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ABSTRACT This paper presents a new concept of a capacitance multiplier using the topology of differential
voltage buffer and current conveyor, where the capacitor is connected to the current input terminal. The
presented topology overcomes the typical issue known from similar solutions, i.e. creation of an undesired
lossy character of the impedance plot. The added feedback path in the structure serves for minimization of
the serial parasitic resistance of the current input terminal as well as the output resistance of differential
voltage buffer. The electronic driving of the current and voltage internal gains of the active elements allows
the adjustment of the capacitance multiplication factor as well as readjustment of the overall capacitance
structure between the lossy and lossless modes of operation. The adjustment of the multiplication factor
intentionally targets low ranges of gains. Despite that the multiplication factor equals or is less than
1, the range of adjustability is very wide. Simple modifications of the proposed concept leading to the
differential-mode operation and enhancement of the multiplication factor are shown and explored. They
were experimentally tested in more than 2 decades, from 0.03 to 5.8 nF, and controlled by single DC voltage
from 0.1 to 1.0 V. The outputs of experimental measurements meet with the PSpice simulations and confirm
the design validity.

INDEX TERMS Adjustability, capacitance multiplication, current conveyor, current gain, differential

voltage buffer, electronic tuning, multiplication factor adjustment, voltage gain.

I. INTRODUCTION

Electronically adjustable and tunable circuit applications are
receiving a lot of attention in the fields of signal genera-
tion and signal processing. The adjustment of parameters
of applications can be implemented especially by the uti-
lization of various active elements (AEs) and devices with
electronically adjustable internal parameters or inter-terminal
transfers [1], [2]. Capacitance multipliers [2] are useful tools
especially when the design requires a very high capacity
values, but the used fabrication process or other reasons
allow to achieve only a very small value of the physical
capacitance (typically units or tens of pF due to the space
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limitations). Such a high value of capacity is obtained as
a product of a small value of capacity and a quite large
constant [3] (in principle based on the gains of the active
circuitry). This constant is known as the multiplication (or
multiplying) factor (MF). In some cases, its value can be
intentionally varied thanks to active control (driving voltage
or current influencing the final value) or, in simpler cases,
passive way of tuning (implemented by a resistor value,
for instance). The existing and widely applied principles of
tuning target the increasing (boosted) value of MF. The upper
limits of MF are given by the gain limits of the active circuitry
(voltage gain, current gain, product of transconductance and
resistance, or even joint impact of several types of gains).
However, very high values of gain in the circuitry lead to
issues with limitation of dynamics, nonlinear dependencies
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of gains on driving parameters, nonlinearities of the transfer
responses (a necessity to process very low signal levels) as
well as increased power consumption.

We have studied the features of recently reported solutions
(see comparison in Table 1 where works [3]-[30] have been
compared in detail). In accordance with some of these works,
the MF (having a fixed value) should be as high as possible in
ideal case. The following conclusions were established from
the analysis of the works included in Table 1:

a) Existing solutions allow achieving very high ranges
and values of MF, which obviously require very large
ranges of driving parameters (bias currents, etc.) —
[31, [4], [6], [9], [11]. Table 1 indicates this value as
the capacity ratio — a case when equivalent capacity
is tuned between maximal and minimal values. High
values of gains lead to processing of very low signal
levels [6], [11].

b) Despite of a wide change of capacity, the efficiency of
adjustment is not high — [4], [6], [11].

¢) Insome circuits [5], [7], [9], [14], [17], [21], [24], [25],
the number of needed passive elements is high.

d) In some cases [4], [8], [18], without any additional
advantage, the number of active devices is also high.
As described later, our concept uses additional active
devices to obtain increased effectiveness of the adjust-
ment.

e) The problem of serial small-signal parasitic resistances
connected to the working floating capacitor is not
solved in previous works [3], [5], [12]-[14], [19], [22],
[23], [26]-[28], [30].

f) Electronic reconfiguration between lossy (having
intentional zero of impedance frequency response) and
lossless modes of operation is not possible in case of
previous solutions.

g) Additional extension of the adjustability range of
capacity is possible only in cases of active solu-
tions with multiparameter adjustability (see [6]). Sin-
gle parameter adjustable capacity multipliers [3]-[5],
[9], [29] reach a large range of values of capacity
only by very wide-range control of the used driving
force.

h) All the reviewed solutions use an increasing value of
gain (gain > 1) to boost the MF. Our solution oper-
ates with attenuation and without boosting of MF (the
maximal current gain is 1 — multiplication factor < 1).
By this method, electronic tunability is preserved as
well as further features (discussed below), which can
be useful in specific cases of applications. Small atten-
uation of the useful signal is typically more convenient
for proper signal processing than its amplification.

Our work introduces different approaches to adjust the
value of MF that does not exceed the value 1. Increasing the
value of the capacity by MF is not the only possible way
when tunable and adjustable application of the “‘boosted”
capacitor is expected. Other possibility is presented in this

VOLUME 8, 2020

paper. The results show that it is also very effective for tunable
applications from the view of a wide range of adjustment
of the value of the equivalent (multiplied) capacity but the
gain(s) in the circuitry stay reasonable and low.

Different kinds of known solutions are based on a
grounded capacitor (the multiplier boosts the capacity of
the grounded element) [4], [6]-[11], [15]-[18], [20], [21],
[24], [25], [29]. However, the number of topologies
using a floating capacitor is also significant [3], [5],
[12]-[14], [19], [22], [23], [26]-[28], [30]. Especially, the lat-
est works are targeting this way of the design. However, such
solutions are not welcomed by some designers because of
possible additional issues with overall impedance regarding
small-signal parasitic influences of active parts. Nevertheless,
as it will be shown, disadvantages occurring in such cases,
where a floating capacitor is used, are not always significant.
The parasitic behavior (parasitic zero of frequency response)
can be easily removed when suitable circuitry is utilized.
We can summarize most important benefits of the newly
presented approach to the following points:

1) Electronic adjustment of the MF influencing the value
of the equivalent capacity,

2) Low current gain control (attenuation actually) used for
electronic adjustment (causing negligible increase of
the power consumption),

3) A wide range of adjustability and tunability for low
gain ranges,

4) Eliminated parasitic effects of structures using a float-
ing capacitor,

5) A simple electronic elimination of the lossy part (zero
frequency) of the frequency response in the impedance
plot by adjustment of another electronically control-
lable parameter,

6) Possible implementation of the floating capacitance
multiplier, when additional terminals of AEs are added,

7) A simple option to extend the topology by additional
elements of the same type in order to obtain even more
extended range of electronic tuning of the equivalent
capacity.

Compared to our work, the most similar results were
obtained in [13] (similar ratios of adjustment efficiency and
varied capacity). The circuit in [13] uses even a smaller num-
ber of AEs than our proposal (basic concept) and combines
driving of two parameters (transconductance and current
gain) in order to adjust the capacity. However, the applied
range of the current gain is enormous (0.7-19) and the prob-
lem of serial parasitic resistances is not solved. The solution
in [13] cannot be used in a differential mode and the value of
MF is not lower than 1.

This paper has the following organization: Section 1 deals
with recent solutions of capacitance multipliers, their features
and gives suggestions to achieve the objectives of the pre-
sented research. The proposed concept is also compared with
previous works in detail. Section 2 introduces the basic core
of the presented capacitance multiplier. Sections 3 to 6 focus
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TABLE 1. Comparison of relevant works introducing adjustable capacitance multipliers.

(no amplification)

Reference
Number of passive;
Active devices; Testing**

Based on topology with floating C
Serial connection of C to low-impedance
terminal / input terminal (influence of serial
resistance in CC for example)
Electronic adjustment / Reconfiguration
between lossy and lossless mode
Type of adjustment (controlled value of)
Provided replacement of R by MOS for
tuning
Compensation of serial parasitic resistance
of current input terminal
Possibility of differential-mode operation
Multiplication factor adjustable
electronically / Extended adjustability
Multiplication factor adjusted by attenuation
The largest reported range of C adjustment
(range of the driving force)
Capacity ratio Cpax/Crin
Ratio of adjustment efficiency
(Cinax! Crnin):(driVingmar/drivingumin)

20 pF — 100 nF

3] 1;3; m Yes Yes/No Yes/No Al (gm) N/A No No Yes/No No (11A — 1000 pA) 5000 5
. 60 pF — 20 nF
[4] 0-2;4;s No No/No Yes/No Al (Rx) N/A N/A Yes Yes/No No (1 pA — 1000 pA) 333 0.3
3. (1-2); 100 pF — 400 pF
[5] ’ m ’ Yes Yes/No No/No A3 (R) Yes No No No/No No (gain factor Ro/R; 4 0.1
0.1—-1)
103 pF — 9.55 uF 3
-4 * .
[6] 1;4;s No No/No Yes/No Al (gm) N/A N/A Yes Yes/Yes No (gain 1 — 1000) 93-10 0.93
[7] 3;3;s No No/No No/No A3 (R) Yes N/A Yes Yes/No No N/A N/A N/A
[8] 1;4;s No Yes/Yes Yes/No Al (Rx) N/A No Yes Yes/Yes No N/A N/A N/A
(5-7); 10 nF — 4 pF
[9] 2-3): s No No/No No/No A3 (R) No N/A Yes No/No No (250 Q — 100 kQ) 400 1
[10] 1;3;s No Yes/Yes Yes/No Al (Rx) N/A No Yes Yes/Yes No N/A N/A N/A
Al (R 950 pF — 96 uF 101-10°
[11] 1;2;s No No/No Yes/No )X’ N/A N/A No Yes/Yes No 10 nF — 1.03 mF 103-10° 1.03
&m (gain 1 — 100 000)
[12] ((21_:?)2)_);5 Yes No/No Yes/No Al (gm) N/A N/A Yes Yes/Yes No N/A N/A N/A
1. A2 (gms 190 pF — 31 nF
[13] 2; 1;s Yes Yes/Yes Yes/No C gain) N/A No No Yes/Yes No (C gain 0.7 — 19) 163 6
[14] 3;2;8 Yes Yes/Yes No/No N/A N/A No Yes Yes/No No N/A N/A N/A
[[1156]], 1;3;s No No/No Yes/No Al (Rx) N/A N/A Yes Yes/Yes No N/A N/A N/A
[17] 3;2;s No No/No Yes/No Al (gm) N/A N/A Yes Yes/Yes No N/A N/A N/A
[18] 1;4;s No No/No Yes/No Al (gm) N/A N/A Yes Yes/Yes No N/A N/A N/A
200 pF — 4.7 nF
[19] I;1;s Yes No/No Yes/No 3 (R) Yes N/A No Yes/Yes No (gain factor Ro/R; 24 0.5
1 —50)
L 43 pF — 430 pF
[20] 2;1;s No No/No Yes/No Al (gm) N/A N/A Yes Yes/Yes No (0.2 mS — 1 mS) 10 2
[21] 3,28 No poT;Is(i){)le Yes/No Al (gm) N/A N/A Yes Yes/Yes No N/A N/A N/A
[22] 2 1;s Yes  Yes/No  YesNo  Al(gm) NA  No No  Yes/Yes  No 0.5 nF — 10 nF 20 0.8

(0.4mS — 10 mS
0.22 nF — 0.72 nF
[23] 2; 158 Yes Yes/No Yes/No Al (gm) Yes No No Yes/Yes No (0.14 mS — 0.5 mS; 33 2
084k — 524k )
20 pF — 160 pF

[24] 3;1;s No No/No Yes/No A3 (R) Yes N/A No Yes/Yes No (gain factor Ry/R; 8 0.5
1—16)
9. 100 pF — 2 nF
[25] 3;2;s No Yes/Yes No/No A3 (R) Yes No Yes Yes/No No (gain factor 2 — 40) 20 1
[26] 2; 1;s Yes Yes/No Yes/No Al (gm) N/A No Yes Yes/Yes No 0.3 nF — 1.6 nF 53 0.7

(0.4 mS — 3 mS)
0.18 nF — 9.9 nF

[27] 1;5;s Yes Yes/Yes Yes/No Al (gm) N/A No Yes Yes/Yes No . 55 0.92
(gain factor 1 — 60)
[28] 2;2;s Yes Yes/Yes Yes/No Al (gm) N/A No Yes Yes/Yes No N/A N/A N/A
. Yes/ 100 F — 4 mF
[29] 2;2;b No Yes/Yes Yes Al (gm) No N/A No Yes/Yes No (50 pA — 2000 1A) 40 1
[30] (2-3); I;m Yes Yes/Yes No/No A3 (R) No N/A Yes Yes/No No N/A N/A N/A
The proposed topologies
Figs. X . Yes/ A2 (Cand 1.0 nF — 9.3 nF
24 1;(2-3); b Yes Yes/Yes Yes V gain) N/A Yes Yes Yes/No Yes (01— 1) 9.3 0.93
Fig. 5 1;4;b Yes Yes/Yes Yes/No A2‘ N/A Yes Yes Yes/Yes Yes 0.03 nF — 5.8 nF 193 19.3
(C gain) 0.1 > 1)

Notes: * four bias sources — multiplied gains; **test: s — simulated; m — measured; b — both; A1 — bias currents (driving of transconductance g, or input resistance Rx);
A2 — driving voltage (voltage or current gain); A3 — passive adjustment (resistor value); C — Current; V — Voltage; N/A — not available
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on the specific modifications showing how the core circuit
can be improved and extended for various use cases including
effects of small-signal parasitic influences. Section 7 provides
a detailed analysis of the selected designed topologies in the
PSpice simulation tool and also more importantly by real
laboratory experiments in the bandwidth from 10 kHz up
to 10 MHz. Section 8 concludes this work.

Il. THE BASIC CORE OF THE PROPOSED CIRCUIT
The idea presented in [30] gives the initial motivation for
this work, mainly from the viewpoint of parasitic elements
connected in series with the serial capacitor used between
the output of the differential input voltage amplifier and
the differential output current amplifier (see Fig. 4 in [30]).
The current conveyor (CC)-based capacitance multiplier can
be synthesized by a connection of the frequency dependent
impedance (capacitance or inductance) to the current input
terminal [2], [30]. This input terminal has small-signal finite
resistance (Rx) that influences the input impedance of the
multiplier. Compared to the recent structures using CC of
the second generation (CCII) [1] and an operational transcon-
ductance amplifier (OTA) [1], the proposed concept reduces
the complexity of the design due to the implementation of a
differential voltage buffer (DVB) known also as differential
unity gain amplifier [1] performing simple voltage subtrac-
tion: Vo = V4 — V_. The basic structure of the proposed
circuitry is shown in Fig. 1. Thanks to the advanced type of
the CC (the so-called electronically controllable CCII with
negative output, abbreviated as ECCII- [31]-[33]), we have
the following inter-terminal relations: Vx = Vy, Iy = 0,
I7 = —B- Ix, where the parameter B can be used to control
the current gain. From the viewpoint of the connection of the
terminal Y (ECCII-), there are two options (see Fig. 1). The
circuit in Fig. 1a) has the following input impedance in ideal
case:
1 1 1 1

Zinl(S)—E—E'SclB' (H
The controllable gain (B) of the ECCII- element (2B respec-
tively) in the denominator is also referred to as capacitance
MF [30] forming the new adjustable capacity Cr,. When the
real input resistance of the terminal X (Rx) is assumed, then
the input impedance changes into a not so beneficial form

(including parasitic zero):
1+ sCiRy ]

1
Ziy(s) = 3 [ CiB

When the output resistance of DVB (R,) is also considered,
then the serial connection of both resistances slightly modi-
fies the previous expression to:

1 [1+sCy (R, + Ry)
Zi(s) = 3 [ sCll(; .

Fortunately, the output resistance of the DVB is very
low in operational frequency bands (tens-hundreds of mS2
below 1 MHz) [34] and its impact on (1) is not so significant
in comparison to Rx. The input impedance of the topology in

@

3
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FIGURE 1. Initial (basic) core of the proposed circuit, i.e. capacitance
multiplier using single DVB and ECCII elements: a) the Y terminal is used
as a feedback, b) the Y terminal is grounded.

Fig. 1b), with the grounded Y terminal, is similar to (1), (2)
and (3), only the constant 1/2 is replaced by 1. Therefore,
the multiplication constant is given by the current gain B
only. However, both topologies, shown in Fig. 1, have a
lossy impedance character and the resistance Rx must be
considered.

Ill. IMPROVED TOPOLOGY HAVING LOSSLESS
CHARACTER

To achieve a significant improvement in the features of the
previously presented topology, a feedback from the terminal
X (ECCII-) to the positive input of the element DVB is
applied. Thanks to this improvement, a lossless behavior is
obtained. Two versions (used or unused/grounded Y terminal,
similarly as in Fig. 1) of this concept are shown in Fig. 2. Both
solutions have the same form for the input impedance, even
in the non-ideal case including discussed parasitic influences
(Rx, Ro). The expression for the ideal input impedance has the
same form as in the case of the solution shown in Fig. 1b).
However, the input resistance Rx has no influence on the
non-ideal impedance (the impedance Z/ , is identical to the
ideal Zjnp). The resistance R, (see Fig. 2 a) and b)) remains
in impedance expression for both cases:

14+ sCiR,

, 4
SClB ( )

Zip(s) =
but for some active devices (with R, < 1€2) its influence on
the Z", is negligible. Unfortunately, it is not valid in general
(some opamps have the value of R, in tens of €2 or even more).
Therefore, it cannot be ignored in general case.
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FIGURE 2. Improved topology of the capacitance multiplier using single
DVB, ECCII and added feedback from X terminal of ECCII to positive
terminal of DVB element in two variants: a) the Y terminal is used as a
feedback, b) the Y terminal is grounded.

IS

v"l
L

FIGURE 3. The capacitance multiplier using single DVB, ECCIl and
additional variable voltage gain amplifier (VGA) in feedback from X
terminal of ECCII to positive terminal of DVB in order to eliminate
possible impact of R,.

IV. ELIMINATION OF THE IMPACT OF OUTPUT
RESISTANCE (R,)

Minimization or even elimination of the influence of the
output resistance R, is possible by adding of a VGA element
to the feedback loop from the terminal X of the ECCII- to
the positive (input) terminal of the DVB. Such a solution,
shown in Fig. 3, is a modification of the structure presented
in Fig. 2b) and has the following non-ideal input impedance:

14 5Cy (R, +Rx —A - Rx)

Zl'/r/l3 (S) = SCl B

&)

The adjustable parameter A can be used for cancellation of the
lossy part when A = (R, + Rx)/Rx. Supposing R, = Rx, just
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Vsers

z+
ECClI+/-

FIGURE 4. Capacitance multiplier from Fig. 3 extended to the
differential-mode operation.

A = 2 is required. If R, — 0£2, as common in many cases,
then the value of A equal to 1 is sufficient.

V. MODIFICATION FOR THE DIFFERENTIAL-MODE
OPERATION

The previous topology (see Fig. 3) can be easily modified for
differential or pseudo-differential operation [35], [36]. Addi-
tional output terminal of the ECCII device (both polarities
of current output terminals) is required. In previous cases
the DVB device had only two inputs. Fortunately, commer-
cially available devices used for construction of DVB already
include additional input terminals (see for example AD8130
[34] or AD830 [37]). These terminals are not frequently
used in standard designs with DVB. Hence, the differential-
mode operation is easily available without necessity of any
additional active devices. The circuit in Fig. 3 was extended
to the structure of a differential-mode capacitance multiplier
as it is shown in Fig. 4. The input impedance has the form
identical with (5).

VI. TUNABILITY EXTENSION OF THE PRESENTED
STRUCTURES
Recent works [27], [28] introduced a boosted value of MF.
This feature is also easily available in topologies presented
above. The example of a tunability (minimal/maximal value
of capacity) enhancement is shown in Fig. 5. In this particular
case, the structure is analyzed without an additional VGA
(added in section IV) because an insignificant effect of R,
is supposed. Note that only the last member of the chain, i.e.
ECCII,, should provide Z outputs of both polarities (Z+) in
order to create a differential-mode capacitance multiplier as
it was shown in the previous section. This configuration is not
shown in this paper, however can also be easily obtained.
The non-ideal input impedance supposing R, — 0 €2 has
this form:

1 1
1 (8) = ——. ©6)
SC] H Bi
i=1
Considering n ECCII devices, having identical (equal)
gains B, in the loop, the MF theoretically achieves B". Resis-
tances Rx> to Rxn have no influence on the behavior of the
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FIGURE 5. Extension of the topology of the presented capacitance multiplier (Fig. 2b) - enhanced

multiplication constant (tunability).

C,=14nF
R (Veers = 0.10 V)
1 S simulated (almost

[Zins ] identical to theory)

Cn=115nF measured
1 (Vsgrs = 1.00 V)
0.01 : T T R ———
1.0E+04 1.0E+05 1.0E+06f [HZ] 1.0E+07

—_—

a)

theory (ideal) —~_

P C, =115 nF
[] (Vsere = 1.00 V) A

T simulatei;l

45 measured C, = 1.4 nF

(Vsers = 0.10 V)
9
-135 4 T T L T T
1.0E+04 1.0E+05 1‘0E+06f[HZ] 1.0E+07
b)

FIGURE 6. Comparison of measured and simulated impedance of capacitance multiplier using single DVB and ECCII from Fig. 1b:

a) magnitude responses, b) phase responses.

circuit because the output of one device supplies the cur-
rent sink of the following device (from the high-impedance
current source to the low-impedance current input terminal).
Note that the ECCII devices can be replaced by current
amplifiers (the Y terminal is grounded in all cases in Fig. 5).
A comprehensive comparison of impedances of the presented
solutions from Fig. 1 to Fig. 5 is given in Table 2.

VII. EXPERIMENTAL VERIFICATION OF THE PRESENTED
CONCEPTS

Features of several examples of solutions presented above
(Fig. 1 to Fig. 5) were tested experimentally. Their design
was provided for C; = 10 nF that equals also to Cy, when
B =1 (obtained by Vsgrg = 1 V because B = Vggrp is in
the case of the ELL2082 device used as ECCII). All the tested
topologies were tuned by Vsgrp between 0.1 and 1.0 V (B =
0.1—-1.0 [—]). The PSpice simulation software as well as
laboratory experiments were used to verify the features of the
proposed circuits with AD8130 devices [34] (used as DVB)
and EL.2082 [38] (used as ECCII).

The E5071C vector network analyzer was used to measure
the scattering parameter s11 (reflection factor) that allows to
calculate the impedance. However, the measured impedance
is limited between several tens of k2 and hundreds of m€.
The analyses of the presented concepts are targeted to the
frequency band from 10 kHz (lower limit of E5071C) up
to 10 MHz (the assumed validity of the experiments due to
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real features of the printed circuit board and active devices).
The input power level used for the experiments was set to
—20 dBm/50 €.

A. ANALYSIS OF THE LOSSY SOLUTION-FIG. 1B)

The results (magnitude and phase impedance plots) from the
analysis of the lossy solution (shown in Fig. 1b)) are plotted in
Fig. 6. It is important to note that all visible discrepancies and
deviations in the measured traces at the lowest frequencies
are caused by the used method and the analyzer (too high
values of the impedance, where the accuracy of the equipment
is limited). In case of the measurement, the obtained results
prove a possible variability of Cp, (total capacity) between
11.5 nF (Vsgts = 1.0 V) and 1.4 nF (Vsgtg = 0.1 V). The
simulated values of Cy, for Vsgrp equal to 1.0 V and 0.1 V
were found between 10 nF and 1.1 nF, respectively. As it was
expected, the value of Cy, can be tuned in range of one decade
by driving the DC voltage (VsgrB).

Note that there are several areas, where the lossy character
of the impedance is useful. It can be used for adjustment
of parameters in oscillators (condition of oscillations), filters
(adjustment of the quality factor) or resonators (determined
losses) [39].

B. ANALYSIS OF THE LOSSLESS SOLUTION - FIG. 2B)
The lossless solution (Fig. 2b) was tested under the same
conditions as the lossy one and the obtained results are shown
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10 4 C,=1.0nF
E (Vegrs = 0.10 V)
Izin2|
ko] ' measured
0.1 3 "~ simulated
1 Cn =9.30 nF RV
0.01 J (Vegrs = 1.00 V) )
Y ‘: I,’
Ny 7
0.001 — T e
1.0E+04 1.0E+05 1.0E+06f [Hz] 1.0E+07
a)

measured

C,=1.0nF
(Vsere = 0.10 V)

7\\ ! t!1eory
90 b_Niits= — . . (ideal)
1 Cn=9.3nF -
simulated
(Vsgrs =1.00 V)

-135 . R RRAR . e o

1.0E+04 1.0E+05 1.0E+06f[HZ:I 1.0E+07

b)

FIGURE 7. Comparison of measured and simulated impedance using single DVB, ECCII and additional feedback from X terminal to positive

input of DVB (Fig. 2b): a) magnitude responses, b) phase responses.

TABLE 2. Comparison of the discussed features of the presented topologies.

-
k= % B
IE T2 EF- -
[} R=) o = = =
2 2E 8 £ £%3 2s & ;
A s <3 32 CE v
£ ) R £Z S z
= B S cha —
= =
1+sCR 1+5C, (R, +Ry)
Fig. 1 Z,,(5) = Z,/(5)=—x Z,/(s)=——ro 2 B Y N
1g. la 1() SCIZB 1() Z-SC]B inl () Z'SCIB €s 0
1 1+sCR 1+5C, (R, +Ry)
Fig. 1 Zin(s)= Zy (5) = —% Z,/ (s)=—— e T ) B % N
1g b 1() SC]B 1() SC]B inl () SCIB €s [0}
1 , 1 . 14+sCR
Fig. 2 Z,,(s)= Z,, (s)= Z,, () =—717" B Yes* Yes**
ig. 2a,b 2 () sC,B 2 (9) SC,B 5 (s) sC.B es es
. 4 ’(s):w ) 1+sC,(R,+R, —4-R})
Fig. 3,4 - in3 sCB Z,, (s)= B Yes#k* Yes***
! sC\B
1 1 /) 1+sCR
Z (s)=— Z , (§)=—— z. ) (s)=——"L12
Fig. 5 m4( ) n m4( ) n in4 (s) Yes* Yes**

sC, H B, sC, H B
i1 =l

sC, ﬂ B, B
i=1
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gain 4

in Fig. 7. During the measurement, the total capacitance Cp,
was found between 1 nF and 9.3 nF for Vsgrp adjusted from
0.1 to 1.0 V. Simulation-based analyses show the range of
Cp from 1.05 nF up to 10 nF. Similarly, to the previous
case, the range allowed by a single current gain control offers
re-adjustability of the value of Cy, in the range of one decade.

C. TEST OF RECONFIGURATION BETWEEN LOSSY AND
LOSSLESS MODE OF OPERATION

The topology introduced in Fig. 3 was used for the sim-
ple verification of the lossy/lossless modes of operation
when voltage gain A was adjusted between O and 1. The
VGA (see Fig. 3) was implemented by using of the AD835
multiplier [40] (see Fig. 8). In the ideal case, it reaches a gain

144388

A =1 for Vsgra = 0.09 V. However, in practice (mismatches
and gain inaccuracies) it was set to 0.14 V in order to obtain
the unity gain. The resulting impedance magnitude responses
are captured in Fig. 9.

D. VERIFICATION OF THE ENHANCEMENT OF

CAPACITANCE MULTIPLICATION FACTOR (MF) VARIABILITY
Enhancement of the number of ECCII blocks in the structure
presented in Fig. 2b) offers extension of the range of the
multiplication constant. Two and three blocks (n = 2 and
n = 3) were experimentally tested in the loop in accordance
to the idea introduced in Fig. 5. The magnitude impedance
responses for both cases are shown in Fig. 10. In case of n =2
(0.1 < Vsgrs < 1.0 V), the expected ideal range of Cy, is
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TABLE 3. Comparison of obtained ranges of adjustability for all 3 discussed cases (n = 1,2 and 3).

Ratio of
Ideal range . Simulated range . Measured range .
n of Cyy [nF] Ratio of Cy, [1F] Ratio of Cy, [1F] ad]ust.ment
efficiency
1 10 -1 1:1 10 — 1.05 0.95:1 93 -1 0.93
2 10 - 0.1 10:1 10 - 0.12 8.3:1 5.7—0.19 3
3 10 — 0.01 100:1 10 — 0.03 33.3:1 5.8 —>0.03 19.3
Notes: ratio is defined as: (Ci max/Cim min)/(VSETB max/ VSETB min)
Vino_x1 Xq-Xz = X 10 - C,=11.5nF
] (Vsers = 1.00 V)
}{:xz SN V. t
W, ou
y __).|>_
Viyd=y R [Zinsl
Y1 z 1060 klzl 14
tVseTa k] E
R T A=0[]
1kQ (VseTa=0.00 V)
0.1 4
A = £VseTa (Rr+Ri2)/ Ry ] N
FIGURE 8. Solution of the VGA with analog multiplier AD835. A=1[] N
(VseTa=0.14 V) measured
0.01 : T T T
1.0E+04 1.0E+ 1.0E+ 1.0E+07
OE+0 0E+05 0 06f [Hz] 0E+0

from 0.1 nF up to 10 nF. Simulation and experimental results
confirmed the adjustability from 0.12 nF up to 10 nF and
from 0.19 nF up to 5.7 nF, respectively. When 3 blocks of
ECClIIs are connected (n = 3) then the expected adjustability
of Cp, is between 0.01 nF and 10 nF. PSpice simulations
indicate Cp, between 0.03 nF and 10 nF while experimen-
tal measurements give values between 0.03 nF and 5.8 nF.
Despite of some inaccuracies, these results bring significant
improvement of re-adjustability (almost 2 decades for n = 2
and almost 3 decades for n = 3). The comparison of all
discussed cases is shown in Table 3 and Fig. 11, respectively.
As it is visible in Table 3, there are certain deviations from the
theoretical expectations. They are caused by the nonlinearity
of the gain dependence on the driving voltage and a mismatch
of all driven gains in the chain. It is important to mention that
Vseta and Vggrp driving voltages do not have influence on
the value of Rx.

Power consumption (£5 V supply) of the solutions in
Figs. 1 and 2 reaches 360 mW, the circuit in Fig. 3 con-
sumes 540 mW. Power consumption of the structure in Fig. 5
depends on the number of the used ECCII blocks (520 mW
for n = 2 and 690 mW for n = 3). It is visible that the
significant extension of the range of tunability only doubles
the power consumption.

E. DEFINITION OF OPERATIONAL FREQUENCY
BANDWIDTH

The operational bandwidth of the capacitance multiplier is
limited by two factors: zero and pole frequencies of the
impedance. Actually, these two parameters are caused by
the small-signal parasitic features, which are indicated in
Fig. 12 (as an example, lossless structure from Fig. 2 b) was
selected), and by their combination with useful parameters
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e

FIGURE 9. Comparison of the measured and simulated impedance
magnitude plots for solution in Fig. 3 (re-adjustability test between lossy
and lossless solutions).

of the structure. Note that only the most significant parasitic
parameters are considered in the following text.

For simplicity, initially, it is supposed that L, — 0 H.
Hence, the input impedance is:

R, (14 sCiR,)
1+sCi (R,B+R,)

It provides interesting information: the resistance R, lim-
its the maximal available impedance value at 0 Hz, the
high-frequency zero is given by w, = 1/(C1R,) and the
low-frequency pole is equal to wp = 1/(C1-(Ro+ RpB). Zero
frequency occurs between 1 and 10 MHz in each of the
above presented results. The increasing value of R, is not
negligible [34] because the resistance R, and the selected
value for the working C capacitor have a direct impact on w,.

However, the results indicate a “‘second-order” behavior
of the resulting impedance function. The parameter L, repre-
sents the inductive character of the output impedance of the
used DVB (the value of the output resistance is increasing
with the value of the frequency). This parameter also repre-
sents the total inductance of the wires (between the output of
DVB and the input X of the block ECCII) used in the case
of a real circuit. The consideration of R, and L, leads to a
modification of the input impedance (7) into the following
form:

Zio(s) = (7

24 Re _1
Ry (S +L,,S+L,,C1>
Ro+R,B .

‘0

n ~
ZinZ(S) = 5 T
S+ TS oG

®)

144389



IEEE Access

R. Sotner et al.: Capacitance Multiplier Using Small Values of MFs

100 |
[Zinal E
[kQ]10 7

C,=0.19 nF
\\(VSETB =0.10V)

0.1 4 P
simulated

0.01 1
0.001
+ + + +
1.0E+04 1.0E+05 1.0E+06; 1,0 1.0E+07

—_—

a)

1000

100 C, = 0.03 nF
\Zinal . (Vegra=0.10 V)
[kQ] s

1
0.1 4C,, = 5.80 nF =~
(Vsere = 1.00 V) ) =2
0.01 simulated -~ TN ---
measured —
0.001 ~ ; T ; T T
1.0E+04 1.0E+05 1.0E+06f [HZ] 1.0E+07
b)

FIGURE 10. Comparison of measured and simulated impedance responses for capacitance multiplier using single DVB, ECCII and additional
feedback from X terminal to positive input of DVB (Fig. 5) for:a) n =2, b) n = 3.

simulated
10 3 measured X A e R X
] USSPt 2 x
Co  Jieccn, x--"7  .--71%"
L I
j2 ECClls,, " .-
n=2 S
X," //’
014 7
X 3 ECClIs,
n=3
0.01 ; ; ; ; T ; ; : )
0 0.5 1
Vsers [V]

FIGURE 11. Dependence of Cyy on current gain B (Vsgrg) for variation of
number of ECClls in the structure (n = 1, 2 and 3).

I
>

|
L

FIGURE 12. Main small-signal parasitic effects in the basic lossless
circuit from Fig. 2 b).

where the complex conjugated zeros are given by:

R R,\> 4

= () - SO
L, L, L,Cq

because, in our case, the discriminant

R,\?> 4
D=|—| ——=, (10)
L, L,Cy

212 =05
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C, =10 nF
1000 4 (Vsers = 1.00 V)
Z
I [g‘il simulated
100 +
T measured
10 4 R
= ~ /
] ~(  model
14 \\/ T~ _without L,
3 model Y4
] with L~ "‘
0.1 e
1.0E+04 1.0E+05

1.0E+06 1.0E+Q7 1.0E+08
[Hz]
FIGURE 13. Detail on impedance plot of small-signal models with

parasitic features discussed in this section and their comparison with
simulation and experimental results.

is always negative (< 0) due to a low value of R,. The poles
of the impedance function are real (discriminant > 0) because
R} in the denominator of (8) has a significant role to overcome
the value of 4/(L,C):

Ro+RpB | (Ro+RyB 2 4
L, L, L,Cy

Y

It must be noted that the value of B in (8) has an impact on
the quality factor of the poles (intended for Cy, adjustment)
and therefore, also on the shape of the trace. However, the
second pole is located too high (above frequency limitations
of the used active devices) because wpy ~ BRp/Lg. This leads
to very high theoretical values (unavailable in practice). The
dominant pole frequency at low frequencies can be found at
wp1 = 1/(RyC1). A fast calculation using C; = 10 nF and
Rp = 0.5 MS2 (the output resistance of EL2082 [38]) yields
fp1 =32 Hz. The complex conjugated zero frequency is given
by w;1 = 1/\/(LoC1) and for L, = 100 nH it results into the
value f,1 = 5 MHz (see Fig. 13).

p12=05-
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This is quite close to values measured in practice (visible
between 1 and 4 MHz). The value of 100 nH was selected in
order to fit simulation results (we do not know the exact value
because the datasheet [34] does not contain this information).
The difference between the experimentally measured trace
and other traces is caused by other small-signal parasitic
features (PCB). As a conclusion, it can be stated that the low
frequency and high frequency limits of the useful band are
given by wp1 and w1, respectively. Hence, the operational
bandwidth will be: 1/(R,C1) < ®max— @min < 1/{/(LoC1).

VIil. CONCLUSION

In this paper, several new solutions of the capacitance multi-
pliers (in general with the same internal core) were presented.
Their features were proved by both simulation and experi-
mental ways. The obtained results indicate that the floating
capacitor can be easily used in the synthesis of these types of
linear electronic circuits when some methods for elimination
of the parasitic effects of low-impedance input terminals
are applied. For these purposes, an additional feedback and
its gain adjustment was used. Moreover, this feedback also
serves for intentional adjustment between lossy and lossless
modes of operation. The presented structures (basic core) can
be used in the design of lossy, lossless and differential-mode
capacitance multipliers. Moreover, enhanced adjustability of
MF (exponential dependency) is also possible. Our experi-
mental results confirmed simple tunability of all structures
by current gain driven by DC voltage. The enhancement of
the multiplication constant (and also its low values) leads
to interesting tunability of the capacitance multiplier. The
largest change of the capacitance value was tested for 3 ECCII
blocks in the range of 5.8 — 0.03 nF (19:1).
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