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Abstract:In this paper, a floating capacitance multiplier including two multioutput differential voltage current conveyors,
two grounded resistors, and a grounded capacitor is proposed. The proposed floating capacitance multiplier can realize
high capacitor values with two small-valued resistors. It is more suitable for integrated circuit technology because it has
only grounded passive components without needing any critical passive component matching conditions. Its performances
are examined with several simulations using the SPICE program. As an application example, a third-order notch filter

using three resistors and three capacitors is given.
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1. Introduction

Large-valued capacitors that have good linearity and accuracy are used in many analog integrated circuits
such as fully integrated phase-locked loops, sample-and-hold data systems, and radio frequency building blocks
[1,2]. Metal-to-poly and metal-to-metal capacitors possess good linearity. However, they suffer from bigger
fractional die areas for many standard silicon-based technologies [3,4]. Thus, active device-based capacitance
multiplier design is used to obtain large-valued capacitors for standard silicon-based technology. There are a
number of capacitance multiplier circuits implemented with some active devices such as operational amplifiers
[5,6], second-generation current conveyors (CCIIs) or current-controlled current conveyors (CCCIIs) [7-17], op-
erational transconductance amplifiers (OTAs) [18-20], current follower transconductance amplifiers (CFTAs)
[21], tunable four terminal floating nullors (TFTFEFNs) [22], current-controlled differential difference current con-
veyors (CCDDCCs) [23], differential voltage current conveyors (DVCCs) [24-29], fully differential voltage and
current gained second-generation current conveyors (FD VCG-CCIIs) [30], differential voltage current conveyor
transconductance amplifiers (DVCCTA) [31], voltage differencing current conveyors (VDCCs) [32], and current
controlled current conveyor transconductance amplifier (CCCCTASs) [33]. Some previously published capaci-
tance multipliers [5,10,13,17,24] need large-valued resistors for large-valued capacitors. The other capacitance
multipliers [9,12,16,18-23,27,28] require large currents to obtain large capacitor values. However, the proposed
floating capacitance multiplier can realize large capacitor values with two small-valued resistors. The dynamic
range of OTAs using bias currents is limited and therefore OTA-based capacitance multipliers have dynamic
range problems [9]. The CCIIs and DVCCs [34], which have larger linearity and dynamic range, are attrac-
tive devices for obtaining capacitance multipliers. However, the conventional CCIIs are not convenient active

blocks for building differential inputs. DVCCs have differential signal operation capability due to differential
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inputs. Capacitance multiplier designs with DVCCs are also easy and versatile [26]. A floating capacitance
multiplier designed with two MODVCCs, two grounded resistors, and a grounded capacitor is proposed in this
study. The proposed floating capacitance multiplier can be constructed with one MODVCC, one plus-type
CCCII (CCCII+) [35], one tunable resistor [36-38], and a grounded capacitor, while the multipliers given in
[5,10,12,13,17,24,28,32] are designed with three or more passive components. The proposed floating capacitance
multiplier does not require any critical passive component matching conditions. Some simulations with the

SPICE program are performed to show the performance of the proposed capacitance multiplier.

2. The proposed floating capacitance multiplier
A DVCC can be easily realized by grounding the Y3 terminal of the differential difference current conveyor
(DDCC) [39], which has the properties of both a differential difference amplifier (DDA) and a CCII. The nonideal

representation block of a multiple-output DVCC (MODVCC) and its internal structure are given in Figures 1
and 2, respectively. In nonideal conditions, a MODVCC can be defined by the following matrix equation:

Z-
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v Iy, ~ Ry =7 Cz 171
2 YZ 8 VZI
=

Figure 1. Nonideal MODVCC.
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By using a single pole model [40], frequency-dependent nonideal current gains «, 7, and 7 and nonideal voltage

gains $ and p given in Eq. (1) can be defined as follows:
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Figure 2. Internal structure of the MODVCC obtained from the ones in [34] and [39].
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DC nonideal current gains are described as ap= 1 + €4, Yo =1 + ¢4, mo = 1 + &, where current tracking
errors are defined as |eo | << 1, | €] << 1 and |¢,| << 1. Similarly, DC nonideal voltage gains are described
as fo=1 +e€g, po =1 + ¢, where voltage tracking errors are defined as |eg] << 1 and |e,| << 1. In ideal
conditions, the DC nonideal gains are equal to unity while their bandwidths we, wy, wy,, wg, and w, are
ideally equal to infinity.

The internal structure given in Figure 2 is obtained from the ones in [34] and [41]. The proposed floating
capacitance multiplier is shown in Figure 3. The input terminals of the circuit in [24] are taken from the X and
Z/Y terminals while input terminals of the proposed one are taken from only the Z/Y terminals.

If only the X terminal parasitic resistor Rx; (i= 1, 2) of the ith DVCCs is taken, the matrix equation
is obtained as follows:

[Il]_ sC [1 —1HV1] 3)
I (sCRx1+1) — gi— | -1 1 Va
Similarly, if only Z and Y terminal parasitic impedances of the DVCCs are taken, the matrix equation is obtained
as below:
L _ Ry(1+ s(C + Cz24)Rz24)(Rz12— + Ri(1 4+ 8(Cya1 + Cz12-)Rz12-)) | 1 —1 Vi 0
I Rzo4 (RoRz12— + R1(R2 + (s(Cya1 + Cz12-)Ra — 1)Rz12-)) -1 1 Vs

In Eq. (4), Czi4+ (i =1, 2) and Ryz; are the parasitic capacitor and parasitic resistor of the Z+ terminal of

the ¢th DVCCs, respectively. Rz;;— (j = 1, 2) and Cz;j— are the parasitic resistor and parasitic capacitor of
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Figure 3. The proposed floating capacitance multiplier circuit.

the jth Z- terminal of the ith DVCC. Furthermore, Cy;; is the parasitic capacitor of the jth Y terminal of

the ith DVCC. If only nonideal gains are taken into account, the matrix equation is obtained as follows:

L] sC Bim —p17 Vi 5)
I, _1—7}21&1352"1 B praa Va

Here, the equivalent capacitor (Ceq) can be calculated as C' /(1 — Ry / R2) in ideal conditions. It is seen from the
matrix equation in Eq. (5) that there are not any extra undesired series or parallel impedances due to nonideal
gains. The operation frequency of the proposed capacitance multiplier given in Figure 2 can be calculated as f <
(0.1/27) min {wa1, waz, We1, We2, Wi, Wy, Wp1 } [40]. From Egs. (3) and (4), the frequency limitations [24]
can be written as f < 0.1 / (27 CRx1), f < 0.1/ (27(C+Czar)Rz21), f < 0.1/ (27(Cy21+Cz12-)Rz12-),
and f < 0.1 / (27(Cya1+Cz12—)R2). It is observed from the above that the proposed capacitance multiplier

has restrictions at high frequencies. The proposed capacitance multiplier and some other capacitance multiplier
circuits are compared in Table 1.

3. Third-order filter application of the proposed capacitance multiplier

A twin-T notch filter [42] can be used as a feedback element in amplifiers, oscillators, and some other general
purposes. The passive twin-T notch filter given in Figure 4 is chosen as an application for the proposed floating

capacitance multiplier.

The transfer function (TF) for the twin-T notch filter given in Figure 4 can be obtained as follows:

Vout(s)  azs® + azs? +ays + ag

Vin(s) " bas? + bys? + s + bo ©)

Coefficients as, a2, a1, ag, bs, ba, b1, and by of TF in Eq. (6) are calculated as follows:
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Table 1. Previously published capacitance multipliers and the proposed one.

g
Q - o =
g = g kS §S
S 2 | g = | &
5 5 |2 SRR

. £ R g8 |5 |22
¢ | ¥ 5 S £ -
g = < Q o = = S =
3 S S 2 < © =2 |3 o XA
g = s = o £ |22 |% e =
- 3 2 3 g | FE|E | B2
& = =) @ =) < |£E|= |~BE
[5] NA Grounded | NA Op-Amp 2 5 No | NA
[9] NA Grounded | £2.5 V | CCCII+ 4 1 No | NA
[10] NA Grounded | NA CCII 4 3 No | NA
[12] BJT Grounded | £2.5 V | CCCII >3 |4 No | NA
[13] BJT Grounded | £2.5V | DO-CCII 2 3 No | NA
[16] BJT Grounded | £2.5 V | CCCII 4 1 No | NA
[17] MOS/0.35 pm | Grounded | £1.5V | CCII 3 4 Yes | NA
[18] BJT Grounded | £2.5V | OTA 4 1 No | 565 pW
[20] MOS/Bi-MOS | Floating | NA Op-Amp, OTA | 5 1 No | NA
[21] BJT Grounded | £1.5 V | CFTA 4 1 No | NA
[22] BJT Floating +10V TFTFN 2 1 No | NA
[23] MOS/0.25 pm | Grounded | £1.25 V | CCDDCC 3 1 No | 1.35 mW
24 MOS/0.35 ym | Grounded | £1.5V | DVCC 2 3 No | NA
27 BJT Grounded | £2.5 V | CCCIIL, DVCC | 3 1 No | 7.32 mW
28 BJT Grounded | £1.5V | CCCIIL, DVCC | 4 3 No | NA
30 MOS/0.35 pm | Floating +2V CCCCTA 1 1 No | <3 mW
[31] MOS/0.5 pm | Grounded | £2 V DVCCTA 1 2 No | 3 mW
[32] MOS/90 nm Grounded | £0.45 V | VDCC 2 3 No | NA
g
2 E | MOS/0.13 um | Grounded | +0.75 V | DVCC 2 |3 No | 1.20 mw
S
A O

R R4
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Figure 4. Passive RC twin-T notch filter.
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a3:b3:1, a2:%(Ri3+Ri4)

o= o (G + ) @=h= coomns

= () 4 () + o

b = C11C2 (331R5 + R41R5 + R31R4) + 031R4 (01133 + 02135)

If the passive components are chosen as C; = 2C', Cy =C3= C, R3 = R4 = R, and R; = R/ 2, the TF and

the center rejection frequency (fy) of the twin-T notch filter are respectively obtained as:

3 21 1 1
Vout(s) _ §° + s ﬁ+s4(CR)2 +4(CR)3 (8)

‘/m(s) s34+ 52% + 34(051)%)2 + 4(02)3

1

fo= 2rRC ©)

The proposed capacitance multiplier can be constructed by commercially available active devices as declared in
[43].

4. Simulation results and discussions

In order to examine the performances of the proposed capacitance multiplier, some simulations by the SPICE
program are achieved where 0.13 pm IBM CMOS technology parameters are used. Transistor sizes of the
internal structure in Figure 2 are given in Table 2. The symmetrical DC power supply voltages and the bias
voltage are chosen as +0.75 V and 0.37 V, respectively. In simulations, parasitic resistor and capacitor values of
the DVCC are found as Rx =190 2, Cy; = Cys =1591fF, Rz, =1.69MQ, Czy =31.81fF, Rz1_ = Ryo_
=1.68 M2, and Cz;_ = Cyzy_ = 259 fF.

Table 2. Transistor sizes for the internal structure given in Figure 2.

PMOS transistors W (um) | L (pm)
M; 3.38 0.39
M,, Mg, M, Mg

Mg, Mag, Mas, Mg 78 0.39
My, M7-Mig, Ma1—May,

Moy 39 0.39
NMOS transistors W (um) | L (pm)
Mas Mag, Mag Mag 5.07 0.39
Ms33—Mss 10.14 0.39

For the proposed floating capacitance multiplier given in Figure 3, simulations are performed by grounding
the second terminal. The selected passive component values and the evaluated capacitance values are given in

Table 3.
The capacitance value change with small-valued resistors of the proposed capacitance multiplier is shown

in Figure 5. It is seen from Figure 5 that the operating frequency range of the proposed capacitance multiplier
decreases for large multiplication factors. The proposed capacitance multiplier can increase the capacitance

value up to 40 times. An electronically tunable grounded resistor [38] and a CCCII+ [44] are replaced instead

1339



ALPASLAN/Turk J Elec Eng & Comp Sci

Table 3. Selected passive component values and corresponding capacitance values.

C Ry Rs Capacitance values
05k | 1k | 100 pF

12 kQ | 1.6 kQ | 200 pF

1.4 kQ | 1.6 k2 | 400 pF

50 pF 1.5k | 1.6 k2 | 800 pF

1.9k | 2 kO 1 nF

23k | 24k | 1.2 nF

3.9k | 4 kO 2 nF

of R; and the second MODVCC, respectively. Also, R; and Ry are removed. Transistor sizes for the CMOS
implementation of the CCCII+ [44] are given in Table 4. Transistor sizes for the electronically tunable grounded
resistor are chosen as follows: (W /L)y = (W /L), = 1.3 pm/1.3 pm. Simulation results for the constructed
capacitance multiplier with one MODVCC, one CCCII, one tunable resistor, and a grounded capacitor are given
in Figure 6. On the other hand, the symmetrical DC power supply voltages for the CCCII+ and tunable resistor
are chosen as +0.75 V. Control currents of the CCCII+ are varied between 0.8 pA and 12 pA.

E

— for 2 times
e - —for 4 times [}
a0 200 .glook -~ for 8 times [
1 100 on E ~~-~§0r 16 times:
« B T i oiiaiml o oiiiEE FRREMLOSINUNNGG G i for 20 timesf§
z E 10k§ ~~~~~~~~~~ for 24 times};
= = ] r 40 time:
A0 % 1k
= e
-100 H [ . i 100 i it i) il i
10 100 1k 10k 100k 1M 10M 100M 10 100 1k 10k 100k 1M 10M 100M
Frequency, Hz Frequency, Hz
Figure 5. Phases and magnitudes of the impedances of the proposed capacitance multiplier established with MODVCC.
Table 4. Transistor sizes for internal structure of the CCCII+ [44].
PMOS transistors | W (um) | L (pm)
Ms, My 3.9 0.39
Ms, Mg, Myq, Mys | 1.3 0.39
NMOS transistors | W (um) | L (pm)
My, My 1.65 0.39
M7;—M;jq, M3 0.78 0.39
——C,,, =60pF ====C_, =80pF ===C_ = 100pF ===-=C_ = 140pF - C,ps = 220pF === C_ = 320pF ====C__ = 400pF
200 = ; IM
P | £ !
iy R : " 100k
3 100 ——m ' <
5 i =t 4
z . it E 10k
111 g
A ::: g 1k
-100 wl sl T 100 -
100 1k 10k 100k 100 1k 10k 100k 1M 10M  100M
Frequency, Hz Frequency, Hz

Figure 6. Phases and magnitudes of the impedances of the proposed capacitance multiplier established with MODVCC
and CCCII [44].
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In order to demonstrate the performance of the proposed floating capacitance multiplier, the proposed
capacitance multiplier is replaced instead of each of the passive capacitors in the twin-T notch filter given in
Figure 4. Passive component values for the passive and active twin-T notch filters are given in Table 5. The

simulation results prove that the proposed capacitance multiplier shows good performance.

Table 5. The passive component values.

Passive twin-T notch | Active twin-T notch with the proposed capacitance multiplier
R | 8.2 k2 R;3 8.2 kQ

Ry | 8.2k Ry 8.2 kO Increment
Rs | 4.1 kQ Rs 4.1 kQ

C; | 1nF Cy (Ry = 1.8k and Ry = 2 kQ) 100 pF | 10 times

Cs | 500 pF Co (R =14 kQ and Ry = 1.6 kQ) | 62.5 pF | 8 times

Cs3 | 500 pF Cs (Rl =12kQ and Ry = 1.5 kQ) 100 pF 5 times

The phase and gain simulation results for the twin-T notch filter given in Figure 4 are shown in Figure 7.
The center rejection frequency is calculated as 38.8 kHz. The calculated value and obtained value from Figure

7 for fy are close to each other.

100
Ideal notch filter
|: - - Simulated notch ﬁlterJ '/
e
g 0 ==
<
<
~ i
N Ideal notch filter
~100 i i i i - Simulaed ot e ; ;
100 1k 10k 100k 1M 10M 1k 10k 100k 1M 10M 100M
Frequency, Hz Frequency, Hz

Figure 7. Phase and gain change of the filter in Figure 4 via frequency.

Circuit noise is undesirable for analog and digital systems. It is a cause of the deterioration of system

accuracy [45]. Noise simulation results are given in Figure 8 for the twin-T notch filter.

10
100 === M == cuputnone]
« 10 . L T
— — lp N
N N
5 Im 5
~ ~
100n =
> 100n >
IOH Hi H i HH 101'1 il HH H H
100 10k 100k M 10M 100M 100 1k 10k 100k IM 10M 100M
Frequency, Hz Frequency, Hz

Figure 8. Input equivalent noise and the output noise change of the filter in Figure 4 via frequency.

A sinusoidal signal with 50 mV peak is applied to the twin-T notch filter at 8.8 kHz and 165 kHz
frequencies separately. The obtained output signals corresponding to the input signal at 8.8 kHz and 165 kHz

are given in Figure 9. Total harmonic distortion (THD) results are given in Figure 10.
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Figure 9. Output signals corresponding to input signals of the filter in Figure 4 at different frequencies.
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Figure 10. THD changes via sinusoidal peak input signals of the filter in Figure 4 at different frequencies.

THD for the twin-T notch filter is under 4% for the sinusoidal input signals between 5 mV and 92 mV
peak at 165 kHz and for the sinusoidal input signals between 5 mV and 104 mV peak at 8.8 kHz. The total
power dissipations are 1.29 mW and 3.91 mW for the proposed capacitance multiplier and the twin-T notch
filter, respectively. The power dissipation of the twin-T notch filter application is a low value when compared
to the filter applications given in [16,24,27,28]. The theoretical and simulation results are close to each other
but the small difference between them can be attributed to nonidealities of the MODVCC.

5. Conclusion

A floating capacitance multiplier employing two MODVCCs, two grounded resistors, and a grounded capacitor is
proposed. The proposed floating capacitance multiplier can realize large capacitor values with two small-valued
resistors. It does not need any passive component matching conditions or cancellation constraints. Electronic
controllability of the proposed floating capacitance multiplier can be achieved. The simulation results obtained
with the SPICE program support the theory. The proposed floating capacitance multiplier configuration in this

paper will be beneficial in a number of areas including communications and signal processing.
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