ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An ISO 3297: 2007 Certified Organization)
Vol. 4, Issue 8, August 2015

An Optimized Design Methodology

&Synthesis for Stability of 37¢-Pole Current-
Mode Active-R Filter

Adnan Abdullah Qasem’, G. N. Shinde?
School of Physics, S.R.T.M. University, Nanded, Maharashtra, India®.
Principal, Indira Gandhi (SR) College, CIDCO, Nanded, Maharashtra, India’.

ABSTRACT: The study proposes an optimized design methodology & synthesis for stability of 3™ -pole current-mode
active-R filter for fp=20 KHz and Q-factor =1. This paper illustrates a new configuration to realize the stability of 3™-
pole current-mode active-R filter. The proposed circuit implements three transfer functions lowpass, bandpass, and
highpass concurrently in single circuit with work at different nodes with gratified results. It observed that, all poles of
transfer functions have negative real parts, and they are lying within the left-half of the s-plane. The return ratio of
Nyquist diagram does not enclose the critical point (-1, 0) for all transfer functions. The gain (&) and phase (Pm)
margins are both positive. Thus the closed-loop for all transfer functions of 3™-pole current-mode active-R filter at
different nodes are asymptotically stable. This filter is stable for 1Hz < f >1449 KHz for Q-factor = 1. The output and
input gains are identical at gain cross over frequency. The benefits of this filter are the reducing in weight and size,
increasing of circuit quality with wide range for frequency, and it is easier and more economical for producing.

KEYWORDS: Stability, 37%-pole current-mode, active-R filter, Bode diagram, Pole/Zero Map, Step response,
Nyquist diagram.

I. INTRODUCTION

In this paper, 3™-pole current-mode active-R filter one input and three outputs multifunction has been presented. This
paper will discuss the stability of 37 -pole current-mode active-R filter. This active filter is designed with operational
amplifier and resistors only. Analog filters are important building blocks and widely used for continuous-time signal
processing [1]. In recent years, the current mode analogue signal processing circuit techniques have received wide
attention due to the high accuracy, the wide signal bandwidth and the simplicity of implementing signal operations [2,
3]. In filter circuit designs, current-mode filters are becoming popular since they have many advantages compared with
their voltage-mode counter parts, the current-mode filters have large dynamic range, higher bandwidth, greater
linearity, simple circuitry, and low power consumption etc. [4-6].Current-mode filter theoretically should exhibit high
output impedance (ldeally infinite) and low input impedance (ldeally Zero) [4-10].In this filter, we use at least ten
passive components such as resistor and three active components such as operation amplifier to realize 3"¢-pole
current-mode active-R filter.

Il. PROPOSED CIRCUIT CONFIGURATION

The proposed circuit configuration for an optimized design methodology & synthesis for stability of 3"-pole current-
mode active-R filter is as shown in Fig 1. The circuit consists of three Operational Amplifiers (OAs) (LF356N) with
wide identical gain bandwidth product (GBP=6.392 MHz) and ten Resistors. Resistors (formed by gi; and gi) assist
voltage-divider arrangement. The input sinusoidal low current is applied to the inverting terminal of the first op-amp
through first voltage-divider (formed by g1: and g41). The non-inverting terminal is grounded. The output of the first
op-amp is connected to non-inverting input of second op-amp through second voltage-divider (formed by g2: and g1).
The feed forward input signal is given to the inverting terminal of the second op-amp. The output of the second op-amp
is connected to non-inverting input of third op-amp through third voltage-divider (formed by gs; and gz1). The
inverting terminal is grounded. If voltage-dividers have high input impedances and low output impedances the circuit
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executes three transfer functions (lowpass, bandpass and highpass) at three different nodes. The lowpass, bandpass and
highpass transfer functions are as shown in Fig 1.
Qi gai g0

lin

SOHP

Fig 1: An Optimized Design Methodology & Synthesis for Stability of 3™-pole Current-Mode Active-R Filter.
I11. CIRCUIT ANALYSIS AND DESIGN EQUATIONS

Op-amp (LF356N) is an internally compensated op-amp, which is represented by “a single-pole model”,

Ay wr
A(S) = % (1)
Where,
Ay = open loop D.C. gain, w=open loop -3dB bandwidth, p =A;w= gain bandwidth product of op-amplifier.
Apwy B
== 2
A(S) g : @

Here 5 = wry,
This shows that the op-amplifier is an “integrator”. Thus, the transfer functions at three different nodes are given below.

The current-mode transfer function for lowpass filter:

_ kybeokoo By BoPaga
Py 4y +yaS+ys

(3)

The current-mode transfer function for bandpass filter:

_ kyk;ByBogsS
¥15 +y25° +yaS+y,

)

Ty

The current-mode transfer function for highpass filter:

_ o5’
e Vi1F 7S Sty

Ty (5]

Where

¥1=Bo tBL 1Bz +Ea
¥z = kB8 + kiBas:
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1 = KikoByBaga + KiKaBoPaga

4= I-{ k- I-{'JE?LE? I??'JE'J and

k, = {ﬁnl{ﬁu +gmlt

by = {goal(E2e + B0 )}

ks = {gaallgas + 80 )}

The circuit was designed using coefficient matching technique viz by comparing these transfer functions with General
3™ _order transfer function [8]. The general 3™-order transfer function is given by

[

O3 08+ 3+
T':S:] = 3 F ;R :F 19 ] (6)
27 +wgllL +a,ls* +wgll +E,-'5+"‘"u

By comparing (3), (4), and (5) with (6), we get the design equations as
BotEi+E:+8:=1 7)

1
kiBig + kufogs = wo 14 ) ®

. 1
kikoBoogs + kileafaags = wi (145)  ©)

kykokaPyBoBags = wi (10)
So that values of, gy, 81,82 and gz can be calculated using these equations for the values of f;=20 KHz, Q =1 and
k,=k,=k;=0.5 mS (tablel).
Table 1: Resistance values for the values of f; = 20 KHz & Q =1.
fo Bo B1 B2 83
(kHz) | (kQ) kQ) | Q) | Q)
20 987.48 12.44 | 78.1 0.25

IV. SENSITIVITY

The sensitivities of wy and Q in this 37%-pole current-mode active-R filter are as follows.
1

Sg. = —380 (11)
Sp0 = —%g,_ (12)
Sp = —%g: (13)
Sg = —%{g! -1} (14)
S, =S =Sy’ :% (15)
s _5;:" =5y =3 (16)
s = —5{1 + Qg (a7
2 =30+ Qg as)

1 3
s2 = -3 1+ Qe (m— 1] (19)
1
e - _C
sgg_—afclmj({g S5 E +2) @)

1
5§, = -30+Q (21)

2 3g;
Q _ = ps
h=-30+0(g el @
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2 3g,

Sk =—30+0Q (—z{gﬁg!] - 1] (23)
2 3g,

st = -31+@ (—2{gjg!j - 1) (24)
1

55, = —31+Q (25)
2 3g,

L=30+0(r 1) @)

Passive and active sensitivities are smaller than unity. These values ensure the stability of the circuit.
V. EXPERIMENTAL SET UP

The circuit consists of three operational amplifiers (OAs) (LF356N) with wide identical gain bandwidth product
(GBP=6.392 MHz) and ten Resistors. Resistors (formed by g;. and g;,) assist voltage-divider arrangement. The circuit
performance is studied for values of j5 =20 KHz with the circuit Q-factor =1. The general operating range of this filter
is 10 Hz to 10 MHz. The value of B (B,=B.=B:) is (2m x 6.392 x 10°rad/sec) and k (k;=k,=k.) is 0.5 mS. The
voltage-dividers have high input impedances and low output impedances. The input sinusoidal low current is applied to
the inverting terminal of the first op-amp through first voltage-divider (formed by g4, and gsp).

VI. RESULT AND DISCUSSION
The following observations are noticed for the stability of lowpass, bandpass and highpass at corresponding nodes.
A.THE STABILITY OF LOWPASS RESPONSE:

(a) Bode diagram for lowpass response:

Fig 2 shown bode diagram for the lowpass response of 3™ -pole current-mode active-R filter. The data obtained from
the analysis bode diagram for the lowpass response curve is as shown in table 2.The phase cross over frequency fprg is
at 28.3 KHz when the phase is at -180°, then gain is -9.54 dB at 28.3 KHz, so that the gain is less than zero dB, then the
feedback system of 3"¥-pole current-mode active-R filter is stable. The gain cross over frequency fzcq is at 0.173 KHz,
when the gain is at 0 dB, then phase is -1° at 0.173 KHz. The gain margin is 9.54 dB at 28.3 KHz, while the phase
margin is 179° at 0.173 KHz, then the gain (&) and phase (#; ) margins are both positive. Thus the lowpass response
of 3™-pole current-mode active-R filter is asymptotically stable. The output and input gains are identical at 0.173 KHz.
The phase (degrees) response of 3™-pole current-mode active-R filter is shown in Fig 2. It varies from 0° at low
frequencies to —270° at high frequencies.

Bode Diagram
Gm =9.54 dB (at 28.3 kHz) , Pm =179 deg (at 0.173 kHz)
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Fig 2: Bode diagram for lowpass response for values of ;=20 KHz and Q =1.
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Table 2: Graph analysis of Fig 2.

For Gain Margin For Phase Margin
Phase Gain Gain Gain Phase Phase
Margin Margin
%) freo dB feco G feco dB feco @ feco Py feco
(deg) | (KHz) (KH2) (dB) (KHz) (KHz) | (deg) | (KHz) | (deg) | (KHz)
-180 28.3 -9.54 28.3 9.54 28.3 0 0.173 -1 0.173 179 0.173
Fero:- Gain Cross Over Frequency frro:- Phase Cross Over Frequency
Gy - Gain Margin Py;:- Phase Margin

(b) Pole/Zero Map for lowpass response:

Fig 3 shown the pole/zero map for lowpass response for values of f;=20 KHz and Q =1. The Zeros and Poles of
lowpass response are given as Z =0, 0 and 0 where these three Zeros are at infinity, and Poles at-1.26x1075, and -
6.28x10"M4111.09%10"5. It observed that, all poles have negative real parts, and they are lying within the left-half of the
s-plane. Thus the lowpass response is asymptotically stable. The locations of the Poles of 3™-pole current-mode active-
R filter are shown in Fig 3.The zero is marked by a circle (0) and the pole is marked by a cross (x).

15X 10° Pole-Zero Map for Low-pass response
. T T T T T T
0.62 0.48 0.36 0.26 0.16 0.08 20
0.78 *
1 System: TLP 154
Pole : -6.28e+04 + 1.09e+05i
T~ . Damping: 0.5 10
B o5looe | noe idbercs Quershoot ):-16.3 i
é - . Damping: 1 Frequency (kHz): 20 5
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2 9
<
%
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Overshoot (%):16.3
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—514 -12 -10 -8 -6 -4 -2 0
Real Axis (seconds™) x10°

Fig 3: The pole/zero map for lowpass response for values of f; =20 KHz and Q=1.
(c) Step response for lowpass response:

Fig 4 shown the step response for lowpass response of 3™-pole current-mode active-R filter. It is observed that, the
poles are complex. Thus the system of lowpass response is under-damped with an overshoot, it is 0.08 dB and that is as
shown in Fig 4. The characteristics response obtained from the analysis step response of lowpass response curve is as
shown in table 3.

14 Step response for Low-pass
. T T T

System: TLP
Peak amplitude: 1.08
121 Overshoot (%): 8.14 a
Attime (seconds): 3.88e-05 System: TLP System: TLP
Settling time (seconds): 5.28e-05 Final vaiue: 1
1
System: TLP
8 081 Rise time (seconds): 1.82e-05 a
2
EL
< 0.6 4
0.4 =
0.2 o
0 | | | | |
0 0.2 0.4 0.6 0.8 1 12
Time (seconds) x10™

Fig 4: The step response for lowpass response for values of ;=20 KHz &Q = 1.
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Table 3: Graph analysis of Fig 4.

Peak amplitude Rise time Setting time Final value at Overshoot
(sec) (sec) (dB)
Time
dB (sec)
dB %
1.08 3.88x107-5 1.82x10"-5 5.28x107-5 1 0.08 8.14

(d) Nyquist diagram for lowpass response:

The Nyquist diagram for lowpass response of 3™-pole current-mode active-R filter is as shown in Fig 5. It observed
that, the return ratio of Nyquist diagram for lowpass response does not enclose the critical point (-1, 0). Thus the
closed-loop for lowpass response of 37-pole current-mode active-R filter is asymptotically stable. The Gain margin is
9.54 dB at 28.3 KHz, and the phase margin is 179° at 0.173 KHz.

Nyquist Diagram for Low-pass response

1 T T
la gp2dB 0dB 2 -4 dB

0.6L6dB

0.4F10'dB -10dB System: TLP h
Phase Margin (deg): 179
Delay Margin (sec): 0.00287

-20dB Atfrequency (kHz): 0.173

Closed loop stable? Yes

[20 dB

System: TLP
Gain Margin (dB): 9.54

Atfrequency (kHz): 28.3
Closed loop stable? Yes

Imaginary Axis
°

- | N I .
-1 -0.5 0 05 1 15
Real Axis

Fig 5: The Nyquist diagram for lowpass response for values of f;=20 KHz &Q = 1.
B.THE STABILITY OF BANDPASS RESPONSES:

(a) Bode diagram for band pass response:

Fig 6 shown bode diagram for bandpass response of 3*-pole current-mode active-R filter. The data obtained from the
analysis bode diagram for the bandpass response curve is as shown in table 4.The phase cross over frequency fpcg is at
Infinity KHz when the phase is at -180°, then gain is Infinity dB at Infinity KHz. The gain cross over frequency fzzg is
at 27.2 KHz, when the gain is at 0 dB, then phase is -85.8° at 27.2 KHz. The gain margin is Infinity dB at Infinity KHz,
while the phase margin is 94.2° at 27.2 KHz, then gain () and phase (my) margins are both positive. Thus the
bandpass response of 3™-pole current-mode active-R filter is asymptotically stable. The output and input gains are
identical at 27.2 KHz. The phase (degrees) response of 3™ -pole current-mode active-R filter is shown in Fig 6. It varies
from 90° at low frequencies to -180° at high frequencies.

Bode Diagram

0 Gm = Inf dB (at Inf kHz) , Pm = 94.2 deg (at 27.2 kHz)
T T T
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Fig 6: Bode diagram for bandpass response for values of f;=20 KHz &Q = 1.
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Table 4: Graph analysis of Fig 6.

For Gain Margin For Phase Margin
Phase Gain Gain Gain Phase Phase
Margin Margin
%) freo dB freo G feco dB | fero @ feco | Pw | foco
(deg) (KH2) (KHz) (dB) (KH2) (KHz) | (deg) | (KHz) | (deg) | (KHz)
-180 | Infinity | Infinity | Infinity | Infinity | Infinity 0 27.2 -85.8 27.2 94.2 27.2
Fero:- Gain Cross Over Frequency Frrco:- Phase Cross Over Frequency
Gy - Gain Margin Pp:- Phase Margin

(b) Pole/Zero Map for bandpass response:

Fig 7 shown the pole/zero map for bandpass response for values of f; =20 KHz and Q-factor =1. The Zeros and Poles

of bandpass response are given as Z =0, 0 and 0, where two Zeros are at infinity while one Zero is at the origin, and
Poles at -1.26x10"5, and -6.28x107+i1.09x1075. It observed that, all poles have negative real parts, and they are
lying within the left-half of the s-plane. Thus the bandpass response is asymptotically stable. The locations of the Poles
of 3™-pole current-mode active-R filter are shown in Fig 7.

15X 10° Pole-Zero Map for Band-pass response
: 062 ‘ 048 '0.36 026 016 008 y
0.78 %
1 System: TBP 15
Pole : -6.28e+04 + 1.09e+05i
Eal N Damping: 0.5 10
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B 05094 pole: 260105 Overshool (). 16.3 i
5 7 B Damping: L Frequency (kHz): 20 5
g Overshoot (%): 0
~ Frequency (kHz): 20
[2]
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% Zero: 0
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E= Frequency (kHz): 20 154
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0,62 ‘ 048 036 0,26 016 o008 2
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-14 -12 -10 -8 -6 -4 -2 0
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Fig 7: The pole/zero map for bandpass response for values of ;=20 KHz &Q = 1.
(c) Step response for bandpass response:

Fig 8 shown the step response for bandpass response of 3™-pole current-mode active-R filter. It is observed that, the
poles are complex. Thus the system of bandpass response is under-damped with an overshoot, it is 0.806 dB and that is
as shown in Fig 8. The characteristics response obtained from the analysis step response of bandpass response curve is
as shown in table 5.

09 Step response for Band-pass
. T T T

System: TBP
Peak amplitude: 0.806
0.7 Overshoot (%): Inf

Attime (seconds): 1.61e-05
0.6 =

0.5 n

0.4r- n

Amplitude

0.3 n
0.2 n

01 System: TBP

Rise time (segonds): 0

System: TBP

System: TBP )
o g 1 366-05 Final value: 0

0.1 I I I I I
0 0.2 0.4 0.6 0.8 1 1.2

Time (seconds) x10%

Fig 8: The step response for bandpass response for values of f,=20 KHz &Q = 1.
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Table 5: Graph analysis of Fig 8.
Peak amplitude Rise time Setting time Overshoot
(sec) (sec) Final value at
Time dB
dB (sec)
dB %
0.806 1.61x10"-5 0 6.36x10"-5 0 0.806 Infinity

(d) Nyquist diagram for bandpass response:

The Nyquist diagram for bandpass response of 3™-pole current-mode active-R filter is as shown in Fig 9. It observed
that, the return ratio of Nyquist diagram for bandpass response does not enclose the critical point (-1, 0). Thus the
closed-loop for bandpass response of 3™4-pole current-mode active-R filter is asymptotically stable. The Gain margin is
Infinity dB at Infinity KHz, and the phase margin is 94.2° at 27.2 KHz.

Nyquist Diagram for Band-pass response
T T

15 T
2dB 0dB -2dB

4dB
6dB
0.5f

10dB

20dB

Imaginary Axis
(=}

| System: TBP . System: TBP

-0.5¢ | Phase Margin (deg);94.2  — Peakgain (dB): 3.23 .
| Delay Margin (sec): 9.61e-06 - Frequency (kHz): 18

| Atfrequency (kHz): 27.2

| Closed loop stable? Yes

15 | I I I
-1 0.5 0 05 1 15

Real Axis
Fig 9: The Nyquist diagram for bandpass response for values of f;=20 KHz &Q = 1.
C. THE STABILITY OF HIGHPASS RESPONSE:

(a) Bode diagram for highpass response:

Fig 10 shown bode diagram for the highpass response of 3" -pole current-mode active-R filter. The data obtained from
the analysis bode diagram for the highpass response curve is as shown in table 6. The phase cross over frequency fpcgis
at 14.1 KHz when the phase is at -180°, then gain is -9.65 dB at 14.1 KHz, so that the gain is less than zero dB, then the
feedback system of 3™-pole current-mode active-R filter is stable. The gain cross over frequency fzcois at Infinity
KHz, when the gain is at 0 dB, then phase is Infinity at Infinity KHz. The gain margin is 9.65 dB at 14.1 KHz, while
the phase margin is Infinity at Infinity KHz, then the gain (G.;) and phase (@) margins are both positive. Thus the
highpass response of 3"-pole current-mode active-R filter is asymptotically stable. The phase (degrees) response of
3™ _pole current-mode active-R filteris shown in Fig 10. It varies from 270° at low frequencies to 0° at high
frequencies.
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Bode Diagram
Gm =9.65dB (at 14.1 kHz), Pm = Inf
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Fig 10: Bode diagram for highpass response for values of f;=20 KHz &Q = 1.

Table 6: Graph analysis of Fig 10.

For Gain Margin For Phase Margin
Phase Gain Gain Gain Phase Phase
Margin Margin
] frco dB frco Gy | feco | dB | foco @ feco Py feco
(deg) | (KHz) (KHz) | (dB) | (KH2) (KHz2) (deg) (KHz2) (deg) (KH2)
-180 14.1 -9.65 141 9.65 14.1 0 Infinity | Infinity | Infinity | Infinity | Infinity
Fero:- Gain Cross Over Frequency Freco:- Phase Cross Over Frequency
Gy :- Gain Margin Ppy:- Phase Margin

(b) Pole/Zero Map for highpass response:

Fig 11 shown the pole/zero map for high pass response for values of f; =20 KHz and Q-factor = 1. The Zeros and Poles
of highpass response are given as Z =0, 0 and O, where three Zeros are at the origin, and Poles at -1.26x10"5, and -
6.28x10"M+i1.09x10"5. It observed that, all poles have negative real parts, and they are lying within the left-half of the
s-plane. Thus the highpass response is asymptotically stable. The locations of the Poles of 3™-pole current-mode
active-R filter are shown in Fig 11.

x10° Pole-Zero Map for High-pass response
15 T T T T T T
0.62 0.48 0.36 0.26 016 008 5
0.78 3
1 System: THP 15+
Pole : -6.28e+04 + 1.09e+05i
~ D :05 .
'7‘% System: THP 03:[2;?30‘ (6):16.3 System: THP
2 ospose e oo
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<
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g 0510.94 Pole : -6.28e+04 - 1.09e+05i
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Fig 11: The pole/zero map for highpass response for values of f;=20 KHz & Q = 1.
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(c) Step response for highpass response:

Fig 12 shown the step response for highpass response of 3™ -pole current-mode active-R filter.It is observed that, the
poles are complex. Thus the system of highpass response is under-damped with an overshoot, it is 0.937 dB and that is
as shown in Fig 12. The characteristics response obtained from the analysis step response of highpass response curve is
as shown in table 7.

Step response for High-pass
T

1 T
System: THP

Peak amplitude: 0.987

0.8 Overshoot (%): Inf |
| Attime (seconds): 0

0.6 a

0.4 4

Amplitude

- System: THP -
Rise time (seconds): 4.56e-06

0.

N

Time (seconds)

System: THP
Settling time (seconds): 5.33e-05
0 .
System: THP
Final value: 0
0.2 -
04 | | | | |
0 0.2 0.4 0.6 0.8 1 12

x10°

Fig 12: The step response for highpass response for values of ;=20 KHz & Q = 1.

Table 7: Graph analysis of Fig 12.

Peak amplitude Rise time Setting time Overshoot
(sec) (sec) Final value
Time at
dB (sec) (dB)
dB %
0.937 0 4.56x10"-6 5.33x107-5 0 0.937 Infinity

(d) Nyquist diagram for highpass response:

The Nyquist diagram for highpass response of 3™-pole current-mode active-R filter is as shown in Fig 13. It observed
that, the return ratio of Nyquist diagram for highpass response does not enclose the critical point (-1, 0). Thus the
closed-loop for highpass response of 3™-pole current-mode active-R filter is asymptotically stable. The Gain margin is
9.55 dB at 14.1 KHz, and the phase margin is Infinity.

Nyquist Diagram for High-pass response
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Fig 13: The Nyquist diagram for highpass response for values of f; =20 KHz &Q = 1.
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VII. CONCLUSIONS

A realization of stability of 3™-pole current-mode active-R filter for values of f;=20 KHz and Q-factor=1 has been
proposed. The proposed circuit implements three filter functions lowpass, bandpass, and highpass concurrently in
single circuit. The three filter functions lowpass, bandpass and highpass work at different nodes with gratified results.
The gain (&y,) and phase (zy) margins are both positive for all the transfer functions. It observed that, all poles of
transfer functions have negative real parts, and they are lying within the left-half of the s-plane. The return ratio of
Nyquist diagram does not enclose the critical point (-1, 0) for all transfer functions. The gain () and phase (pm)
margins are both positive. Thus the closed-loop for all transfer functions of 3™-pole current-mode active-R filter at
different nodes are asymptotically stable. This filter is stable for 1Hz < f; >1449 KHz, for Q-factor =1. The output and
input gains are identical at gain cross over frequency.
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