wave, 
peak generation at the edge of a rectangular wave, and constant 
detection based on a linearly rising slope – are presented in Fig. 9 to 
confirm the functional validity of the proposed concept. To demonstrate 
its practical usability, the VCA824-based differentiator was imple
mented in an application example that demonstrates a sensor readout 
system for absolute phase shift difference measurement. The approach 
relies on simple analog processing to encode phase shift information into 
the pulse width of the generated impulses, allowing for digital pro
cessing without the need for an ADC. The validity of the proposed de
signs was confirmed by detailed PSpice simulations. In the application 
example, the most notable influence comes from variations in the supply 
voltage. This is because the period-defining impulse is generated by a 
simple bipolar switch. However, this variation affects only the ampli
tude of the impulse, not the accuracy of the time interval detection. The 
amplitude variation can be effectively mitigated by using limiters.

Future work will focus on implementing these differentiators in 
similar systems as discussed in Section 3.3 allowing specific adjustable 
signal operations, event detection, and general sensing readout design. 
The electronic adjustability of the differentiators provides key advan
tages for automation and in-field adaptability.
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Appendix A. – Parameters of used active devices

Appendix B. – Principle of VCA824 (MCDU-VGCA-CFOA)

This device has three high-impedance inputs, marked as Y1, Y2, YC, 
three low-impedance current inputs, marked as X1, X2, F, a single low- 
impedance voltage output labeled as O and a single voltage gain- 
driving input (designated as Vset_B). Internally, the device contains two 
second-generation current conveyors (CCIIs) [39–41], hence: VY1 = VX1, 
VY2 = VX2 (IY1 = IY2 = 0). The currents IX1 and IX2 are copied to the IZ1 
and IZ2 outputs of the internal CCIIs, respectively. The difference be
tween these currents is Ii, which is amplified by the VGCA according to Io 
= (IX1 − IX2)⋅B. The auxiliary terminal F allows for additional current 
injection, contributing to the output current as Io (Ix = Io + IF). Mean
while, the CFOA ensures the voltage condition VYc = VF (with IYc = 0). 
The output of the CFOA, serving as the output of the device, accurately 
reproduces the voltage from an internal high-impedance node. The 
current gain of the VGCA device can be electronically adjusted accord
ing to B ≅ 1/2⋅(Vset_B + 1). This gain can be varied between 0 and 1 by 
adjusting VSET_B in the range of –1 V to 1 V.
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