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Abstract. The paper deals with simple canonical struc-
tures of the second order ARC filters employing only single
transconductor (OTA) and passive components R and C. A
systematic design procedure of this circuits based on the
given autonomous networks is described. Several appro-
priate general autonomous circuits are presented and
studied.

Keywords
Analogue circuits, active RC filters, biquads,
transconductors.

1. Introduction

Classical well known ARC filters based on standard
voltage operational amplifier (not counting special high
speed one) have been used only in low frequency applica-
tions, lower some hundred kHz. There an electronic tuning
is complicated and they are not so suitable for full integra-
tion. To overcome these drawbacks the conventional
opamp should be replaced by other modern functional
block. At this time the dominant one used in analogue
integrated filters is the transconductor or the operational
transconductance amplifier (OTA). There the OTA has
form of a chip in bipolar, CMOS or in GaAs technologies.
On the other hand the OTA is also commercially available
as a building block (e.g. OPA 660), which can be supple-
mented by passive elements R and C.

Over the last two decades the circuits based on the
OTA’s have been widely investigated. A large number of
the OTA-RC or the OTA-C filters have been developed,
with different design approach in mind [1], [2], [3] etc.
Despite the wealth of publications the synthesis of these
circuits is still an active topic. In this paper the simple
structures of the second order filter (biquad) with only one
single transconductor, several resistors R and maximally
two capacitors C, what is a qualification of the canonical
structure, are discussed. The given systematic design pro-
cedure is based on generalized autonomous network which
is corresponding with suitable characteristic equation as
was shown in [6] for the biquads based on current con-
veyors and also in [7] for the biquads with opamps.

Fig. 1. General autonomous circuits of the single transconductor
ARC biquads OTAL.
a) the model with three admittances OTA1Y3,
b) the model with five admittances OTA1Y5.

2. General Autonomous Circuits

To design biquadratic ARC filters and or oscillators
we firstly choose an appropriate general autonomous
circuit with the characteristic equation (CE) in the second-
order general form (1) or in the following standard one (2)

a,s’+as+a, =0, )
sz+%s+w§:0- )

There ay is the undamped natural frequency and Q is the
quality factor. The autonomous circuit contains only one
transconductor (OTAL), with general transconductance
(£ 9m), and certain number of general admittances Y; (Fig.
1) in feedback loop. The simplest model OTALY3 (Fig.
la) contains only three passive admittances, namely two
grounded (Y, Y3) and one floating (Y;). By routine sym-
bolical nodal analysis (det Y = 0) the following CE is ob-
tained

YY,+YY, +YY, +gY, =0 3)

There we firstly suppose that the admittances are realized
with single R or C only. Nevertheless, if more R and C
components are used (usually in parallel combination) then
more filter architectures can be obtained. It is the reason
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for a modification of the autonomous circuit OTA1Y3
(Fig. 1a) to the model with four admittances OTA1Y4-1,
where admittance Y=Y, tY;. Then the CE has the form

YiaYs +YeY, +YY, +Y,Y, +9.Y, =0 4)

Other modification OTAL1Y4-3 has similarly Y;=Y35+Y3p.
Note that decomposition of the Y,=Y,2+Y,5 (OTAL1Y4-2) is
also possible but not so practical.

A more complex model with five admittances
OTALYS is shown in Fig. 1b. This autonomous circuit
gives more design flexibility and more filter structures can
be achieved due to this resulting CE

YY,Y, +Y,YY, +Y,Y.Y, +Y,Y.Y, +Y,Y,Y, +
FY,YY, Y, VLYY, g, Y,Y, =0

)

Vinl J/ C
Fig. 2. ARC biquad with the structure OTA1Y3.

3. Structures with Three Admittances

From the characteristic equation (3) we can readily
derive different filter structures choosing there the particu-
lar admittances Y;, to obtain desired form (1) or (2) and
postulating only two capacitors for the 2" order canonical
circuit. The combination {C;, C,, R;} is not acceptable, due
to resulting CE in the form

s’C,C, +s(C,G,+C,G, +C,g,,)=0 (6)
where the desired component a, (without S) is not there.
Similarly the other combination {R;, C,, C5} can not be
also used. On the other hand the variant {C;, R,, Cs}
(Fig. 2) is very suitable. In this case the CE (3) becomes of
this desired shape

$°C,C, +5G,(C, +C,)+G,g, =0 . (7)

Comparing the formulas (6) and (2) the following design
equations are done

o= 928 ®), and g (9 VCC ()
C,C, G, C,+C,

For convenience of the design, low cost and minimizing
the sensitivities we can set C; = C; = C. Then

1 (10), and 1[g. -
a)t):i\gmGz =—_|==
C Q 2\G

2

(1)

Choosing the value of the capacitance C the conductances
are calculated by

_oC (12),and
2 ZQ

Parameter sensitivity with respect to variations of the pas-
sive component values are found to be very low, namely

G gm :ZQCUOC' (13)

1
—_
2

Swn _Swn _ Swn _ Swﬂ _

Q=1C3_C1 SQ‘
“ 2C+C,~ Clew

S2=5° =

o (14)

5¢=-5

From the given autonomous circuits (Fig la) we can
build a frequency filter so that we disconnect some
grounded branch (inverting the input of the OTA and or Yy,
Y;) and we put an independent input voltage source there
(Fig. 2). It is based on the known idea that the CE remains
the same if an ideal voltage source is connected into an
arbitrary branch. Then we try to find a suitable output port
examining all node voltages of this circuit. The Fig. 2 indi-
cates all possibilities of driving (inputs) and loading (out-
puts) of this filter structure. The first suitable variant
OTA1Y3V12 has the input Vinl (VinZ = Vin3 = 0, these
sources are shorted). The output V,, and the following
transfer function with low pass (LP) character was derived

Vouz _ ngm

. . (15)
V,, Ss°C,C,+5sG,(C, +C,)+G,0,

inl

The modification OTA1Y3V11 with the output at the
port V. has not the transfer function in the desired form.
The similar variant OTA1Y3V22 with the input Vj,, and
the output V,,, can be used as BP, because the numerator
N(s)=sC;G, and denominator D(S) are the same as in (15).
The other analyses indicate that output V,,; and the input
Vin3 are not suitable for standard types of our biquad.

Vinl J’ Vin2

(LP) (BP)

Fig. 3. Modified structure OTA1Y3M.

Another modification of the structure with three admit-
tances OTAL1Y3M is shown in Fig. 3. There two passive
admittances are replaced on the input of the OTA. For the
input Vi, the voltage transfer function of low-pass type is

Vout — Glgm .
V., s°C.C,+s(C4g,+C,G)+G,g,

inl

(16)

For the input Vi, it is band-pass type with the same
denominator (16) and the numerator in this form

N(s)=sCg, (17)
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Note that this circuit OTA1Y3M is not practical, due to the 59 _ _l+ 1 (26)
low value of the quality factor Qp.x = 0,5. & 3 18Q2

4. Structures with Four Admittances

A modification of the biquad OTA1Y3 (Fig. 2) into
the version with four admittances OTALY4-1 is quite
straightforward — the other resistor R; is parallel connected
to the capacitor C; as shown in Fig. 4a. There all possible
inputs and one output are depicted as a result of the routine
symbolical nodal analysis using computer tool SNAP. The
basic transfer functions are LP and BP types as

Vor _G20n (18), Vau _ SCG: (19), Vou _ GiG: , (20)
\ D(s) V., D(s) \Y D(s)

inl in3

with the denominator

D(s)=sC,C, +5[G,(C, +C;)+C,G,]+G,(g,, +G,) - 1)

(LP) (BP) (LP) a)

wd

&P) (HP) (BP) b)

Fig. 4. ARC biquads with the structure OTA1Y4-1.

Here, a convenient design is also setting C; = C; = C and
R; = R, = R. Then for given parameters ay Q and the cho-
sen value of the C we can determine

rR_32 (22),and

w,C
=3 o it (23)
[UOC gm Qwo 3Q

In opposite case the parameters of the biquad are given by
G(G
o, :é GG+g) (24).and o= 7\/(3(:9’) (25)

The parameter sensitivities of this structure are given by
the following expressions

1
> S —_sg :s,gx :_g )

2

1 1 1
§? =82 =—|1—— | 8% = ;
9m Im 2[ 9Q2] G, 18Q2

@ _ - -
S& =-S& =-S¢ =

N | =

Other version of the structure OTA1Y4-1 is shown in
Fig. 4b. The transfer function was derived as (27) with BP
character

Vo _ sC.0n .(27)
Vinl 52CICZ +S[C2(gm +Gl +GS)+CIGS]+GIG3

Similarly the other transfer functions have the same de-
nominator D(S) (27), but different numerators with HP and
BP character

Voim — % (28), and Voﬁut _ sC,G, .
Vi  D(s) V., D(s)

(29)

A convenient design is C; = C, = C and R; = R; = R. For
this case the design equations are

(€2))

G G
w. =— (30), and -
‘' C Q 3G+g,

The expression (31) indicates that for practical values of
the factor Q > 1, the desired transconductance must be
negative with the value g, < -2G. It means that the OTA
input terminals need to be interchanged.

Another biquad structure, with four admittances, is
OTALY4-3 associated with

Y, =G,, Y,=sC,, Y,=0G,+5sC,, (32)
whose transfer function is similar to the expression (27).
There is an interchange of the index number 3 and 1 only.
Therefore this circuit has the same properties as OTA1Y4-

3 given above.

It was shown above that these structures with four
admittances give more possibilities in design, but in other
hand they have the higher parameter sensitivities as the
structures with three admittances. The same is right for the
structures with five admittances described down.

5. Structures with Five Admittances

The structure OTALY5 (Fig. 1b) has the CE (5),
which is little complicated and therefore a selection of the
particular admittance is not so easy. On the other hand this
gives more flexibility and more 2™ order filters can be
generated, but a question is their practical realization. As
an illustrative example the biquad in Fig. 5 was derived.
For this circuit the transfer function has BP character

V

Vou _ 89nG.C, | (33)
Vinp D (S)

The resulting denominator
D(S):SZC2C3(G4 +Gg)+ (34)

+5G,[(G, +G,)G, +G, (9, +G5)]+G,G,G;
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offers more possibilities in design and tuning. For the equal
capacitances and passive conductances, the design
equations are found to be

G=14142»C (35),and gngﬂ5+hi?2} (36)

for given parameters oy Q and chosen value of the C. The
expression (36) indicates that the desired transconductance
must be negative.

(BP)

Fig. 5. Band-pass ARC biquad with the structure OTA1YS5.
—
Im Im

O—

o 0 c)

Fig. 6. R-OTA equivalent for simulation of the resistors
a) grounded, b) unilateral, c) floating.

6. OTA-C Filters from these structures

The structures given above may not be fully inte-
grated and easy electronically tuned due to the fact that
they contain discrete resistors and a single OTA only. But
these structures can be ingeniously retransformed for
monolithic implementation replacing discrete R with
R-OTA equivalent. The resistors can be simulated using
the OTA’s as shown in Fig. 6. The circuit in Fig. 6a is
equivalent to a grounded resistor with the value R=gy,".
The other equivalent R-OTA on Fig. 6b is floating but
unilateral resistor only. Finally full floating resistor simu-
lation requires two OTA’s as shown in [2] or one with
balance output (Fig. 6¢).

As an illustrating example the OTA-C low-pass filter
is shown in Fig. 7. This circuit was derived from Fig. 2
replacing the discrete resistor R, by the OTA equivalent
(Fig. 6¢). The transfer function is the same as the expres-
sion (15), just the constant G, is replaced with the trans-
conductance ¢,, which can be electronically changed, too.
The resistor substitution also retains the sensitivity prop-
erty of the original prototype single OTA filter.

Fig. 7. OTA-C low-pass filter derived from Fig. 2.

In the high order OTA-C filter is better to be used as a
building block, instead the here given biquad, the OTA-C
integrator and the state-variable multi-loop feedback
structures, what is in detail described in [1].

7. Structure for Commercial Building
Block OTA & VB

A commercially available modern building IC block,
as OPA 660, LM 13700 etc., includes two sub-blocks,
namely the OTA and a voltage buffer (VB). The second
mentioned VB can be also suitably used in our structure
OTAL1VB1Y3, as shown in Fig. 8, which is a good
modification the structure OTA1Y3 (Fig. 1a). This general
autonomous circuits (Fig. 8) has the following CE

YY,+Y,\Y;+9,Y, =0, (37)

which is simpler comparing with (3), there is no part Y,Y;.

with transconductor,

circuits
voltage buffer and three admittances OTA1VB1Y3.

Fig. 8. General autonomous

From the CE (37), using the procedure given above, a lot
of different filter structures can be anew readily derived.

One of them is shown in Fig. 9, choosing there the
particular admittances as

Y, =sC,+G,, Y,=sC,, Y,=G,. (38)

The desired second order polynomial is obtained
D,(s)= 52C1C2 +9[C,G; +C,(G, +9,)]+GG;- (39)

From (39) the pole frequency (40) and quality factor (41)
can be written in terms of the network parameters as

JC,G,C.G,

1 @0, o-
CIG3+CZ(Gl+gm)

wO
JCCRR,

. (41)
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The expression (41) indicates that the Q factor can be
easily adjusted by the transconductance gp,.

VCVs
A=1 C,

Vm{( lvms Rs

(BP) (HP) (BP)

Fig. 9. ARC biquad with the structure OTA1VB1Y4-1.

8. Realization and Simulation

To evaluate the performance of above structures, the
real circuit was designed with the commercially available
LM 13700, realizing the structure OTA1VB1Y4-1 (Fig. 9).
The proposed circuit in Fig. 10 was simulated with PSpice
using the professional macro model of the OTA (LM
13700). Resulting magnitude responses (Fig. 11) have
confirmed the symbolical analysis and theoretical assump-
tions. There the g, of the OTA was adjusted, with external
DC current lg. Two curves are given in the Fig. 11, namely
for Iz = 200 and 350 pA. The change of this current gives
the possibility of tuning the Q parameter of this filter.

{ | auT

o 1.592k

Fig. 10. Realization of the ARC biquad structure OTA1VB1Y4-1
with LM 13700.

9. Conclusion

The systematic uniform synthesis based on the gen-
eral autonomous network with suitable characteristic equa-
tion is really good way how to obtain the 2" order ARC
filters or oscillators with modern functional blocks, as it
has been shown here for the transconductors. The given
OTA-based biquadratic filters have been found to be little
sensitive, with small influence of the non-ideality. They
can operate at higher frequency, can be electronically
tunable (gn is controlled by Ipc) and can be implemented in
IC technologies. One single OTA means smaller chip area,
lower power consumption and lower noise. In IC design
grounded capacitors are preferred. There the discrete

resistors are
simulation.

replaced with given equivalent OTA

;;;;;
voB(R2:2)
Frequency

Fig. 11. Magnitude responses of the ARC biquad with LM 13700,
for two values of the current Ig = 200 and 350 pA.
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