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a b s t r a c t
A Source Follower based Symmetrical Floating Impedance Scaler (SF-SFIS) circuits are reported in the
prior works, which realize large capacitors with the low area for a fully differential filter. In this paper,
a novel Flipped Voltage Follower based Symmetrical Floating Impedance Scaler (FVF-SFIS) with high
accuracy is presented. The proposed circuit based on flipped voltage follower with cascaded current mirrors can detect low base capacitors which have lower area and power than the prior SF-SFIS circuits. In
order to evaluate its performance and comparison, a 500 pF capacitor is realized by multiplying the base
capacitor of 10 pF using both FVF-SFIS and SF-SFIS methods. The magnitude and phase of these impedance scalers are obtained through post-layout simulation. It is found that the proposed impedance scaler requires 51.58% lower area, 69.23% lower power dissipation, and 91.33% higher accuracy than the SFSFIS. The accuracy of the proposed FVF-SFIS is compared with SF-SFIS circuit by designing a 3rd order
Chebyshev low pass filter (LPF) using FVF-SFIS and SF-SFIS with cut-off frequency 100 Hz. The circuit
has been designed and simulated in UMC 180 nm technology.
Ó 2019 Elsevier GmbH. All rights reserved.

1. Introduction
Bio-medical systems such as ECG, EMG, EEG, and EOG require
filters operating at low-frequency range (1 mHz to 10 KHz) [1].
These filters require large resistors and capacitors. To minimize
the area, the resistors are realized using operational transconductance amplifiers (OTAs) with low transconductance (gm). A number
of design techniques such as current division (CD) and current
cancellation (CC), bulk driven and Floating gate with CD (CC) are
proposed in the literature [1–4] to realize these OTAs. The lowfrequency filters realized using these OTAs are reported in [1–4].
However, reduction of gm increases the noise level, as there is a
tradeoff between gm and noise [1]. Hence, to realize filters with
lower cutoff frequency, a higher value of capacitance is required.
The capacitors that can be fabricated in integrated circuits are limited to less than 50 pF due to silicon area limitations [1]. To overcome this problem, a large capacitor (Cequ) may be realized using
either Voltage mode or Current mode Impedance scalers with a
small base capacitor (Cb). In Voltage mode impedance scaler, the
base capacitor ðC b Þ is connected between the inverting input and
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output of an inverting voltage amplifier whose voltage gain is
jAV j. Due to Miller effect [5], the equivalent capacitance ðC equ Þ at
the inverting input of the amplifier becomes C b ð1 þ jAV jÞ. The Voltage mode impedance scalers provide high multiplication factor
only in a limited frequency range and the multiplication factor is
supply voltage and process parameter dependent [5]. These limitations are overcome by Current mode impedance scalers.
In [5–15], the current mirror is used to scale up the current
through a base capacitor ðC b Þ with multiplication factor of K and
an equivalent capacitor ðC equ Þ of C b ð1 þ K Þ is obtained. Current
mode impedance scalers may also be implemented using OTAs,
dual output differential amplifiers and current conveyors [16–19]
as active elements. The current mode impedance scalers are used
to realize large grounded capacitors required for the low frequency
filters in [1,5,6,9,15,17]. In [20,21], a pseudo differential floating
capacitor multiplier consisting of two grounded capacitor multipliers is reported. A current mode floating capacitor multiplier with
differential unity gain amplifier and dual output current mirror is
reported in [22]. However, Current mode impedance scalers cannot
be used for realizing fully differential floating capacitors required
for fully differential band-pass, high-pass and low pass filters with
low cut off frequencies. To overcome this problem, a symmetrical
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floating impedance scaler denoted as Source Follower based Symmetrical Floating Impedance Scaler (SF-SFIS) circuit is proposed in
[23–25]. It consists of a pair of source followers whose currents are
multiplied by a factor N and fedback to the inputs. However, higher
multiplication factor in SF-SFIS reduce low frequency limit of
equivalent capacitor and, the accuracy of this circuit is lower and
not able to detect and multiply small value of base capacitor ðC b Þ.
To overcome the limitations in SF-SFIS, an impedance scaler
denoted as Flipped Voltage Follower based Symmetrical Floating
Impedance Scaler (FVF-SFIS) is proposed in this paper. The proposed FVF-SFIS circuit feasibility is confirmed and compared with
SF-SFIS circuit by the design of a fully differential 3rd order Chebyshev LPF by simulation.
This paper is organized as follows: In Section 2, an overview of
the SF-SFIS circuit and its limitations are presented. In Section 3,
the details of the FVF-SFIS proposed in this paper are presented.
In Section 4, the impedance function of FVF-SFIS is derived using
the equivalent small signal half circuit. In Section 5, the postlayout simulation results on the implementation of 500 pF capacitors in UMC 180 nm technology using both FVF-SFIS and SF-SFIS
are presented. Results on the equivalent capacitance and accuracy
in terms of %error due to process, voltage, and temperature variations are presented, additionally SF-SFIS and FVF-SFIS circuits
equivalent capacitance and accuracy in terms of %error are compared by considering various multiplication factor and base capacitor in this section. In Section 6, the results on the implementation
of 3rd order Chebyshev LPF using capacitors realized using FVFSFIS and SF-SFIS are given. In Section 7, the expression for the common mode impedance of the FVF- SFIS is derived. Section 8 concludes this paper.
2. Conventional source follower based symmetrical floating
impedance scaler
The circuit diagram of source follower based symmetrical floating impedance scaler [SF-SFIS] proposed in [23–25] and the bias
circuit used are shown in Fig. 1a and b. The small signal current
through base capacitor (Cb) is sensed by transistors M6 (M5) and
mirrored to differential input terminals through transistors M10
(M9) with mirror gain N. The equivalent capacitance between the
differential input terminals is NCb [23–25]. The cascode transistors
M11-M14 are used in Fig. 1a to improve the impedance in input
terminals.
Since gate terminal of M12 (M11) are connected to a constant
voltage, the finite drain to source impedance of transistor M6
(M5), which results in poor accuracy for equivalent capacitor
(Cequ).
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The total current ðItotal Þ consumed by the SF-SFIS can be shown
to be

Itotal ¼ 2IR ðN þ 2Þ

ð1Þ

where IR is the reference current. From Eq. (1) total current consumption of SF-SFIS linearly increases with N. This leads to higher
power dissipation as N increases. The drain-source resistance ðro Þ
of transistors M9-10 is decreases as N increases (r o ¼ 1=kNIR ), it
reduce the low frequency limit of the equivalent capacitor Cequ
[20,21].
The major limitations of the SF-SFIS circuit are poor accuracy
and higher power dissipation. We propose FVF-SFIS circuit to overcome these limitations.
3. Proposed flipped voltage follower based symmetrical floating
impedance scaler circuit
The proposed Flipped Voltage Follower based Symmetrical
Floating Impedance Scaler (FVF – SFIS) circuit is shown in Fig. 2.
(The bias circuit shown in Fig. 1b is used in FVF – SFIS). The differential signalsv in2 andv in1 are fed to the gates of the transistors M1
and M01 .
The differential inputs are also fed to the gates of M3 (M03 ) in
order to make the voltages at the drains of M2 and M4 (M02 and
M04 ) to be equal. The parasitic current in the output impedance of
M2 (M20 ) is efficiently canceled by its counterpart M3 (M30 ) and
M4 (M40 ) transistors; hence, the small signal drain current of M3
(M30 ) is an accurate imitation of a small signal current flowing
through base capacitor (Cb) [9]. The small signal drain current in
M3 (M03 ) is scaled up and fed back to input terminals vin1 (vin2)
through the cascaded current mirror stages M7-M10, M11-M14 and
M15-M18 (M07 -M010 , M110 -M014 and M015 -M018 ) with a current gain of
N1, N2, and N3 respectively. The equivalent capacitance between
the terminals vin1 and vin2 is equal to N1N2N3Cb. The transistors
M1 and M2 (M01 and M02 ) act as a flipped voltage follower, since
the drain terminal of M1 (M01 ), is connected to the gate terminal
of M2 (M02 ) which introduces shunt feedback and reduces the resistance at the source of M1 (M01 ) to 1=ðg m1 g m2 r o2 Þ. This increases the
high-frequency limit of the equivalent capacitor (Cequ).
The total current consumption of the proposed circuit is given
by

Itotal ¼ 2ðN1 þ N2 þ N3 þ 4ÞIR

ð2Þ

From Eqs. (1) and (2), it may be noted that the current and the
power consumption of FVF-SFIS are ðN þ 2Þ=ðN 1 þ N 2 þ N 3 þ 4Þ
times lower than that of SF-SFIS circuit when the reference currents of both FVF-SFIS and SF-SFIS are set to be equal. For example,

Fig. 1. (a) Circuit diagram of SF-SFIS [19–21]. (b) Bias circuit used for SF-SFIS.
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Fig. 2. Proposed FVF – SFIS.

for N ¼ 100, N 1 ¼ N 2 ¼ 5, and N 3 ¼ 4, The power and current consumption of FVF-SFIS is 5.66 times lower. Hence, the cascaded current mirror stages reduce current consumption and area, able to
achieve a high multiplication factor.
4. Frequency analysis
Small signal half circuit equivalent of the FVF-SFIS circuit is
given in Fig. 3. It may be noted that for proper operation impedance scaler, the transistors in Fig. 2 should be sized and biased
such that

The expressions for RD4 and RD2 can be obtained by substituting
equivalent impedance of transistors corresponding to cascode
stages at node f and e respectively in Eq. (4). Similarly, the expressions for RD3 and RD5 can be obtained by substituting equivalent
impedance of transistors corresponding to cascode stage at node
e and f respectively in Eq. (5).
Assuming that g m r o  1 the impedance Z1 of the half circuit is
given by

Z1 ¼

)

g m10 ¼ N1 g mn ; g m16 ¼ N2 g mn ; g m24 ¼ N3 g mn
g m8 ¼ g m14 ¼ g m22 ¼ g mn ; g m1 ¼ g m3 ¼ g m2 ¼ g m4 ¼ g mp

v in1
i1

h

i
g m2 RD1
S þ gm1 2C
b
h

i
’
N1 N2 N3 g m1 g m4 RD1 S þ N1 N21N3 2C N1rNo22 N3 þ R1D6

ð6Þ

b

ð3Þ

From Eq. (6), it may be noted that the pole xp and the zero xz of
Z 1 are given by

At node d, the resistance due to cascode stage formed by M3, M4
is very high compared to the impedance ð1=g m Þ of the diodeconnected cascode stage formed by M7, M8 and hence, the former
can be neglected. The same observations are valid for nodes e and f.
In Fig. 3, RD6 represents the impedance of the cascode stage formed
by M27 and M28, in parallel with the cascode stage formed by M23
and M24 and RD1 represents the impedance of the cascode stage
formed by M25 and M26 in Fig. 2. Hence, RD6 and RD1 can be written
as

xp ’



1
1
N1 N2 N3
þ
N1 N2 N3 2C b RD6
ro2

ð7Þ

xz ’

g m1 g m2 RD1 g m1 g m2 g m5 r 05 r o6
’
2C b
2C b

ð8Þ

RD6 ’ g m23 r 023 r 024 kg m27 r027 r 028

ð4Þ

RD1 ’ g m5 r 05 r 06

ð5Þ



xz xsz þ 1
2


Z sc ¼ 2Z 1 ’
N1 N2 N3 g m1 g m4 RD1 s 1 þ xsp

From Eqs. (7) and (8), it may be noted that xp xz . Z 1 Operates
as a capacitor in the frequency range xp  x  xz . The impedance of the proposed circuit between nodes v in1 and v in2 is given
by

Fig. 3. Small-signal equivalent half circuit of FVF-SFIS.

ð9Þ
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Since xp  x  xz , Eq. (9) can be rewritten as

Z sc ’

2
N1 N2 N3 g m1 g m4 RD1

5. Simulation results

g m1 g m2 RD1
2C b

ð10Þ

s

By using Eq. (3), (g m2  g m4 ) in (10), we get,

Z sc ’

1
sN1 N2 N 3 C b

ð11Þ

Hence, the proposed circuit multiplies the base capacitor (Cb) by
‘‘N1N2N3”.
Table 1
Size of the transistors of SF-SFIS and FVF-SFIS.
SF-SFIS

FVF-SFIS

Transistor

W/L (mm/mm)

Transistor

W/L (mm/mm)

M1-M8

0.96/10

0.96/5

M9-M12

48/10

M1-M4(M10 -M40 )
M17-M18(M170 -M180 )
M25-M26(M250 -M260 )
M11-M12(M110 -M120 )
M19-M20(M190 -M200 )
M27-M28(M270 -M280 )
M1-M2(M10 -M20 )
M5-M8(M50 -M80 )
M9-M10(M90 -M100 )
M15-M16(M150 -M160 )
M23-M24(M230 -M240 )

M17-M18, M15

0.96/5

M13-14, M16, M19

48/5

4.8/5
1.92/5
0.96/10

5.1. Simulation and comparison of SF-SFIS and FVF-SFIS
In order to evaluate the performance of the proposed FVF-SFIS
and to compare its performance with SF-SFIS, an equivalent capacitance of 500 pF is realized using both of these circuits in UMC
180 nm technology [29] with a base capacitance of 10 pF, the supply voltage of 1.8 V and bias current of 100 nA. The multiplication
factors used for the current mirrors are formed by M7-M10,
M11-M14, and M15-M18 (M70 -M100 , M110 -M140 , and M150 -M180 ) are
chosen to be 5, 5 and 2 respectively. The size of the transistors used
in the FVF-SFIS and SF-SFIS are given in Table 1. The layout of both
FVF-SFIS and SF-SFIS are shown in Fig. 4. The impedance and phase
of the impedance scalers using both the circuits are obtained
through post-layout simulation, and the results are given in
Fig. 5a and b respectively. From Fig. 5a, it may be noted that the
variation of the amplitude of the impedance of the FVF-SFIS with
Table 2
Power consumption and area of the SF-SFIS and the FVF-SFIS.

4.8/10
1.92/10

SF-SFIS
FVF-SFIS

Power
(mW)

Area
(mm2)

Frequency
range (Hz)

Base capacitor
(pF)

18.72
5.76

0.095
0.046

10–30 k
2–28 k

10
10

Fig. 4. Layout of the SF-SFIS and FVF-SFIS.

Fig. 5. (a) Magnitude of ZSC for the SF-SFIS, the FVF-SFIS and an ideal capacitor. (b) Phase of ZSC for the SF-SFIS, the FVF-SFIS and an ideal capacitor.
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Table 3
Cequ and %error in Cequ for various VDD, temperature, and process corners.
Supply variation

Equivalent capacitance Cequ (pF)
%Error

Temperature variation

Process variation

1.68 V (10%)

1.8 V

1.92 V (+10%)

50°

27°

70°

tt

ff

ss

fnsp

snfp

457.13
8.57

493.35
1.33

437.73
12.4

499.79
0.032

493.35
1.33

468.88
6.2

493.35
1.33

469.34
6.13

481.49
3.70

491.08
1.78

489.47
2.10

Fig. 6. Supply, temperature, corner and Monte Carlo simulation of the proposed circuit.
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Table 4
Cequ and % error in Cequ for various base capacitors and multiplication factors.
Base capacitor
Cb

Multiplication factor

SF-SFIS

FVF-SFIS

Cequ

% Error

Cequ

% Error

48.43f
373.88f
6.54p
51.32p
90.5f
710.93f
11.80p
95.56p
851.96f
6.80p
107.10p
902.81p
8.47p
67.71p
1.06n
8.52n

3.14
6.53
+4.64
+2.64
9.5
11.13
5.6
4.44
14.8
15
14.32
9.72
15.3
15.36
15.2
14.8

45.46f
388.47f
6.17p
49.06p
94.77f
784.69f
12.35p
98.46p
987.34f
7.92p
123.68p
989.62p
9.91p
79.27p
1.24n
9.90n

9.08
2.88
1.28
1.88
5.23
1.91
1.2
1.54
1.26
1
1.06
1.04
0.9
0.91
0.8
1

(F)

50f

1
8
125
1000
1
8
125
1000
1
8
125
1000
1
8
125
1000

100f

1p

10p

frequency is the same as that of an ideal 500 pF capacitor in the frequency range 2 Hz to 28 kHz. SF-SFIS operates as a capacitor in the
range 10 Hz to 30 kHz, and its range is smaller than that of FVFSFIS. The phase of the impedance realized using both FVF-SFIS
and SF-SFIS as a function of frequency are shown in Fig. 5b. The
performance metrics such as power consumption, the occupied
area and frequency range of both SF-SFIS and the proposed circuit
are given in Table 2. It is observed that the power dissipation of the
proposed circuit is 3.25 times less compared to that of SF-SFIS. This
is expected, as the total current computed using Eqs. (1) and (2) for
the SF-SFIS, and the proposed circuit are 32IR and 104IR respectively. As the result, the proposed circuit requires 51.58% lower
area than SF-SFIS.

5.2. Study of the process, voltage and temperature variations of the
FVF-SFIS
The impedance frequency characteristics of the FVF-SFIS impedance scaler used for realizing a 500 pF capacitor using a base
capacitor of 10 pF is evaluated under different supply voltages
(1.98 V(+10%, of Vdd), 1.8 V, 1.62 V (10% of Vdd)), temperatures
(50 °C, 27 °C, 70 °C) and process corners (tt, ff, fnsp, ss, and snfp)
through simulations. As in [9], the Cequ of the impedance scaler and
the %error in Cequ is calculated by considering the bandwidth,
where phase error is ±1° with respect to 90°. f 1 L and f 1 H
denote the lower and upper limits of the frequencies where the

phase error is ±1°. If f is any frequency within this range and

jZ SC ðf Þj is the magnitude of the input impedance, then the equivalent capacitance C equ is given by

C equ ¼ ½jZ sc ðf Þj2pf


 1

ð12Þ

For each case, Cequ obtained, and %error in the Cequ are calculated
and are given in Table 3. The maximum %error in Cequ due to variation in the supply voltage, temperature, and process corner is
found to be 12.4%, 6.2%, and 6.13% respectively. For a supply
voltage of 1.8 V and temperature of 27 °C, the amplitude of the
impedance realized using FVF-SFIS, are obtained using postlayout simulation for various process corners such as tt, ff, ss, fnsp,
and snfp and the results are shown in Fig. 6. Since the current mirror stages M7-M10, M11-M14, and M15-M18 (M70 -M100 , M110 -M140 , and
M150 -M180 ) use NMOS devices, for fast corners, the drain current is
higher due to higher mobility, thinner gate oxide, and lower
threshold voltage. The parasitic resistors, inductors, capacitors
extracted from the layout are considered to be MIN in the fast cor-

ner as it corresponds to high currents and higher speed. Hence, the
fast corner has poor accuracy compared to other corners. The
reverse is true for slow corners [27].
The FVF-SFIS circuit is studied through Montecarlo simulation
using 50 runs and the results shown in Fig. 6d. Fig. 6e–f shows histogram plots of the equivalent capacitor Cequ and its corresponding
%error. The Mean and the standard deviations of samples variations are acceptable and show the robustness of proposed FVFSFIS. It can be noted that the impedance of the FVF-SFIS matches
with that of an ideal capacitor in the band of interest despite the
mismatches in the transistors.
In order to study the accuracy of both of the impedance scalers,
equivalent capacitance (Cequ) and the %error in Cequ obtained using
both FVF-SFIS and SF-SFIS are found through simulation for a set of
base capacitors (50 fF, 100 fF, 1 pF and 10 pF) and the scaling factors (1, 8, 125, and 1000), and the results are given in Table 4. From
this table, it may be noted that error in Cequ, due to the parasitic
capacitance which is in parallel with Zsc, and its effect is negligible
when both multiplication factor and base capacitor are large. The %
error in Cequ of the FVF-SFIS is about 1.3%, and it is less compared
to that of the SF-SFIS which is about 15%.
6. Implementation 3rd order fully differential Chebyshev LPF
filter using FVF-SFIS
The capacitors realized using the proposed FVF-SFIS circuit is
used for the implementation of a fully differential 3rd order
Gm-C Chebyshev Low Pass Filter (LPF) with pass-band ripple of
0.5 dB and cut-off frequency of 100 Hz. The block diagram of the
fully differential filter is shown in Fig. 7a. RLC equivalent of the
filter is shown in Fig. 7b.
For the 3rd order Gm-C Chebyshev LPF, the capacitor values can
be expressed in terms of the transconductance (gm) of the OTA and
the cut-off frequency (fc) as follows:

CC1 ¼ 1:5963
2p f

g m1

CC3 ¼ 1:5963
2p f

g m3

cutoff

; CC2 ¼ 1:0967
2p f

g m2

cutoff

9
=
;

ð13Þ

cutoff

From Eq. (13), it may be noted that the cut-off frequency can be
reduced either by reducing the gm or by increasing the capacitor.
However, the noise is inversely proportional to gm. For a cut-off frequency of 100 Hz, higher sized capacitors are required to reduce
the noise level. Hence, the capacitors CC1, CC2 and CC3 shown in
Fig. 7a are chosen to be large and realized using SF-SFIS, FVF-SFIS
impedance scalers, and Ideal capacitors.
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Fig. 7a. 3rd order Gm-C Chebyshev Low Pass Filter.

Table 5
Transistor size of linearized Low gm OTA and CMFB circuit.
Linearized low gm OTA

Fig. 7b. 3rd Order Passive Filter.

The linearized low gm OTA proposed in [26] is used to realize
the gm1-gm3 blocks in this paper and is shown in Fig. 8a. Is a fully
differential OTA using current division (transistor MM) and current
cancellation (transistor MN) techniques to achieve low gm. Moreover, a source-degeneration transistor (MR) operating in the triode
region with drain to source conductance g o;MR is used to enhance
the linearity and to minimize the harmonic distortion components
[26]. The drain current in transistor MR is divided by transistors
MM, MN, and M1. The overall transconductance of the OTA in
Fig. 8a is given by [26].

Gm ¼

iout

v id

¼

1N
:g
1 þ N þ M oMR

ð14Þ

Assuming the bias current of 100nA in each of the tail current
sources and supply voltage of 1.8 V, the dimensions of the transistors of the OTA implemented in UMC 180 nm technology are given
in Table 5. For this bias current, the effective Gm each of the OTAs in
Fig. 8a is 280 nS. The common mode feedback (CMFB) circuit is

CMFB circuit

Transistor

W/L [mm/mm]

Transistor

W/L [mm/mm]

MBP1-MBP2
MBN1-MBN2
MM
MN
M1
MR
MC
MCN

0.96/5
0.96/10
3.8/5
2.88/5
0.96/5
30/50
0.24/27.5
1.6/15

MBP1 – MBP2
MVCM1-MVCM2 MVCM
MBN1-MBN2

0.96/5
1.92/5
0.96/10

necessary to ensure the common mode (CM) signal level at the
output to be VDD/2 in the fully differential (FD) OTAs. The CMFB
circuit used in LPF is shown in Fig. 8b. The current through tail current source in the CMFB circuit is also assumed to be 100 nA. The
size of the transistors used for the CMFB circuit is shown in Table 5.
The power consumption of the CMFB circuit is 360 nW. To
reduce the power consumption of the 3rd order Chebyshev LPF,
three common mode feedback (CMFB) circuits are used to sense
the common mode voltages at the output nodes a c (a0 c0 ) and
generate the control voltage (vfb) for all the seven OTAs in the
Fig. 8a. The 3rd order Chebyshev LPF with cut-off frequency (fc)
of 100 Hz is realized assuming transconductance of the each of
the OTAs, gm1, gm2, and gm3 to be 280 nS. The values of capacitors

Fig. 8. (a) Linearized Low gm OTA (b) Common mode feedback circuit.
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CC1, CC2, and CC3, computed using Eq. (13) are 711.37 pF, 488.73
pF, and 711.37 pF respectively. These capacitors are realized using
the FVF-SFIS and SF-SFIS (a base capacitor of 14.23 pF, 9.77 pF and
14.23 pF respectively with a multiplication factor of 50. (for FVFSFIS N1 = N2 = 5, and N3 = 2 and for SF-SFIS N = 50 is considered).
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6.1. Filter simulation results
The frequency response of the LPF using ideal capacitor, the
proposed FVF-SFIS, and conventional SF-SFIS are shown in
Fig. 9a. These are indicated by short dashed line, solid line, and

Fig. 9. (a) Frequency Response for typical corner (b) Frequency Response for different corners (c) Transient Response of LPF using FVF-SFIS and SF-SFIS for 20 Hz Sine wave (d)
THD of LPF for different Vinpeak (e) Transient response of LPF for 100 Hz square wave (f) Transient response of LPF for 1 Hz square wave.
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dotted lines respectively. Fig. 9a proves the LPF response using the
proposed FVF-SFIS circuit cut-off frequency is closer to LPF
response using Ideal capacitor and more accuracy compared to
LPF using conventional SF-SFIS circuit, and the corresponding
results are tabulated in Table 6. The frequency response of the
LPF using the proposed FVF-SFIS under various process corners
(ff, fnsp, ss, snfp, and tt) are studied through simulation and is
shown in Fig. 9b. The passband gain and the cut-off frequency of
the LPF for various corners are given in Table 7. The worst case
deviation in the cut-off frequency is observed in ff corner.
Transient response of the LPF shown in Fig. 7a for a 20 Hz sine
wave with the peak input voltage (Vinpeak) of 20 mV is obtained,
and the results are given in Fig. 9c From Fig. 9c, it is observed that
the attenuation and the phase shift between input and the output
of the LPF with FVF-SFIS are smaller than that obtained using SFSFIS circuit. The total harmonic distortion of LPF output is obtained
by varying the peak voltage of the sine wave, and the results are
given in Fig. 9d. From this, it may be noted that that THD of 1%
occurs for Vinpeak of 36.7 mV. A 100 Hz square wave input with
Vinpeak of 20 mV is applied to LPF, and the output of the filter is
shown in Fig. 9e. From this, it is noted that the harmonics of square
wave input is eliminated better with the LPF using FVF-SFIS than
that with SF-SFIS. Fig. 9f shows under-damped output response
[28] of the LPF with FVF-SFIS and SF-SFIS when 1 Hz square wave
is applied to the LPF.

7. Common-Mode impedance characteristics of FVF-SFIS
In this section, the common mode impedance of the proposed
FVF-SFIS is derived and compared with that of SF-SFIS. In Fig. 7a,
the common mode voltages of OTA gm1, gm2 and gm3 are same.
For example, common mode node voltages at a, and a0 are the
same. Hence, the current through the capacitor CC1 should be ideally zero. However, when CC1 is realized using FVF –SFIS, the common mode impedance (ZCM) at the input v in1 and v in2 of the FVFSFIS load the output of node a, and a0 .
To minimize this loading, ZCM should be made larger. An expression for ZCM can be obtained as follows: When common mode input
voltage (Vcm) is applied to FVF-SFIS, the output voltages of the
flipped voltage followers in Fig. 2 are equal. i.e., the voltages at
the two ends of the base capacitors (Cb) are equal, and the base
capacitor acts as an open circuit; hence it can be removed in the
equivalent circuit. Assuming gmro >> 1 and making v in1  v in2 in
the half circuit equivalent given in Fig. 3 ZCM can be shown to be,

Z CM ’

ð15Þ
Using Eq. (3) in (15), ZCM becomes.

Z CM ’
Table 6
Passband gain and the cut-off frequency of LPF.

Ideal capacitor
SF-SFIS capacitor
FVF-SFIS capacitor

Passband gain (dB)

Cut-off frequency (Hz)

0
0.702
0.597

100
267.63
105.46

Table 7
Passband gain and cut-off frequency for different corners.
Type of corner

Passband gain (dB)

Cut-off frequency (Hz)

tt
ff
fnsp
ss
snfp

0.597
1.38
0.052
1.3
0.917

105.46
112.13
95.68
85.57
104.02

g m22 g m8 g m14 g m1 g m2 r o2 RD6 RD6 RD1
g m22 g m8 g m14 g m1 g m2 r o2 RD1 þ g m24 g m16 g m10 g m3 g m1 RD1 RD6

Z CM ﬃ

ðg mn Þ3 ðg mp Þ2 r o2 RD6 RD1
ðg mn Þ3 ðg mp Þ2 r o2 RD1 þ N 1 N2 N3 ðg mn Þ3 ðg mp Þ2 RD1 RD6
r o2
N1 N2 N3

ð16Þ

ð17Þ

The amplitude and phase characteristics of the common mode
impedance of SF-SFIS and FVF-SFIS are obtained through simulation and are given in Fig. 10. From this figure, it may be noted that
for the proposed FVF-SFIS, common mode impedance (ZCM) is more
than one decade larger compared to SF-SFIS. Since ZCM for SF-SFIS
is smaller to reduce the offset error, the bias current in CMFB is
chosen to be ten times larger than of SF-SFIS [23]. However, when
FVF-SFIS is used, bias currents of both FVF-SFIS and CMFB can be
chosen to be the same. Hence, FVF-SFIS can be used to realize
the capacitors for LPF, with less power consumption compared to
SF-SFIS.

Fig. 10. Common mode impedance characteristics.
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8. Conclusions
Flipped voltage follower based symmetrical floating impedance
scaler proposed in this paper is used to realize a 500 pF in UMC
180 nm technology and studied through post-layout simulation.
Its performance is also studied under different PVT and mismatches. From these studies, it is found that the proposed circuit
has lower power dissipation, lower area, and higher accuracy compared to the SF-SFIS reported in the prior works. The proposed circuit is also used to realize capacitors required for a fully differential
third order Chebyshev low-pass filter. The frequency response of
this filter matches with that using ideal capacitors. The common
mode impedance of the proposed circuit is larger than that of SFSFIS, and this reduces the power consumption of the common
mode feedback circuits used in the filter. The proposed impedance
scaler can be used to realize floating impedance scalers for fully
differential filters in biomedical applications.
Acknowledgment
The authors would like to thank the Ministry of Electronics and
Information Technology (MeiTy), Govt. of India, for funding this
work under Visvesvaraya Ph.D. scheme (Grant No. Ph.D-MLA/4
(16)).

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aeue.2019.04.025.
References
[1] Solis-Bustos S, Silva-Martinez J, Maloberti F, Sanchez E. Sinencio, A 60-dB
dynamic-range CMOS sixth-order 2.4 Hz lowpass filter for medical
applications. IEEE Trans Circuits Syst II 2000;47:1391–8.
[2] Silva-Martínez J et al. IC voltage-to-current transducers with very-small
transconductance. Analog Integrated Circuits Signal Proc 1997;13:285–93.
[3] Veeravalli A, Sanchez-Sinencio E, Silva-Martinez J. Transconductance
amplifiers structures with very small transconductances: a comparative
design approach. IEEE J Solid State Circuits 2002;37(6):770–5.
[4] Veeravalli A, Sanchez-Sinencio E, Silva-Martinez J. Different operational
transconductance amplifier topologies for obtaining very small
transconductances. Int Symp Circuits Syst 2000;4:189–92.
[5] Silva-Martinez J, Vazquez-Gonzalez A. Impedance scalers for IC active filters.
In: Proceedings of the 1998. IEEE international symposium on circuits and
systems, (ISCAS ’98) vol. 1; 1998. p. 151–4.

125

[6] Padilla-Cantoya. Capacitor multiplier with wide dynamic range and large
multiplication factor for filter applications. IEEE Trans Circuits Syst II: Express
Briefs 2013;60(3).
[7] Choi J et al. High multiplication factor capacitor multiplier for an on-chip PLL
loop filter. Electron Lett 2009;45(5).
[8] Jesus Aguado Ruiz, et al., Three novel improved CMOS capacitance scaling
schemes. IEEE; 2010.
[9] Salvatore Pennisi. High accuracy CMOS capacitance multiplier. IEEE; 2002.
[10] Siddiqi MA et al. Simple C-multiplier. IETE J Res 1981;27(5):189–90.
[11] Khan IA et al. OTA-based integrable voltage/current-controlled ideal Cmultiplier. Electron Lett 1986;22(7).
[12] Ahmed MT et al. Novel electronically tunable C-multipliers. Electron Lett
1995;31(1).
[13] Ferri G et al. A 1.5V current-mode capacitance multiplier. Proc Int Conf
Microelectron 1998.
[14] Aguado-Ruiz J et al. Programmable capacitance scaling scheme based on
operational transconductance amplifiers. Electron Lett 2009;45(3).
[15] Rivera-Escobar Carlos, Silva-Del-Rosario Fransisco, Silva Miguel, PadillaCantoya Ivan. Multiple stage capacitor multiplier using dual-output
differential amplifiers. IEEE; 2013.
[16] Yesil Abdullah et al. Grounded capacitance multipliers based on active
elements. AEU-Int J Electron Commun 2017:243–9.
[17] Myderrizi I, Zeki A. Electronically tunable DXCCII-based grounded capacitance
multiplier. AEU – Int J Electron Commun 2014;68:899–906.
[18] Khan AA, Bimal S, Dey KK, Roy SS. Current conveyor based R- and C- multiplier
circuits. AEU – Int J Electron Commun 2002;56:312–6.
[19] Prommee P, Somdunyakanok M. CMOS-based current-controlled DDCC and its
applications to capacitance multiplier and universal filter. AEU-Int J Electron
Commun 2011;65:1–8.
[20] Padilla-Cantoya I. Low-power high parallel load resistance current-mode
grounded and floating capacitor multiplier. IEEE Trans Circuits Syst II Express
Briefs 2013;60(1):16–20.
[21] Padilla-Cantoya. Enhanced grounded capacitor multiplier and its floating
implementation for analog filters. IEEE Trans Circuits Syst II: Express Briefs
2015;62(10):962–6.
[22] Matsumoto F, et al. Design of a floating-type impedance scaling circuit for
large capacitances. In: International symposium on intelligent signal
processing and communications systems (ISPACS); 2013. p. 391–6.
[23] Matsumoto F et al. Design of a symmetry type floating impedance scaling
circuits for a fully differential filter. Analog Integr Circ Sig Process 2015;85
(2):253–61.
[24] Matsumoto F, et al. Study on offset reduction method for a fully differential
filter employing symmetrical floating impedance scaling circuits. In:
International
symposium
on
intelligent
signal
processing
and
communication systems (ISPACS); 2016.
[25] Matsumoto F et al. A symmetrical floating impedance scaling circuit with
improved low-frequency characteristics. IEIE Trans Smart Process Comput
2017;6:437–45. https://doi.org/10.5573/IEIESPC.2017.6.6.437.
[26] Lee Shuenn-Yuh et al. Systematic design and modeling of a OTA-C filter for
portable ECG detection. IEEE Trans Biomed Circuits Syst 2009;3(1).
[27] Gómez Didac, Sroka Milosz, Jiménez José Luis González. Process and
temperature compensation for RF low-noise amplifiers and mixers. IEEE
Trans Circuits Syst Part I: Regular Papers 2010;57(6):1204–11.
[28] Yesil Abdullah, Kacar Firat, Gurkan Koray. Lossless grounded inductance
simulator employing single VDBA and its experimental band-pass filter
application. AEU – Int J Electron Commun 2014;68:143–50.
[29] Europractice IC Service http://www.europractice-ic.com/technologies_UMC.
php.

