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Abstract—In the presented research, the second-generation
voltage conveyor (VCII) is used in the design of active
capacitance multipliers. In this paper, three positive and one
negative lossless grounded capacitance multipliers (GCMs) are
designed. All of these GCMs are designed using two VClIs, one
capacitor, and two resistors. There is no need for any passive
component matching to implement a GCM. The multiplication
factor of GCMs can be set/varied by changing the values of two
resistances as per requirement. Considering nonideal
constraints, GCMs are analysed mathematically to evaluate the
effect of nonideal current and voltage transfer gains on the
performance of the proposed GCMs. Also, parasitic analysis is
conducted to study the effect of VCII node impedance on the
performance of the presented GCMs. The simulation analysis
is performed using Cadence Virtuoso in 0.18 um Silterra
Malaysia process design kit (PDK). Additionally, the macro-
model of commercially available integrated circuit, AD844, is
used to design the proposed GCM-2 to further prove the
theoretical findings.

Index Terms—Grounded capacitance multiplier (GCM);
Lossless capacitance multiplier; Second-generation voltage
conveyor (VCII); Multiplication factor.

|. INTRODUCTION

The passive capacitor occupies a large silicon area on the
chip and once fabricated, its value cannot be altered or tuned
[1]-[3]. This makes the integrated circuit (IC) fabrication of
large-value capacitors difficult and impractical. On the other
hand, active capacitors with adjustable values can be
designed. Active analogue blocks (AABs) along with
passive elements such as resistors and small-value
capacitors can realise large capacitance [1]-[20]. Active
capacitance multipliers (CMs) can be easily fabricated on
chip due to the small value of the passive capacitor required.
Additionally, the capacitance can be tuned by setting the
values of resistors and transconductance (g, ) of the ABBs.

Active CMs are frequently used in phased lock loops [1],
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frequency filters [1]-[4], sensors [5]-[8], biological circuits
[2], etc. It is very clear from the literature that CM circuits
can be designed employing various current mode/voltage
mode ABB, such as operational transconductance amplifier
(OTA) [3], [4], voltage differencing buffered amplifier
(VDBA) [6], second-generation current controlled conveyor
(CCClI) [8], dual X second-generation current conveyor
(DXCCII) [9], current amplifier (COA) [10], voltage
conveyor VCII- [14], etc.

In the recent past, researchers have started employing the
second-generation voltage conveyor (VCII) which is a
counterpart of the second-generation current conveyor
(CCII). Although the concept of VCII [12]-[15] was
discussed almost two decades ago in 2004 by the authors in
[16]. The ABB has recently become popular among
researchers in lieu of simple circuit level implementation,
high range of operating frequency, low power consumption,
small chip area and availability of low impedance voltage
output/current input terminals and high impedance current
output/voltage input terminals. VCII is best suited for
circuits whose outputs are obtained in voltage form.
Furthermore, the addition and subtraction of current signals
can be easily performed using VCII. Owing to its simple
structure, the VCIlI does not require complex
complementary ~ metal-oxide-semiconductor ~ (CMOS)
implementation, thus reducing the number of transistors
leading to reduced parasitic effects, increased in bandwidth,
and smaller chip area.

According to the value of the realised capacitors, the CMs
can be classified as positive [11] or negative [14]. Table |
presents a comparative analysis of the proposed CMs with
designs available in the literature. In this research, three
positive- and one negative-grounded capacitance multipliers
(GCMs) are designed using two VCIlIs, one capacitor, and
two resistors. The presented designs do not require the
matching of passive elements. When the resistance value is
adjusted, the multiplication factor can be easily tuned. The
VCII is designed and simulated using Cadence Virtuoso
using 0.18 um Silterra Malaysia process design kit (PDK).
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The theoretical and simulation results exhibit close
resemblance. Additionally, for proof of concept, the AD844

integrated circuit behavioural model is used to design VCII
and capacitance multiplier circuits in PSpice software.

TABLE I. COMPARATIVE ANALYSIS OF SOME STATE-OF-THE-ART CAPACITANCE MULTIPLIERS.

Ref. No. No. of ABB go;cg CFa:g:gi?gr \S/léﬁggé Technology Used Emulator Type
[2] 2-CFOA 2+1 Yes +10V BJT (AD844) Positive
2-OTA and .
[3] 9-Current Mirror 0+1 Yes 5V BJT Positive
[4] 2-0TA 1 Yes 22V CMOS 0.5 um Positive
BJT .
[5] 2-0TA 0 Yes NA (CA3280) Positive
[6] 2-VDBA 0+1 Yes +0.75V CMOS 0.25 um Positive
7 2-CFOA 2+1 No +9V BJT (AD844) Positive
[8] 3-CCCll 1+1 No +25V BJT Positive
[9] 1-DXCCII 0+1 Yes +1.65V CMOS 0.35 um Positive
[10] 1-CCllI-, 1-COA 2+1 No +15V CMOS 0.5 um Positive
[11] 2-CFOA (Fig. 2) 2+1 No +25V CMOS 0.35 pm Negative
[14] 2-VCcCll 2 Yes +1.65V CMOS 0.35 um Positive/Negative
[18] 1-OTA, DVB 1+1 Yes 45V BJT (AD844) Positive
[19] 1-CFOA, 1-OTA 0+1 No EAY) Bﬂb(:g?gé,j) Positive
Proposed 2-vVCcCll 2 Yes 0.9V CMOS 0.18 um Positive/Negative

Il. SECOND-GENERATION VOLTAGE CONVEYOR (VCII)

The second-generation voltage conveyor (VCII) is a
simple and compact three-terminal active block. The VCII
[12]-[15] is composed of current and voltage followers. The
block diagram of the VCII is depicted in Fig. 1. The Y
terminal is the low impedance current input terminal, the X
terminal is the high impedance current output (voltage
input) terminal, and the Z terminal is the low impedance
voltage output terminal. Equations (1)—(4) give the current-
voltage relations of the VCII:

I =1, )
Ix __Iv’ (2)
Vv, =V,, ®)
V, =0 (4)

In the case of VCII+, | ly.

=1, and for VCII-, 1,

X

oY
1
| ven 7%
o X
v

2 2

Fig. 1. Symbolic representation of \VCII.

2

The CMOS implementation of VCII+/- is shown in Fig. 2
[15]. The transistors M; to My form the current follower, and
transistors Mg to M2 form the voltage buffer. In Fig. 2(b),
the VCII- implementation is presented, M1z, M4, Mgz, and
Mge provides the current reversal. Transistors Mgy t0 Mgs
establish the necessary bias currents in the circuit.
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Fig. 2. CMOS implementation of (a) VCII+ and (b) VCII-.

Three positive GCMs and one negative GCM are
proposed as presented in Fig. 3(a)—(d). The designs utilise
two VClIs+/-, one capacitor C4, and two resistors R; and Rz.
The GCM-1, GCM-3, and GCM-4 realise positive
capacitance. Negative capacitance simulator (GCM-2) is
obtained by replacing VCII- with VCII+ in GCM-1.
Negative GCM-2 can be used to cancel parasitic capacitance
present in any circuit. In all four GCMs, the capacitance is
realised at port X. The GCMs do not require any kind of
passive component matching. Table Il gives the expression

PROPOSED GROUNDED CAPACITANCE MULTIPLIERS
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for the realised capacitance. The multiplication factor (K) In a similar fashion, taking both the first and second VVCII
can be varied according to the resistance values R; and Rz. as positive, a negative capacitance multiplier is obtained.
The analysis procedure is similar to that followed to

R, .
—_ examine GCM-1.
| S
L = 7 TABLE II. EXPRESSIONS FOR THE REALISED IMPEDANCE.
ven G, ven Ve GMC No. Expression of Capacitance | Multiplication Factor
I C] A () B R1 R1
o~ Ve _Ix GCM-1 Cq =5C| 2 K=&
'IN 2 2
Ry
g GCM-2 C=-sC| 2 k=R
(@ R, R,
R 1 R, K=[1 R,
L — GCM-3 C., =5C, Y gty
¥ v GCM-4 Cu- SCIL&J K :L&J

C, R R,
vCl . vCu 2 2
7 —| Z
/N ) (+)

Vi X s IV. NONIDEAL ANALYSIS
R —
' Considering the effect of frequency-dependent current
(b) and voltage transfer gains on the operation of the VCII, the
R, V-1 relations of the VCII will be modified as
1 r -
= I« =81y =-B,1,,V, =aV,, and V, =0, where j=1, 2
Y v indicates the number of VCIl. We can also represent
C _ —
V(EH . \ VS" - B =1-¢ and a;=1-¢, where & and g,
QN L I8 ) [:_X * (|l&|<<land |¢,|<<1) signify the current and voltage
& R, tracking errors. ldeally, A= =a=1. The nonideal
© voltage and current transfer gains cause deviations in the
R, realised values of the capacitor multiplier. To study the
— effect of tracking errors, a reanalysis of the proposed circuits

is carried out. The modified values of the impedances are
d presented in (11)—(14):

ven G ven
In ) | (5] .
— X Iﬂ _SC1R1a1a2ﬂ1ﬂ2
R,

AN =—— 11 sz 11
" VIN R2 ( )
(@ | SC,Ra,a, .3
Fig. 3. Proposed capacitance multipliers: (a) GCM-1; (b) GCM-2; (c) ﬂ:_#, (12)
GCM-3; (d) GCM-4. Viu R,
The analysis of GCM-1 is as follows. In _ Cana, LH&JJF (R +R,)
Applying KCL at node B: Vi R xR,
v, -0 e, (Mj (13)
IYl_R—_IINI ®) R xR,
2
Ve Iﬂ:sCaaﬂ R + & | A% | (14)
I'N - R_2 (6) VIN s Rz Rz Rz
Applying KCL at node A: V. PARASITIC ANALYSIS
Figure 4 depicts the nonideal model of the VVCII+ together
Var =Via =V, (™) with the parasitic elements. Ry is the parasitic resistance
L 1. —V.sC — 0-V, 8 associated with the low impedance of the input current at the
Y2 X2 T UINTEL T R ®) Y terminal. Rz is the parasitic resistance associated with the

Z terminal of the low-impedance voltage output. In an ideal
condition, both Ry and Rz are equal to zero. Parallel parasitic
resistances Rx and parasitic capacitance Cx are the parasitics
associated with the high-impedance current output terminal
X, which is equivalent to infinity in a perfect condition. This
c -t __SGR (10)  section explores the influence of parasitic impedance on the

oV, R, simulator circuits indicated in Fig. 3.

VSCR =-V,. 9)

Putting the value of V, in (6) we get
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Fig. 4. Nonideal equivalent circuit of VCII+ including parasitics.

Taking into account the parasitic impedances of the
VCIIz, the input impedance of the GCM-1 and GCM-2
circuits in Fig. 3 can be found as

+ 1 + (Rz1 +'RYZ)

N SC{R{]
R,

where R'1 = Ri//[Rx2 and R, = R, + Ry1 + Rz. Equation (15)
shows that the VCII+ parasitics have a direct effect on the
frequency performance of the proposed GCM-1 and GCM-2
circuits. Practically, Ry << Rxo, R1 >> (Rz1 + Ry2), and R, >>
(Rv1 + Rz), (15) can be approximated as

Vi _,[@+sRC, |

Sl
R2

Assuming j is substituted for s in (16), the frequency
limitation of the proposed GCM-1 and GCM-2 circuits in
Fig. 3 can be expressed as

In the same way, an examination of the proposed GCM-3
that incorporates parasitic impedance effects yields the
following input impedance function

Zy = (16)

o << min{ a7

X2

VIN

_ 1+ S(Ru + RYZ)Cl
sC, (1+Rz,)
R

where R'; = (R1 + Rz). Since Ry >> Ry, the simulator can
perform as a lossless grounded capacitance multiplier for the
frequency range of operation as

Zy = (18)

IIN

® << min{ (19)

(RZl + RYZ)ClJ.

Furthermore, considering the parasitic effects on the
proposed GCM-4 simulator in Fig. 3 its input admittance
can be written as

(1+sRCy,), (15)
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\/,_N | 1+sR,,C;

R
As a result of (20), the useful frequency of the circuit in

this case will be constrained by
1
|

Y21

Zy = (20)

® << min{ (21)

VI.

To verify the proposed capacitance multiplier circuits, the
VCII is designed in 0.18 um Silterra Malaysia technology
for a supply voltage of 0.9 V. The width of the NMOS
transistor is taken as 13.5 um, and for PMOS, it is set at
40.5 um. The length of both NMOS and PMOS is fixed at
0.54 pm [15]. The simulation analysis is done in the
Cadence Virtuoso design software. The bias currents of the
VCII are taken to be lpias1 = Ihiasz = 25 PA. AC analysis is
performed to evaluate the current and voltage gain and
bandwidth of VCII as presented in Fig. 5(a) and Fig. 5(b).
Parasitic resistance associated with the Y, X, and Z nodes is
also determined by AC analysis, as shown in Fig. 6(a) and
Fig. 6(b). The important design parameters of the designed
VCII are summarised in Table I1I.

SIMULATION RESULTS
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Fig. 5. AC analysis: (a) Current transfer bandwidth; (b) Voltage transfer
bandwidth.
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Fig. 6. AC analysis: (a) Y-node resistance; (b) X-node resistance.
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TABLE Ill. PERFORMANCE PARAMETERS OF VCII.

Parameters Values
Parasitic at nodes Y @1 KHz 31.164 Q
Parasitic at nodes X @1 KHz 159.88 kQ
Parasitic at nodes Z @1 KHz 31.76 Q

Current transfer gain 1.02
Voltage transfer gain 0.98
DC Voltage range +400 mV
DC Current range +45 pA
Current transfer bandwidth 254.09 MHz
Voltage transfer bandwidth 371.52 MHz

The negative capacitance multiplier GCM-2 is designed
first for the multiplier factor K 5.2 by selecting
R =26k, R,=5k, and C, =50 pF. The realised

capacitance is 260 pF. The simulated and ideal magnitude
and phase responses of GCM-2 are presented in Fig. 7(a)
and Fig. 7(b). It can be seen from the figures that the
multiplier works up to 10 MHz. To further validate the
functionality of the capacitance multiplier, time domain
analysis is performed. A sinusoidal signal of 100 mVp-p is
applied at the input, and the resulting output current is
measured as presented in Fig. 8(a). The phase difference of
90° between current and voltage verifies the correct
functioning of the GCM-2. The Lissajous curve given in
Fig. 8(b) further validates the phase difference. Now, the
magnitude and phase of GCM-1 for (K = 5.2) are plotted for
temperatures of 25 °C, 50 °C, 75 °C, and 100 °C to study the
effect of temperature on the performance of GCM-1. It can
be inferred from Fig. 9(a) and Fig. 9(b) that the realised

23

capacitance remains almost constant.
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Fig. 7. Ideal and simulated response of GCM-2: (a) Magnitude response;
(b) Phase response.
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To further study the performance of the proposed
capacitance multiplier (GCM-2) under process variations,
Monte Carlo analysis is conducted with 200 runs for GCM-
2. It can be deduced from the results presented in Fig. 10(a)
and Fig. 10(b) that the proposed design is not significantly
affected.

The GCM-1, which is a positive capacitance multiplier, is
again designed for the multiplication factor of K = 4 by
selecting R =20k, R,=5k«, and C =50 pF. The
simulated and ideal magnitude responses of GCM-1 are
presented in Fig. 11.
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Fig. 9. GCM-1 frequency response for different temperatures:

Magnitude response; (b) Phase response.
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Fig. 10. Monte Carlo analysis of GCM-2 for 200 runs: (a) Magnitude
response; (b) Phase response.
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The GCM-3 is also verified by designing it for a
multiplication factor of K = 51 by selecting R, =50k<2,

R =1k, and C, =50 pF. It can be seen from the

magnitude plot in Fig. 12(a) that there is a small-scale error
between the ideal and simulated values. The error can be
minimised by properly selecting the W/L ratios of the
transistors to minimise the voltage and current transfer
errors and parasitic effects.

To validate the applicability of the proposed GCMs in
practical applications, the GCM-1 and GCM-3 are employed
in the design of a second-order low-pass filter (LPF). The
circuit of second-order RC-LPF is presented in Fig. 13.

In the low-pass filter, the capacitor C; is implemented
using the proposed capacitance multipliers GCM-1 and
GCM-3 and C; is taken as normal passive capacitor. The
designed capacitance multipliers are intended to be used as
integrated circuits where in both the capacitors in Fig. 13
can be implemented using capacitance multipliers. The
expression for the cut-off frequency of the filter is presented
in (22)

f 1 5 1
’ 27[ \IRIRZClCZ -

The LPF is designed for two different frequencies by

setting the component values as R =5k, R,=5k%,

(22)
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C, =40 pF, andC, =10 pF. In the second case, the filter
frequency is varied by selecting R =5k€, R,=5k«,
C, =250 pF, and C, =10 pF. The capacitor C, in Fig. 9
is replaced by GCM-1 which has a multiplication factor of
K = 4 for the first case and K =5 for the second case. The

ideal and simulated frequency response of the LPF is
presented in Fig. 14.
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Fig. 12. Ideal and simulated response of GCM-3: (a) Magnitude response;
(b) Phase response.
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Fig. 13. Circuit of second-order LPF.
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Fig. 14. ldeal and simulated response of the LPF using GCM-1.

To test GCM-3, it is again employed in the design of LPF
filter presented in Fig. 13. The filter component values are
fixed as R =1k, R,=1kQ, C =220pF, and
C, =100 pF. The C, is realised through GCM-3 by setting

the multiplication factor to K = 11. The ideal and simulated
frequency response of the LPF is presented in Fig. 15 which
confirms the working of the GCM-3.
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Fig. 15. Ideal and simulated response of the LPF using GCM-3.

To further investigate the performance of the GCM-2, it is
designed using the macro-model of the commercially
available 1C-type AD844 in PSPICE [15]. The supply
voltage of +5V is used. The implementation requires two
ADB844 ICs to design GCM-2 as given in Fig. 16.

—1
| I
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VCIl+

e

Fig. 16. The AD844 implementation of GCM-2.

To realise a capacitance of 5 nF, the passive component
values are set as R =25k, R,=5k€, and C =1nF.

The simulated and ideal magnitude and phase responses of
GCM-2 are presented in Fig. 17 and Fig. 18.
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Fig. 17. ldeal and simulated magnitude response of GCM-2.
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VII.

This paper presents four new topologies of grounded
capacitance multipliers (positive/negative) using the VCII.
The developed GCMs employ two VClIs, one capacitor, and
two resistors. The multiplication factor can be easily set by
setting the resistor ratio. The capacitance multiplication
factor of 51 is achieved in the case of GCM-3. The
presented GCMs work in the frequency range of 10 kHz to
10 MHz. The parasitic and nonideal analysis is carried out to
gauge the effect of parasitic impedance and frequency-
dependent current and voltage transfer gains on the
performance of the proposed GCMs. The proposed GCMs
are used in the design of the LPF to validate their
performance. GCMs are examined using Cadence Virtuoso
using 0.18 um Silterra Malaysia PDK. The GCMs consume
a power of approximately 5 mW. Additionally, the AD844
IC macro-model is used to realise GCM-2 as a proof of
concept. The theoretical and simulation results bear a close
resemblance.

CONCLUSIONS
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