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Abstract

This paper presents a systematic synthesis procedure for generating universal voltage-
mode biquadratic filters based on the nodal admittance matrix expansion. The obtained
eight equivalent circuits can realize all five standard filter functions namely lowpass,
bandpass, highpass, notch and allpass employing only two active elements. The obtained
circuits offer the following advantages: five inputs and two outputs, simple circuit
configuration, orthogonal controllability between pole frequency and quality factor, and
low active and passive sensitivities. The workability of some synthesized filters is verified
by HSPICE simulations to demonstrate the usefulness of the proposed method.

Keywords: Nodal admittance matrix expansion; Nullor-mirror element; Universal
biquadratic filter; VVoltage-mode.

1. INTRODUCTION

Due to the capability to realize simultaneously more than one basic filter
function with the same topology, continued researches have focused on realizing
universal filters. Many multi-input/multi-output universal biquads were presented
(Chen, 2010; Horng, 2004; Horng, 2001; Chang et al., 1999; Chang, 1997; Chang et al.,
2004; Wang et al., 2001). However, most papers have included only one novel circuit,

little attention has been paid to the design of universal filters in a systematic way.

Recently, a symbolic framework for systematic synthesis of linear active circuit
without any detailed prior knowledge of the circuit form was proposed (Haigh et al.,
2006; Haigh, 2006; Haigh et al., 2005; Haigh & Radmore, 2006; Saad & Soliman,

2008). This method, called nodal admittance matrix (NAM) expansion, is very useful to
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generate various novel circuits in a systematic way. Based on this synthesizing method
of active network, the generation of several oscillators, trans-impedance, current-mode
and voltage-mode filters has been proposed (Li, 2013; Tan et al., 2013; Soliman, 2011;
Tran et al., 2015; Soliman, 2010). The synthesis procedure of voltage-mode filters
proposed in Haigh (2006) is suitable to synthesize discrete transfer functions with
different circuit topologies. It is difficult to synthesize multiple filter functions using an
identical topology. The simplified systematic synthesis of current-mode universal filters
using NAM expansion was reported in Soliman (2011). The synthesis of voltage-mode
high-Q biquadratic notch filter was reported recently (Tran et al., 2015). However, the
systematic construction method for deriving multi-function filter is not available in the

literature, to the authors’ knowledge.

In this paper, an expanded work of our proposed method in Tran et al. (2015) for
synthesis of universal voltage-mode biquadratic filters based on NAM expansion is
presented. The obtained filters with five inputs and two outputs can be used to realize
five generic filter functions. They comprising two active elements possess low active
and passive sensitivities characteristics. The resonance angular frequency and quality
factor can be adjusted orthogonally. Two derived filters are verified by HSPICE
simulations for illustration. The simulated results confirm the workability of the derived

circuits and hence reveal the feasibility of the proposed approach.
2. DESCRIPTION OF THE PROPOSED METHOD

To synthesize universal filter circuits using NAM expansion, the denominator
D(s) of a transfer function with desired specifications is chosen and it should be

expressed as an admittance matrix in NAM equations as shown in (1).

(Vi Yaz oo Vi o Yaw |
Yar Yoo oo Yoi oo Yon
Yie VYiz - Yij - VYin
[ Yng Ynz oo Yngo oo Y| (1)

This matrix can be used as a starting matrix in NAM expansion to find the

circuit configuration with no input signals (Tran et al., 2015).
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For the voltage-mode filter in Wang et al. (2010), it is observed that the reduced
admittance matrix of a voltage-mode circuit after applying symbolic analysis includes
node 1 as input node and other nodes as output nodes (Wang et al., 2010). This matrix
also contains admittance terms of numerator of the transfer function of a circuit in the
first column. Since the inputted voltage source can be represented by its equivalent
circuit shown in Figure 1, we can obtain the expanded NAM of a synthesized circuit
with injected voltage source equivalent circuit. In addition, each appeared passive
element in matrix (1) can be used to inject the input voltage source, thus the circuit
topology of a universal filter with multi-input property represented by the form of
matrix (1) can be obtained. The procedure to synthesize voltage-mode universal filters

can be summarized as below (Tran et al., 2015).

n
2 n,

Figure 1. R-nullor equivalent circuit of a voltage source
Step 1) Introduce a row and a column of zero terms to row 1 and column 1, and

add a unity grounded resistor to position (1, 1) of (1). The existing columns and rows

are moved to the right and to the bottom, as given by (2).

1 0 0 0 0
Yiu Y2 0 Yu i yl,N
0 Yy VYoo - Yai o Yan
0 Yie Yiz o Yy o Yiw
10 Vi Yz 0 Yng o Y| (2)

Step 2) Use the Cramer’s rule; add appeared admittance terms to the first
column of matrix (2) to estimate the numerator of the desired transfer function of filter
such as lowpass, bandpass, highpass, notch and allpass. This operation is equivalent to
the injecting of input voltage signal to the added admittance terms in column 1. The

adding of admittance terms to the first column will not affect the denominator of the
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transfer function. For example, the matrix (3) can be obtained according to Step 2 by

adding term xy11.

1 0 0O - 0 - 0
iyn Yiu Y2 0 Yy i Yin
You Yoo v Ya; ot Yo
0 Yie Yio yi,j YN

L O Yo Yne 0 Yago ot Yaw (3)

Step 3) Introduce a column and a row of zero terms to column 2 and row 2 of the
matrix (3) and place the infinity variables to the admittance matrix to realize the
equivalent circuit of voltage source in Figure 1. Therefore, a nullator between column 1
and column 2 and a norator between row 2 and ground are introduced. The matrix (3)

becomes (4).

[ 1 0 0 0 0 0O 0 o
-0, oo, 0 0 0 0O O o
=R U VP /PR Yin
0 0 You Yaur -+ Yo Yan
0 0 Yyu VY Yii Yan
L 0 0 Yor Yoo - yn,j yn,n_ (4)

Step 4) Expand the obtained matrix (4) to find the complete admittance matrix
of the synthesized circuit (Haigh, 2006; Saad & Soliman, 2008).

It can be observed that in NAM expansion process, we need to introduce row
and column of zero terms and infinity-variables with a common node on the main
diagonal in order to move the admittance elements to their correct form in admittance
matrix. Thus, four types of CClls with a common node at terminal-X are used to

implement the nullor-mirror element pairs in the synthesized circuits (Tran et al., 2015).
3. APPLICATION EXAMPLES

We hope to synthesize biquadratic voltage mode universal filters using

minimum number of passive elements with the property of orthogonal control between
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Q factor and pole frequency. Thus, the denominator of the transfer function is chosen as
(5). Since several filter functions with grounded capacitors can be obtained if each
capacitor is arranged to have only a single position on the main diagonal of NAM. Thus,
the equation (5) can be expressed by (6) and (7) in the form of (1). Following Step 1 of
the procedure in Section 2, the equivalent NAMs (8) and (9) can be obtained from (6)
and (7), respectively.

D(s)=5°C,C, +sC,G, +G,G,

©)
{GI+SC1 —Gz}
G3 SCZ (6)
[G,+sC, G,]
L _63 SCZ_ (7)
(1 0 0 ]
0 G,+sC, -G,
_0 G3 SCZ_ (8)
(1 0 0]
0 G,+sC, G,
_0 _Gs SCZ_ (9)

The matrices (8) and (9) are defined as NAM type-A and NAM type-B,
respectively. They can be used as starting matrices in NAM expansion. The node 1 is
chosen as input node, nodes 2 and 3 are two output nodes denoted by Vouu and Vour. It
must be noted that the output nodes in (8) and (9) may be changed when applying Step

3 of the NAM expansion procedure in Section 2.

3.1.  Synthesis of type-A universal voltage mode circuits

Applying Step 2, a bandpass function at Vo and lowpass function at Vou can
be obtained by injecting the input voltage source to R; (=1/Gj). This operation

corresponds to the inserting of term -G, to the first column of (8), as the following

matrix.
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1 0 0
-G, G,+sC, -G,

0 G3 SC2 (10)

Using the Step 3, the matrix (11) can be acquired. By virtue of term oo, we can
move term —G; to column 2, add elements +G; to row 2 to complete the symmetrical
element set for term G; as (12). By applying Step 4, two columns and rows of zero
terms are created and pairs of nullor-mirror elements represented by oo, ooz are
introduced to the right and bottom of matrix (12). So the matrix (12) can be expanded as
(13)

1 0 0 0
-0, 0 0 0
-G, 0 G;+sC, -G,
L 0 0 G3 SCZ ] (11)
1 0 0 1
-0, G+, -G,
0 -G, G,+sC, -G,
| 0 0 G, sC, | (12)
[ 1 0 0 0 0 0
-0, G+, -G, 0 0 0
0 -G, G,;+sC, -, 0, 0
0 0 0, sC, 0 —o0,
0 0 0 -0, G,+w, 0
L 0 0 —o0, 0 0 G, +oog | (13)

The obtained filter represented by (13) is shown in Figure 2a with nodes Vi, V-
in3, Vina and Viins grounded. There are four alternative cases (cases 1-4) to introduce the
pairs of various nullor-mirror elements by expanding the matrix (11) (the NAM type-A),

as shown in Table 1.

Using different pathological pairs, the four nullor-mirror equivalent circuits of
the derived type-A filters represented by matrices in Table 1 are shown in Figure 2 with
nodes Vin2, Vin3, Vina and Vinps grounded. Each synthesized circuit includes two active

and five passive elements.
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(d)
Figure 2. Pathological representations of type-A prototypes

Table 1. Four cases of expanding NAM Type-A

Expanding matrix (11) (Case 2)

Expanding matrix (11) (Case 1)

1 0
-0, G, +oo,
0 -G,
0 0
0 0
0 0

1 0
-0, G, +oo,
0 -G,
0 0
0 0
0 0

0

0
_Gl
G, +sC,

Expanding matrix (11) (Case 3)

0 0

0 0

0o, 0

0 —00,
G, +x, 0

0 G, + o0, |

0 0

0 0

0o, 0

0 00,
G, +x, 0

0 G, + o0,

1 0 0
—o, G, +oo, -G,

0 -G, G,+sC,

0 0 0,

0 0 0

0 0 —o0,

0
0

—0,

sC,

0,

0

0

0
—0

0

G, + o,

2

Expanding matrix (11) (Case 4)

1 0 0
-0, G, +oo, -G,

0 -G, G,+sC,

0 0 0,

0 0 0

0 0 0,

0
0
0
03
0

G, + o0,

Similarly, a highpass function at Vo,u and bandpass function at Vo can be

obtained by injecting the input voltage source to C;. This is equivalent to the inserting
of term —sC; to the first column of (8) as the following matrix (14). Using Steps 3 and 4

to introduce nullor-mirror pairs denoted by co;, o0,, 03, the matrix (14) can be expanded

as (15).
1 0
—sC, G,+sC,
0 G,

_Gz
sC,

(14)
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1 0 0 0 0 0
-0, SC,+o0,  —sC, 0 0 0
0 -sC, G,+sC, -, ©, 0
0 0 0, sC, 0 —00,
0 0 0 -0, G,+o, 0
0 0 —o0, 0 0 G, +o0, (15)

For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to node Vi, with nodes Vi, Vins, Vine and Vips grounded, we can obtain the
filter represented by (15). Similarly, we can obtain other three type-A highpass
functions at Vo,u and bandpass functions at Vo, With injected voltage source at node

Vin2, s they can be observed in Figure 2(b,d).

Also, one additional bandpass function at Vo can be obtained by applying the
input voltage source to C,. This is equivalent to the inserting of term —sC, to the first
column of (8), as given by (16). Applying Step 3 and Step 4 to introduce nullor-mirror

pairs denoted by ooy, 00y, 003, the matrix (16) can be expanded as (17).

1 0 0
0 G,+sC, -G,

| -sC, G, sC, (16)
1 0 0 0

—o0,  SC, 400, 0 -sC, 0 0

0 0 G,+sC, -, 0,
0 -sC, 0, sC, 0 —00,
0 0 0 -0, G,+o, 0
0 0 —00, 0 0 G, +0o0, (17)

For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to node Viys with nodes Vi, Vine, Vine and Vips grounded, we can obtain the
filter represented by (17). Similarly, we can obtain other three type-A bandpass
functions at Vo1 with injected voltage source at node Vins, as they can be observed in
Figure 2(b,d).

In addition, a lowpass function at Vo can be obtained by injecting the input
voltage source to Rs. This operation corresponds to the inserting of term —Gg3 to the first
column of (8) as given by (18). By using Step 3 and Step 4 to introduce nullor-mirror

pairs denoted by ooy, 00y, 003, the matrix (18) can be expanded as (19).
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1 0 0
0 G,+sC, -G,

| —-Gs G, sC, (18)
1 0 0 0 0 0 ]

-0, G,+00, 0 0 0 -G,
0 0 G,+sC, —x, 0, 0
0 0 00, sC, 0 —o0,
0 0 0 -0, G,+o, 0

L 0 -G, —o0, 0 0 G; +oog | (19)

For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to node Vins with nodes Vi, Vine, Vins and Vips grounded, we can obtain the
filter represented by (19). Similarly, we can obtain other three type-A lowpass functions
at Vo With injected voltage source at node Vin, as they can be observed in Figure
2(b,d).

Besides, a bandpass function at Vo, and lowpass function at Vo, can be
obtained by applying the input voltage source to R,. This is equivalent to the inserting
of term G, to the first column of (8) as expressed by (20). The matrix (20) can be
expanded as (21).

[ 1 0 0
G, G,+sC, -G,
L 0 G3 SCZ (20)
[ 1 0 0 0 0 0
-0, G, 400, 0 0 -G, 0
0 0 G,+sC, —x, ©, 0
0 0 0, sC, 0 —o0,
0 -G, 0 -0, G,+w, 0
0 0 —o0, 0 0 G, +00, (21)

For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to node Vi with nodes Vi, Vine, Vins and Vins grounded, we can obtain the
filter represented by (21). In the same way, we can obtain other three type-A bandpass
functions at Vo, and lowpass functions at Vo with injected voltage source at node

Vins, s they can be observed in Figure 2(b,d).
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A notch function at Vo,u and lowpass function at Vo, can be obtained by
inserting terms —sC; and —G3 to the first column of (8) as (22). The matrix (22) can be

expanded as (23).

[ 1 0 0
-sC, G,+sC, -G,
L —G3 G3 SC2 (22)
[ 1 0 0 0 0 0
-0, G,+8C,+00,  —sC, 0 0 -G,
0 -sC, G,+sC, -, 0, 0
0 0 0, sC, 0 —o0,
0 0 0 -0, G,+o, 0
L 0 -G, —o0, 0 0 G, +oog | (23)

For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to the merged node of Vin, and Vins with nodes Vini, Ving and Vips grounded, we
can obtain the filter represented by (23). Similarly, we can obtain other three type-A
notch functions at Vo,u and lowpass functions at Vi with injected voltage source at

the merged node of Vi, and Ving, as they can be observed in Figure 2(b,d).

In addition, an allpass function at Vou (with G2 = G;) and a lowpass function at
Vourz Can be obtained by inserting terms —sC; + G, and —G3 to the first column of (8).

The matrix becomes

1 0 0
-sC,+G, G,+sC, -G,

-G, G, sC, (24)

Using Step 3 and Step 4, the matrix (24) can be expanded as (25). For the circuit
in Figure 2a, moving the injected voltage source equivalent circuit to the merged node
of Vin2z, Vine and Vips with nodes Vi and Vins grounded, we can obtain the filter
represented by (25). Similarly, we can obtain other three type-A allpass functions at
Vour and lowpass functions at Vo, With injected voltage source at the merged node of

Vin2, Vinsand Vips, as they can be observed in Figure 2(b,d).
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1 0 0 0 0 0
-0, G,+G,+sC,+o0, —sC, 0 -G, -G,
0 —sC, G, +sC, —oo, o, 0
0 0 0, sC, 0 —o0,
0 -G, 0 -0, G,+om, 0
0 -G, —o0, 0 0 G, +oo, (25)

A highpass function at Vo can be obtained (with C1G; = C,G;) by inserting

terms —sC; and —sC; to the first column of (8). The matrix becomes (26).

1 0 0
-sC, sC,+G, -G,

—SCZ G3 SCZ (26)

Applying Steps 3 and 4, the matrix (26) can be expanded as (27). For the circuit
in Figure 2a, moving the injected voltage source equivalent +oo; circuit to the merged
node of Vi and Vins with nodes Vin1, Vine and Vins grounded, we can obtain the filter
represented by (27). Similarly, we can obtain other three type-A highpass functions at
Vo With injected voltage source at the merged node of Viy and Vips, as they can be

observed in Figure 2(b,d).

[ 1 0 0 0 0 0
-, sC,+sC,+w, —sC, -sC, 0 0
0 -sC, G,+sC, -, 0, 0
0 -sC, 0, sC, 0 —o0,
0 0 0 -0, G,+om, 0
L 0 0 —o0, 0 0 G, +oo, | (27)

By inserting terms —sC; + G, and —sC, to the first column of (8) as shown in
(28), a notch filter at Vouz (with C,G1= C1G3) and highpass filter at Vo can be
obtained. By using Step 3 and Step 4, the matrix (28) can be expanded as (29).

1 0 0
-sC,+G, sC +G, -G,
| —sC, G, sC, (28)
[ 1 0 0 0 0 0
—o, sC,+sC,+G,+», —sC, -sC, -G, 0
0 —-sC, G,+sC, -, o, 0
0 -sC, 0, sC, 0 —00,
0 -G, 0 -0, G,+om, 0
| 0 0 —o0, 0 0 G, +o, (29)
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For the circuit in Figure 2a, moving the injected voltage source equivalent
circuit to the merged node of Vin, Vins and Vins with nodes Vin: and Vins grounded, we
can obtain the filter represented by (29). Similarly, we can obtain other three type-A
notch functions at Vo, With injected voltage source at the merged node of V2, Vins and
Vins as they can be observed in Figure 2(b,d). The output functions of all the

aforementioned synthesized circuits can be expressed by

_s’C,C,V,,, +sC,G,V,, +sC,G,V,, +G,G,V,, £5C,G,V,

\V/ in3 — in4 — in5

o s°C,C, +5C,G, +G,G, (30)

(5°C.C, +5C,G, )iy £(SC,Gy4 + GG, ) Vips — GG, Vi =SCiG,Vyp, £ G,G,V,

in3 — in2 —

out2 =

s’C,C, +sC,G, + G,G, (31)

3.2.  Synthesis of type-B universal voltage mode circuits

Similarly, by applying Step 2, a bandpass function at Vo and lowpass function
at Vouz Ccan be obtained by injecting the input voltage source to R;. This operation

corresponds to the inserting of term -G, to the first column of (9). So (9) becomes (32).

By applying Step 3 to matrix (32), the obtained matrix is shown as (33). Using Step 4,
the matrix (33) can be expanded as (34).

1 0 0
-G, G,+sC, G,
L 0 _Gs SC2 (32)
1 0 0 0
-0, G, +o; -G, 0
0 -G, G,;+sC, G,
L 0 0 -G, sC, (33)
(1 0 0 0 0 0
-0, G, +oo -G, 0 0 0
0 -G, G,+sC, o, —00, 0
0 0 —00, sC, 0 00,
0 0 0 -0, G,+w, 0
L 0 0 —004 0 0 G3+OO3_ (34)
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Table 2. Four cases of expanding NAM Type-B

Expanding matrix (33) (Case 1)

Expanding matrix (33) (Case 2)

1 0 0 0 0 0 1 0 0 0 0 0
-0, G+, -G, 0 0 0 -0, G+ -G, 0 0 0

0 -G, G;+sC, o, —o0, 0 0 -G, G, +sC, o, ©, 0

0 0 —00, sC, 0 0, 0 0 —o0, sC, 0 0,

0 0 0 -0, G,+x, 0 0 0 0 o, G,+w, 0

0 0 —00, 0 0 G, +0, 0 0 —00g 0 0 G, +o0,

Expanding matrix (33) (Case 3) Expanding matrix (33) (Case 4)

1 0 0 0 0 0 1 0 0 0 0 0
-0, G+, -G, 0 0 0 -0, G+, -G, 0 0 0

0 -G G+sC, «®, -um, 0 0 -G, G,+sC, ®, oo, 0

0 0 —00, sC, 0 —o0, 0 0 -0,  sC, 0 —o0,

0 0 0 -0, G,+o, 0 0 0 0 ©, G,+x, 0

0 0 0, 0 0 G+, 0 0 o0, 0 0 G+,

The obtained filter represented by (34) is shown in Figure 3a with nodes Vi, V-

in3, Vina and Vips grounded. There are four alternative cases to introduce the pairs of

various nullor-mirror elements by expanding the matrix (33) (the NAM type-B), as

shown in Table 2. The four nullor-mirror equivalent circuits of the derived type-B filters

represented by matrices in Table 2 are shown in Figure 3 with nodes Vinz, Vins, Vinsa and

Vins grounded. Each synthesized circuit contains two active and five passive elements.

Also, a highpass function at Vo, and bandpass function at Vo can be obtained

by injecting the input voltage source to C;. This operation corresponds to the inserting

of term —sC; to the first column of (9), as shown in (35). Using Steps 3 and 4, the matrix

(35) can be expanded as (36).

[ 1 0 0
-sC, G,+sC, G,
0 -G, sC,
1 0 0 0 0 0
—oo, SC,+o0,  —sC, 0 0 0
0 -sC, G;+sC, oo, —0, 0
0 0 —o0, sC, 0 0,
0 0 0 -0, G,+o, 0
| 0 0 —o0, 0 0 G, +o,

(35)

(36)

For the circuit in Figure 3a, moving the injected voltage source equivalent

circuit to node Vi, with nodes Vi, Vins, Vine and Vips grounded, we can obtain the
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filter represented by (36). Similarly, we can obtain other three type-B highpass
functions at Vo,u and bandpass functions at Vo, With injected voltage source at node

Vin2, s they can be observed in Figure 3(b,d).

Similarly, a bandpass function at Vo, can be achieved by applying the input
voltage source to C,. This is equivalent to the inserting of term —sC; to the first column
of (9). The matrix becomes (37). By applying Steps 3 and 4, the matrix (37) can be
expanded as (38).

1 0 0
0 G,+sC, G,
|-sC, -G, sC, (37)
M1 0 0 0 0 0
-0,  SC, +o0; 0 -sC, 0 0
0 0 G,+sC, oo, —o0, 0
0 -sC, —o0, sC, 0 0,
0 0 0 -0, G,+o, 0
| 0 0 —o0, 0 0 G, +o0, (38)

For the circuit in Figure 3a, moving the injected voltage source equivalent
circuit to node Vins with nodes Vi, Vine, Vine and Vips grounded, we can obtain the
filter represented by (38). Similarly, we can obtain other three type-B bandpass
functions at Vo1 with injected voltage source at node Vin,, as they can be observed in
Figure 3(b,d).

(d)

(©)
Figure 3. Pathological representations of type-B prototypes
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A lowpass function at Vo, can be obtained by injecting the input voltage source
to Rs. This operation corresponds to the inserting of term Ggs to the first column of (9),

as given by (39). Using Steps 3 and 4 to, the matrix (39) can be expanded as (40).

1 0 0
0 G,+sC, G,
|G, -G, sC, (39)

1 0 0 0 0 0

-0, Gy+oo, 0 0 0 -G,
0 0 G,+sC, o, —0, 0
0 0 -,  sC, 0 0,
0 0 0 -0, G,+o, 0
0 -G, —00, 0 0 G, +00, (40)

For the circuit in Figure 3a, moving the injected voltage source equivalent
circuit to node Vins with nodes Vi, Vine, Vins and Vips grounded, we can obtain the
filter represented by (40). Similarly, we can obtain other three type-B lowpass functions
at Vo With injected voltage source at node Vin, as they can be observed in Figure
3(b,d).

A bandpass function at Vo and lowpass function at Vou can be achieved by
applying the input voltage source to R,. This operation corresponds to the inserting of
term —G; to the first column of (9), as given by (41). Applying Steps 3 and 4, the matrix
(41) can be expanded as (42).

0 -G, sC, ( 41)
1 0 0 0 0 0
-0, G, +oo, 0 0 -G, 0
0 0 G,+sC, o, —o0, 0
0 0 -,  SC, 0 00,
0 -G, 0 -0, G,+o, 0
0 0 —o0, 0 0 G, +oo | ( 42)

For the circuit in Figure 3a, moving the injected voltage source equivalent
circuit to node Vi with nodes Vi, Vine, Vins and Vins grounded, we can obtain the

filter represented by (42). Similarly, we can obtain other three type-B bandpass
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functions at Vo, and lowpass functions at Voue With injected voltage source at node

Vins, s they can be observed in Figure 3(b,d).

Different filter functions at Vo and Vouz can be obtained by using similar
method as mentioned in Section 3.1. By adding terms —sC; and Gg to the first column of
(9), notch functions at Vo and lowpass functions at Vo can be obtained. The
obtained filters are shown in Figure 3 by moving the injected voltage source equivalent
circuit to the merged node of Vi, and Vins With nodes Vin, Vins and Vins grounded.
Similarly, allpass functions at Vo, can be obtained by inserting terms —sC; and -
SC,+Gg to the first column of (9) with G, = G;.

The realized filters can be obtained from Figure 3 by moving the injected
voltage source equivalent circuit to the merged node of Vin, Vinz and Vins With nodes
Vin1 and Vins grounded. Also, highpass functions at Vo can be obtained by inserting
terms —G; and —sC,+Gj3 to the first column of (9) with C;G3 = C,G;. The implemented
filters can be shown in Figure 3 by moving the injected voltage source equivalent circuit
to the merged node of Vin1, Vins and Ving wWith nodes Vi, Vins grounded. In addition,
notch functions at Voue can be obtained by adding terms —-G;—G, and —sC,+G3 to the
first column of (9) with C;G; = C,G;. The realized filters are shown in Figure 3 by
moving the injected voltage source equivalent circuit to the merged node of Vini, Vins,
Vina and Viss with nodes Vi, grounded. The output functions of all the aforementioned

synthesized circuits can be expressed by (43) and (44).

_S$’CC,V,, +sC,G,V,, —sC,G,V,, +G,G,V,, +sC,G,V,

in3 — in4 — in5

V.,

o s’C,C, +5C,G, +G,G, (43)
_ (Szclcz +SCZGl)\/in3 * (sch3 + G3G1)Vin4 + G3G1Vin1 + SC163Vin2 t G263\/in5
o s?C,C, +sC,G, +G,G, (44)

Figure 4 shows the practical configuration after realizing the pathological
equivalents in Figure 2 and Figure 3. The used current conveyors in Figure 4 are shown
in Table 3.
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Figure 4. The realized voltage-mode universal filter configuration

Table 3. The used current conveyors in Figure 4

Type Figure Current conveyor 1 Current conveyor 2
A(a) 3(a) CCll+ CCll-

A(b) 3(b) ICCII- CCllI-

A(c) 3(c) CCll+ ICCII+

A(d) 3(d) ICCII- ICCII+

B(a) 4(a) CCllI- CCll+

B(b) 4(b) ICCII+ CCll+

B(c) 4(c) CCllI- ICCII-

B(d) 4(d) ICCII+ ICCII-

Non-ideal effect of active elements

Taking the non-idealities of current conveyors and inverting current conveyors

into account, namely Iz = +alx, Vx = £Vy, where a. = 1-g; and ¢; (|ei| << 1) denotes the

current tracking error, B = 1-e, and e, (Je,| << 1) denotes the voltage tracking error. The

denominator of nonideal voltage transfer function of all obtained filters becomes

D(s)=s?C,C, +sC,G, +a,a,B,8,G,G, (45)

The frequency and the Q factor of all obtained filters are expressed by

o = 0,0,B,8,G,G4 Q:i 0,0,B,8,C,G,G4
’ GG, ’ G, C, (46)

The active and passive sensitivities of wy and Q are shown as

1
Y - —
S[;ﬂ)o-‘lzvﬁlvﬁz _S“ﬁvazvﬁlvﬁz _E’ ng =0
Sgoz.es __Sgo c, :Sq G, Gy SQ :%v S& =-1

(47)



310 Tran Huu Duy, Nguyen Duc Hoa, Nguyen Dang Chien, Nguyen Van Kien and Hung-Yu Wang

It can be seen that all active and passive sensitivities are small. By selecting C; =

C, = C then Q and wy become independently adjustable by R; and C, respectively.
4, SIMULATION RESULTS

To verify the workability of the proposed method, HSPICE simulations using
TSMC 035 um process parameters were performed for two of the obtained type-A and
type-B filters. The CMOS implementation of the CCIl+ shown in Figure 5 was used for
the simulations (Acar & Huntman, 1999).

IIJ M, IIJ My,
[ [
(= My M.
|- |-
* X —o/t
i Mis i M
| |
:l‘ MlS :l‘ MlG
i i

Figure 5. The CMOS circuit of CClI+

The aspect ratios of each NMOS and PMOS transistor are (W/L = 5um/1um)
and (W/L = 10um/1um), respectively (Chen, 2010). The supply voltages of the CClI+
are Vpp = -Vss = 1.65 V with the biasing voltages Vg1 = -0.25 V and Vg, = -0.85 V.
The filter in Figure 4 (for the type-A(a) and type-B(a) in Table 3) is used for the
simulations. The simulations are realized with frequency fo = 1 MHz. The values of
capacitors are chosen as C; = C, = 10 pF for all simulations. The values of resistors are
given by R; = 11.26 kQ and R, = Rz = 15.92 kQ for the simulations of lowpass,
bandpass and highpass filters to obtain Q = 0.707 for maximally flat magnitude
responses of lowpass and highpass functions. With node Vi, as input node and nodes
Vin2, Vin3, Vine and Vins grounded, the frequency responses for the type-A(a) lowpass

and bandpass outputs are shown in Figures 6 and 7, respectively.



DALAT UNIVERSITY JOURNAL OF SCIENCE [NATURAL SCIENCES AND TECHNOLOGY] 311

With node Vip, as input node and nodes Vin, Vin3, Vina and Vigs grounded, the
frequency response of the type-B(a) highpass output is shown in Figure 8. Figure 9
shows the frequency response for the type-B(a) notch filter with the merged node of
Vinz and Vins as input node and nodes Vini, Vins and Vips grounded. The R; = 79.62 kQQ
and R, = Rz = 15.92 kQ are adopted with quality factor Q = 5. Figure 10 shows the
frequency responses of the type-A(a) allpass filter with merged node of Vin, Vi, and
Vins @s input node and Vin and Vins grounded. The Ry = R, = 11.26 kQ and R; = 22.52
kQ is used. All the simulated results are consistent with our theoretical prediction. The

workability of the synthesized filters is verified.
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Figure 6. Frequency responses of the lowpass function in Figure 4
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Figure 7. Frequency response of the bandpass function in Figure 4
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Figure 8. Frequency response of the highpass function in Figure 4
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5. CONCLUSION

A systematic synthesis procedure for synthesizing universal voltage-mode
biquadratic filters has been proposed in this paper. The proposed approach is based on
the nodal admittance matrix expansion method using nullor-mirror pathological
elements. The obtained filters with five inputs and two outputs can realize all five
generic functions. HSPICE simulated results show the workability of some synthesized

circuits and the feasibility of the proposed approach is confirmed.
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Tom tit

Bai b&o nay trinh bay mét thudt toan téng hop c6 hé théng nham tgo ra cac mach loc da
nang bdc hai ché dé dién dp trén co s phwong phdp mo réng ma tran. Tam mach tiwong
dirong diroc tao ra ¢ thé thuc hién tat ca nam chire ning loc co ban 1a lowpass, bandpass,
highpass, notch va allpass si dung chi hai linh ki¢n tich cuc. Cac mach duoc tao ra co
nhifng chite nang loi thé sau: 5 lai vao va 2 16i ra, cau hinh mach don gian, tan sé va hé s6
Q c6 thé d@iéu khién truc giao nhau, dg nhay véi nhiéu cia linh kién tich cuc va thu dong
thap. Sw hoat dong cua cac mach tao ra dwoc kiém chiing bang hé phan mém mé phong
HSPICE, chitng minh tinh hitu dung ciia phirong phdp dé xudt.

Tuw khéa: Nodal admittance matrix expansion; Nullor-mirror element; Universal
biquadratic filter; VVoltage-mode.
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