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Abstract

This work presents an innovative voltage-mode universal switched-capacitor
filter and its stability response in a novel configuration. By appropriately
altering the voltage-output branches of op-amps, the circuit can implement
a variety of transfer functions (low-pass (LP), band-pass (BP), and high-pass
(HPy) in single circuit. The circuit can be used as narrow band-pass as well as
wide band-pass filter. For all Q-factor and center frequency levels, the circuit
performs better in terms of band-pass. The findings demonstrate that the circuit
performs better for Q=1 in the low-pass (LP) and high-pass (HP) ranges. Low
sensitivity to active and passive elements characterizes the circuit. The output
functions: LP, BP, and HP are getting simultaneously in single circuit. The
benefit of RC-filter's stability response is that it makes sure the output signal
stays within a specific range and doesn't fluctuate or diverge over time and
the removal of passive components, which could reduce the chip size needed
for integrated circuit (ICy implementations. The RC-filters are used in many
different industries including telecommunications, automotive, medical, and
consumer electronics. The theoretical results are verified using PSPICE circuit
simulation program.

Keywords: Stability Response, Third-Order, Voltage-Mode, Merit Factor,
Active Filter.
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1.0 INTRODUCTION

A filter's capacity to maintain a constant output signal despite
changes in the input signal or other outside influences is known as its
stability response. An unstable filter may result in irregular or
unpredictable outputs, whereas a stable filter will yield a predictable
and trustworthy output. The transfer function of a filter, which
represents the connection between the input and output signals, is
often analysed in order to determine the stability response of the filter.
The design of the filter circuit, the properties of the components
utilized in the circuit, and external conditions like temperature or
electromagnetic interference are all variables that might alter a filter's
stability response. The fundamental idea behind a switched capacitor
is to replace resistors with capacitors and analog switches. After
replacing the resistor with an op—amp-based integrator, an active filter
is created (1999, Grise). Digital and analog functionality may now be
combined on a single silicon chip thanks to switched capacitor
technology. In most instances, switched—capacitor filters offer the
advantage of greater precision. The worst—case estimates vary from
0.4% to 1.5%, with typical center frequency accuracies of around 0.2%
for switched—capacitor ICs (assuming, of course, that an accurate clock
is given) (2010, Shinde& Bhagat). The implementation of resistors was
a significant barrier to the production of filters on chips, but the
Switched—Capacitor technology overcame this by imitating resistors
with high-speed Switched-Capacitors utilizing MOSFETs. The filter
responds discretely rather than continuously as a result of the
MOSFET's switching function (2010, Shinde& Bhagat). The transfer
function of filter circuits is determined using the ratio of resistances in

conventional analog circuits. The frequency responses of these circuits
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are controlled by the values of the RC product (2008, Shinde& Bhagat).
In terms of compactness, simplicity of design, and expansion of
response towards high frequencies, active filters using simply resistors
have numerous benefits (2002, Shinde& Patil, Kadam, Mirkute). On a
single chip, they may be integrated with digital circuitry (2006,
Senani& Gupta). Building blocks for switched—capacitor (SC) systems
are frequently divided into two groups: passive and active. A network
made of just of switches and capacitors is referred to as a passive SC
building block (or element), whereas an active network includes active
components like op—amps in addition to switches and capacitors. A
MOS switch is technically an active device since it has one or more
transistors that require the system clock or its derivatives to drive them
(2006, Liu). Designing a filter using different active building blocks
(ABBs), such as voltage differencing buffered amplifier (VDBA) (2012,
Kacar& Yesil, Noori), four terminal floating nullor (FTFN) (2018,
Tarunkumar& Ranjan, Pheiroijam), current differencing buffered
amplifier (CDBA) (2013, Pathak& Singh, Senani), differential
difference current conveyor (IDIDCC) (2017, Yuce), voltage differencing
current conveyor (VDCC) (2021, Roy), and differential voltage current
conveyor (DVCC) (2013, Horng& Jhao), has recently attracted more
attention. Using operational amplifiers (OAs) and four capacitors with
MOSFETs, this paper describes a nowvel circuit architecture for
implementing an electrically adjustable 3"9-order voltage-mode
switched—capacitor (SC) filter. Different values of the center frequency
fo and Q-factor have been explored for this circuit architecture,
circuit analysis, and constructed equations. Op-amps, passive
components, and single-input multiple-output signals are used in the

demonstrated circuit. An alternative to a resistor is a switched—
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capacitor (1984, Ghausi). Switched—capacitor circuits may be designed
using MOSFET technology (2006, Shah& Rather, Igbal). It is possible
to create extremely complex, precise, and adjustable analog circuits
utilizing switched—capacitor filter circuits. The benefit of RC-filter's
stability response is that it makes sure the output signal stays within a
specific range and doesn't fluctuate or diverge over time. This is
crucial for a variety of applications that demand a consistent output
signal, including audio processing, control systems, and
communication systems. Additionally, a consistent filter response
guarantees that the filter won't add any unwanted noise or distortion
to the signal. Furthermore, a stable RC-filter response makes it
simpler to analyze and build the filter since it eliminates mistakes in

calculations and lowers the possibility of instability problems.
1.1 BASIC SWITCHING OPERATION

The circuit schematic that follows may be used to show how the

switched-capacitor works:

5l 52
=

o oo l oo 2
:[Cl

Fig. 1. 1: An illustration of the switched-capacitor's circuitry.

Tl

Since the charge q on a capacitor ¢, is given by

g= CV (1.1}
1?, however, represents the wvoltage across the ¢, capacitor.
Consequently, a charge q is transferred from 17; to 171 with S; closing

after S, closes with S, open.

Ag = Cy (Vz— Vi) (1.2}
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The quantity of charge transferred per unit time is given by if this

switching procedure is performed N times in time (7).

Ag N

— =, (Vs =V }— 1.3

A 1(Vz 0 A (1.3}

The number of cycles per unit of time is the switching frequency,

and L H.S. is the current.
S =C (Ve — Vi) fom (1.4}

=V 1
£ C1feorx

The switched capacitor is therefore comparable to a resistor.

=R (L15)

1.2 CIRCUIT CONFIGURATION BEING PROPOSED

Fig. 1.2 depicts the suggested circuit layout for implementing an
electrically adjustable 3" —order voltage-mode switched—capacitor
circuit. Only three op—amps and four capacitors with MOSFETs make
up the circuit, which forms a switching capacitor. Through a
switched—capacitor (5€,), the input low—voltage signal is supplied to

first and second operation—inverting amplifiers’ terminal.

The first op—amp’'s non—-inverting terminal is grounded. The second
operation—non-inverting input receives the first op— amplifier’s
output. It uses S€; as feedback. The third op-amp's non-inverting
input receives the output of the second op-amp. The third operation—
inverting amplifier’s terminal is grounded. As feedback, 5C, and 5C,
are employed. At the output of the third and second op-amps,
respectively, the low pass and band pass transfer functions are visible.
The first op—amp's inverting input displays the high pass transfer

function.
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Fig. 1. 2: Circuit diagram ofan innovative voltage—mode universal

switched-capacitor filter.

1.3 CIRCUIT ANALYSIS AND DESIGN EQUATIONS

Internally compensated op-amps, such as the ADS622, are
represented by a "single pole model":

A(s) = (Agwe /(s + wg)) (1.6}

Where,

Open loop: Ay D.C gain, wy=open loop -3dB bandwidth, € = Ayw,=
gain bandwidth product of op-amplifier, and S is the complex

frequency variable.
A} = (Agwp/s) = e /s wherei=1,2,3,...{1.7)
Where, S >>

The op—amp is clearly an "integrator’ in light of this. As a result,
three distinct nodes of a unique voltage-mode universal RC—filter

transfer function as follows:

The low pass filter's voltage transfer function is provided by:
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T(S i — E1E263C"4 18
¢ )LP_,1153+,1252+,135+,1¢ (1.8)
The band pass filter's voltage transfer function is provided by:
TS N — 5616264 1.9
( )BP_,1153+,1252+135+,14 (L3

The high pass filter's voltage transfer function is provided by:

T(S)yp = ST T AT T AS T AL {1.10)
Where
Ai=C+C,+C534+Cy Az = €16,C5 + 36365
Az = 61C1 + €305 Ay = 1636303

The coefficient—-matching technique (CMT) method is used to
create the circuit, by comparing the coefficients of denominator of the
transfer function with the coefficients of denominator of the general
379_order transfer function. The general 3"9—order transfer function is
given by:

5S*+55? + 4SS+ &
S3+w0(1—|—%)52—|— w2 (1+%)5+ w2

T(s) = (1.11)

We get the design equations as:

CL4 Gyt Cst Cy =1 (1.12)
€101 + €2C2 = wo{l + 1/Q) (1.13}
€16;,C; + 626305 = wf(1+ 1/Q) (1.14}
A e {1.15}

These equations may be used to determine the wvalues of

Ci, G, C; and C, for various Q-factor and central frequency f, values.

1.4 SENSITIVITY

The parameter—specific ¢, &;, C;,Cy, €4, €; and 5 passive and

e ol
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active sensitivities

are as the following:

1.4.1 ¢, Sensitivities

1
Ser = - Cy
1
1]
SLZD = _562
1
Sen = —5{63 — 1}
1
1]
5L4D = _564
] ] g 1
Se, =8, =9, =3

1.4.2 Q —factor Sensitivities

2 1
s =— 30+
1 1
R _
S, =~ 4G {(czﬂ?g} 3
1 1
> T
5 = (1+Q}€3{(cz+cg) 3
1
5§J94=—§(1+Q)-::4
2
g _ z =
S, =1+ Q) {c2+c3 3}
1
58 =-30+
c 2
g _ _ 3 <

3

2
3C,

|
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(1.16)
(1.17)
(1.18)
(1.19)

(1.20)

(1.21)

(1.22)
(1.23)
(1.24)
(1.25)
(1.26)

(1.27)

Adnan Abdullah Qasem Abobakr

A unique voltage-mode universal RC-filter circuit's passive and

active sensitivities are all below unity as

a result.

sensitivities are so low, the circuit is, in real actuality, stable.

1.5 RESULTS AND DISCUSSION

Since these

The results of an experimental evaluation of an innovative voltage—

mode universal switched—capacitor filter at the low—pass (LP), band-
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pass (BL), and high—pass (HP) output terminals are shown below. An
innovative voltage-mode universal RC—filter was built and simulated
using the PSPICE circuit simulation tool to validate the theoretical
work.

1.5.1 An innovative voltage—-mode universal switched—capacitor
filter's response to varying Q-factor

The circuit performance for low—pass (LP), band-pass (BP), and
high-pass (HP) filters is investigated for various values of Q-factor
with a certain value of the circuit central frequency. This circuit's
normal working range is between 10 Hz and 1.2 MHz. The value of
{e; = €, = €,} 15 21w (0.56) x10° rad/sec.

Table 1. 1: Capacitors values for low—pass (LP) filter, with f; =

220 kHz.

Q

(uf) (nf) (uf) (uf)
1 53.8 248 6.06 15.4
2 41.8 17.1 6.06 :5'0

35.9 i3 6.06 44 .8

32.9 113 6.06 49.7
10 32.3 10.9 6.06 50.7
20 31.1 10.1 6.06 52.7

Table 1. 2: Capacitors values for band—pass (BP) and high—pass (HP)

filters,
withf, = 20 kHz.

Analds Eralal) 2l 22026 sz 2y (9yalonk
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Q
(uf) (uf) (nf) (uf)
0.1 37.9 1.4 4.6 60.7
10.3
0.5 0.38 4.6 893
4
1 6.9 0.25 4.6 929
0.14
5 4.14 4.6 95.7
9
0.13
10 38 4.6 96.1
6
0.12
20 3.6 g 4.6 96.3

A. Low—Pass Filter Stability Response

A low—pass (LP) filter's stability response for various quality factor
Q values is shown in Fig. 1.3. The details discovered by looking at the
stability response curves in Fig. 1.3 is presented in Table 1.3. For f; =
220 kHz, the response is examined with quality factors of (0.1, 0.5, 1, 5,
10, and 20). For Q :1, the low—pass filter is effective. A low—pass filter's
stability response for Q=1 reveals a gain margin of 1.47 dB at 311 kHz=.
The low—pass filter is thus only asymptotically stable for Q=1 with 7, =
220 kHz. Additionally, it displays the phase margin of 7.31° for Q=1 at
292 kHz. For Q=1, the max gain is 8.1 dB at 0.44 kHz=.
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Fig. 1.3: Low-pass (LP) filter stability response, with f, = 220kHz.
Table 1. 3: Low-pass (LP) response graph analysis of Fig. 1.3.
Gain- Phase—
Margin Margin Peak—Gain Stabil
Q (Gr) (Pa) ity
feco freo Statu
« (kH (de (kH C fe S
B) g) B) (kHz)
z) z)
0. - - 34.
0 493 4. 44x -
1 349 166 9 10711
0. - - 11. 4.4
0 269 e NW
5 11.9 152 9 10-10
1.4 7.3
1 311 292 8.1 0.44 5
7 1
5 - 241 e 457 28. 220 NS
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n 4
Na 74
10 Inf 23 549 20 g
n 3
Na 79
20 Inf 2.19 550 20 g
n .8

C. High-Pass Filter Stability Response

For a range of quality factor Q values, a high-pass (HP) filter's
stability response is shown in Fig. 1.5. Table 1.5 contains the data that
was discovered through the analysis of the stability response curves
shown in Fig. 1.5. For f; = 20 kHz, the high—pass filter is investigated
for various quality factor values (0.1, 0.5, 1, 5, 10, and 20). For all Q-
Factor values, the high—pass filter is effective.

The gain margin is seen to only have a positive value for Q = 1. For
example, for Q = 0.1, itis 45.9 dB at 6.03 kHz, while for Q =1, itis 10.2
dB at 14.1 kHz. With f, = 20 kHz, the high-pass filter is thus only
asymptotically stable for Q < 1. A high-pass filter's stability response
demonstrates that Q = 1 has an infinite phase margin. As the
importance of the quality component rises, the peak gain rises. Thus,
the gain margin, phase margin, and peak gain are all under the control

of the quality factor.
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Imaginary Axis

Real Axis

Fig. 1.5: High-pass (HP) filter stability response, with f; = 20 kHz.

Table 1. 5. High—pass (HP) response graph analysis of Fig. 1.5.
Gain- Phase—
Margin Margin Peak-Gain Stabili
abili
< (Gr) (Par) ¢y
(dB feco (de feca (dB £ Status
(k (kH l:H
z)
) Hzy | © 5 ) (
0. 45. 6.0 Na = 1.59x
Inf 5
1 9 3 n 4.3 1016
0. 11. Na 1.59
19 Inf -1 > 3
5 5 n 1gte
10. 14. Na
1 Inf 0 1x10° s
2 1 n
531 WL’L 4-“1*5! i) 22026 sz (2ysa8dt 9yl
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- 18. 26. 10.
5 — 5 . 16.1 . 20 NS
1 “ 19. 39, 16.
0 13.2 1 4 13.9 5 20 e
2 & 19. 45. 22.
0 19.5 5 6 158 3 20 N

1.5.2 An innovative voltage-mode universal switched—-capacitor

filter's response to varying central frequency (f,)

With circuit Q-factor=1, the circuit performance is examined for

various center frequency values for low—pass (LP), band—pass (BP), and

high—pass (HP) filters. This circuit's normal working range is between

10 Hz and 1.2 MHz. The value of ¢

x10° rad/sec.

{e, = €, = €,} is 2w (0.56)

Table 1.6: Capacitors values for low—pass (LP) filter, with Q=1.

iJHz Cy Cz Cs Cy

: (nf) (uf) (uf) (uf)
220 53.8 248 6.06 15.4
225 54.6 25.8 6.49 13.2
230 55.3 26.8 6.93 10.9
235 56.1 27.8 7.39 8.68
240 56.9 289 7.87 6.41
250 58.3 :1'0 8.90 1.82

Table 1.7: Capacitors values for band-pass (BP) and high—-pass (HP)
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filters,
with Q=1.
fo
| G e, e Ca
® () () ®
z)
3.51 63.2 0.57 96.4
10
un 1n n 3p
6.89 250. 4.56 92.8
20
n 55n n 5n
13.3 983. 36.4 85.6
40
n 97n 4n Sp
19.2 2.17 123 78.4
60
6 n n 5p
247 3.79 291. 71.1
80
Sp un 6n 4
50.4 20.9 4.55 24.0
200

A. Low-Pass Filter Stability Response

Fig. 1.6 displays a low—pass (LP) filter's stability response for a range

of f, values. The information from the stability response curve study is

presented in Table 1.8. With center frequencies of 210, 220, 230, 240,

250, and 260 kHz (all in kHz), the stability response is examined for

merit factor Q=1. It can be seen from the stability response that the

low-pass filter is effective for f, > 220kHz. For f, > 220 kHz,

regarding f,;, the gain margin has a positive value. The low—pass filter

is therefore exceptionally reliable only over the frequency range of

220 kHz < f, < 250 kHz with Q=1. When f, = 230 kHz. the stability

' dmald dodal) Wl
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response is seen to have a phase margin of 35.5° at 246 kHz. With an
increase in the center frequency value, the peak gain in relation to £,
drops. For example, the highest gain for f,=220 kHz is 8.1 dB at 0.44
kHz whereas it is -13.8 dB at 0.5 kHz for ;=250 kHz. As a result, the
central frequency regulates the gain margin, the phase margin, and the

peak gain.

4 1 13 L L L

; /"F-_M'\\ »——F0=210kHz
al +——+F0=220kHz
+——F0=230kHz
~——F0=240KHz |

|=—=F0=230kHz
e oF0=280kHz ||

\

Imaginary Axis

.

L

-2 -1 0 1 2 3 4
Real Axis

_,
o

4 r

Fig. 1.6: Low—pass (LP) filter stability response, with Q=1.

Table 1. 8: Low—pass (LP) response graph analysis of Fig. 1.6.
Gain- Phase—
y Margin Margin Peak—Gain Stabi
o -
(kHz (Gar) (Pyy) lity
feco Ffreo Statu
) (dB (KH (deg (kH ( H i
) ) dB) (kHz)
z) z)
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= — 1
210 297 322 it AS
192 8.27 1.5 10-3

1.4 8

220 311 7.31 292 0.44 s
7 1
55

230 325 355 246 4 il S
8 103
11. Na -

240 339 Inf 0.48 s
3 n 1.8
23. Na =

250 354 Inf 05 s
3 n 13.8
10. Na -

260 0 Inf 3.2x NW
9 n 10.9 1032

B. Band-Pass Filter Stability Response

For different values of f;, the stability response of a band—pass (BP)
filter is shown in Fig. 1.7. The information gleaned from analyzing the
stability response curves seen in Fig. 1.7 is presented in Table 1.9, The
band—pass filter is seen to function for f; < 250 kHz. Gain margin for
all values of f; is infinite dB. Therefore, for f, < 250 kHz with Q=1,
the band-pass filter is quite stable. Except for f; = 210 kHz, where the
phase margin is 138° at 206 kHz, the stability response displays an
infinite degree phase margin. The peak gain decreases as the value of
fo rises.

The max gain, for instance, is 0.174 dB at f;, = 210 kHz and -23.6
dB at f;, = 250 kHz.
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Fig. 1.7: Band—-pass (BP) filter stability response, with Q=1.

Table 1. 9: Band-pass (BP) response graph analysis of Fig. 1.7
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C. High—Pass Filter Stability Response

The stability response of a high-pass (HP) filter for different f,
values is shown in Fig. 1.8. Table 1.10 contains the data acquired from
the analysis of the stability response curves shown in Fig. 1.8, It has
been found that the high—pass filter also functions at f; < 250 kHz. As
the value of f, rises, the gain margin does as well. For example, for
fo = 210 kHz, itis 23.6 dB at 148 kHz, while for f;, = 250 kHz, itis 44.4
dB at 177 kHz. Because of this, the high—pass filter is only very reliable
at f, < 250 kHz with Q=1. the stability response exhibits an infinite—
degree phase margin for all values of .

With a rise in the central frequency value, the peak gain falls. For
example, the gain margin for f; =210kHz is -141 dB at
1.59x10'°kHz and for f, = 250 kHzis -34.8 dB at 7.85x10 " kHz.
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Table 1. 10- High—pass (HP) response graph analysis of Fig. 1.8.
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1.6 CONCLUDING REMARKS

In order to implement an innovative voltage-mode universal
switched—capacitor filter with numerous feedback signals, a new
circuit topology is proposed. Through one of the SCs, the terminals of
the first and second operation-inverting amplifiers receive a low-
voltage input signal. As a feedback network, the other three switched-
capacitors are employed. The LP filter is only asymptotically stable
for Q=1 and operates for Q1 in terms of quality factor. In contrast,
with regard to central frequency, it operates for f; << 250 kHz and is
asymptotically stable only for 220 kHz < f; < 250 kHz. In terms of
quality factor, the BP filter functions and is extremely stable for all
values of Q. However, in terms of central frequency, it operates and is
asymptotically stable for f; < 250 kHz. In terms of quality factor, with
the exception of Qz1, the HP filter operates and is asymptotically
stable. In terms of central frequency, the HP filter operates and is
asymptotically stable for f, < 250kHz. Both narrow and large
bandwidths can be employed with this filter. The circuit is not very
sensitive to both active and passive components. The circuit
concurrently performs the HP and BP transfer operations. For all

values of Q and f,, the circuit performs better in terms of BP. The
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findings demonstrate that the circuit performs better for Q=1 in the LP
and HP ranges. The benefit of RC—filter's stability response is that it
makes sure the output signal stays within a specific range and doesn't
fluctuate or diverge over time. This is crucial for a variety of
applications that demand a consistent output signal, including audio
processing, control systems, and communication systems.
Additionally, a consistent filter response guarantees that the filter
won't add any unwanted mnoise or distortion to the signal.
Furthermore, a stable RC—filter response makes it simpler to analyze
and build the filter since it eliminates mistakes in calculations and
lowers the possibility of instability problems. Given is a PSPICE circuit

simulation tool that supports the theoretical analysis.
1.7 RECOMMENDATIONS AND FUTURE WORK

Based on the findings of this study, the following recommendations

are proposed for future research:

1. It is suggested that the proposed RCfilter topology be built using
real electronic components to prove experimentally the validity of the

theoretical and simulation findings.

2. The impact of temperature changes on the stability, center
frequency, and Q-factor of the proposed filter under different

operational conditions should be studied further.

3. Future research should investigate the behavior of the proposed
filter under different power supply voltage changes to test its
robustness and reliability.

4. The proposed filter should be compared with recently designed
universal RC-filters in terms of complexity, power dissipation,

sensitivity, stability, chip area, and overall performance.
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5. Future research can include an expansion of the proposed
topology to high-order filters (fourth and fifth order) in order to
obtain better frequency selectivity.

6. A tolerance study needs to be performed to find out the effect of
manufacturing tolerances in active and passive components on the

filter performance.

7. Designing a low—power filter would make the proposed topology
more useful for battery—operated devices, IoT, wearable electronics,

and biomedical applications.

8. Verification through other circuit simulation software like
MATLAB/Simulink, Cadence, or LT-spice is advisable in order to
validate the designed circuit and to conduct a comparison of the

results obtained.

9. Further studies can involve the practical implementation of the
proposed circuit in real-life systems such as communication systems,
biomedical signal processing, audio signal processing, and industrial

control systems.

10. It is important that future researches focus on the influence of

noise and harmonic distortion on the performance of the filter.

11. Electronic tuning of the center frequency and Q value can also
be achieved with future study in order to enable automatic control

without the need for modifying the passive components' values.

12. The circuit can also be realized in the form of a CMOS IC
design with subsequent evaluation of chip area, power consumption,

cost of production, and possibility of fabrication.

13. Monte Carlo Analysis can be conducted to analyze the statistical
robustness of the designed circuit.

14. The practical application of the designed filter in RF

communication systems can be studied further.
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