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Abstract—This paper brings new solution of linearly 

adjustable fractional-order capacitance multiplier. The 

adjustable current gain, linear in wide range of input current 

and with linear dependence on driving voltage, serves for these 

purposes and offers one-decade variation of equivalent capacity 

(pseudo-capacitance) between 24 and 429 F/sec3/4. The 

operational range was tested by PSpice simulations and by 

measurement using RC approximant of constant phase element 

of the order 0.25 in bandwidth from 20 Hz up to 1 MHz. 
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fractional-order, immittance function, multiplication factor 

I. INTRODUCTION 

In many cases, value of required capacity (discrete 
element vs integrated solution of capacitor) in application is 
insufficient for implementation or practically unreachable. 
Therefore, many solutions of active capacitance multipliers 
(C-MLT) have been proposed [1]. However, this feature 
always requires presence of certain suitable active element(s) 
[2]. The circuit solving indicated feature (electronically 
adjustable capacity) is known as adjustable impedance 
converter (converting value of an equivalent capacity or 
inductance) [1]. These principles can be beneficially used also 
for adjustment of the fractional-order elements using solid-
state device (fractors) [3]-[7] or so-called constant phase 
elements (CPEs) [8], [9], because these devices are fabricated 
with specific equivalent value and order and there is no way 
how to change value without fabrication of new device. 
However, tunable applications (filters, oscillators, regulators, 
etc.) [1] require adjustment of value of passive element very 
often. Therefore, it is necessary to address these needs. We 
designate this device as CPE-MLT in further discussions. 

We can note integrable topologies of C-MLTs using 
operational transconductance amplifier (OTAs) [2], current 
conveyors (CCs) [1], [2], etc. However, standard current 
conveyors have no possibility of direct electronic 
control/adjustment of parameters. The issues with linearity of 
the OTA (simple adjustment of transconductance is clear but 
there is nonlinearity of transfer response) call for searching of 
further solutions. Simple implementation of C- or CPE-MLTs 
can be designed with commercially available devices as 
shown in this paper.  

II. BRIEF STATE-OF-THE-ART 

The adjustable capacitance multipliers and various 
immittance converters have been studied deeply in recent 
years. Brief comparison of previous (standard integer-order) 

solutions [10]-[28] indicates (see Table I) that the majority of 
electronically adjustable multiplication factors (parameters 
suitable for tuning) are controlled in dependence on nonlinear 
value of transconductance gm (in dependence on input 
voltage). Also intrinsic resistance of current input terminals 
(RX) is very nonlinear parameter in many standard cases. The 
performances, indicated by this feature of active device, are 
valid only in small-signal consideration in many cases [1], [2].  

Our solution brings possibility to use linear (in wide range 
of input currents) current gain adjustment (linear due to good 
linearity of transfer responses of CCs in comparison to OTA, 
etc. and also low gain rages of transfers up to units) for 
multiplication factor variation. Also dependence of current 
gain on driving force (voltage) is linear. It is not typical feature 
of gm or RX dependence on driving bias current [1], [2] and, 
therefore, it is advantageous for control of parameters of 
particular application. 

TABLE I.  BRIEF COMPARISON OF ELECTRONICALLY ADJUSTABLE 
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[10] 1; 3; m gm No No No 

[11] 0-2; 4; s RX Yes No No 

[12] 1; 4; s gm Yes No No 

[13] 1; 4; s RX Yes No No 

[14] 1; 3; s RX Yes No No 

[15] 1;2; s RX, gm No No No 

[16] (1-2); (2-3); s gm Yes No No 

[17] 2; 1; s gm, current gain No No N/A 

[18] 1; 3; s RX Yes No No 

[19] 3; 2; s gm Yes No No 

[20] 1; 4; s gm Yes No No 

[21] 2; 1; s gm Yes No No 

[22] 3; 2; s gm Yes No No 

[23] 2; 1; s gm No No No 

[24] 2; 1; s gm No No No 

[25] 2; 1; s gm Yes No No 

[26] 1; 5; s gm Yes No No 

[27] 2; 2; s gm Yes No No 

[28] 2; 2; b gm No No No 

Fig. 1 2; 1; b current gain Yes Yes Yes 

*test: s – simulated; m – measured; b – both; N/A – not available 
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III. PROPOSED TOPOLOGY 

The circuit topology of the CPE-MLT is given in Fig. 1. 
The topology is shown in fully differential form. The circuit 
uses differential difference amplifier (DDA) [1], [2], and 
electronically controllable current conveyor of second 
generation (ECCII) [1], [2] offering current gain (B) 
adjustment that also serves as adjustable multiplication factor 
of the CPE-MLT. The ideal input impedance has form: 

_
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where connected impedance ZCPE (C) represents so-called 
passive RC approximant of fractional-order behavior [8], [9]. 
Figure 2 shows details about construction of ECCII (having 
two Z output terminals – direct and inverted).  
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Fig. 1. Topology of the proposed CPE-MLT. 
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Fig. 2. Internal concept of ECCII. 

TABLE II.  VALUES OF PASSIVE ELEMENTS USED IN CPE 

C = 225 F/sec3/4 ( = 1/4), Cp = 4.7 pF, Rk = 2.15 k 
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Fig. 3. RC approximant of used CPE in discussed application. 

 The ECCII (purple color) includes the current-mode 
multiplier (CM-MLT) based on EL4083 device (several 
OPA860 elements can be used as effective alternative [29]) 
where the current transfer between black-colored X and XY+, 
XY– terminals, respectively, is defined as: 

2

X Y
XY XY X
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I I
I I I k

I
      ,   (2) 

where k is set by external resistors (values in Fig. 2) to value: 
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Therefore, CM-MLT serves as simple current follower and 
inverter that is required by proposed application in Fig. 1. The 
first and adjustable part of the purple ECCII (Fig. 2) 
implements current gain adjustment based on EL2082 (also 
known as ECCII or current-mode multiplier, but having single 
output terminal Z) The standard terminal relations are valid 
for this device: VY = VX, IY = 0, IZ = –B∙IX [30]. The current 

gain is defined approximately as B  VSET_B (perfectly valid 
from 0 up to 2). Despite obsolete status of EL2082, the 
alternative solution of the device having, identical principal 
behavior, can be found in [31]. 

 The DDA device [2], [32] has simple principle and works 
as unity-gain summing/subtracting unit: Vout = V+ – V– + V+ 
when full negative feedback by the fourth remaining 
(negative) input is connected to output of the device. 

 The CPE device is shown in Fig. 3. Table II shows values 
of RC parameters (obtained by algorithm presented by Valsa 
et al. in [8], [9]) used in CPE that forms equivalent value 

C = 225 F/sec1–,  = ¼, and operational bandwidth 100 Hz 
→ 10 MHz with maximal phase ripple (verified by 

simulation) ∆ = ± 2°.  

IV. EXPERIMENTAL TEST 

The DUT connection to measuring system is shown in 
Fig. 4. We used Keysight DSOX-3022T oscilloscope having 
frequency response analysis (FRA) option and equipment 
using AD844 current feedback operational amplifier (CFOA) 
that allowed measurement of complex impedance in form of 
transfer response (Bode plot) because: 

2

1

( )
( )

( )
unknown

V s
Z s R

V s
  ,  (4) 

where magnitude and phase response are defined as: 

[ ]

2010
VK dB

unknownZ R  ,   (5) 

 arg ( )Zunknown VK s  .   (6) 

The level of input sine waveform was set as 100 mV 
(amplitude). This method provides reliable results up to units 
of MHz, then parasitic poles of CFOA (tens of MHz) start to 
have significant influence on phase and magnitude response. 
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Fig. 4. Experimental arrangement of DUT (Zunknown) and measuring device. 

 

The experimental results are performed for current gain B 
(VSET_B respectively) varying from 0.1 up to 2. Selected traces 
are shown in Fig. 5. Note that real setting of current gains 
(driving voltages VSET_B) was slightly different than in ideal 
case (we used 0.07, 0.16, 0.42, 0.8 and 2 V actually). The 
uncertainty of gain value (tracking error) in the real 
EL2082+EL4083 cascade causes these mismatches. 
Nevertheless, this is not conceptual (topological) issue but it 

depends on specific construction of ECCII in Fig. 1. Figure 6 
implies the dependence of input capacity on driving voltage 
VSET_B. The ideal equivalent capacity (so-called pseudo-

capacitance) varies between 22.5 and 449 F/sec3/4 for 
discussed range of VSET_B adjustment. The PSpice simulation 

yields adjustment from 23 up to 409 F/sec3/4 and experiment 

from 24 up to 429 F/sec3/4. The error in the corner values of 
the range reaches up to 7% for experiment and 9% for 
simulation. The active circuitry degrades supposed phase 
ripple that now reaches ± 3° in bandwidth from 200 Hz up to 
40 kHz (more than 2.5 decades) in indicated range of B 
variation. The example of time-domain responses for sine 
wave (1 kHz, 100 mV amplitude) input signal of the 
measuring chain (VSET_B = 0.07 V) in Fig. 4 is shown in Fig. 7. 
The total harmonic distortion (THD) of the output signal (in 
accordance with Fig. 7) reaches 0.53% (see Fig. 8). The 
simulated power consumption of whole measuring chain, 
including DUT, reaches 374 mW. The experiment also shown 
power consumption slightly below 400 mW. 

 

 

 

(a) 

 

(b) 

Fig. 5. Impedance characteristics of proposed CPE-MLT: a) magnitude 

plots, b) phase plots. 

 

Fig. 6. Dependence of input capacity of the CPE-MLT on driving voltage. 

 

Fig. 7. Time domain response of the measuring chain (blue color – input 

wave, purple color – output wave). 

 

Fig. 8. FFT spectrum of the output signal at 1 kHz. 



V. CONCLUSION 

We proposed CPE value converter allowing change of 
equivalent value of capacity (pseudo-capacitance) from 24 up 

to 429 F/sec3/4 (real measurement results). It is more than one 
decade adjustment of value that is important for final 
applications, especially in tunable circuits (filters and 
oscillators for example). The paper also shows that usage of 
commercially available building blocks leads to simple and 
compact solution (no special devices integrated on IC are 
required). The advantage of our solution consists also in good 
linearity in comparison to low-voltage low-power integrated 
solutions using adjustable gm stages, etc. (ten to hundred times 
higher processed levels). On the other hand, additional 
simplification of resulting topology can be reached when 
integrated form is used for design of these active circuits. Real 
implementation of presented concept in IC form requires 
further precise analysis of fabrication dispersion (Monte Carlo 
and process, voltage, temperature + corners) especially for 
passive solution of CPE as well as active circuitry. 
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