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Abstract: An important feature in the design of passive and active filters networks is the method of the
analysis employed. The purpose of this work is to synthesis two active low pass filters, the first is
doubly terminated sixth order RLC passive ladder network and the second is multiple feedback
network. The analyzing of the ladder network is achieved using graph-theoretic approach and the
simulation is realized via MATLAB software tool version 8.1.0.604(R2010a) using Butterworth values
for a corner frequency of w. = 1 MHz. A confirmation of results is achieved by nodal analysis and
numerical analysis using Newton-Raphson method, respectively. The synthesized complete circuit
requires 14 operational amplifiers and uses voltage subtractors and non-inverting integrators as
building blocks with capacitors and inductors values evaluated from choosing R = 1 kQ as an arbitrary
value. For the second network, an RC passive circuit is used, the feedback and feedforward transfer
function are obtained using the transformed T-network. The elements values of an active network are
computed by considering a corner frequency of w, = 10 kHz.
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1. Introduction

Numerous appropriate design methods involve analysis, curve approximation, and
synthesis processes using proper components values can adequately describe the
characteristics of filters’ circuits [1]. Giving the filters specifications, the design can
be performed for various active filters using approximation techniques [2].
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The transfer function and frequency response are the most important aspects both in
the design and applications of these filters in the field of communication, signal
processing, and control systems [3-5].

A doubly terminated LC ladder structures was designed by symbolic maths [6]
through the synthesis of the transfer function of seventh order bandpass filter. Active-
RC filter synthesized from sixth order Chebyshev RLC low pass ladder filter is
presented in [7], and the filter fabricated in CMOS process optimizes high frequency
performance and minimizes current consumption.

In designing passive and active filters circuits, MATLAB software is flexible to
achieve high performance filters using different methods [8-10]. The analog filter
implementation using ladder filters has an advantage of low sensitivity in the
passband [11]. The signal flow graph (SFG) is one of the formulation methods for
characterizing the filter network, and the operational amplifiers building blocks can be
used for the synthesis process [12].

2. Sixth Order Ladder Filter

A doubly terminated sixth order RLC low pass filter ladder network depicted in
“Fig. 17 is chosen for analysis [13]. As shown the network contains two resistors,
three inductors, and three capacitors with their Butterworth values for Ry = R, =
1 kQ, and corner frequency w, = 1 MHz.

Y1 Y, Y3 Y4
1.414 mH 1.932 mH 0.518 mH

Figure 1. Doubly terminated ladder network.

The representation of the network using graph-theoretic approach is illustrated in
the directed graph depicted in “Fig. 2 with a specific tree represented by solid lines.

Figure 2. Network directed graph
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The vertices are the voltage variables. The dotted lines which is the co-tree is the
voltages of the branches while the tree is the currents branches. The voltages and
currents branches can be listed in the following formulas;

Kirchhoff’s voltage law:

Vo=V, =V, V, =V, = V3, Vg =V; =V, Vg =V, — Vg (1)
Kirchhoff’s current law:
L=Ilg-1;I3=1;—-1Ig 4 =lg— 1y Is =g (2)

Expressing each branch in tree and co-tree in terms of impedances and
admittances, respectively yields the following equations;

V, = (1/0.518 x 107%s)1,, V3 = (1/1.932 X 1079s)I5, V, = (1/1.414 X 10795)1,,
Vs = (1 x 103)Is (3)

I = (1/1x10%)V,, I, = (1/1.414 X 10735)V,, Ig = (1/1.932 x 107 3s) Vg,
I = (1/0.518 x 1073s)V, (4)

The impedances are

7, = (1/0.518 X 107%s), Z, = (1/1.932 x 10~%), Z5 = (1/1.414 x 10~%), and
Z, = (1% 103)

and the admittances are
Y, = (1/1x103),Y, = (1/1.414 x 1073s), Y = (1/1.932 x 1073s), and

Y, = (1/0.518 x 1073s)

3. Analysis

The signal flow graph (SFG) that corresponds to the directed graph is depicted in
“Fig. 3.

V]_ V6 -1 V2 1 V7—1 V31 V8 -1 V41 V9 -1 V5

< <
|6 1 |2 -1 |7 1 |3 -1 |8 1 |4 -1 |9 1 |5
Figure 3. Signal flow graph.

173



Journal of Engineering and Sustainable Development Vol. 21, No. 04, July 2017 www.jeasd.org (ISSN 2520-0917)

The path value is
P = 4.995 x 103> /s°

The first order loops’ gain are given by
L, =-1/(5.18 x1077s), L, = —1/(7.324 x 10~ 1352),
Ly =-—1/(2.731 x 107*%s2), L, = —1/(3.732 x 107 1252),
Ls =—1/(2.731 x 1071252), Ly = — 1/(7.324 x 107 1352),
L, =—1/(518%x1077s)
and the addition of these values yields
Ly =—1/(259%1077s) — 1/(2.68 x 107 1352)
The second order loops’ gain are given by
LiL; =1/(1.414 x 10718s3), L;L, = 1/(1.933 x 10718s3),
LiLs =1/(1.414 x 107 18s3), L1 Ls = 1/(3.793 x 107 19s3),
LiL, = 1/(2.683 x 107'3s2), L,L, = 1/(2.733 X 107%%5%),
Lyl =1/(2%x107%4s%), L,Lg = 1/(5.364 x 10725s%),
L,L; =1/(3.793 x 107%s3), L3Ls = 1/(7.458 x 10~2*5%),
LiLg =1/(2 x 107%*s%), L3L, = 1/(1.414 x 107185%)
LyLg =1/(2.733 x 10724s%), L,L, = 1/(1.933 x 10718s3),
LsL, = 1/(1.414 x 1071853)
and the addition of these values yields
Lo, =1/(2.683 x 1071352) + 1/(1.094 x 107 19s3) + 1/(2.68 x 1072°s%)
The third order loops’ gain are given by
LiL3Ls = —1/(3.863 x 10730s%), L, L3Ls = —1/(1.036 x 1073%%),
LiL3L, = —1/(7.327 x 10725s%), L1 L,Ls = —1/(1.415 x 1073%s5)

LiL4L; = —1/(1.001 x 1072*s%), L1 LsL, = —1/(7.327 x 10~25s%)
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LyLuLe = —1/(2.001 X 107365%), L,L4L, = —1/(1.415 x 1073055),
LyLgL, = —1/(1.036 X 1073%s%), LyLsL, = —1/(3.863 x 1073055)

and the addition of these values yields

Lz =—1/(1.34 x 1072°s%) — 1/(2.589 x 10731s%) — 1/(2.001 x 1073659)
The fourth order loops’ gain is given by

LyL3LsL, = 1/(2.001 x 1073659)

The voltage transfer function is obtained by Mason’s gain formula as,

4.995 x 103°

T 56+ 3.861 x 10655 + 7.462 X 1012s% + 9.14 X 10183 + 7.459 x 102452
+3.862 x 103% + 1 x 1036

VTF
(5)

Using MATLAB programming technique [14], the frequency response of the filter
is depicted in “Fig. 4”. It can be seen that the corner (resonance) frequency is
we = 1MHz at —3 dB.

3.1 Confirmation
3.1.1 VTF formula

The same result given in “(5)” can be obtained using nodal approach to the filter
circuit [15]. The VTFC is the confirmed voltage transfer function given by

Bode Diagram

0 ]
a\ \
=
5 50
E T
2 100
& ]
=
-15
"
? 150 T
=2 .
2 N
3 -360
= T
-540% - T .
10 Frequenc}g? (rad/sec) 10
Figure 4. Frequency response of ladder filter.
VTFC = @ (6)
D(s)
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where
and

D(s) = R,C;C,C3L{L,L3s® + (R{C;C,C3L Ly + C;C3L LyL3)s>
+ (C,C3L,LyR, + R{CyC,L Ly + Ry C,C3L,Ls + R{C,C3L,L5
+ R,C;C3L,Ls + R;C,C,L,L,)s*
+ (R{R,C,C,L; + R{R,C,C3L, + R{R,C,C3L, + R{R,C,C3L4
+ C,L L3+C3LyLs + C3L Ly + CyLyLy)s3
+ (R,C,L; + R,C3L, + RyC3Ly + R{CyLs + R{CyLs + R, C3L
+ R,C;L, + R,C,L, + R,C;L)s?
+ (R{R,C; + R{R,C, + R{R,C3 + L3 + L, + L;)s + (R, + R,)

Therefore

1000

s% +3.861 x 10%s5 + 7.4572 x 1012s% + 9.1326 x 101853 + 7.4557 x 102452
+3.8452 x 103%s 4+ 9.9875 x 1035

VTFC =

which is in closed agreement.

3.1.2 Corner Frequency

The value of the resonance frequency can be found by numerical analysis using
Newton-Raphson method and MATLAB programming. The resonance frequency is
calculated from

1 1000
. 2 —
IVTF(a)I” = 2 (1x103%%—7.459 x 10%*w? + 7.462 x 102 w* — w®)? +

(3.682 x 103%» — 9.14 X 1018w3 + 3.861 X 10°w>)2
The evaluated value is 1.001827 MHz which gives a much closed result.

4. Realization of 6™ Order Low Pass Leapfrog Ladder Filter

To synthesis the active filter, leapfrog realization, voltage subtractor and non-
inverting integrator [16] are the two types of operational amplifier (op-amp) circuits
used, both is depicted in “Fig. 5”. The implementation of branch weights and voltage
relations in the SFG is accomplished according to the followings;

i- Each subtraction of voltages or currents is implemented using the circuit in “Fig.
5a” with R = 1 kQ as an arbitrary choice. ii- Transmittance Y; is replaced by two
cascaded inverting op-amp stage, the second and third op-amp circuits in “Fig. 6a”,
the input resistance is chosen arbitrarily to be 1 MQ and all other resistors are 1 k(.

The voltage subtraction using voltage subtractor, item-i, at the input of the SFG
together with implementation of Y; is depicted in “Fig. 6a”, and further reduction
yields “Fig. 6b”.
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ili- Transmittance Z, is represented using “Fig. 5b”. With arbitrary choice of R =
1kQ, the capacitor value is calculated from RC = 0.518 x 107, this gives C =
0.518 pF. Transmittance Y, is implemented similarly with the same resistor value but
with ¢ = 1.414 pF.
iv- The transmittances Z,, Z3, Y5, and Y, are represented using item-ii.
v- The transmittances Z, is represented using “Fig. 6a” by interchanging resistors
values of 1 kQ with that of 1 M and vice versa.

The complete simulated circuit for ladder filter with a total of fourteen op-amps is
depicted in “Fig. 7”.

R
A
R
V(1) e—AM -
V() N '
R

-a-

V()

Figure 5. Op-amp circuits, a- voltage subtractor, and b- non-inverting integrator.

1kQ
AN 1kQ
e WA Lo
V2 e—AAA - 1 MQ v
Vv \ A Nv '\ 1 kQ
Vi / AN R
1 kQ + b -a-
1kQ z
1kQ
M
1 MQ
Vo e—AWN - b
3 -b-
Vi +
1 MQ
1 kQ

Figure 6. Representing of a- voltage subtraction and b- transmittance Y;.
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1kQ
A

1MQ > 1kQ
Ya > 1kQ 2 .
N

1k 1kQ 0.518 pFI
1kQ

L 1kQ
S1MQ

S1k0

1kQS
3

> 1kQ
1kQ 1kQ S .

—I\/\/\,tD 1kQ
- J- 7 Vs b
1414 pF M 1kQ 1.932 pF — 1kQ
it 1,932 pF J
L 1aapr 1kQ 1kQ
L

21kQ

1kQ > 1kQ

1.932 pFI

1kQ
1kQ

1kQ 1.414 pFI

1KQ
21k0

1kQ

0.518 pF
'—
1k

1MQ
1kQ

Figure 7. Circuit realization of sixth order low pass ladder filter.

5. Multiple feedback Filter

This is the second circuit to be synthesized, it is a second order multiple feedback
active low pass filter. An RC circuit that considered in analysis is depicted in “Fig. 8”,
the transfer function of this circuit can be found from feedback and feedforward
transfer functions [17].

5.1.1 Feedback transfer function

Setting V, = 0 to the circuit of “Fig. 8”, the circuit appears as depicted in “Fig. 9.
The internal T-circuit is converted to the impedances R,;, R, and R.; which can be
computed as follows

Ryl = —
10sC,  sCuRy+1
R{R3 R1R,

_ + R,R 7
TSR + 1 sCR +1 1 273 )

The impedances R,; and R, are
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R __ T _SCRiRRs + RiRy + RiRs + RoRs _ @
A R, R
Ryl E
n =T _SCoRiRRs + RiRy+RiRs + RyRy _ a
17 R, SC,R{R3 + Ry SCyR R3 + Ry
Ci
1]
I
RZ R3
1 @—g ——o 3
R1

Rat
Re1 Ru1
2

Figure 9. Circuit with V, = 0.

The parallel combination of R,; with 1/sC; yields

R =R 1 a
=t Vec, ” sCia+ R,

The feedback transfer function V, /V; is

EZL
Vi Ry + R

Substituting “9” and “10” into “11” gives

Vi s2C,C,R{R,R3 + sC;(R{R, + R{R3 + R,R3) + R

8

©)

(10)

(11)

Vs  52C,CyR1RyRs + S[C2R1R3 + Cy(RRy + RiRs + RyR3)] + Ry + Rs

(12)
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5.1.2 Feedforward transfer function

Setting V3 = 0 to the circuit of “Fig. 8”, the circuit of “Fig. 10” is obtained. The
internal T-circuit is converted to m-circuit with impedances R,,, R, and R,,. Let

_ RiRs R;R3
" SCRR;+1 sCyR;+1

T + R R3 (13)

The impedances R,, and R, are

T SC,RiRyR3 + RiRy, + RiR; + RyR;  a
Rop = 1= == (14)
Ry ll < Rs Rs
37 sC,
R,o=2___ % (15)
€27 R, sC,RyR; + R,
and
1 a
Rz =Rex |l = (16)
sC; sCia+sC,R{R; + Ry
The feedforward transfer function V, /V, is
i__Re (17)
Vo Rax + Ry
Combining “15”, “16”, and “17” yields
o e (18)
V,  s2CiCoR {RyR3 + s[C3R1R3 + Cy(R{R, + R{R3 + RyR3)] + Ry + R;
Ra2
1 2
Res Ro2
3

Figure 10. Circuit with V3 = 0.

From “12”and <18, the transfer function of the RC circuit is
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e WV 1/C,CoR R, s)
Y s2+s L. S )+ 1
C2Ry * GRR; * C3R3/  C1(3R;R3

which is a low pass filter. The multiple feedback active low pass filter that uses the
RC circuit is depicted in “Fig. 11”.

5.2. Filter design

At w. = 0, the gain in “19” is TF(0) = — R3/R;. Using Butterworth polynomials
for second order filter [18], if R; = R, = 1 Q then R; = 10 Q, the capacitors values
can be found from “19” as

1414 = 1(1+ Ly 1)
T G \Ry R, Rs
C,=1485F

and since

1
1=———
C1C2R3R4
then
C, =0.067F

The elements values for impedance scaling to 103 and frequency scaling to
10 kHz are

R, =R, = 1kQ, Rs = 10kQ, C; = 6.7 nF, C, = 0.148 nF

>_‘;_. Vout
+

Figure 11. Multiple feedback active low pass filter.

6. Discussions and Conclusions

The synthesis of first circuit, the doubly terminated RLC low pass ladder filter, is
performed using SFG. The implementation of the filter is achieved by selecting
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resistors values, and the capacitor values are found from network function of the op-
amp. An appropriate change in frequency and magnitude can made the components
value of practical one. The computed value of corner frequency obtained from
numerical analysis differs slightly, approximately (0.001 kHz), due to high power
coefficients. The ladder circuit can also be designed using inverting op-amps
(summers and integrators).

Active simulation to second multiple feedback active low pass filter is also
accomplished. The filter is synthesized by computing the elements values at a certain
specifications. The design allows the using of practical components values and
Chebyshev polynomial.
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