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Abstract. According to the nullor-mirror descriptions of
OTA, the NAM expansion method for three different types
of KHN filters employing OTAs is considered. The type-A
filters employing five OTAs have 32 different forms, the
type-B filters employing four OTAs have 32 different forms,
and the type-C filters employing three OTAs have eight
different forms. At last a total of 72 circuits are received.
Having used canonic number of components, the circuits
are easy to be integrated and both pole frequency and Q-
factor can be tuned electronically through tuning bias
currents of the OTAs. The MULTISIM simulation results
have been included to verify the workability of the derived
circuit.
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1. Introduction

Recently, a symbolic framework for systematic syn-
thesis of linear active circuit was presented in [1]-[6]. This
method, called nodal admittance matrix (NAM) expansion,
is very useful in generation of a series of novel circuits.
Fortunately, the literature on current conveyor (CCII) and
inverting current convey (ICC II) based gyrators [7]-[9],
oscillators [10], [11] and filters [12], [13] has explained
this viewpoint well. However, most of the circuits men-
tioned in earlier works are based on the CC II or ICC II.
Very recently, it has also been found that NAM expansion
method is generalized to operation transconductance ampli-
fier (OTA) [14]-[19].

It is well known that the operational transconductance
amplifier (OTA) has attracted considerable attention. A
number of OTA-based filters and oscillators have been
reported [20]-[26]. Unfortunately, the design methods for
the circuits using OTAs are short of the systematic charac-
teristic. For this reason, the paper aims at using NAM
expansion method to realize KHN (W. J. Kerwin, L. P.
Huelsman, and R. W. Newcomb) filters employing OTAs.
First, according to the number of the OTA in the filters, the
filters are classified as three different types. Next, the
NAM expansion method for three different types of the
filters is considered. The type-A filters employing five

single output OTAs (SO-OTAs) have 32 different forms,
the type-B filters employing four OTAs, namely four SO-
OTAs or one DO-OTA and three SO-OTAs, have 32 dif-
ferent forms, and the type-C filters employing three OTAs,
namely two DO-OTAs and one SO-OTA, have eight dif-
ferent forms. Having used canonic number of components,
the circuits are easy to be integrated and the parameters of
the filters can be tuned electronically through tuning bias
currents of the OTAs. The last, the workability for one of
the derived filters was verified by means of the NI
MULTISIM 11.0 software. The simulation results are in
agreement with theory.

2. Systematic Synthesis of KHN Filters

2.1 NAM Equation of KHN Filters

KHN filters can provide simultaneously the three
basic filtering functions, namely the high-pass, band-pass
and low-pass responses, at three different outputs. Fig. 1
shows a non-inverting KHN circuit using three op amps
[27].

CI—

A non-inverting KHN circuit using three op amps.

Fig. 1.

Taking Fig. 1 into account, and setting V;=0,
G5+ G4= G5+ G, the state equations are

sC\V, + GV, =0,
GV, +sC,V, =0, (1)
-G,V +GV, +GV, =0.
From (1) and taking the capacitors C; and C, as

external elements at nodes 1 and 2, the denominator of the
transfer function is given by

D(s)=s’ +5G,G,/C,G, + G,G,G, | C,C,G,. (2)
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It follows that the pole frequency and the quality factor for
the filter can be expressed by

1 [G,G,G
f, = |25 3)
21\ C,C,G,
C
Q:L 1G2G5G6 . 4)
G\ GG,

From (1) the admittance matrix for the filter considered in
the paper is given by

sC, 0 G,
Y=\ G, sC, 0| (5a)
-G, G, G

As shown in the literature [12], the port admittance
matrices of the other three classes of Fig. 1 can be obtained
as follows:

sC, 0 -G,
Y=|-G, sC, 0 | (5b)
G, G, G,
[sC, 0 G,
Y=|-G, sC, 0| (50)
L~ G4 Gs G6
[sC, 0 -G,
Y={G, sC, 0 | (5d)
L G4 - Gs G6

It can be seen that KHN filters possess four port
admittance matrices, which is the basis of systematic
synthesis of KHN filters.

2.2 Realization of Type A KHN Circuits

According to the number of the OTA in KHN filters,
the filters considered in this paper are classified as three
different types. The type A filters employ five OTAs, the
type B filters employ four OTAs, and the type C filters
employ three OTAs. Starting from the port admittance
matrices in (5a) and taking into account the type A filters
with seven nodes, the first step in the NAM expansion is to
add four blank rows and columns, and then use a first
nullator to link columns 3 and 7 to move G, to the position
1, 7, then the first norator is connected between rows 1 and
7 to move G to the position 7, 7. A second nullator is
connected columns 1 and 6 to move G, to the position 2, 6,
then the second norator is connected between rows 2 and 6
to move G, to to the position 6, 6. A third nullator is con-
nected columns 2 and 5 to move Gs to the position 3, 5,
then the third norator is connected rows 3 and 5 to move
Gs to the position 5, 5. At last, a fourth nullator is con-
nected columns 1 and 4 to move -G, to the position 3, 4,

then the first current mirror is connected rows 3 and 4 to
move -G4 to be G, at the position 4, 4. The NAM with the
added nullor-mirror elements represented by bracket nota-
tion is shown as:

1T /1

sC, 0 0 0 0 0 0]~
0 sC, 0 0 0 0 0|
0 0 G, 0 0 0 0|
Y={0o 0 0 G, 0 0 0 (6)
0 0 0 0 G, 0 0|
0 0 0 0 0 G, 0|
Lo 0o 0 0 0 0 G|7

Here, Gs, G4, Gs, G, and G| denote the grounded admit-
tance at nodes 3, 4, 5, 6 and 7, respectively. It is seen that
this expanded matrix contains four different pairs of patho-

logical elements, five grounded admittance, namely Gg, Gy,
G5, G2 and G].

The nullor—mirror equivalent circuit for the filters
described by the NAM in (6) is shown in Fig. 2.

Fig. 2. Nullor-mirror equivalent circuit described by the NAM
in (6).

Again, starting from the port admittance matrices in
(5), and applying all possible combinations of the added
nullor-mirror elements will yield 64 different forms of the
expanded matrix, resulting in 64 different forms of the
equivalent nullor—mirror realizations for the filter. At last,
using the nullor-mirror descriptions for OTA [14-17], only
32 equivalent SO-OTA-based realizations can be achieved.
Fig. 3 gives only one of 32 equivalent SO-OTA-based
realizations for type-A filters. The remaining implementa-
tions is omitted to limit the paper length. Of course, readers
can also obtain them by exchanging +signs of the input and
output terminals of the OTAs with the aim to provide nega-
tive feedback gains.

It should be noted that the simulation resistor using
one OTA, as shown in Fig. 3, has achieved the grounded
admittance, G in Fig. 2.

If the non-inverting input terminal of G is lifted off
ground and it is driven by input V;, the KHN filter using
five SO-OTAs capable of delivering a band-pass, low—pass
and high-pass outputs can be obtained, as shown in Fig. 3.
The detailed analysis will be carried out in Section 3.
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Fig. 3. One of 32 equivalent SO-OTA-based realizations for
type-A filters.

2.3 Realization of Type B-class I KHN
Circuits

Similarly, starting from the port admittance matrices
in (5a) and setting G,= Gs= G, following successive NAM
expansion steps with the added nullor-mirror elements
represented by bracket notation will yield the following
expanded matrix:

Y

1 —F—r—r—

sCC 0 0 0 0 0 0K
0 sCc, 0 0 0 0 0
0 0 G, 0 0 0 0

Y=o 0 0 G -G 0 0 - (D

0 0 0 -G G 0 0
0 0 0 0 0 G, 0

o 0 0 0 0 0 G|

Here, Gs, G, and G, denote the grounded admittance at
nodes 3, 6 and 7, respectively. G is a floating admittance
between nodes 4 and 5. It is seen that this expanded matrix
contains four different pairs of pathological elements, one
floating admittance, namely G, and three grounded admit-
tance, namely G, G, and G,

The nullor-mirror equivalent circuit for the filters
described by the NAM in (7) is shown in Fig. 4.

Fig. 4. Nullor-mirror equivalent circuit described by the NAM
in (7).

Again, starting from the port admittance matrices in
(5), and applying all possible combinations of the added
nullor-mirror elements will yield 64 different forms of the
expanded matrix, resulting in 64 different forms of the
equivalent nullor-mirror realizations for the filters. At last,
only 16 equivalent OTA-based realizations can be achieved.
One is shown in Fig. 5 and the other are omitted.

Fig. 5. One of 16 equivalent OTA-based realizations for type
B-class I filters.

If the grounded terminal of G is lifted off ground and
it is driven by input V;, the KHN filter using four SO-OTAs
capable of delivering a band—pass, low pass and high-pass
outputs can be obtained, as shown in Fig. 5.

2.4 Realization of Type B-class II KHN
Circuits

Using the same manner, type B-class II filters can
also be realized. Suppose G,= G4= G, starting from the
port admittance matrices in (5a), following successive
NAM expansion steps with the added nullor-mirror ele-
ments represented by bracket notation will yield the ex-
panded matrix given by (8).

In (8), Gg, Gs and G, denote the grounded admittance
at nodes 3, 6 and 7, respectively. G is a floating admittance
between nodes 4 and 5. It is seen that this expanded matrix
contains four different pairs of pathological elements, one
floating admittance, namely G, and three grounded admit-
tance, namely G, Gs and G.

The nullor-mirror equivalent circuit for the filters
described by the NAM in (8) is shown in Fig. 6.

|

A )

sC 0 0 0 0 0 0N
0 sC, 0 0 0 0 0|—
0O 0 G 0 0 0 0|—

Y={0 0 0 G -G 0 0| (®)

0 0 0 -G G 0 0]
0 0 0 0 0 G 0|
0 0 0 0 0 0 G~
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Starting from the port admittance matrices in (5), and
applying all possible combinations of the added nullor-
mirror elements will yield 64 different forms of the ex-
panded matrix, resulting in 64 different forms of the
equivalent nullor-mirror realizations for the filters. At last,

only 16 equivalent OTA-based realizations can be achieved.

One is shown in Fig. 7 and the other are omitted.

Fig. 6. Nullor-mirror equivalent circuit described by the NAM
in (8).

Fig. 7. One of 16 equivalent OTA-based realizations for type
B-class II filters.

If the grounded terminal of Gy is lifted off ground and
it is driven by input V;, the KHN filter using four OTAs
capable of delivering a band—pass, low pass and high-pass
outputs can be obtained, as shown in Fig. 7.

2.5 Realization of Type C KHN Circuits

Starting from the port admittance matrices in (5a),
considering type C filters with eight nodes, the first step in
the NAM expansion is to add five blank rows and columns.
Then setting G, = Gg, G, = G4, following successive NAM
expansion steps with the added nullor-mirror elements
represented by bracket notation will yield the following
expanded matrix:

)

_ ()

sG 0 0 0 0 0 0 0]~

0 sG 0 0 0 0 0 0

0O 0 0 0 0 0 0 0

, 0 0 06 -G o o o0 )

0 0 0 -G G 0 0 0

0O 0 0 0 0 G -G 0

0o 0 0 0 0 -G G 0|~

Lo 0 0 0 0 0 0 G|

Here, G, is a floating admittance between nodes 4 and 5,
G, is a floating admittance connected nodes 6 and 7, and
G5 is the admittance between node 8 and ground. It is seen
that this expanded matrix contains five different pairs of
pathological elements, two floating admittances, namely G,
and Gy, and a grounded admittance, namely Gs.

The nullor-mirror equivalent circuit for the filters
described by the NAM in (9) is shown in Fig. 8.

Fig. 8. Nullor-mirror equivalent circuit described by the NAM
in (9).

Again, starting from the port admittance matrices in
(5), and applying all possible combinations of the added
nullor-mirror elements will yield 128 different forms of the
expanded matrix, resulting in 128 different forms of the
equivalent nullor-mirror realizations for the filters. At last,
only eight equivalent OTA-based realizations can be
achieved. Fig. 9 gives only one of eight equivalent OTA-
based realizations for type-C filters, the remaining
implementations are omitted.

If the grounded terminal of Gj is lifted off ground and
it is driven by input V;, the OTA-based KHN filter using
three OTAs capable of delivering a band—pass, low pass
and high-pass outputs can be obtained, as shown in Fig. 9.

Fig. 9. One of eight equivalent OTA-based realizations for
type C filters.

Although KHN filter can also be achieved by means
of other methods, for example, signal-flow graph method,
operation simulation method, etc, these methods lack the
systematic characteristic, and one cannot obtain a series of
novel circuits. Therefore, a circuit designer who under-
stands this method well, using NAM expansion method to
realize OTA-based KHN filters, has great versatility in
generating new circuits.
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3. Circuit Analysis

In the ideal case, for type A KHN circuits, type B-
class I ones, and type B-class II ones, routine circuit
analysis yields the following transfer function:

Vo _ -5G,/C, . (108)
V. s*+sGG,/CG,+G,G,G,/CC,G,
I/OZ — GlGZ /CICZ , (lob)
V. s'+sGG,/CG,+G,G,G,/CC,G,

2
Vos s . (10c)

V. s +5GG,/CG. +GG,G,/CC,G,

1

The pole frequency and the quality factor for the filter are
the same as (3)-(4).

The corresponding band-pass, low-pass, and high-
pass gains are

Hyp==Zo o Iss, (112
G4 IB4
HLP:%:II%’ (11b)
GS IBS
H,,=1. (11c)

For type C KHN circuits, routine circuit analysis
gives the following transfer function:

v -sG4/C,

ol _ . (12a)
Vv, s*+s5G,/C +G,G,/C,C,

Vir _ G,G,/C,C, . (2
. s7+s5G,/C, +G,G,/C,C,

Vs s°G, /G, _ (120)

V, s*+sG,/C, +G,G,/C,C,

The pole frequency and the quality factor for the filter are
the same as (3)-(4) with G| = Gg, G,= G,.

The corresponding band-pass, low-pass, and high-
pass gains are

-G, -1
Hyp =" =70, (13a)
2 B2
H, =1, (13b)
G, I
Hyp= 2= (13¢)
1 Bl

The above results have been tabulated, as shown in Tab. 1.

In the non-ideal case, to limit the paper length, only
the circuit of Fig. 3 in type A filters is considered. The
non-ideal effects are the tracking error of OTA, S, input
parasitic capacitance C;,, output parasitic capacitance C,,

and output parasitic conductance G,,. The equivalent ad-
mittance at node 3 is then
Y.=G+G,,+G

s T G 5G4 +5C 5 +5C

et] = op5 op6 (14)

+sC

i TS C:'pG

where G6 >> Gop4n GopSn Gop6n SC0p49 SCup59 SCast SCipls SCipa
so all the parasitic admittances at node 3 are negligible.
The equivalent admittances at nodes 1 and 2 are
respectively expressed as
Y.=5G+G,, +sC, +5C

opl opl ip2

=s(C +C

opl

+C;'p2)=

Y, =5G+G,,+5C ,+5C , +sC

op2 op2 ip4 ip5 (1 5)
~s(C, +C()p2 +Cip4 +Cfp5)

In practice, to alleviate the effects of the parasitic
impedances, the tracking errors, namely £, £, B4, Bs, Bes
and the parasitic capacitors at nodes 1 and 2, namely C,y,,
Cip2, Copa, Cipa, Cips, should be taken into account.

Re-analysis of the circuit in Fig. 3 yields the modified
pole frequency and the quality factor:

1 APBGGG a6
o2\ (G +C,, +CG+C,, + G +C 5 BG,
0 - 1 G+ Cop] + Cl'pz )5, 555G, G5 G (17)
" ﬂ4G4 (CZ + Cup2 +Cip4 + CipS )ﬂlGl
G-—Gu g —tm (18)
1+(0/w,)’ 2

Here, =1, 2, 4, 5, 6, f; is the tracking errors for the i
OTA, Gy;is the zero-frequency tranconductance gain, w,; is
parasitic pole frequency [28], [29], I is the bias current,
and Vr is the thermal voltage.  Assuming
p1=p>=pPs=pPs=Ps, ignoring the second-order infini-
tesimal, and using (1+x)**~ 1 +x/2, for |x| << 1, (16)-(17)
becomes

f;m — f;(l _ Copl + Cip2 _ Cap2 + Cip4 + CipS ) , (19)
2C, 2C,
c, +C. c ,+C ,+C,
Qm — Q(l + opl ip2 _ op2 ip4 ip5 ) . (20)
2€, 2C,

From (16)-(17), the sensitivities of f,, and O, to the
passive components and tracking errors are calculated as

Jom — Qlom — QSom — _QSom —
Sﬂ1 _Sﬁz _Sﬂs - Sﬁs =05,

On — QO — Q% — _ QO _ On _ _
Sﬂz _Sﬁs _Sﬁ}, - Sﬂ1 _O'S’Sﬂ4 =-1

Sfn = —S% = - ! ,
1 ! 2[1+(C,,, +C,,)/C]

opl ip
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Sl =38

Som
S¢

opl

Som
Se

ip2

Som
Se

op2

Jom —

ip4

From (16)-(18), the sensitivities of £, and Q,, to the
bias currents and the parasitic pole frequencies can also be

calculated as

Jom — QJom — Qfom — _ QSom _
g”' =— 1 , SIBOI T Pl T Slzros - Slﬁoe =05,
2
2[1+(C0p2+Ctp4+Cip5)/C2] 050"
5457'2—_2‘60251-:1,2;59
— _SCQm - _ C0171 , o o +o,
! 2(C, + Copl + Cl.p2) 5
0.5w
Sfom = ,
= 8% = Cipo ’ I @+
in? 2(C,+C_,+C. )
b Topl & Tip2 On — @On _ @O _ _ Q0 _ 0, _
SIBOZ - 1805 - SIBO() - _S[B()] - 0 5 ’ SIB(M _1’
0, _ C0p2
o T T2(C, 4 Cppy 4 Cpy + C) 0. 2050 ;5 5.6
( 2 + op2 + ip4 + ipS) Sw"f =" 5 1= ) ’ >
"o +o,
C 2
On _ ip4
Ci]74 - 2 C C C C ’ 3”’ = a)i (22)
( 2 FC 0+ ipS) 6 a)2+w12)4
0, _ _ CipS Q1) From the above expressions, it is seen that all passive
Cos 2(C, + Cop L+ Cip .+ C,-ps) and active sensitivities of the circuit are low. It is also seen

that the sensitivities of the pole frequency and the quality
factor to the parasitic pole frequencies depend upon the
frequency and will increase with frequency in magnitude,
as simulated in the next section.

. Number of Initial
Class Pass gain H OTAs conditions
I
HBP =2
Iy,
Ly
A HLP = T 5 No
B5 0= U (Gl psl g
H,,=1 Iy, Gyl
I
HBP =2
Iy
Ly
B, I H,,=—"~ 4 G4=Gs=G
Iy
H,,=1
1
Hyp=—-28
Iy
Ly
B, 11 HLP = 4 G2:G4=G
1ys
Hyp=1
1
HBP B5
B2
C HLP =1 3 =0
[ G4:G2
Hyp = 2
Iy

Tab. 1. Properties of the three different types of KHN filters.
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Although the input terminals of the derived filters
possess high input impedance, the output terminals are not
low. Therefore, these filters may not directly cascade with
the other circuit blocks; it is a typical property of the OTA-
based circuits using a voltage as output signal. However, if
G, G,, and Gs in Fig. 3 are replaced by balance output
OTAs (BO-OTA), respectively, the corresponding invert-
ing current outputs with high output impedances, 1,3, 1,1,
and [,,, are then high-pass, band-pass, low-pass outputs,
respectively. Hence, the cascadable connection of the for-
mer voltage-mode stage and the latter current-mode stage
can be realized.

4. Simulation Results

As an example of KHN filters synthesis using OTAs,
consider the circuit of Fig.3 in type A filters. From
G,=12V;y and (3)-(4), assuming Gs=G¢=G,
G,=G,= Gy and C;= C,=C. The pole frequency and the
quality factor for the filter can be expressed by

GO —_ IBO

= = , (23)
" 2aC " 4n,C
0-C_15 (24)
G4 134

Here, I, is the bias current of either G, or G, I3 is the bias
current of either Gs or Gg, and Iy, is the bias current of G,.

Equation (23) shows that adjusting I, can electroni-
cally turn the pole frequency, whereas equation (24) indi-
cates that trimming [z can adjust the quality factor without
affecting the pole frequency. This means that the circuit
provides the attractive feature of independent linear current
control of the pole frequency and the quality factor.

In order to test the performances of the derived cir-
cuits, the SO-OTAs of Fig. 3 employed LM13600 of the
analog device library from NI MULTISIM 11.0 software,
and then Fig.3 was created. Finally, Fig. 3 circuit was
simulated with +£10V power supplies. If C=1nF,
Igo=104 pA, Iz=I3,=104 pA. (This can be achieved by
means of the multi-transistor current mirror [30], [31]),
from (23)-(24), the design value for f, is 318.3 kHz, the
design value for Q is 1. The simulation result is shown in
Fig. 10. Using the pointer in MULTISIM yields the actual
values for f; is 317.8 kHz, the actual values for QO is 0.999,
the corresponding deviation is -0.16% and -0.04%, respec-
tively.

To illustrate the controllability of the pole frequency
by adjusting /o, the bias currents /z and /4 are kept to be
416 nA and 104 pA, respectively. When Ipy= 104 pA,
208 pA, and 416 pA, from (23)-(24), the design value for
f, is 318.3 kHz, 636.6 kHz, and 1.273 MHz; the design
value for Q is 4. The simulation result is shown in Fig. 11.
Using the pointer in MULTISIM yields the actual values
for f, is 317.8 kHz, 631.0 kHz, 1.250 MHz, the corre-
sponding deviation is -0.16%, -0.88%, and -1.81%, respec-
tively.

20 7 Ideal HP
g o ‘,
= me | Actual HP
- 20 Aotual BP
@ an Ideal LP
= t
:G: 0 - Ideal BP Aotual LP
-80
1k 10k 100k ™M 10m
Frequency (Hz)

Fig. 10. Simulated characteristics of KHN filter when C = 1 nF,
[BO= IE= IE4= 104 ]J,A

20 T IB0:208HA
Tp=HO4A LA 16 A
=
<
&=
@
8
o
=
-80
1k 10k 100k ™ 10M 100M
Frequency (Hz)

Fig. 11. Simulated characteristics of band-pass filter when
C=1nF, Izp=104 pA, I[z=416 pA, Iz =104 pA,
208 pnA, and 416 pA.

To illustrate the controllability of the quality factor by
adjusting I, the bias currents Iz, and Ip, are kept to be
104 pA. When Iz=104 pA, 208 pA, and 416 pA, from
(24), the design value for Q is 1, 2, and 4. The simulation
result is shown in Fig. 12. Using the pointer in MULTISIM
yields the actual values for QO of 1.02, 1.98, 3.68, the corre-
sponding deviation is 2%, -1%, and -8%, respectively.

Voltage gain (dB)

100k 1™ 100M

Frequency (Hz)

Fig. 12. Simulated characteristics of band-pass filter when
C=1nF, Ip=1Igs= 104 pA, Iz= 104 pA, 208 pA, and
416 pA.

1k 10k

It is obvious that the simulated results show the influ-
ence of parasitic transfer zero for high frequency band and
cut-down of Q factor for value up ¢.3.
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The time-domain response of the circuit of Fig. 3,
when C =1 nF, Izy=Iz=Ip,= 104 pA, is shown in Fig. 13.
After a sine wave of 1 mV amplitude and 318 kHz is ap-
plied as the input to the circuit, the steady-state amplitude
at the node 1 is 1 mV, and the phase shift is 183°. Fig. 14
shows the time-domain response when V,=1mV,
f=3.18 MHz. The steady-state amplitude at the node 1 is
98 nV, and phase shift is 90°, which is in correspondence
with the theoretical values.

1.5m
=
=~ 500.0u
=]
i
S -500.0u
-1.5m
0 S50 10p 15p 20p 25p 30p
Time (s)
Fig. 13. Band-pass waveforms for Fig.3 with V,=1mV,
/=318 kHz.
1.5m | Vi
=
= 500.0p - S
] o
-
E -500.0u 1
-1.5m
0.00 1.25p 2.50u 3.75u 5.00u
Time (s)

Fig. 14. Band-pass waveforms for Fig.3 with V,=1mV,
f=3.18 MHz.

It is seen that MULTISIM simulation results have
verified the theoretical results.

5. Conclusions

The OTA-based KHN filters given in the paper have
been synthesized by using NAM expansion method. Al-
though the CClII-based KHN filters have been realized by
using NAM expansion [13], the circuits employed CCII s,
rather than OTAs, cannot be tuned electronically. Conse-
quently, this is the first paper in which the NAM expansion
method is first used to synthesize KHN filters employing
OTAs. The main feature of the paper is making use of
systematic design method to obtain all novel KHN filters
using OTAs. In addition, the derived filter enjoys the fol-
lowing features:

e Current control of the pole frequency and the quality
factor by adjusting the bias currents of OTAs;

e Use of grounded capacitors;

e No externally connected resistors.

The results of circuit simulations are in agreement with
theory.
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