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Abstract: This article aims to develop a band pass filter's mathematical model using the Floating Admittance Matrix
(FAM) method. The use of the conventional methods of analysis based KCL, KVL, Thevenin's, Norton's depends on the
type of the particular circuit. The proposed mathematical modeling using the floating admittance matrix method is
unique, and the same can be used for all types of circuits. This method uses the partitioning technique for large network.
The sum property of all the elements of any row or any column equal to zero provides the assurance to proceed further
for analysis or re-observe the very first equation. This saves time and energy. The FAM method presented here is so
simple that anybody with slight knowledge of electronics but understating the matrix maneuvering, can analyze any
circuit to derive all types of transfer functions. The mathematical modelling using the FAM method provides leverage to
the designer to comfortably adjust their design at any stage of analysis. These statements provide compelling reasons for
the adoption of the proposed process and demonstrate its benefits.
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1 Introduction

Active and passive filters are building blocks of any
electronic and communication systems that can alter or
change the amplitude and/or phase characteristics of a signal.
Active and passive filter are linear circuits that reshapes the
unwanted signals and distortion from the contaminated input
signal. Ideally, active and passive filter alters the various
frequency components associated with amplitudes and the
phase. The frequency-domain behavior of signals defines a
particular type of filter. The transfer function of any filter is
simply the Laplace transform of the output signal to the Input
Signal. Filter Circuit, which consists of any active devices
(transistors) and Op. amps, in addition to resistors, inductors,
and capacitors, is called the active filter. On the other hand, a
filter circuit designed with passive components only such as
resistors, capacitors, and inductors, is called a passive filter.
The operating frequency range of the filter is used to
determine the electronic components in designing the circuit.
Hence, the filter can also be further categorized based on the
operating frequency of a particular circuit. In signal
processing, a band-stop filter or band-reject or notch filter is
a circuit that passes almost all frequencies unchanged but
attenuates those in a specific range to very low levels. It is
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working just opposite to a band pass filter. The notch filter is
designed to stop a very small band of frequencies, called a
band-stop filter with a very narrow stop-band. Other names
of this type of filters include "band limit filter," "T-notch
filter," "band-elimination filter," and "band-reject filter."

2 Methodology

The conventional method of analysis uses one of the most
suitable methods from KCL, KVL, Thevenin's, Norton's, etc.,
as per the suitability for a particular circuit, whether active or
passive. The proposed floating admittance matrix method is
unique, and the same can be used for all types of circuits. The
complicated network can take the advantage of the matrix
partitioning technique. The sum property of all elements of
any row or any column elements equal to zero provides
confidence to proceed further for analysis or re-observe the
circuit at the very first equation to save time and energy.

The planar spiral type of inductor occupies more space
and is associated with the low-quality factor; which is
detrimental to be used in the filter circuit design. Because of
this reason, Faruqge et al. [1] used simulated inductance to
achieve a high-quality factor for RF applications. This paper
presents a comparative analysis of active inductor design for
high-quality factors at high-frequency applications based on
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the active inductor topologies. Active inductor-based circuits
are commonly used in integrated circuits where the inductor's
quality factor dominates the performance of the designed
circuits. As the planner spiral inductor occupies a large area
and shows a low-quality factor, an active inductor is an
excellent option to overcome the spiral inductors' drawbacks.
This paper summarizes the analysis and simulation results to
select one of the best active inductor topologies to generate
high-quality factors for high-frequency applications.

The use of shunt filters for better system performance
Shady et al. [2] was discussed in the multi constraints
belonging to the domain of multi-objective functions. The
main aim here is to minimize total harmonic distortion of the
load voltage, supply line, and cost minimization.

Shady et al. [3] demonstrates the optimal design
technique to effectively utilize the cables and transformers
for harmonically contaminated voltages and currents,
accounting for the frequency-dependent loss of power. The
method is especially suitable for a higher current carrying
capacity of load.

It is shown that HP filters have dual properties than LP filters
in the sense of sensitivity. Among various topologies of the
BP filters, the best topology was demonstrated in this article.

The knowledge of the transfer function's characterization
gives enough information to decide that the correct
functioning of the circuit will be achieved. The variations or
changes in the input and output impedances, power supply
coupling and uncoupling, variation in the circuit components,
and the other dynamic behaviors in the filters' structure are
essential parameters discussed in detail by Bogdan [4].

Sargar et al. [5] suggests in-depth modelling and design
procedure of LCR filter, primarily for inverter design used in
alternative green energy sources such as a solar system. The
MATLAB simulation of PV cell, DC-DC boost converter,
and inverter with LCLR filter was also included in the paper.

The heuristic method is supposed to be the easiest and
the best for the single tuned passive filters' optimized
solution tapping of its essential parameters; which is very
difficult. Such techniques provide a reasonable solution in a
short time as it uses fewer iterations. The process called
Response Surface Methodology (RSM) proposed by Sakar et
al [6] was presented to solve issues of paper [5]. This
approach looks to
minimize the harmonic distortion in voltage and current of
the circuit.

Mathematical modelling based on the admittance matrix

model [7]-[9] uses older elements such as norators, and
nullators. Papers [10]-[13] suggested modelling techniques
for measuring different parameters using FAM of three-
terminal active devices such as FETs and BJTs. The circuit
synthesis using passive components (resistors, inductors, and
capacitors) is discussed in detail [14]-[15].
Desensitization using impedance tapering is being used to
design a class-3 circuit with negative feedback [16]-[17]. In
the negative feedback loops, the RC-section impedance is
scaled upward from the driving source to the negative
terminal of the amplifier input.

Frequency-selective circuits pass the signals of a range
of frequencies through it without alteration in the input
signal's magnitude. The pass-band filter passes the signal
without alteration in the magnitude of the input signal to the
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output port. However, the magnitude of the input signal
passed is reduced drastically, ideally to zero value, outside
the pass band. The input currents of such circuits are of no
significance, so their transfer functions are not examined.

In the subsequent subsection, we will take up some of all
types of RC filters, and analyze one by one, using the floating
admittance matrix approach (FAM).

3 First-Type Bridge T-Network

Bridged T Network

R3
Op-Amp with Unity Gain

Rf

QOutput
Voltage2

+ . -

Fig. 1 First-Type Bridge -T Network

The floating admittance matrix of the bridge-T network
without Op. Amp in Fig. 1.is written [10]-[13] as;

1 2 3 4 1
| G5 + sC, —sC; —G3 0 41]
| —sc, sCi+sC+6G, —s¢; —Gll21 (1
| —c, —-sC, G+sc, 0|3
L o G, o G ll4l

The open-circuit voltage transfer function between terminals
3 & 4 and 1& 4 can be expressed [10]-[13] as;

Y14
Ayl = sgn(3 = Hsgn(1 - (-1 L] )
|Y14_ _ |_SC2 SC]_ + SC2 + G4
34l _G3 —SC]_
=s2 4 S(C1+C2)G3 G3Gyg
C1Cy €1C2
|Y14| _ |SCl + SCZ + G4 _SC1
i —sCy G3 + sC;
_ |SC2 + G4 —SCl
ISC+G3+ Gy Gy
- G3 G + sCy
=32+ S{(Cz+61)63+c164} G3Gy
C1C, €1Cy
1,1\1, 1
34 _ 52+5(c1 C2/Rs  C1iCaR3Ra
Av|14- - 1\1 1 1

1 1
2 ! }
s +S{(C1T62/R3 T CyR4J " C1C3R3Ry
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2,90, 2
_ s’+satwi  STHSH TG
s2+sb+w? SZ+S%+(O(Z) ©)
1
Since, ,B(S)|14 = 3%
A |14

Considering inverting amplifier include in the circuit of Fig.
1, the overall voltage transfer function is;

54 _ Vsa _Vsg Usy
Alis =—=—x—
Via Vig U3z
2, %0, ,2 2,90, 2
_ ot (_ R_F) _ _TTot™ for Rr =R; 4)
52+sg—;’+w§ R; sz+sg—g+a)§ !

The transmission zero in Eq. (4) is similar to the poles of the
closed-loop circuit of Fig. 1. Hence, the transmission zero
forms the polynomial as;

w
sz+s?°+w5=sz+sa+w5

— <2 oy, r
=st+s (61 + cz) r C1C2R3Ry )
2 _ _ Wo __ Wo — Wo
wo C1C2R3Ry’ Q= (Cll é)% [Cil(,-"—zié}
_ JGGRi/R,
C1+Cy
For, R=Rs=R,and C; =C,=C,Q=0.5 (6)

The characteristic equation for the pole is;

245224 ¢ =s%+sb+ wh
1
1, 1\1 1 2 1 3
wherc,bz{(—+—)—+ }=—+—=—,and
€1 C3/ Rz (R4 RC  RC RC
— 1 @ _ -1
Wy = RC’Q RC 30)07 Ql -

The characteristic equation for thc pole is now expressed as;
s% + 3wes + w3

Though there is no need to find out the current transfer ratio,
we include both current transfer and power transfer ratios for
academic purposes. The current transfer function between
terminals 3 & 4 and 1 & 4 can be expressed [13] as;

A; |14 =sgn(3 —4)sgn(1 — 4)(— 1)12 |Y34|

|Y4|

G3 + SCZ _SC2 —G3

|Y4_4| = _SCZ SC]_ + SCZ + G4 _SC]_
_G3 _SC]_ G3 + SC]_
G3 + SCZ 0 _63
=l 0 ¢ o
—G3 0 Gz+sC

= G4{(G3 + 5C3)(G; + sCy) — G5}
= G4S{SC1C2 + Gg (Cl + Cz)}
All:i;i_ — SZC1C2+S(C1+C2)G3+G3G4 GL (9)

G45{s5C1C2+G3(C1+C2)}

The power transfer function between terminals 3 & 4 and 1&
4 can be expressed as;
A | (10)

= A,135xA; 134
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A 34 52C1Co+5(C1+C3)G3+G3Gy
P|14 - {szclcz+s{(c2+cl)a3+cla4}+a3a4}
{SZC1C2+5(C1+CZ)G3+G3G4 G }
G45{SC1Ca+G3(C1+Cx)} L

4 Experimental Verification
The MATLAB program for the bridge-T network in Fig. 1
and its Bode plot is shown in Fig. 2. It depicts the plot for
amplitude and phase variation with reference to frequency.
The assumed value of resistances and capacitances are
indicated in the program below.
3 =1500; r4 = 1500;
cl =1000e-6; c2 = 2000e-6;
A =(1/c1+1/c2)/13,;
B=1/c1*1/c2*1/r3*1/r4;
C=1/c1*1/c2*1/1r3*1/r4;

= 1/c1*1/c2*1/1r3*1/r4;
num = [1 A B]; den=[1 C D];
GP = tf(num,den);
bode(GP);

s"2 +s+0.2222

GP =

s"2 +0.2222 s +0.2222

The plot of the above-described continuous time domain
voltage transfer function without and with an inverter, shown
in Figs 2 and 3, respectively, indicate phase difference of 180
degrees.

Bode Diagram

Magnitude (dB)

Phase (deg)
|
|
|
|

-80

10°2 107!

10° 10! 102
Frequency (rad/s)

Fig.2 Plot of Bridge Network transfer function with
frequency without Op Amp.

The MATLAB program for the bridge-T network in Fig. 1
and its Bode plot including Op Amp is shown in Fig. 3.

r3 = 1500; r4 = 1500;
cl = 1000e-6; c2 = 2000e-6;
A = (1/cl+1l/c2)/r3;
B= 1/cl*1/c2*1/xr3*1/r4;
C = 1/cl*1/c2*1/r3*1/r4;
D= 1/cl*1/c2*1/xr3*1/r4;
num = [1 A B];
den = [1 C DJ;
GP = -tf (num,den);
Bode (GP) ;

-s"2 -s5-0.2222
GP= -

This is the continuous-time domain transfer function.
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Bode Diagram

Magnitude (dB)
~—

N
S
oo

210 _—

180

Phase (deg)

150

120
1072 10°

! 10° 10" 10

Frequency (rad/s)

Fig. 3 Plot of Bridge Network transfer function including Op-
Amp w.r.t frequency.

The input impedance between terminals 1 & 4 in Fig. 1 is
expressed [10]-[13] as:

yls
Zin=1Z14= ||;:||
41gs=0
G3 + SCZ _SCZ _G3
Yt =| —sC,  sCy+sC+ Gy —sC;
_G3 _SC]_ G3 + SCl
Gs+stz 0 —G Gi+5C,  —Gs
=| s G =sG =G T T 6y s
_G3 0 G3 + SC]_ 3 3 1
_ SCZ _G3 _ 2
=Galse, Gy +sc| T G4{s%C1Cy + 5(Cy + C5)Gs}
= 643{56162 + (Cl + Cz)G3} .
\éey
Zin = Zl4— = |Y4.|
41gs=0

_ SZC1C2+S{(C1+C2)G3+C1G4}+G3G4_

G45{sC1C2+(C1+C3)G3}
_1, sCy + Gs
Gy " SCo(sC, + G3) + C1G5
_1 L
s sCptii (14)

This Eq. (14) of input impedance represents the network of

the form shown in Fig. 4.

Ra
10 VAN
[ =
Zi=F14 = Cs
40 T T

Fig. 4 input impedance representation

The output impedance between terminals 3 & 4 of Fig. 1 can

R, = Ry, =1 (15)
|Y4|(;L:0
|Y34_ G3 + SCZ _SCZ
34 _SCZ SCl +SCZ +G4
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_|Gs +sC,
- _SCZ

Gs
sC + G,
= 52C1C2 + S(Cl + Cz)G3 + SCZG4 + G3G4_
_ |Y334—4

R, =Rz, = A
G

L=0

__ 52C1C2+5(C1+C2)G3+5C2Ga+G3Ga
T Gafs?C1Ca+s(C1+C2)G3}

1 (sC2+G3) 1 1
T Gy s(sC3+G3)C1+SC2G3 G SCaG3
4 (sC2+G3)C1+5C2G3 4 sCiatl

The circuit of output impedance in Fig. 5 represents Eq. (17).
vWA—) 3
il R
C
Ci
Rs (12)
O 4

Fig.5 Output impedance representation

&Z0=7/34

5 Second Form of Bridge -T Network
Figure 6 shows the dual (second type) form of the bridge—T
network for realizing the same type of transmission zeros.

c3

Rt

I ‘ " I . o 3 . . @
Ri
— = R2 R1
- . AAM—e—] 5 Output
o — [ Voltage2
A + .
F‘M» ! o > Cont
. . o4 . Cont
f(x)=0 s

Fig. 6 Second-Type Bridge-T Network

The floating admittance matrix for Fig. 6 is expressed [10]-

[13] as;
1 2 3 4
G, + sCs =G, —sCy 0 1
-G, G +G,+sC, -G, —sC|2](18)
—sC; -G, G, +sCs 0 |3
0 —sC, 0 sCy 1L g

The open-circuit voltage transfer function between terminals
3 &4 and 1 & 4 of Fig. 6 can be expressed [10]-[13] as;

y14

A3 = sgn(3 - Dsgn(l — H(- D2 L] (19)
|Y14_| — | _Gz G1 + GZ + SC4

34 _SC3 _Gl
= GlGZ + S(G1 + Gz)Cg + SZC3C4_
= g2 +S(Gl+GZ)C3 G1G2

C3Cy C3Cy

|Y14_| — Gl + Gz + SC4, _Gl

14 _Gl Gl + SC3
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_ Gz + SC4 _Gl
| s Gy + sCs

= 52C3C4 + S{C3(Gl + Gz) + C4G1} + GIGZ .

4+5(G1+G2)C3 | G1Gp
14 sy o203, 2172
A | |v34 |_ C3Cq  C3Cy
|y14| 52 {C3(Gl+62)+C4Gl} G1Go
C3Cs " C3Cy
1 1 wo, 2
s +s(—+—)—+— s2+5=2+w
_ Ri Rp/Cs C3C4R1R3 _ Qo 20
= T 1\1_ 1 1 = (20)

2 s2+5204)2
S +S{(R1 " R2)Ca TR1C3) TC3CaR1RS Q1 0

The overall voltage transfer function between terminals 5 & 4
and 1 & 4 including the Op. Amp is;

2,.%0, 2 2,20, 2
vz sy S +s 2 +wg RF\ S +s 0 +wgy
Al == = ey (1) = ~ e
Q 0 t Q ' ©
for RF :Ri (21)

In Eq. (21), the transmission zero is similar to the poles of the
closed-loop circuit of Fig. 6. Hence, the transmission zero is
expressed as;

@o 2 2
st4+s— 0 + wi = 5% + as + w}
— 52 +S(i+i)i+;
Ri R/ Cy  C3C4RiR;
here,w? = —— and (22)
C3C4R1R;
_ Wo _ 1 1 _ JR1R2C4/C3
Q= a \’C3C4R1R2x (Glc;az) T Ryt+Ry 23)
For,C3=C4s=C,and Ri=R,=R, ®,=1/RC, Q=10.5
The characteristic equation for poles is;
s? +sQ + w3 = s% + bs + w,
1
1, 1\1 1 3
where, b=(—+—)— =—
Ry Cs ' RiC3 RC
0)0 _ l
0. RC = 3wy, Q1 =
The characteristic equatlon for poles is now expressed as;
52+ 3wys + wi (24)

The current transfer function between terminals 3 & 4 and 1
& 4 of Fig. 6 can be expressed [13] as;

AR = sgn(3 = Hsgn(1 - H(-12 L6, (25)

G2 + SC3 _Gz _SC3
|Y4_4| = _Gz G1 + Gz + SC4, _Gl

_SC3 _GI Gl + SC3
GZ + SC3 0 _SC3
= 0 sC, 0
_SC3 0 Gl + SC3

_ Gz + SC3 _SC3 _ Gz _SC3
- SC4 _563 Gl + SC3 - SC4 Gl Gl + SCl

= SC4{SClG2 + SCgGl + 6163}

N C3C4+S(61+G2)C3+G162
SC4{SC1G2+SC3G1+G163}

Y-
afz =1, -

G 26
V2] Lo @9

The power transfer function between terminals 3 & 4 and 1 &

4 of Fig. 6 can be expressed as;

34
Apl, = AvliixA13
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_{ 52C3C4+5(G1+G3)C3+G1G5 }{szcgc‘4+s(c1+(;2)c3+c;1c2 G }
S2C3C4_+S{C3(61+Gz)+C461}+6162 SC4{SC162+SC361+G1G3}

6 Experimental Verification
The MATLAB program for the bridge-T network shown in
Fig. 6 is given below and its Bode plot is shown in Fig. 7.
The plot shows amplitude and phase variation with reference
to frequency. The assumed value of resistances and
capacitances are indicated in the program.
rl = 1500; r2 = 1500;
c3 = 1000e-6; c4 = 2000e-6;
A = (1/e¢3+1/c3)/rl;
B = 1/c3*1/cd4*1/r1*1/r2;
C = A+1/c3*1/xr2;
num = [1 A B];
den [1 C B];
GP = tf (num,den);
bode (GP) ;
s™2 + 1.333 s + 0.2222

s”"2 + 2 s + 0.2222
The continuous-time domain transfer function indicated by
above equation is plotted in Fig.7.

Bode Diagram

0 —— R e ————

Magnitude (dB)
w N B
L/

1072 107" 10° 10" 10
Frequency (rad/s)

Fig.7 Magnitude and phase plot of Bridge-T without Op-
Amp.

The MATLAB program for the bridge-T network shown in
Fig. 6 is given below.

rl = 1500; r2 = 1500;

c3 = 1000e-6; c4 = 2000e-6;

A = (1/c3+1/c3)/rl;

B = 1/c3*1/cd*1/r1*1/x2;

C = A+1/c3*1/r2;

num = [1 A B];

den = [1 C B];
GP = -tf (num,den);
bode (GP) ;
-s™2 - 1.333 s - 0.2222
GP = —=m——m o

s*"2 + 2 s + 0.2222

The continuous-time domain transfer function indicated by
above equation along with Op. Amp. in Fig. 6 is plotted in
Fig. 8.
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Bode Diagram

10° 10
Frequency (rad/s)

Fig. 8 Magnitude and phase plot of Bridge-T with Op-Amp

The input impedance between terminals 1 & 4 of Fig. 6 can
be expressed [10]-[13] as;

y.l4
Zin =214 = | 1:' (28)
|Y4- | gs=0
Gz + SC3 _GZ _SC3
|Y44| = _GZ Gl + GZ + SC4 _Gl
_SC3 _Gl Gl + SC3
0 sCy 0
= _GZ SC4. _Gl
_SC3 0 61 + SC3

= _564{_((;1 + SC3)GZ - SC3GI}
= 5C4{s(Gy + G,)C3 + G,G4}

o
14 — 4
|Y4' |gs:0
52030, + 5{C3(Gy + G3) + C4G1} + G1G,
h sC{s(Gy + G,)C;3 + GG}

Zin:Z

- sCy{s (G, + G2)Cs + G,G1}  sCu{s(Gy + G)C5 + GGy}

82C3C4 +S{C3 (G] +G2)+C4G]}+G1G2

Zi=7Zis=
SC4{(G) +G2)C3 + GGy}
1 1
= + 29
SCy SC5G, 29)
Gy+—"——
SC3 + G]
1 1
= + 30
SCy SC3G, (30)
Gy+—"——
SC3 + G]
Figure 9 is the representation of the input impedance of Eq.
(30).
1 O ||
I
Ca J— Ca
Zi=Tu = %Rz
Fa
1 O
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Fig.9 Input impedance representation

The output impedance of Fig. 6 between terminals 3 & 4 can
be written [10]-[13] as;

_ _ v
Zo="1Z34=
1 gm0
‘Y34‘ _ G2 +SC3 -G2
#*11-aG, G, +G, +SCy

— (G1+G2)Gr+GaSCs +SC3(G1+Ga)+S2C5Ca G 2
= S2C3C4+S {C5(G1+Ga)+CaGa} +G1 G
Zo =234

S2C5Cy +S{C5(Gy +Ga) + 4Gy} + GG,y
) SC4{SC5(Gy +G2) + GGy}

1 . SC4(SC5 +Gy)
SC4 SC4 {SC3(G1 +G2)+G1G2}

1 1

+

SCy SC53G,
SC3 + G2
Figure 10 shows the circuit representation of the output
impedance as per Eq. (33).

4, 3
T 50

G1+

Cs
Ri =/0=7/34

R>

04

Fig.10 Output impedance representation

7 Results and Discussions

The plots in Figs. 2, 3, 7, and 8 corroborate the theoretical
results obtain. The FAM mathematical model presented here
is so simple that anybody with slight knowledge of
electronics devices but understanding matrix maneuvering
can analyse the circuits to derive all transfer functions
provided the parameters of devices are known to him/ her.
The analysis and then designing any circuit using the floating
admittance matrix model is based on pure mathematical
maneuvering of matrix elements. The transfer functions are
defined as minors' ratio with proper signs, called cofactors of
first and or second order. The mathematical modelling using
the FAM approach provides leverage to the designer to
comfortably adjust their design style at any analysis stage.

8 Conclusions

The modelling and simulation of bridge -T network has been
carried out using MATLAB’s Simulink system environment.
This paper provides simulated and numerical validation of
two forms of bridge -T network used for band pass filter. The
MATLAB program developed for the transfer function for
both types of the RC bridge-T network are plotted in the form
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of magnitude and phase w.r.t. frequency. The input and
output impedances are derived and drawn using the FAM
technique.
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