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ABSTRACT A simple single parameter adjustable immittance concept designed with modular active
devices, fabricated in I3T25 0.35 um 3.3 V CMOS process of ON Semiconductor, is introduced. The
proposed devices employ an integer-order capacitor and specifically designed fractional-order capacitors
(sometimes called constant phase elements). The proposed active topology consists of two simple active
elements, namely a linearly voltage adjustable operational transconductance amplifier and a voltage differ-
encing unity gain voltage follower/buffer, and only two passive elements, i.e. redundancy is minimized. The
designed topology offers generation of an adjustable immittance having both the capacitive and inductive
character. The importance of the order as well as the value of the pseudo-capacitance for design and analyzes
are shown, including all important parasitic features for estimation of expected operational bandwidth which
have to be considered in the design. The operational bandwidth is determined by high values of approximants
of fractional-order capacities (225, 56 and 8.8 uF/sec”l-a, where o represents the order equal to 0.25,
0.5 and 0.75, respectively). These parameters result into ranges between tens of Hz and units-tens of kHz. The
adjustability of the transconductance from 70 to 700 uS by the driving voltage between 0.05 and 0.5 V offers
approximately one decade change of equivalent capacitance and inductance. Laboratory-based experiments
done with a fabricated prototype confirmed the theoretical presumptions.

INDEX TERMS Capacitance multiplier, CMOS, constant phase element, fractional-order, immittance
generation, linear voltage adjustment, synthetic inductance.

I. INTRODUCTION

Various active elements and analog constructing parts
[1], [2] allow a design of standard as well as special building
parts of modern communication and signal processing sys-
tems. Circuits for impedance function synthesis of inductive,
capacitive and other special characters (frequency dependent
negative resistor, etc. [2]) represent very useful and popular
blocks in the design of analog and mixed-signal systems. The
basic topology of active circuitry for generation of various
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immittance functions using standard operational amplifiers
(opamps) is referred to as the generalized immittance con-
verter [3], [4]. A simple interchange of the positions of stan-
dard R and C passive elements offers a selection of a specific
impedance character. Unfortunately, the lack of electronically
adjustable parameters of opamps limits the allowed signal
operations and does not allow direct electronic adjustment
of applications. However, there are other active devices.
They use mutual conversion between signal operations with
voltage as well as current (or both simultaneously), having
possibilities of adjustment of gains (transfers) and conversion
constants between terminal features of these active device [1].
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Such devices improve the adjustability of the designed
immittance functions when opamps are replaced by these
devices, for instance by operational transconductance ampli-
fiers (OTAs) [5]. Survey of solutions reported in recent liter-
ature will be discussed in Section II.

This work targets at the design of a very simple adjustable
integer- as well as fractional-order immittance [5], [6] allow-
ing single parameter electronic adjustment of equivalent
values of two specific functions: capacitance multiplier
(equivalent value — Ceq) and synthetic inductance simulator
(equivalent value — Leg). Aims of our design that are not avail-
able simultaneously in recent literature can be summarized as
follows:

1) A simple circuitry (two active devices; electronic
adjustment by tuning of internal parameters of sin-
gle device — no necessity of matching of parameters,
no additional redundancy),

2) No replacement of the resistor by electronically
adjustable equivalent (MOSFET) in order to obtain a
controllable parameter,

3) Comfortable and standardly required (available by
digital-to-analog converters) linear driving of transcon-
ductance by a DC voltage (Leq or Ceq value giv-
ing approximately one-decade readjustment — in both
cases: integer-order and fractional-order approach)
in order to simplify the control of applications
(immittance value),

4) No necessity of a special additional circuitry for lin-
earization of dependence of transconductance on driv-
ing force,

5) Scalable range (adjustable magnitude and range of
Leq or Ceq can be shifted by the value of the resistor
the second passive element of the topology having a
constant value during the adjustment procedure),

6) Both active devices in the topology were fabricated
(CMOS 0.35 wm ON Semiconductor process) and inte-
grated in a single IC package.

The rest of this paper is organized as follows. The state-of-
the-art of single parameter electronically adjustable solutions
of immittance converters is elaborated in Section II. The pro-
posed solution is compared with the most important of similar
concepts from literature in the area of integer- as well as
fractional-order applications. Principles of active devices in
the designed topology are introduced in Section III. The pro-
posed circuitry and definition of its operation are presented
in Section IV. Practical modeling including the most sig-
nificant non-idealities, experimental setup for measurement
and the obtained results for integer-order behavior are shown
in Section V. Fractional-order behavior of the proposed cir-
cuitry is studied in Section VI. Concluding remarks are given
in Section VIL.

Il. STATE-OF-THE-ART

The survey of single parameter electronically adjustable solu-
tions of immittance converters, presented in this section,
is divided into two parts. The first one is focused on
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integer-order solutions. Attention to the fractional-order solu-
tions is given in the second part of this section. The differ-
ence between integer- and fractional-order solutions consists
in frequency behavior of impedance magnitude and phase,
as clear from these equations: ZiN_L(S) = Leq-s*; ZIN_c(s) =
1/(Ceq - s%). Fractional-order solution performs “arbitrary”’
magnitude slope and constant phase equal to o - 7/2
(in limits of approximation validity) in frequency domain for
0 < |a| < 1. Integer-order devices have fixed « = 1. Their
phase response reaches ‘““‘constant” value £m/2 (£90°) for
Leg, Ceq.

A. INTEGER-ORDER SOLUTIONS

Devices based on integer-order solutions serve for intentional
change of the value of capacity or inductance (including con-
version from capacity [5], [6]) by an additional multiplicative
parameter (called multiplication factor). This parameter is
used for intentional increasing or decreasing of the value of
capacity/inductance beyond the value of the original passive
element (usually capacitor). These solutions are designed
with the help of active elements with controllable parameters
used for adjustability of the multiplication factor. In our work,
we assume a single-parameter control. However, there are
concepts where the multiplication factor depends on several
parameters (see the list of references in [7]). However, our
attention is focused on lossless solutions allowing Ceq and Leg
controllability by a single active parameter (transconductance
in majority of cases) due to elimination of redundancies. The
comparison of recent solutions employing various active ele-
ments with concept proposed in this paper is given in Table 1.
These solutions can be found as useful also for the fractional-
order design. Note that many works target on enlargement
of adjustability by a combination of many active parame-
ters influencing the multiplication factor. There are solutions
focusing on the coincidence of transconductances (gp,) and
resistances of the current input terminal (Rx) [8], coincidence
of g and an externally adjustable replacement (by MOSFET
transistor) of resistor [9], product and division of several
gm-s [10] or multiplication of several Rx parameters [11].
The matching (equality and simultaneous change) of param-
eters is useful and beneficial, but it requires a very accurate
design. Moreover, these solutions either require more than
two active devices [10] or they have a complex internal
topology even when the active device is reported as a single
device [11]. Unfortunately, many of such devices are not
available on the market.

According to the survey presented in Table 1, the following

conclusions were established:

a) Maximally two simple [14], [15] or one single active
device composed from internal subparts [12], [13],
[16]-[27], where some devices have more sophisticated
internal complexity [19]-[22], are sufficient for con-
struction of a capacitance multiplier,

b) Most of the proposed topologies offer only one type of
the requested immittance character (Ceq Or Leg), both
functions are available rarely [24]-[26],
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TABLE 1. Survey of Single parameter (without matching conditions) electronically adjustable capacitance multipliers and lossless inductance simulators

suitable for adjustment of fractional-order element approximants.
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[12] 2;1 VDBA (11),£1.5V Yes Ceq f.g 100 Hz — 10 MHz No &m Iser linear linear N/A No No Yes No No 0.89
[13] 2;1 FB-VDBA (20), £0.75 V Yes Ceq f.f 1 kHz - 100 MHz No &m Isgt nonlinear nonlinear N/A No No Yes No No 7.4
[14] 2;2 CCII, OTA (33),£5 V Yes Leq f.g  001Hz-10MHz  Yest+ &m Iser nonlinear N/A nonlinear No No Yes Yes No N/A
[15] 2,2 CFOA,OTA (N/A), =5V Yes Ceq 2.8 1 Hz - 1 GHz Yes+ Zm Iser linear linear N/A No No  Yes No No  NA
[16] 2;1 VDCC (22),+£0.9 V Yes Leq gg 10kHz- 100 MHz No 8m Isgr nonlinear N/A nonlinear No No Yes No No 0.87
[17] 2;1 VDCC (22), +0.9 V Yes Leg 2.8 1 kHz - 10 MHz No Zm Isgr nonlinear N/A nonlinear No No Yes No No N/A
[18] 2;1 VDBA (N/A), £5 V Yes Ly fif 1 kHz - 100 MHz Yes &m N/A” N/A N/A N/A N/A No Yes Yes No N/A
[19] 2;1 VD-DIBA (>24),+0.9 V No Leg 2.8 1kHz - 10 MHz No &m Isgr nonlinear N/A nonlinear No No Yes No No 62.5
[20] 2;1 VDDDA (N/A), 5 V No Leq f.g 100 Hz — 10 MHz Yes Zm Iser nonlinear N/A nonlinear No No Yes Yes No N/A
[21] 2-3;1 EXCCTA (40), £0.9 V No Leq 2.8 1 kHz - 100 MHz Yest+ &m Isgr nonlinear N/A nonlinear No No Yes Yes No N/A
[22] 2;1 VDCC (22), 0.9 V No Ly g 1 kHz - 100 MHz No &m Iser nonlinear N/A nonlinear No No Yes No No N/A
[23] 2;1 VDBA (9),+0.75 V Yes Leq ff 1 kHz - 100 MHz No Sm Iser nonlinear N/A nonlinear No No Yes No No 0.35
[24] 2;1 DXCCDITA (35), 1.5V No CeqLeq f.g 100 Hz - 100 MHz No &m Isgr nonlinear nonlinear nonlinear No No Yes No No N/A
[25] 21 VDCC (21), N/A Yes  Celey fg  1kHz-100MHz  No m Iser li li li No No Yes No No  NA
[26] 3;1 VCAS822 (N/A), £5V No CeqLeq fif 100 Hz - 20 MHz No B Vser linear linear nonlinear Yes Yes Yes No No N/A
[27] 2;1 VD-DIBA (22/44), +2 V Yes Leg f.g 1 Hz- 10 GHz No &m Viias i N/A N/A No No Yes No No N/A
This work
Fig. 3 2;2 OTA, DVB (75),£09 V Yes CegLeg g.f 100 Hz — 1 MHz Yes &m Vser linear linear nonlinear Yes Yes Yes Yes Yes 20
* Not Available (not tested); f — floating; g — grounded; + using CMOS elements for simulations but standard off the shelf active devices for experiment (different band and design sp ion than in CMOS si; ); VDBA - voltage

differencing buffered amplifier; FB-VDBA - fully balanced-voltage differencing buffered amplifier; CCIT

current conveyor of second i OTA ional t

amplifier; CFOA — current feedback operational amplifer;

VDCC - voltage differencing current conveyor; VD-DIBA - Voltage Differencing Differential Input Buffered Amplifier; VDDDA — voltage differencing differential difference amplifier; EXCCTA - extra X current conveyor transconductance
amplifier; DXCCDITA — Dual X current conveyor differential input transconductance amplifier; DVB- differential voltage buffer

¢) Most of the solutions use a driving current for the non-
linear adjustment of nonlinear transconductance (for
large values of input voltage) in simple or basic OTA
topologies [12]-[25],

In many cases, dependence of transconductance on
the bias driving current (or directly on bias voltage)
is nonlinear (CMOS concepts) [13], [14], [16], [17],
[19]-[25], [27] (linear only for active devices
with internal structures based on bipolar transistors
[12], [15]) and the nonlinearity of parameter adjust-
ment has also an impact on the character of tun-
ing of Ceq,

Additional conversion (and linearization) of the driving
current to DC voltage is required in many cases for
adjustability range extension, except of [26] (lack of
straightforward linear adjustment by control voltage in
almost all cases),

All solutions require also a passive parameter (except
the controllable transconductance) for scalability of the
adjustable range and,

Only several solutions were tested experimentally
[14], [18], [20], [21] and for fractional-order design.

The circuit topologies introduced in [20] and [27] are the
most similar to our proposal. However, in the case of [20],
there are significant differences in the: a) dependence of
gm on the driving force (voltage vs current), b) topology
(connection of the feedback passive element), c) availability
of Leq and, d) way of verification (commercially available
devices in [20]).

In the case of [27] differences are in: a) nonlinear depen-
dence of gr, on the driving bias voltage, b) tested availability

d)

e)

g
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of Leq and ¢) way of verification using basic differential
CMOS pairs (OTAs). In addition, many performances used
in Table 1 are not available (verified) in [27].

It can be easily revealed that the power consumption is
not among the monitored parameters (see Table 1). In gen-
eral, the values of the power supply can be found between
£0.7 and £5 V. The power consumption is expected maxi-
mally from tens of uW up to hundreds of mW (for bipolar
solutions). In our case, it is below 20 mW at 3.3 V (£1.65 V)
occupying an area of 0.23 mm?”. The frequency properties
of each prototype differ and also depend on the value of the
working capacitor (passive element) as well as on the capa-
bility of the active device (given technologically — design and
fabrication process). The operational ranges are between kHz
and tens of MHz. Therefore, a comparison of these features is
not suitable or even available for an objective evaluation and
judgement. Our design focuses on the frequency range of tens
of Hz up to tens of kHz.

B. FRACTIONAL-ORDER SOLUTIONS

1) FRACTIONAL-ORDER IMMITTANCES AND

THEIR APPROXIMATION

The fractional-order behavior of the real world was expected
and proved several centuries ago. However, it started to be
important especially in recent years [28], [29] (for researchers
from electrical engineering and many other fields). The
fractional-order design of synthetic elements is not a new
phenomenon. First attempts started with simple opamps and
Antoniou’s generalized immittance converter [3], [4], where
researchers have used fractional-order elements. Recent
development indicated that these elements can be designed in
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the form of solid-state devices based on various approaches,
e.g. electrochemical materials [30], [31], electrolytes [32],
polymer composites [33], [34], layers of resistive, dielec-
tric and insulating materials [35]. However, these devices
are not easily accessible, for instance in a form of standard
passive elements series (R, C, L). Therefore, many meth-
ods of approximation of fractional-order devices by pas-
sive elements have been developed [36]—[38]. Such devices
are also known as constant phase elements (CPEs) [37],
[38]. These devices have a limited range of validity and
accuracy of approximation in both magnitude and phase
responses.

2) DISCUSSION OF RECENT DEVELOPMENT

Work [39] shows a typical basic concept of a fractional-
order immittance converter using opamps and a solid-state
based fractional-order device. It was tested in various topo-
logical positions of the Antoniou circuit. This concept was
used also for various tested orders and Ceq, Legq cases by
Adhikary et al. [40]. However, these circuits have a lack
of electronic adjustability and compared to concepts pre-
sented in Table 1, they are quite complex. Khattab er al. [41]
have shown that the implementation of current feedback
opamps offers significant simplification in comparison with
standard opamps (fractional-order device was represented by
CPE). Unfortunately, electronically adjustable properties are
also not available in the concept [41]. Dimeas et al. [42]
introduced different ways of approximation of a fractional-
order device. The fractional-order behavior was obtained
as a voltage-to-current conversion at the input terminal of
the voltage-mode transfer response representing a high-order
multi-loop filter with specific setting of the transfer response.
It offers reconfiguration of the fractional-order device (order
and character - Ceq Or Leq) as well as tunability of the multipli-
cation factor. Unfortunately, these concepts are quite exten-
sive and are using many active and passive devices. Similar
fully electrically adjustable form using operational transcon-
ductance amplifiers was developed by Tsirimokou et al. [43]
in a form of a fully integrated concept (on chip). Unfortu-
nately, its complexity compared to passive approximants of
CPE is very high. Herencsar [44] worked with fractional-
order passive approximants (CPEs) together with special
electronically adjustable current feedback amplifiers. His
design introduced features similar to our proposal, but single-
parameter electronic adjustability is not possible and Leg
expects matching of two small-signal resistances of a cur-
rent input terminal (nonlinear driving by a DC current) that
represents significant drawback. A solution allowing a con-
figuration of the fractional-order active immittance functions
electronically is shown in [45]. The concept in [45] uses oper-
ational transconductance amplifiers and a feedback loop also
offering Ceq <> Leq interchange even without any voltage-to-
current conversion as required in [43]. As it was in the case
of [43], overall complexity of structure [45] for discrete con-
struction is high. Dvorak et al. [46] simulated the fractional-
order capacitor in a similar way, employing extensive
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topology with many advanced active devices. This active
solution has benefits of reconfigurability of the order and
Ceq, but the power consumption reflects necessity of numer-
ous active devices as in previous cases [43], [45]. The cir-
cuit topology of the fractional-order inductance proposed by
Jain et al. [47] uses two special active devices based on oper-
ational transconductance amplifiers and RC ladder topology
of CPE. Electronic adjustability of Leq is possible by two
transconductances simultaneously. Unfortunately, the obtain-
ment of Ceq is not discussed as well as details about adjusta-
bility and tunability. Kubanek et al. [48] analyzed the features
of CPE usage in a standard loop of two transconductors-based
gyrator including real properties of the active devices [5].
All consequences of parasitic properties of active devices
are important for a correct selection of values of elements
and precise results as well as a design guide [48]. Authors
of [26] (included in comparison with integer-order solutions
in Table 1) have shown a very simple topology utilizing a
single commercially available active device including sev-
eral integrated subparts (current conveyors, adjustable cur-
rent amplifier, current feedback operational amplifier [1],
[2]). The specific arrangement of subparts offers various
interconnections that result in integer- or fractional-order
(tested with CPE) electronically adjustable (current gain)
capacitor, inductor, and frequency dependent negative resis-
tor requiring three external passive elements (CPE is always
taken into account as a single element without considera-
tion of the RC ladder character). When compared to [26],
the design presented in this paper offers several benefits,
namely: simplicity, a simple interchange of Ceq <> Leq by
interchange of CPEs, a fully integrated form of active ele-
ments (CMOS) and linear adjustment of transconductance by
DC voltage.

Our circuit can be easily utilized in electronically tunable
resonators [43], [49] as well as in oscillators with settable
phase shift between generated waveforms (see [50] and refer-
ences cited therein), as construction parts of fractional-order
RLC filters (for example [47]), and in modeling of various
behavior in electrical, and general engineering and natural
sciences [28], [29].

From the above presented survey, it can be concluded
that tens of solutions of integer-order immittance converters
exist (non-tunable, electronically tunable, differential, using
families of various active devices, etc.). However, only sev-
eral topologies and concepts of fractional-order immittance
converters have been studied. As it was shown in [51], this
field still has many open challenges.

IIl. INTRODUCTION OF ACTIVE DEVICES

Simplicity and flexibility of the proposed application are
among the most important aspects of any circuit design
[11, [2], [26], [27], [52], [53]. Many special active devices
offers very simple fulfilment of these requirements in com-
parison with standard opamps. Our paper [52] focused on the
performances of specially designed active sub-blocks (cells)
suitable for various electronically adjustable applications
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including basic signal operations (sum, subtraction, inte-
gration, differentiation, amplification, multiplication) in fre-
quency band approx. up to units of MHz [52], [53]. These
active sub-blocks were fabricated in 13T25 0.35 um 3.3 V
CMOS process of ON Semiconductor company and they
are available in a single IC package. Our following design
requires only two of these devices.

The voltage multiplier (MLT) with current output ter-
minal [53], [54] can be easily used as an OTA [1], [5]
when one from two pairs of the input differential volt-
ages serves for driving by DC voltage Vsgr_gm, as it is
shown in Fig. 1 a). Thereby, the device behaves as an
OTA having linearly adjustable g, (see Fig. 1 b)). The
transconductance constant k = 1.4 - 1073 mA/V? is given
technologically and the transconductance can be expressed as
gm = 1.4- 1073 - Vspr_gm.

input pair for
differential OTA
input
o—
e

'o——]

o—\
VSET,gm\l/

input pair for
driving

I = (Vxi=Vx2)"(Vy1i—Wy2)-k = (Vi V- )-(Vser_gm)k
a)

vSEngm
0

Iy = (ViV. )G
gm = VSEI‘_gm'k
b)

FIGURE 1. Electronically adjustable device (transconductance):
a) principle of multiplier, b) schematic symbol of OTA created by MLT with
inter-terminal relations.

The so-called voltage differencing differential buffer
(VDDB) [53] provides useful linear signal operations. The
basic idea is shown in Fig. 2 a). Our designed topology
assumes subtraction of nodal voltages. Thereby, as it is
depicted in Fig. 2 b), VDDB can be simplified into a sim-
ple differential voltage buffer (DVB) having unity gain.
All details about parameters of these devices are available in
[52] and [53]. Both devices occupy an area of 0.23 mm? with
power dissipation below 20 mW.

IV. GENERAL VOLTAGE ADJUSTABLE IMMITANCE
CONVERTER AND INVERTER

The proposed circuits based on one topology are shown
in Fig. 3, where the active devices are actually implemented as
single-package integrated circuit. The topology of our simple
circuitry consists of a voltage adjustable OTA and a DVB
complemented by two passive elements marked (in basic

VOLUME 9, 2021

Vour = Ve — V_
b)

FIGURE 2. Device for simple signal operation of subtraction: a) principle
of VDDB, b) schematic symbol of DVB created by VDDB with inter-terminal
relations.

principle) as general impedances. The ideal form of the input
impedance of the circuit can be calculated as:

Ziv(s) L Zx(s) ( 1 )
S)=—_ =
N e Zi(s) ~ \ 141073 - Vsir gm

Configuration of the character of the input impedance is
possible by the selection of Z;(s) and Z>(s). The replacement
of Z; and Z; by a resistor and a fractional-order capacitor
changes the input impedance of the device (see Fig. 3b)) as
follows:

2a(s)
Zi(s)

ey

o 1
5¥Ceq - S¥CyRgm

Zin_c(s)

2

1 1
= — . )
s¥CoeR \1.4-107 - Vsgr_gm

This configuration creates an adjustable fractional-order
capacitance multiplier having the capacitance multiplication
factor given by the product R-gn, (i.e.,R-1.4- 1073. VSET_em)-
The equivalent capacity is expressed as Ceq = Cy - R - gm.
Such a feature offers adjustability of equivalent capacity by
a DC driving voltage influencing the g, transconductance.
Parameter « represents the order of the capacitor (fractional-
order for 0 < o < 1). When @ = 1, an integer-order solution
is obtained and Z,(s) is actually represented by a standard
capacitor.

Interchange of positions of both elements Z|(s) <> Z(s) in
the circuit creates a fractional-order electronically adjustable
synthetic inductance (see Fig. 3 c¢)) with the following input
impedance:

ZIN_1(s) = s"Leg

“CyR 1
_ G %s"‘CaR< . ) 3
gm 1.4-107 - Vsgr_em
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CMOS single
IC package
ZiN(S) = 1/gmZ2(s)/ Z4(s)

a)

ZiN_c(s) = 1/(s“Cogm'R)

Zin_1(s)o R

Z|N_|_(S) = SQCQ‘R/gm
)

FIGURE 3. The proposed devices: a) general voltage adjustable immmittance converter and inverter, b) fractional-order
capacitance multiplier, c) synthetic fractional-order inductance simulator.

The value of the equivalent inductance L., = Cy - R/gm
has a similar meaning as the equivalent capacity (presented
above). Again, an integer-order solution can be derived
easily.

V. REAL CIRCUIT MODELS INCLUDING

PARASITIC PROPERTIES

Considering the real features of the circuitry during its
design even at very low frequencies is very important.
Our experimental setup for impedance measurement (see
Fig. 4) utilizes a converter based on a current feedback
operational amplifier (CFOA) ADS844 [54] and also cre-
ates a significant amount of real effects (parasitic fea-
tures of behavior) on the analyzed active immittances. The
impedance plots are obtained from the conversion of the
transfer response (Bode plot) by multiplication of a known
resistance value: Zyuinown(s) = Va(s)/Vi(s) - Reomy. The
Keysight DSOX-3024T oscilloscope with the option of fre-
quency response analysis can perform such an analysis. The
results are valid up to 1 MHz. Also used input amplitude
profile (property of the generator) settable between 20 mV
and 2 V (RMS value) was suitable for this measurement
setup.

o o

= <
1 L L
fHZ) fHZ]

DSOX-3024T

oscilloscope
(FRA option)

conv

5.6 kQ

FIGURE 4. Experimental setup for measurement of unknown integer-and
fractional-order impedance (immittance).

We will take as an example solution from Fig. 3 in the
variant with integer-order capacitor (connected as Z; and
Z>) in order to explain real effects of parasitic features
on the behavior of the circuit. Similar effects occur in the
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case when a fractional-order passive device (CPE) [37], [38]
is used instead of a capacitor (in the bandwidth of valid
approximation of course). From the viewpoint of the low-
frequency operational bandwidth (limitation of active devices
and the selected CPEs), the values of C and R in the circuit
(see Fig. 5 a)) are 100 nF and 560 €2, respectively. Such
a setting allows fitting a suitable operation of applications
between tens of Hz and units-tens of kHz. The behavior
of the circuit was measured in the frequency domain from
10 Hz up to 1 MHz. The CFOA-based converter is a com-
mercially available current conveyor of second generation
(CCII) [1], [2] having the following inter-terminal relations:
unity gain voltage follower between the Y and X terminal
(Vx = Vy, where Iy = 0) and unity gain current follower
between the X and Z terminal (Iz = Ix). The unity gain
voltage buffer (Vz = V) accompanies the CCII in the same
package. The value of the conversion resistor Reony = 5.6 k2
was selected with consideration of sufficient gain, frequency
response and minimization of the effects of the internal
small-signal X terminal resistance (=50 €2). The frequency
limits of this measurement setup should be significantly
beyond the expected operational bandwidth of supposed tests
(30-60 MHz at the used supply voltage of £5 V for
ADS844 [54]). The maximum available gain of the volt-
age transfer has also an impact on the frequency band-
width when the impedance magnitude is increasing above
the known value of the terminal impedance of the input
node (Zin(s)).

VI. ANALYSIS OF INTEGER-ORDER BEHAVIOR
A. REAL BEHAVIOR OF CAPACITANCE MULTIPLIER
The topology, shown in Fig. 5, represents a particular
solution of the capacitance multiplier including the most
important influences. Note that when the symbol C is
replaced by C,, integer-order or fractional-order is obtained,
respectively.

All significant real parasitics (small-signal parameters)
important for evaluation of the behavior in the expected low-
frequency band are included.
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FIGURE 5. Model for small-signal parasitic analysis of real behavior of
the capacitance multiplier: a) circuit, b) simplified diagram of expected
impedance magnitude.

The transfer response of this circuit in the integer-order
variant has the following approximate symbolical form:

1

Ky(s) = =— - Zjy ¢(s)

RCO}’IV

1 s?CL, + 1
. [Rpl . <—0>i| , 4)
Reony SCRRplgm +1

where the complex zero frequency can be found as
w, = 1/JWL C) and the pole frequency as
wp = 1/(C - R - Rp1 - gm), respectively. The maximal
low-frequency magnitude of the input impedance is defined
by: |Zi{l cmaxl = Rpi. Note that the output resistance of
OTA (marked as Ry in Fig. 5) has insignificant effect when
R <« Rpp. It is caused by the terminal impedance (resis-
tive part) of AD844 transimpedance (Z terminal) because,
according to [54], the input resistances of OTA and DVB
are significantly higher (>10 MS). The pole frequency
significantly depends on the value of the parallel combination
of the output resistance of the z terminal of used CCII,
input resistance of OTA and input resistance of DVB. The
value of the pole frequency significantly depends on the
parallel combination of the output resistance of the Z terminal
(CCII) and on the input resistance of OTA and DVB. This
pole cannot be identified on traces in many cases (also in
many plots in our case) because of its very low value (lower
than units of Hz) caused by the high value of R, and the
start of all AC analyses from 10 Hz (common limitation
of measuring devices). Comparison of theoretical expecta-
tions, model simulation with included parasitics (Fig. 5) and

12
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FIGURE 6. Comparison of experimental and expected behavior of the
integer-order capacitance multiplier magnitude impedance plot (for
parameters in Fig. 5).

experimental results for the integer-order capacitance
multiplier in magnitude characteristics of impedance is
shown in Fig. 6.

B. REAL BEHAVIOR OF SYNTHETIC INDUCTANCE
Configuration of this model (see Fig. 7) is very similar to the
previous one (Fig. 5), but the consequences of small-signal
real behavior are different. Again, a fractional-order solution
is obtained by interchange of C and C, as indicated in the
figure.

Routine analysis of the integer-order circuit revealed the
following simplified transfer response:

1
K)(9) = —

RCO}’lV

: ZI/N_L (5)

o [R <sCRp2+1 )] .
N Rcony RpZ SzCCle + 8m ’

The zero frequency can be expressed as: w, = 1/(C -
Rp2) whereas the value of the complex pole frequency is:
wp = A (gm/(C - Cp1 - R)). The low-frequency magnitude
limitation can be expected from |Zié1 Lminl = R/(Rp2 * gm)-
Now, the zero frequency is a very important and limiting
factor due to Ry (tens of k€2) and it is depending on the value
of C. The comparison of experimental results with simula-
tion of the model (Fig. 7) and the theoretical ones is shown
on Fig. 8.

Parasitic nodal capacitance of the terminal (package-+
bonding+IC leg/pin+copper area of pin on printed circuit
board) can be even more than 15 pF. Measurements pro-
vided for the test-chip (DIL28) [52], [53], used also in these
experiments (in the testing board), yield a terminal capacity
around 15 pF. Therefore, we consider Cp,; = 30 pF (that fits
well with experimental results) and Ry; = 3 M2 (based on
datasheet). The value of L, (~4.3 uH) was experimentally
obtained in [54] as well as the value of Rpz (~60 k€2).

The expected values of important parasitic properties of
circuits shown in Figs. 5 and 7, as well as experimental
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TABLE 2. Comparison of the Features of the Proposed Circuits and simplified model for selected value of equivalent capacity Ceq or inductance Leq
at 1 kHz.

Capacitance multiplier (see Fig. 5): C=100 nF, R =560 Q, R,) =3 MQ, L, = 4.3 uH, gn =140 pS (Vsgr gm=0.1 V)

parameter ideal theory model experiment error
Cyq [nF] @ 1 kHz 7.8 7.8 7.6 -2.6%
1 [Hz] N/A 0.5 N/A* -
1. [kHz] N/A 243 244 0.4 %
|Z[N Cmax/| [MQ] © =3 N/A* -
Synthetic inductance (see Fig. 7): C =100 nF, R =560 Q, R, =3 MQ, R, = 60 kQ, C;; = 30 pF, g = 140 uS (Vser gm = 0.1 V)
parameter ideal theory model experiment error
Ly [Hl @ 1 kHz 0.400 0.400 0.427 6.8 %
/. [Hz] N/A 27 30 11.1 %
J» [kHz] N/A 46.0 44.7 -2.8%
| Zin min | [Q] 0 67 63 -6.0%
* equipment limitation (below 10 Hz); error is calculated for both model and experiment
. C =100 nF ideal theory
] )
1000 4 model-""" }
R.; 100 A
P ]
|ZIN I ]
3 MQ 10 -
+ DVB [kQ]
T 5 ] < measured
c ] Legmeas) = 0.43 H
Ca 0.1 o™ Om =140 puS
Vet gmn =0.10 V
0.01 L B L AL B e A RARL
| , | 0 [\ oA A AQ AQ0 ,\0()0
ZIN L f [kH
_ z]
[l —

| Zin_Lminll |

FIGURE 8. Comparison of experimental and expected behavior of the
synthetic integer-order inductance magnitude impedance plot (for
parameters in Fig. 7).

The ideal range of Ceq yields 3.9 — 39 nF whereas the results

o [rad/s] from the experiment show 3.8 — 39 nF (the maximal error
@ =1(CRy) @ =V (gn/(C-CorrR) — in the tunability range is lower than 3%). For Leg, the ideal
b) range is 0.8 — 0.08 H, while the experimental-based range is

FIGURE 7. Model for small-signal parasitic analysis of real behavior of
the integer-order synthetic inductance: a) circuit, b) simplified magnitude
diagram of impedance magnitude.

results, are summarized in Table 2. Note that there were
some simplifications in the parasitic analysis. However, the
obtained results are sufficient for estimation of real behavior
as obvious from graphs.

The electronic adjustability of both integer-order impedan-
ces was verified and the measurement results in comparison
with theory are shown in Figs. 9 and 10. The value of Vsgr_gm
was adjusted in both cases in five steps: 0.05, 0.1, 0.2, 0.3, and
0.5V (gm = 70, 140, 280, 420, 700 ©S). The magnitude and
phase impedance plots for multiplication of capacitance are
shown in Fig. 9, while multiplication of synthetic inductance
in Fig. 10. These results are complemented by the compari-
son of theoretical (ideal) and experimental equivalent values
(taken at 1 kHz) in dependence on driving voltage VSgT_gm.

73720

0.82 — 0.083 H (maximal error around 7 %). The available
range of the frequency bandwidth where the phase error is
not larger than several degrees (+3°) reaches approximately
100 Hz up to 50 kHz for Ceq and only from 3 kHz up to
13 kHz for Leq. This behavior is expectable for reasons shown
in model (Fig. 7). Fortunately, the operational band of Leq can
be limited but suitable for many applications (oscillators for
example [50]).

VII. ANALYSIS OF FRACTIONAL-ORDER BEHAVIOR

The main contribution of this work is represented by the
fractional-order configuration of the designed immittance -
using fractional-order elements (approximants) or constant
phase elements. Three types of CPEs-based RC ladder were
used, previously introduced in [50], with values C, =
225 pFlsec’’* (@ = 1/4), Cq = 56 uF/sec'’? (@ = 1/2)
and C, = 8.8 uF/sec!/* (@ = 3/4). Their practical validity
of the approximation falls into the bandwidth between 10 Hz
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FIGURE 9. Control of equivalent capacitance value - comparison of
measurement results and theory: a) magnitude responses, b) phase
responses, c) comparison of ideal and measured Ceq dependence

on Vs ET_gm .

and 1 MHz and the phase ripple is Ap = =£3° in the real
case. Details about the behavior of these CPEs can be found
in [50]. The following parts deal with sequential testing of all
three CPEs in both the previously studied cases (capacitance
multiplier and inductance simulator).

A. FRACTIONAL-ORDER CAPACITANCE MULTIPLIER

All the obtained results (magnitude and phase plots in depen-
dence on frequency and dependence of Ceq on Vsgr gm
and gp) are shown in Fig. 11. The results for the capaci-
tance multiplier, obtained for all tested cases and evaluated

VOLUME 9, 2021

C =100 nF

ideal theory

Leogmeas) = 0.86 H
gm =70 uS
Vst gm = 0.05 V

measured

\\ i
Legmeas) = 0.08 H
Om = 700 S
Vser gm = 0.50 V

A0 A00 4000

f[kHz]
a)
120 - C=100 nF
) i .
] 90 ‘
i 5
60 | ideal theory
30 Loqimeas) = 0-86 H
9m =68 uS
01 Vet gm = 0.05 V
-30 |
1 Leg(meas) = 0.08 H
60 | gn =700 uS measured
90 L T =050V | M
09’\ oA A A0 200 \000
f[kHZz]
b)
L 10 - C=100 nF 100
d 0.9 measured [ 9.0 error
Ml s ] x~ - 8.0 [%]
074 \ o ° - 7.0
061 - 6.0
054 Vv ;5.0
0.4 ] 5<\ /lfdeal - 4.0
0.3 ] - 3.0
02 o T " r2.0
0.1 4 o el x 1.0
0.0 T — T 0.0
0.0 0.1 0.2 0.3 0.4

. 0.5
‘ VSET_gm vl
70 140 280 420 700 9m [1S]

_

<)

FIGURE 10. Experimental test of inductance multiplier: a) magnitude
responses, b) phase responses, c) comparison of ideal and measured Leq
dependence on Vsgy gp.

at 1 kHz, using C, = 225 uF/sec’’* (@ = 1/4)
indicate the ideal range of the equivalent capacity Ceq
between 8.8 and 88 uF/sec3/ 4 for VSET_gm Vvariation from
0.05 and 0.5 V (obtained by g = 70 — 700 uS).

The experiment-based evaluation shows the Ceq yields
range 9.2 — 85.1 uF/sec’/* and the maximal error below
5% (theory vs measurement). The operational bandwidth is
between 18 Hz and 27.3 kHz in this arrangement (considering
a band where the phase stays in £3° tolerance area).

The second CPE having C, = 56 uF/sec'/? (@ = 1/2)
brings the following results: the ideal range of Ceq adjustment

73721



IEEE Access

R. Sotner et al.

: Single Parameter Voltage Adjustable Immittance Topology

100 = da =0.25, C, = 225 pF/sec?*
] measure Cogimeas) = 9.2 uF/sec¥*
gn =70 uS
VSET_gm =005V
/ ideal theory

1 Cagmensy = 85.1 pFlsec
1gm =700 pS
Vser gm = 0.50 V

0.1 T T
o oA A A0 200 \QQQ
f[kHz]
a)
@ 30 a=0.25, C, = 225 pF/sec*
f 1
gy Cogimess) = 85.1 uF/sec
] Gm = 700 S
01 Vser gm = 0.50 V

ideal theory Ap=13.0°
'15 et }
225 DITmwsro =T t
.30 4 ;
y Cog(meas) = 9.2 pFIsecb
'45 7 gm = 70 ”s
1 VseT gm = 0.05 V measured
-60 T
09\ oA A A0 A00 ,\0(30
f[kHz]
b)
= = 3/4
51000 - a=0.25 C, =225 uFisec 50
3’:’«;_ ° [ 4.0 error
o L 80.0 | ideal ‘/')f 3.0 [%]
(=] ] \ ’,1 f 2.0 T
T 60.0 | 1.0
4 f,x L 0'0
40.0 ° . f 1.0
X [ 20
200 7 ;30
*~—measured [ 4.0
0.0 T -5.0
0.0 0.1 0.2 0.3 04

0.5
Vser_gm [V]
70 140 280 420 700 Gm [1S]

©)

FIGURE 11. Experimental test of the fractional-order capacitance
multiplier using C, = 225 uF/sec3/% (« = 1/4): a) magnitude responses,
b) phase responses, c) comparison of ideal and measured Ceq
dependence on Vsgy gp.

2.2 — 21.9 uF/sec'/? and the experimentally tested range is
2.0 — 19.6 pF/sec'/? in the bandwidth 15 Hz — 15.8 kHz.

Comparison of the ideal and experimental values yields
the maximal error less than 11 %. However, it is an accept-
able value when we consider inaccuracies of CPEs and their
tolerances of magnitude and phase of impedance [50]. The
results are shown in Fig.12 in a similar form as in the previous
case.

The results for the third type of the CPE-s based RC ladder

are shown in Fig. 13. The last example (Cy = 8.8 uF/sec!/4,
a = 3/4) offers the readjustability of C.q between
73722
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FIGURE 12. Experimental test of the fractional-order capacitance
multiplier using C, = 65 uF/sec!/2 (@ = 1/2): a) magnitude responses, b)
phase responses, c) comparison of ideal and measured Ceq dependence
on VSETJM'

0.34 — 3.45 pF/sec'/* (in theory). The experiments con-
firmed this operationability between 0.34 — 3.11 uF/sec
with the maximal error up to 11 %. The frequency bandwidth
in this case reaches approximately 10 Hz — 40 kHz.

1/4

B. FRACTIONAL-ORDER SYNTHETIC INDUCTANCE

The CPEs used in the previous case are tested also in
the second configuration of the device representing a syn-
thetic inductance Leq. The first set of the results is captured
in Fig. 14. The control of the driving voltage Vsgr_gm
(0.05 — 0.5 V) leads to the ideal range of adjustment from
1800 — 180 sec>/4/F for C, = 225 uF/sec’/* (a = 1/4).
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FIGURE 13. Experimental test of the fractional-order capacitance
multiplier using C,, = 8.8 uF/sec'/* (« = 3/4): a) magnitude responses,
b) phase responses, c) comparison of ideal and measured Ceq
dependence on Vsgy gp.

The experimental results are from 1785 up to 187 sec>/*/F in
the operational bandwidth 12 Hz — 13.7 kHz that yields a
maximal error below 4 %.

The second value of the CPE C, = 56 uF/sec'/?
(o = 1/2) brings the ideal value of Leq between 448 and
44.8 sec’/?/F (408 — 41 sec’/?/F for the experiment). That
results into a maximal error below 9%. As it is observed
in Fig. 15, selecting the frequency bandwidth in the range
from 14 Hz up to 4.7 kHz ensures the validity of the
operation.
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FIGURE 14. Experimental test of the fractional-order synthetic inductance
using C, = 225 uF/sec3/* (« = 1/4): a) magnitude responses, b) phase
responses, c) comparison of ideal and measured Leq dependence

on VSEij'

The results of the last set (C, = 8.8 uF/secl/“, o =3/4)of
tests are shown in Fig. 16. The available ideal L. variation 70
— 7 sec’/*/F was confirmed experimentally in very similar
values (68 — 6.5 sec’/4/F). Overall, the maximal error in this
range is around 11 %. The bandwidth covers the range from
40 Hz up to 2.4 kHz.

The performed experimental tests result into the fol-
lowing summarization. The integer-order elements (used in
the structure) offer readjustability ranges of equivalent values
between 3.8 and 39 nF (for Ceq) and 0.82 and 0.083 H with
deviation from the ideal case 7% maximally and valid within
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FIGURE 15. Experimental test of the fractional-order synthetic inductance
using C, = 56 uF/sec'/2 (¢ = 1/2): a) magnitude responses, b) phase
responses, c) comparison of ideal and measured Leq dependence

on Vggr _gm-

the range from 100 Hz up to 50 kHz (Ceq) and 3 Hz up
to 13 kHz (Leg).

The fractional-order elements yield different ranges of Leg
in dependence on the order and C, operating in the range
from 40 Hz up to 2.4 kHz as the worst case (for the highest
order « = 0.75). Low values of the order yield a wider
bandwidth (18 Hz — 27 kHz for « = 0.25) as expected
from the real behavior and the model using real parasitic
elements. The overall Leq value was changed (within all tested
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FIGURE 16. Experimental test of the fractional-order synthetic inductance
using C, = 8.8 uF/sec'/? (« = 3/4): a) magnitude responses, b) phase
responses, c) comparison of ideal and measured Leq dependence

on VSET_gm-

orders and Cy) from 6.5 up to 1785 sec’/?/F with an error less
than 11%.

The full tested Ceq range between 3.1 and 85.1 uF/sec3/
has been obtained whereas the lowest bandwidth was
obtained for « = 0.5 (15 Hz — 15.8 kHz). The maximal
available bandwidth reaches 10 Hz — 40 kHz. Deviations of
all values from the ideal case are again below 11% (as the
worst case). All tests were performed for gn variation
70 — 700 uS (by VSET gm = 0.05 — 0.5 V). All specific
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TABLE 3. Summarization of the obtained Results for all tested cases.

a 1/4 12 3/4 1

C, 225 pF/sec*” 56 uF/sec'” 8.8 uF/sec'” 100 nF
Capacitance multiplier

Ceq range 8.8 — 88.2 pF/sec* 2.2 —21.9 pF/sec'”? 0.34 — 3.45 uF/sec' 3.9 —39nF

(ideal)

Ceq range 9.2 — 85.1 pF/sec* 2.0 — 19.6 pF/sec'? 0.34 — 3.11 pF/sec 3.8 » 39 nF

(experimental)

maximal Cgq error 5% 11 % 11% 3%

@ 1 kHz

bandwidth 18 Hz — 27.3 kHz 15Hz — 15.8 kHz 10 Hz — 40 kHz 100 Hz — 50 kHz

Synthetic inductance

Leq range 1800 — 180 sec™/F 448 — 44.8 sec’*/F 70 — 7 sec”*/F 0.8 —0.08 H

(ideal)

Leq range 1785 — 187 sec™/F 408 — 41 sec”/F 68 — 6.5 sec”*/F 0.82 — 0.083 H

(experimental)

maximal Leq error 4% 9% 11% 7%

@ 1 kHz

bandwidth 12 Hz — 13.7 kHz 14 Hz — 4.7 kHz 40 Hz — 2.4 kHz 3 kHz — 13 kHz

gn=70 =700 uS (Vsgr em=0.05 = 0.5 V)

details (separated ranges and order used in tests) are given
in Table 3.

VIil. CONCLUSION

The simplicity, simple electronic adjustability and simple
variability between the capacitive and inductive character
allowing scalability of the equivalent value and between
integer-order and fractional-order character are the most sig-
nificant advantages of the proposed solution. The DC voltage
driving offers a linear adjustment of equivalent values in
one decade. The linearizing circuitry is not necessary in our
case in comparison with standard OTA. The obtained results
are summarized in Table 3. The frequency bandwidth oper-
ationability of the capacitance multiplier overcomes three
decades. It was expected due to suitability of the presented
CMOS devices and the selected values of external passive
elements. The synthetic inductance has a lower maximal
frequency and the workability can be guaranteed in more than
two decades.

The CMOS devices based active circuitry (excluding con-
version blocks) has low power consumption (below 20 mW
at 3.3 V power supply). Thereby, these systems can be used
especially in low-power low-frequency (in combination with
presented parameters of CPEs) audio and biomedical appli-
cations. This work also indicates that the order and value of
the used passive element (many previous works deal with
the order only) have a significant influence on the value
of Ceq Or Leq that can be useful for non-standard cases of
very large values (especially in case of Leq). The simply
variable scalability of fractional-order elements (and gener-
ation of large values) together with their active represen-
tation, as presented in this paper, can significantly support
adjustability of fractional-order oscillators [50]. The pro-
posed circuitry can be directly used in resonators [43], [49]
and oscillators [50] of known topologies. It allows obtainment
of improved features (simplification and electronic tunability
for example).

VOLUME 9, 2021

REFERENCES

[1] D. Biolek, R. Senani, V. Biolkova, and Z. Kolka, “Active elements for
analog signal processing: Classification, review, and new proposals,”
Radioengineering, vol. 17, no. 4, pp. 15-32, Dec. 2008.

[2] R. Senani, D. R. Bhaskar, and A. K. Singh, Current Convey-
ors: Variants, Applications and Hardware Implementations. Cham,
Switzerland: Springer, 2015.

[3] A. Antoniou, “Gyrator using operational amplifier,” Electron. Lett., vol. 3,
no. 8, pp. 350-352, Aug. 1967, doi: 10.1049/e1:19670270.

[4] A. Antoniou, “Novel RC-active-network synthesis using generalized-
immittance converters,” IEEE Trans. Circuit Theory, vol. CT-17, no. 2,
pp. 212-217, May 1970, doi: 10.1109/TCT.1970.1083092.

[5] R. L. Geiger and E. Sdnchez-Sinencio, “Active filter design using

operational transconductance amplifiers: A tutorial,” IEEE Circuits

Devices Mag., vol. 1, no. 2, pp. 20-32, Mar. 1985, doi: 10.1109/MCD.

1985.6311946.

F. Yuan, CMOS Active Inductors and Transformers, Principle, Implemen-

tation, and Applications. New York, NY, USA: Springer, 2008.

W. Jaikla, R. Sotner, and F. Khateb, “Design and analysis of floating

inductance simulators using VDDDAs and their applications,” AEU-

Int. J. Electr. Commun., vol. 112, Dec. 2019, Art. no. 152937, doi:

10.1016/j.aeue.2019.152937.

M. Sagbas, U. E. Ayten, H. Sedef, and M. Koksal, “Electronically tunable

floating inductance simulator,” AEU-Int. J. Electron. Commun., vol. 63,

no. 5, pp. 423-427, May 2009, doi: 10.1016/j.aeue.2008.02.016.

[91 W. Tangsrirat, “Synthetic grounded lossy inductance simulators using
single VDIBA,” IETE J. Res., vol. 63, no. 1, pp. 134-141, Oct. 2016, doi:
10.1080/03772063.2016.1221746.

[10] M. A. Al-Absi and A. A. Al-Khulaifi, “A new floating and tunable capac-
itance multiplier with large multiplication factor,” IEEE Access, vol. 7,
pp. 120076-120081, Aug. 2019, doi: 10.1109/ACCESS.2019.2936800.

[11] D. Agrawal and S. Maheshwari, “Electronically tunable floating induc-
tance simulator using a single EX-CCCIL” in Proc. 7th Int. Conf. Signal
Process. Integr. Netw. (SPIN), Noida, India, Feb. 2020, pp. 130-134, doi:
10.1109/SPIN48934.2020.9070939.

[12] S. Unhavanich, O. Onajn, and W. Tangsrirat, ‘““Tunable capacitance mul-
tiplier with a single voltage differencing buffered amplifier,” in Proc. Int.
Multi Conf. IMECS, Hong Kong, Mar. 2016, pp. 1-4.

[13] W. Tangsrirat and O. Channumsin, ‘“Tunable floating capacitance multi-
plier using single fully balanced voltage differencing buffered amplifier,”
J. Commun. Technol. Electron., vol. 64, no. 8, pp. 797-803, Aug. 2019,
doi: 10.1134/S1064226919080163.

[14] M. A. Al-Absi and A. A. Al-Khulaifi, “Realization of a large values float-
ing and tunable active inductor,” IEEE Access, vol. 7, pp. 4260942613,
Mar. 2019, doi: 10.1109/ACCESS.2019.2907639.

[15] M. A. Al-Absi and M. T. Abuelma’atti, “A novel tunable grounded
positive and negative impedance multiplier,” [EEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 66, no. 6, pp.924-927, Jun. 2019, doi:
10.1109/TCSI1.2018.2874511.

[6

—

7

—

[8

—

73725


http://dx.doi.org/10.1049/el:19670270
http://dx.doi.org/10.1109/TCT.1970.1083092
http://dx.doi.org/10.1109/MCD.1985.6311946
http://dx.doi.org/10.1109/MCD.1985.6311946
http://dx.doi.org/10.1016/j.aeue.2019.152937
http://dx.doi.org/10.1016/j.aeue.2008.02.016
http://dx.doi.org/10.1080/03772063.2016.1221746
http://dx.doi.org/10.1109/ACCESS.2019.2936800
http://dx.doi.org/10.1109/SPIN48934.2020.9070939
http://dx.doi.org/10.1134/S1064226919080163
http://dx.doi.org/10.1109/ACCESS.2019.2907639
http://dx.doi.org/10.1109/TCSII.2018.2874511

IEEE Access

R. Sotner et al.: Single Parameter Voltage Adjustable Immittance Topology

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

F. Kacar, A. Yesil, S. Minaei, and H. Kuntman, ‘“Positive/negative
lossy/lossless grounded inductance simulators employing single VDCC
and only two passive elements,” AEU-Int. J. Electron. Commun., vol. 68,
no. 1, pp. 73-78, Jan. 2014, doi: 10.1016/j.aeue.2013.08.020.

D. Prasad and J. Ahmad, “New electronically-controllable lossless syn-
thetic floating inductance circuit using single VDCC,” Circuits Syst.,
vol. 5, no. 1, pp. 13-17, 2014, doi: 10.4236/cs.2014.51003.

A. Yesil, F. Kagar, and K. Giirkan, “‘Lossless grounded inductance simula-
tor employing single VDBA and its experimental band-pass filter appli-
cation,” AEU-Int. J. Electron. Commun., vol. 68, no. 2, pp. 143-150,
Feb. 2014, doi: 10.1016/j.acue.2013.07.016.

M. Srivastava and K. Bhardwaj, “Compact lossy inductance simulators
with electronic control,” Iranian J. Electr. Electron. Eng., vol. 15, no. 3,
pp. 343-351, Sep. 2019, doi: 10.22068/IJEEE.15.3.343.

K. Pichetpaisan, W. Jaikla, S. Siripongdee, S. Adhan, and P. Silapan,
“Inductance simulator with electronic controllability using single
VDDDA,” in Proc. 16th Int. Conf. Electr. Eng./Electron., Comput.,
Telecommun. Inf. Technol. (ECTI-CON), Pattaya, Thailand, Jul. 2019,
pp. 183-186, doi: 10.1109/ECTI-CON47248.2019.8955318.

M. Faseehuddin, J. Sampe, S. Shireen, and S. H. M. Ali, “Lossy and
lossless inductance simulators and universal filters employing a new ver-
satile active block,” Informacije MIDEM, vol. 48, no. 2, pp. 97-113,
2018.

M. Faseehuddin, J. Sampe, and S. H. M. Ali, “Grounded impedance
simulator topologies employing minimum passive elements,” Int. J. Eng.
Technol., vol. 7, no. 2, pp. 1-5, 2018.

N. Roongmuanpha, T. Pukkalanun, and W. Tangsrirat, “Grounded lossy
parallel inductance simulation using voltage differencing buffered ampli-
fier,” in Proc. 14th Int. Conf. Electr. Eng./Electron., Comput., Telecommun.
Inf. Technol. (ECTI-CON), Phuket, Thailand, Jun. 2017, pp. 298-301, doi:
10.1109/ECTICon.2017.8096232.

J. Sampe, M. Faseehuddin, B. Y. Majlis, S. H. M. Ali, and Z. Yusoff,
“Grounded and floating impedance simulators employing a new
active element,” in Proc. IEEE Regional Symp. Micro Nanoelec-
tron. (RSM), Batu Ferringhi, Malaysia, Aug. 2017, pp.58-61, doi:
10.1109/RSM.2017.8069112.

B. Metin, M. Atasoyu, E. Arslan, N. Herencsar, and O. Cicekoglu,
“A tunable immitance simulator with a voltage differential current con-
veyor,” in Proc. IEEE 60th Int. Midwest Symp. Circuits Syst. (MWS-
CAS), Boston, MA, USA, Aug. 2017, pp. 739-742, doi: 10.1109/MWS-
CAS.2017.8053029.

R. Sotner, J. Jerabek, L. Langhammer, J. Koton, D. Andriukaitis, and
A. Merfeldas, “Design of electronically adjustable fractional order immit-
tances using single active device,” in Proc. 43rd Int. Conf. Telecom-
mun. Signal Process. (TSP), Milan, Italy, Jul. 2020, pp. 578-582, doi:
10.1109/TSP49548.2020.9163553.

D. R. Bhaskar, D. Prasad, and K. L. Pushkar, “Electronically-controllable
grounded-capacitor-based grounded and floating inductance simulated
circuits using VD-DIBAs,” Circuits Syst., vol. 4, no. 5, pp. 422-430,
2013.

M. Ortigueira, “An introduction to the fractional continuous-time linear
systems: The 21st century systems,” IEEE Circuits Syst. Mag., vol. 8, no. 3,
pp. 19-26, Aug. 2008, doi: 10.1109/MCAS.2008.928419.

A. S. Elwakil, “Fractional-order circuits and systems: An emerging inter-
disciplinary research area,” IEEE Circuits Syst. Mag., vol. 10, no. 4,
pp. 40-50, 4th Quart., 2010, doi: 10.1109/MCAS.2010.938637.

M. Krishna, S. Das, K. Biswas, and B. Goswami, “Fabrication of a
fractional order capacitor with desired specifications: A study on pro-
cess identification and characterization,” IEEE Trans. Electron. Devices,
vol. 58, no. 11, pp.4067-4073, Nov. 2011, doi: 10.1109/TED.2011.
2166763.

A. Adhikary, M. Khanra, S. Sen, and K. Biswas, “Realization of a car-
bon nanotube based electrochemical fractor,” in Proc. IEEE Int. Symp.
Circuits Syst. (ISCAS), Lisbon, Portugal, May 2015, pp. 2329-2332, doi:
10.1109/ISCAS.2015.7169150.

S. Amand, M. Musiani, M. E. Orazem, N. Pébere, B. Tribollet, and
V. Vivier, “Constant-phase-element behavior caused by inhomogeneous
water uptake in anti-corrosion coatings,” Electrochim. Acta, vol. 87,
pp. 693-700, Jan. 2013, doi: 10.1016/j.electacta.2012.09.061.

A. M. Elshurafa, M. N. Almadhoun, K. N. Salama, and H. N. Alshareef,
“Microscale electrostatic fractional capacitors using reduced graphene
oxide percolated polymer composites,” Appl. Phys. Lett., vol. 102, no. 23,
Jun. 2013, Art. no. 232901, doi: 10.1063/1.4809817.

73726

(34]

(35]

(36]

(371

(38]

(391

(40]

(41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

A. Kartci, A. Agambayev, N. Herencsar, and K. N. Salama, “Series-,
parallel-, and inter-connection of solid-state arbitrary fractional-order
capacitors: Theoretical study and experimental verification,” IEEE
Access, vol. 6, pp. 10933-10943, Feb. 2018, doi: 10.1109/ACCESS.
2018.2809918.

P. A. Ushakov, K. O. Maksimov, S. V. Stoychev, V. G. Gravshin,
D. Kubanek, and J. Koton, “Synthesis of elements with fractional-order
impedance based on homogenous distributed resistive-capacitive struc-
tures and genetic algorithm,” J. Adv. Res., vol. 25, pp. 275-283, Sep. 2020,
doi: 10.1016/j.jare.2020.06.021.

B. M. Vinagre, 1. Podlubny, A. Hernandez, and V. Feliu, “Some approx-
imations of fractional order operators used in control theory and appli-
cations,” Fractional Calculus Appl. Anal., vol. 3, no. 3, pp. 48-231,
2000.

J. Valsa, P. Dvorak, and M. Friedel, ‘“Network model of CPE,” Radioengi-
neering, vol. 20, no. 3, pp. 619-626, Sep. 2011.

J. Valsa and J. Vlach, “RC models of a constant phase element,”
Int. J. Circuit Theory Appl., vol. 41, no. 1, pp. 59-67, Jan. 2013, doi:
10.1002/cta.785.

M. C. Tripathy, D. Mondal, K. Biswas, and S. Sen, “Experimental studies
on realization of fractional inductors and fractional-order bandpass filters,”
Int. J. Circuit Theory Appl., vol. 43, no. 9, pp. 1183-1196, Sep. 2015, doi:
10.1002/cta.2004.

A. Adhikary, S. Choudhary, and S. Sen, “Optimal design for realizing
a grounded fractional order inductor using GIC,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 65, no. 8, pp.2411-2421, Aug. 2018, doi:
10.1109/TCSI1.2017.2787464.

K. H. Khattab, A. H. Madian, and A. G. Radwan, “CFOA-based fractional
order simulated inductor,” in Proc. IEEE 59th Int. Midwest Symp. Circuits
Syst. (MWSCAS), Abu Dhabi, United Arab Emirates, Oct. 2016, pp. 1-4,
doi: 10.1109/MWSCAS.2016.7870127.

I. Dimeas, G. Tsirimokou, C. Psychalinos, and A. S. Elwakil, “‘Realization
of fractional-order capacitor and inductor emulators using current feed-
back operational amplifiers,” in Proc. Int. Symp. NOLTA, Hong Kong,
Dec. 2015, pp. 237-240.

G. Tsirimokou, C. Psychalinos, A. S. Elwakil, and K. N. Salama, “Elec-
tronically tunable fully integrated fractional-order resonator,” IEEE Trans.
Circuits Syst. 1, Exp. Briefs, vol. 65, no. 2, pp. 166—170, Feb. 2018, doi:
10.1109/TCSII1.2017.2684710.

N. Herencsar, “Balanced-output CCCFOA and its utilization in grounded
inductance simulator with various orders,” in Proc. 41st Int. Conf.
Telecommun. Signal Process. (TSP), Athens, Greece, Jul. 2018, pp. 1-5,
doi: 10.1109/TSP.2018.8441349.

R. Sotner, J. Jerabek, J. Petrzela, O. Domansky, G. Tsirimokou, and
C. Psychalinos, “Synthesis and design of constant phase elements based
on the multiplication of electronically controllable bilinear immittances in
practice,” AEU-Int. J. Electr. Commun., vol. 78, pp. 98-113, Aug. 2017,
doi: 10.1016/j.aeue.2017.05.01.

J. Dvorak, D. Kubanek, N. Herencsar, A. Kartci, and P. Bertsias, “Elec-
tronically adjustable emulator of the fractional-order capacitor,” Elek-
tronika Elektrotechnika, vol. 25, no. 6, pp.28-34, Dec. 2019, doi:
10.5755/j01.eie.25.6.24823.

M. Jain, R. S. Kumar, L. Nair, and R. Pandey, “VDTA based fractional
order floating inductor and its applications,” in Proc. 7th Int. Conf. Signal
Process. Integr. Netw. (SPIN), Noida, India, Feb. 2020, pp. 929-934, doi:
10.1109/SPIN48934.2020.9070836.

D. Kubanek, J. Koton, J. Dvorak, N. Herencsar, and R. Sotner, “Opti-
mized design of OTA-based gyrator realizing fractional-order inductance
simulator: A comprehensive analysis,” Appl. Sci., vol. 11, no. 1, pp. 1-19,
Dec. 2020, doi: 10.3390/app11010291.

A. Adhikary, S. Sen, and K. Biswas, “Design and hardware realization
of a tunable fractional-order series resonator with high quality factor,”
Circuits, Syst., Signal Process., vol. 36, no. 9, pp. 3457-3476, Sep. 2017,
doi: 10.1007/s00034-016-0469-2.

R. Sotner, J. Jerabek, L. Polak, L. Langhammer, H. Stolarova, J. Petrzela,
D. Andriukaitis, and A. Valinevicius, “On the performance of electron-
ically tunable fractional-order oscillator using grounded resonator con-
cept,” AEU-Int. J. Electr. Commun., vol. 129, Feb. 2021, Art. no. 153540,
doi: 10.1016/j.aeue.2020.153540.

S. Kapoulea, G. Tsirimokou, C. Psychalinos, and A. S. Elwakil, “Gen-
eralized fully adjustable structure for emulating fractional-order capaci-
tors and inductors of orders less than two,” Circuits, Syst., Signal Pro-
cess., vol. 39, no. 4, pp. 1797-1814, Apr. 2020, doi: 10.1007/s00034-019-
01252-5.

VOLUME 9, 2021


http://dx.doi.org/10.1016/j.aeue.2013.08.020
http://dx.doi.org/10.4236/cs.2014.51003
http://dx.doi.org/10.1016/j.aeue.2013.07.016
http://dx.doi.org/10.22068/IJEEE.15.3.343
http://dx.doi.org/10.1109/ECTI-CON47248.2019.8955318
http://dx.doi.org/10.1109/ECTICon.2017.8096232
http://dx.doi.org/10.1109/RSM.2017.8069112
http://dx.doi.org/10.1109/MWSCAS.2017.8053029
http://dx.doi.org/10.1109/MWSCAS.2017.8053029
http://dx.doi.org/10.1109/TSP49548.2020.9163553
http://dx.doi.org/10.1109/MCAS.2008.928419
http://dx.doi.org/10.1109/MCAS.2010.938637
http://dx.doi.org/10.1109/TED.2011.2166763
http://dx.doi.org/10.1109/TED.2011.2166763
http://dx.doi.org/10.1109/ISCAS.2015.7169150
http://dx.doi.org/10.1016/j.electacta.2012.09.061
http://dx.doi.org/10.1063/1.4809817
http://dx.doi.org/10.1109/ACCESS.2018.2809918
http://dx.doi.org/10.1109/ACCESS.2018.2809918
http://dx.doi.org/10.1016/j.jare.2020.06.021
http://dx.doi.org/10.1002/cta.785
http://dx.doi.org/10.1002/cta.2004
http://dx.doi.org/10.1109/TCSI.2017.2787464
http://dx.doi.org/10.1109/MWSCAS.2016.7870127
http://dx.doi.org/10.1109/TCSII.2017.2684710
http://dx.doi.org/10.1109/TSP.2018.8441349
http://dx.doi.org/10.1016/j.aeue.2017.05.01
http://dx.doi.org/10.5755/j01.eie.25.6.24823
http://dx.doi.org/10.1109/SPIN48934.2020.9070836
http://dx.doi.org/10.3390/app11010291
http://dx.doi.org/10.1007/s00034-016-0469-2
http://dx.doi.org/10.1016/j.aeue.2020.153540
http://dx.doi.org/10.1007/s00034-019-01252-5
http://dx.doi.org/10.1007/s00034-019-01252-5

R. Sotner et al.: Single Parameter Voltage Adjustable Immittance Topology

IEEE Access

[52]

[53]

[54]

R. Sotner, J. Jerabek, R. Prokop, V. Kledrowetz, and J. Polak, “A CMOS
multiplied input differential difference amplifier: A new active device
and its applications,” Appl. Sci., vol. 7, no. 1, pp. 1-13, Jan. 2017, doi:
10.3390/app7010106.

R. Sotner, J. Jerabek, L. Polak, R. Prokop, and V. Kledrowetz, “Integrated
building cells for a simple modular design of electronic circuits with
reduced external complexity: Performance, active element assembly, and
an application example,” Electronics, vol. 8, no. 5, pp. 1-28, May 2019,
doi: 10.3390/electronics8050568.

Analog Devices. 60 MHz, 2000 V/us Monolithic Op Amp With Quad
Low Noise AD844. Accessed: Jan. 30, 2021. [Online]. Available:
https://www.analog.com/media/en/technical-documentation/data-
sheets/AD844.pdf

ROMAN SOTNER (Member, IEEE) was born in
Znojmo, Czech Republic, in 1983. He received the
M.Sc. and Ph.D. degrees from the Brno Univer-
sity of Technology, Czech Republic, in 2008 and
2012, respectively. He is currently an Associate
Professor with the Department of Radio Electron-
ics, Faculty of Electrical Engineering and Com-
munication, Brno University of Technology. His
research interests include analog circuits such as,
active filters, oscillators, and audio, circuits in the

current mode, and circuits with direct electronic controlling possibilities
especially and computer simulation.

JAN JERABEK was born in Bruntal, Czech Repub-
lic, in 1982. He received the B.Sc. and M.Sc.
degrees and the Ph.D. degree in electrical engi-
neering from the Brno University of Technology,
Czech Republic, in 2005, 2007, and 2011, respec-
tively. He is currently an Associate Professor with
the Department of Telecommunications, Faculty
of Electrical Engineering and Communication,
Brno University of Technology. His research inter-
ests include analogue signal processing, circuit
design, and analyses and measurements.

VOLUME 9, 2021

LADISLAV POLAK (Member, IEEE) was born
in Stdrovo, Slovakia, in 1984. He received the
M.Sc. and Ph.D. degrees in electronics and com-
munication from the Brno University of Technol-
ogy (BUT), Czech Republic, in 2009 and 2013,
respectively. He is currently an Associate Pro-
fessor with the Department of Radio Electronics
(DREL), BUT. His research interests include wire-
less communication systems, RF measurement,
signal processing, and computer-aided analysis.

Czech Republic, in 1971. He received the M.Sc.
degree and the Ph.D. degree in electrical engi-
neering from the Brno University of Technology,
Czech Republic, in 1994 and 2009, respec-
tively. He is currently an Assistant Professor with
the Department of Microelectronics, Faculty of
Electrical Engineering and Communication, Brno
University of Technology. His research interest
includes analog integrated circuit design, espe-

cially on the research of the innovative modern analog circuit blocks for
tunable and reconfigurable analog circuits.

WINAI JAIKLA was born in Buriram, Thailand.
He received the B.S.I.Ed. degree in telecommu-
nication engineering from the King Mongkut’s
Institute of Technology Ladkrabang (KMITL),
Thailand, in 2002, the M.Tech.Ed. degree in elec-
trical technology and the Ph.D. degree in electrical
education from the King Mongkut’s University
of Technology North Bangkok (KMUTNB),
in 2004 and 2010, respectively. His research inter-
ests include electronic communications, analog
signal processing, and analog integrated circuits.

73727


http://dx.doi.org/10.3390/app7010106
http://dx.doi.org/10.3390/electronics8050568

