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Operational Transconductance

Amplifier-C Filters

15.1 Introduction

Operational transconductance amplifiers (OTAs) have emerged as a powerful alternative to
OAs because of their current mode (CM) nature. Their CM nature allows OTAs to be used for
much higher frequencies. Another major advantage of using OTAs is the electronic control it
has over trans-conductance, which allows much easier tuning of filter parameters. The fact that
only OTAs and capacitors are needed also makes the filter attractive for monolithic integrated
circuit fabrication.

Since the development of OA-RC filter design is well established and extensively studied,
it has been used to advantage while using OTAs. Filter design using OTAs follow a similar
pattern and design procedures used in OA-RC synthesis; however, they are tailored to specific
needs as will be shown in this chapter.

A brief review of the basic building blocks using OTAs is provided in Section 15.2.
Simulation of grounded and floating resistors, inverting and non-inverting integrators,
addition of voltages (and currents) and voltage amplifiers, for their stand-alone use or their
application for realizing filter sections is included. First-order LPFs (low pass filter) and HPF
(high pass filter) design is shown in Section 15.3 using integrators. Because of the suitability
of OTA based circuits for differential outputs, the filter circuits discussed in Section 15.3
are then converted to differential mode. Similar to OA-RC synthesis, second-order filters
are realized using the two-integrator loop method. Higher-order filters are realized using the
element substitution method through the simulation of inductances and capacitances in Section
15.6 and 15.7. Filter realization using operational simulation is also discussed in Section 15.8.
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15.2 Basic Building Blocks Using OTAs

OAs have been used for inverting and non-inverting amplification, summation (subtraction),
integration and differentiation. In addition, while designing filters, OAs have been extensively
used for simulating inductors and FDNRs (frequency dependant negative resistors). OTAs
have also been used for all such entities; in addition, they are used for simulating grounded
resistances (GRs) and floating resistances (FRs) as well. Hence, the resulting OTA-C circuits
are not only realizable, but preferred as it makes them easily integratable in the monolithic
form with more precise filter parameters.

To study and realize OTA based circuits, we will be using the circuit symbol, its ideal and
first-order non-ideal model shown in Figure 15.1(a-c), where 7, C; and r,, C, are parasitic
elements and g,, is trans-conductance.
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Figure 15.1 (a) Symbol of a single-ended OTA; (b) model of an ideal OTA; and (c) simple model of
a non-ideal OTA.

15.2.1 Resistor simulation

The number of resistances used may not be large in a filter circuit, but these cannot be avoided
and needs to be fabricated or simulated. It will be observed that the positive or negative resistor
in the grounded or floating form can be easily simulated using a single OTA (or possibly two
for a floating resistor) and the value of the resistor is controllable through the biasing current
(or voltage) which changes trans-conductance (g,,) of the OTA. The external control of g, is a
great advantage in integrated circuits where it is not possible to make changes in elements after
fabrication. Resistance realization through g, saves considerable chip area as well compared
to fabrication of large value resistors using diffusion or metal deposition. Another important
advantage of such realizations is that they track with active devices.

In one of the simplest realizations, Figure 15.2 shows the simulation of a GR with one of
its terminals connected to the ground. Assuming OTA as ideal for the circuit shown in Figure
15.2, the current—voltage relation is:

[o:[1:(Vvin_o)gmﬁzin:({/inlll):I/gm (151)

Meaning thereby that it realizes a resistor having a value /g,,. If the input voltage is applied at
the non-inverting terminal, the simulated resistance becomes negative, —1/g,,.
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Figure 15.2 Grounded resistance simulation.
To realize an FR, a commonly used procedure of lifting a terminal off the ground in a GR

can be used. The resulting circuit, using two such circuits in back-to-back form is shown in
Figure 15.3. Once again, assuming ideal OTAs, currents are given as:

[1 =[01 =gml(‘/l_ I/2)’[2=[02=gn12(_‘/1 + ‘/2) (152)
Equation (15.2) yields the following admittance matrix, which represents a floating element.
Em —&m 1 -1
= =g, (15.3)
[)’] |:_gm2 Em2 :| § |:_1 1 :|

For g, = g,, = g,» the realized element is an FR having value (1/g,,). An alternate scheme for
simulating an FR using differential OTA will be taken up later.

Iy R=1/gm
o—NVW—>o
ol ) L v v,
v V2t
o ; o o ; o)

Figure 15.3 Simulation of floating resistance with two OTA:s.

Simulation of GR and FR is highly advantageous as it converts active RC circuits to active
C only and large value resistors are realized using only a small chip area.

15.2.2 Integrators

Integrators are required in both inverting and non-inverting mode; with or without loss. As
the OTA output is current, it acts as an integrator when it terminates in a capacitor as shown
in Figure 15.4(a). With OTA taken as ideal, the output voltage is easily obtained as:

V;)ut = _([0/50 = _(V+ - ‘/—) (gm/jc) = _l/in(gm/‘fc) (154)
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This means that the circuit integrates the input voltage, V;, = (V, — V), without loss in the
inverting mode. This basic integrator circuit leads very easily to a non-inverting integrator,
with or without loss, and an inverting integrator with loss; a big advantage with circuits realized
using OTAs. All the four structures are also available in differential output mode; an attractive
and sometimes an essential feature as will be shown later.

If the input voltage V/, is applied at the inverting terminal with the non-inverting terminal
grounded, the circuit realizes a lossless non-inverting integrator. In addition, either of the
integrators become lossy if the terminating impedance contains a resistor in addition to the
capacitor. Figure 15.4(b) shows such a configuration for a non-inverting integrator. The
terminating resistor being simulated by OTA-2 has transconductance g,,,, and its transfer
function is given as:

(V:)ut/l/in) :ng/(SC"'ng) (155)

Interchange between input terminals in either one of the OTAs will convert it to a lossy
inverting integrator.

<

n

Vout

Figure 15.4 (a) Inverting ideal integrator and (b) non-ideal non-inverting integrator.

As of now, expressions have been derived without any parasitic element in the OTA model.
Quite often it becomes essential to include the first-order parasitic because their value may not
be negligible in comparison to the physical elements used. The commonly used OTA-3080,
whose pin connection diagram is shown in Figure 15.5 and a first-order non-ideal model
which was shown in Figure 15.1(c) has the following typical parameters when tested at bias
current [z = 500 UA and at full operating temperature: input resistance 7; = 26 k€2, input
capacitance C; = 3.6 pF, output resistance 7, = 1.5 MQ, and output capacitance C, = 5.6 pF,
forward transconductance g,,, = 5400 US, and peak output current is 300 pA.

|\
o—1 8o
V_o—2 8 70 +Vsup
8
V. 0—3 0 6oV,
-Vsup 0—4 5o g

Figure 15.5 Pin connection diagram of the commonly available OTA-3080.
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If the OTA is represented by its first-order model, the small signal equivalent circuit of
the inverting integrator shown in Figure 15.4(a) becomes as shown in Figure 15.6; the input
resistance is neglected as it is very high. The transfer function becomes:

(15.6)

Yoo w
Vi s(C+C,)+g,
Hence, the total effective load capacitance is increased by the parasitic output capacitance C,
and the output resistance (r, = 1/g,) makes it a bit lossy resulting in a 3 dB frequency f345 =

{12(C + C)r,}, and a dc gain of g, 7,.
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Figure 15.6 Small signal equivalent circuit of the OTA based integrator of Figure 15.4(a)

Figure 15.7(a) shows the small signal equivalent circuit of the lossy non-inverting integrator

of Figure 15.4(b) with important parasitic elements. Here the current-voltage relations are
(15.7)

w L= Vi V==L + I)I(C+2C, + C)s+ 2,

[01 =—&m Ifl
It gives the transfer function as:
1/0 Eml
15.8
Vin (C+2C +C; )s+gm2 +g, (15.8)
Its 3 dB frequency and the dc gain expressions are obtained as
(15.9)

f (gmz + go)/zn(c + 2Cg + C;) and gain = gml/(gmz + 1/7)
oV,
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Figure 15.7 (a) Small signal equivalent circuit of the non-ideal non-inverting integrator of Figure
15.4(b). (b) Magnitude response of the non-inverting integrator of Example 5.1 and
phase responses of the non-inverting and the inverting integrators, with input applied at
the inverting and non-inverting terminals, respectively.

Example 15.1: Design a non-inverting integrator using the circuit shown in Figure 15.4(b),
having a 3 dB frequency of 500 krad/s and a dc gain of 1.2.

Solution: Using the aforementioned parameters of the OTA and assuming g,, = 4 mS,
equation (15.9) representing equivalent circuit of Figure 14.4(a) with parasitics gives:

(C+2C,+C) = (g,, + r)I27f, = (4 x 103+ 1/1.5 x 109)/(5 x 105) = 8.0013 nF

Substituting the values of the parasitic capacitances, the required value of the physical
capacitance C = 7.9865 nF, and for the desired dc gain of 1.2, the required g,,, = 4.808 mS.
Using these element values in the circuit shown in Figure 15.4(b), the magnitude response was
simulated using PSpice.

Figure 15.7(b) shows the magnitude response as having a 3 dB frequency of 79.83 kHz
(501.7 krad/s) and a dc gain is 1.2. Figure 15.7(b) also shows the phase response; there is
no phase difference with the input at low frequencies, confirming that the circuit is a non-
inverting integrator.
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The non-inverting integrator can be easily converted into the inverting form by applying
input at the non-inverting terminal. Its phase response, also shown in Figure 15.7(b), confirms
the integrator as inverting, having a phase difference of 180° at low frequencies.

15.2.3 Current and voltage addition

As the output of the OTA is current, a number of output currents can be added (or subtracted)
at a junction in a simple way. The same is the case with voltages; of course, through the means
of output currents. For example, as shown in Figure 15.8(a), two voltages V; and V; can be
added and V) subtracted therefrom, through the choice of input terminals. It is important to
note that in this circuit, output current flows in a grounded resistor realized by OTA-4. Using
the ideal model for the OTAs, we get the following relations.

[ol =&m ‘/1’ [02 =—Em2 ‘/2’ [03 =&m3 Vé’ and [04 = &m1 Vvl —&m ‘/2 t &m3 I/3 (1510)

Addition (or subtraction) of currents is done easily, with weightage having unequal
transconductance; without weightage, all transconductance are equal. With /=g, .V, we get:

V{):gmlvl_gmzl/z_i_g"ﬁVS (15.11)
Em4 &Em4 &Em4

Equation (15.11) provides scaled algebraic addition of voltages with different weights. If all

transconductance are made equal, the relation will simplify as:

V=V,-V,+V, (15.12)

o

It is obvious that the number of inputs can be increased easily.
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Figure 15.8 (a) Addition (and subtraction) of voltages through output currents. (b) Summing two
voltages and subtracting the third voltage from it; input voltages have different weightages.

Example 15.2: Verify the summation circuit shown in Figure 15.8(a) for V; = 1.0 V, V, =
—-2.0 Vand V5 = 4.0 V, with a respective weightage of 1.0, 1.05 and 0.9.

Solution: If g, , = 4 mS, for the given weightages, g, =4 mS, g,, =4.2 mS and g,,; = 3.6
mS. With the respective voltages applied in the circuit shown in Figure 15.8(a), the output
voltage becomes 2.5 V; confirmed in Figure 15.8(b). Performance can be repeated with equal
weightage to input voltage, with all transconductance being equal. It can be observed that
summation of voltages is valid at large frequencies as well.

15.2.4 Voltage amplifiers

If output current 7, of an OTA flows in a resistance, its output becomes a voltage amplifier.
Figure 15.9 shows OTA-1 having transconductance g,,; loaded with OTA-2 forming a load

resistor. The current-voltage relations are:
[ol =&m ‘/in’ [02 = _[ol and I/out = (]oZ/grnZ)’ or (I/out/ ‘/m) = (_gmllgmz) (1513)
The circuit shown in Figure 15.9 realizes an inverting amplifier; the amplification is controllable

by a single transconductance only. To get a non-inverting amplifier, only one of the input
terminals needs to be swapped.
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Figure 15.9 Inverting amplifier; easily convertible to non-inverting mode.

15.3 First-order Sections
The lossy integrator of Figure 15.4(b) acts as a first-order LP section. If the transconductance
of the two OTA:s is different, it provides the variable dc gain = g,,/g,,,. If the variable gain is

not essential, an alternate circuit shown in Figure 15.10(a) also serves as lossy integrator or a
first-order LP section with the following relation:

Vour = =Vin &l (& + 5O (15.14)

The non-inverting LP section is obtained by interchanging input and output terminals.

Vout

Vin C % Vout
out Vin —O

(a) (b) (c)

"|_| Io

Figure 15.10 (a) First-order low pass section with unity dc gain. (b) First-order high pass section using
a floating capacitor and (c) using a grounded capacitor.

The first-order HP section is obtained by either using a floating capacitor or a grounded
capacitor as shown in Figure 15.10(b) and (c). Their respective transfer functions are:

% C

Sour - T (15.152)
Vin  C+ g,)

Vour ¢ gm (15.15b)

I/in - (KC_*_ gml) &m3

The first-order HP behaves like a lossy differentiator. A lossless differentiator cannot be realized
directly as obvious from the expressions in equation (15.15). Hence, the technique shown in
Figure 15.11 is applied, wherein a lossless integrator is connected in the feedback path of an
amplifier. Its output voltage is obtained as:
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v,=—-m_cv, =

0 (15.16)
Em1&m2

Figure 15.11 A lossless differentiator using feedback in an amplifier circuit.

Example 15.3: (a) Design an HP filter having a 3 dB frequency of 480 krad/s using the circuit
shown in Figure 15.10(b).

(b) Design an HP filter using the circuit shown in Figure 15.10(c), with a 3 dB frequency of
50 kHz and a high frequency gain of 1.6.

Solution: (a) The circuit uses a floating capacitor and realizes a fixed gain of unity at high
frequencies. From equation 15.15(a), if capacitor C'is selected as 10 nF, the required g,, = 4.8
mS. Employing these elements, the simulated response of the circuit is shown in Figure 15.12;

cut-off frequency is obtained as 76.45 kHz (480.54 krad/s).

20V

......................................................................................
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Unit ain
10V 8%
capacitor
ov
100 Hz 1.0 kHz 10 kHz 100 kHz 1.0 MHz 10 MHz

°V@ +VEGD Frequency

Figure 15.12 Simulated response of first-order high pass filter with a high frequency gain of unity using
a floating capacitor of Figure 15.10(c) and an OTA and a variable high frequency gain
high pass filter using a grounded capacitor and three OTAs of Figure I5.11.
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(b) From equation 15.15(b), for a selected value of capacitor C of 10 nF, required g,,; = 3.1428
m$, and for a high frequency gain of 1.6, with g,,, = 4 mS required, g,,; = 2.5 mS. Figure 15.12
shows the simulated response, having a cut-off frequency of 50.105 kHz and gain of 1.6; the
response is not constrained to have only unity gain.

Example 15.4: Realize an APF (all pass filter) such that it has a phase shift of 90°at 200 krad/s.

Solution: A first-order APF section is shown in Figure 15.13(a), for which the transfer function
is obtained as:

L_ SC—ng
V.

in

15.17
sC+g,, ( )

180 d ) 0.9998 V 1

0.9996 V
90 d

0.9994 V
>>
0d- 09992V

100 Hz 1.0 kHz 10 kHz 100 kHz 1.0 MHz

Vp (2 V(2
oW @ +VQ) Frequency
(b)

Figure 15.13 (a) First-order all pass section; (b) Magnitude and phase response of the all pass filter
circuit.

Using non-ideal OTAs with the parasitic elements as mentioned in Section 15.2.2, an equal
transconductance value of 4 mA/V is selected for realizing the APF. For the desired parameters
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required value of C = 20 nF. The circuit is simulated and its response in Figure 15.13(b)
shows that the magnitude is almost unity, as its variation is only from 0.9997 V to 0.9993 V.
Phase response is also shown in Figure 15.13(b), which starts dropping from 180° to zero and
becomes 90° at 31.845 kHz (200.04 krad/s).

Figure 15.14 shows a general first-order section having the following transfer function with

Ci=oCand C,=(1-a) x C.

V:)ut _ saC + Eml

1/in A‘C-’-ng

(15.18)

The previously discussed LP (low pass) section of Figure 15.4(b), the HP (high pass) section of
Figure 15.11(a) and the AP (all pass) section of Figure 15.13 are easily shown as special cases
of this general first-order section.

Gy

C2 Vout

Figure 15.14 A general first-order section.

15.4 Single-ended to Differential Output Conversion

The advantages and requirements of using differential networks are well-known. These
networks help in reducing common-mode noise considerably; though at the expense of more
hardware. An added advantage in such circuits is the availability of the true output along with
its inverted version; both the versions can possibly be used in the same network and elsewhere
as well. Due to the desirability of fabricating linear filters on the same chip with digital circuits,
the operating voltage of the filters had to be reduced which also requires reduction in the
circuit noise. Hence, differential circuits became preferable and more common with OTAs.
The reason being their inherent limited voltage-signal level capability, and more importantly,
reduction in noise. Moreover, realization of a differential structure is simpler in OTA based
networks compared to (say) OA based circuits.

For generating a differential output structure, a mirror-image circuit is combined with
its original, in which each input and output sign is reversed; all non-essential circuitry is
eliminated. Simultaneous change in the sign of the input and output does not affect the realized
function. While combining the original and its mirror image, the input voltage is effectively
doubled; this means that the output current is doubled. If a doubled output current flows in
any capacitor, it doubles the voltage across it. To avoid this doubling of voltage, the capacitor
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value needs to be doubled. However, while adjustment of non-essential circuitry is done, a few
capacitors can also be connected in differential mode; consequently, the total capacitance gets
reduced. The following example will help illustrate the process.

Example 15.5: Develop a differential output, general first-order section from Figure 15.14.

Solution: Mirror image of the general first-order section of Figure 15.14 is drawn in Figure
15.15(a) with all input/output terminals interchanged; the input voltage becomes -V, and
the output voltage becomes —V,. They are combined with the original circuit of Figure 15.14,

which results in Figure 15.15(b). The current-voltage relations of the circuit are:

]ol = {_I/in - (l/m)} Em1> 102 = {_I/o_ (‘/o)}grﬂZ (1519)

As currents are doubled, charging of capacitors is also doubled; hence, doubling of capacitor
values give:

Ly +1,=2C, (V,~ V,)-2sC, V, (15.20)
Combining equations (15.19) and (15.20) with C} = aC C, = (1 — ) C, we get:

i_ sCa+g,,
Vo ot

in

15.21
sC+g,, ( )
As both the 2C, capacitors are grounded, these can be connected in series, resulting in a
single floating capacitor C, as shown in Figure 15.15(c). It gives an advantage of lesser overall
capacitance from 4C, to only C,; but in floating mode.

With a = 1, equation (15.21) gives an APF with unity gain. For the selected value of
Zn = Zm = 5> mS and C = 2 nF, the circuit shown in Figure 15.15(c) is simulated, taking
OTAs as non-ideal; 2C| becomes 4 nF and C, is open circuited. Figure 15.15(d) shows that
the magnitude is almost unity with variation from 0.9997 V to 0.9926 V only; the phase
variations clearly depict the outputs in inverted and non-inverted forms.

An APF is to be designed with a low frequency gain of 1.1 and a high frequency gain of 0.5,
with phase shift of 90° at 740 krad/s. For a high frequency gain of 0.5, o = 0.5 from equation
(15.21), and for a low frequency gain of 1.1, if g, = 4 mA/V, it will require g,,, = 4.4 mA/V.
With these values of ¢ and transconductance, 2C) = 4 nF and floating capacitor C, = 2nF. The
designed APF was simulated and its magnitude response shown in Figure 15.15(e) verifies the
designed voltage gains at low and high frequencies. The simulated response in Figure 15.15(e)
shows a phase variation of 90° for both the true and false outputs at 117.9 kHz (741.35 krad/s).
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Figure 15.15 (a) Mirror image of the general first-order filter of Figure 15.14, (b) combination of Figures
15.14 and 15.15(a) with grounded capacitors 2C,, and (c) with floating capacitor C,. (d)
Magnitude and phase responses of the all pass filter using differential mode OTA in Figure
I5.15(c) with C, open circuited. (e) Magnitude and phase responses of the all pass filter

using the differential mode OTA shown in Figure 15.15(c).

15.4.1 Differential floating resistance and integrators

Floating resistance as simulated in Figure 15.3(c) using two single-output OTAs can also
be realized using a single OTA with both outputs as shown in Figure 15.16(a). However,
a differential resistance can be simulated as shown in Figure 15.16(b); which can become
negative if the output terminals are interchanged.

| o+ 1%
v, ;
O — O L

Figure 15.16 (a) Floating resistance simulation using single OTA and (b) a differential resistance
simulation.
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To obtain a differential inverting amplifier, we begin with a single-ended inverting amplifier
as shown in Figure 15.9, where the output current of OTA-1 passes through a grounded
resistor realized with OTA-2. Gain of the amplifier was obtained as

VIV = =(gn/g,0) (15.22)

The circuit shown in Figure 15.17 is obtained by combining a mirror image of the circuit
in Figure 15.9(a) with the original, while taking care of the proper input sign; the generated
circuit has the same gain as given in equation (15.22), but is differential in nature.

Vin o0—

_Vin o—

Figure 15.17 Inverting amplifier in differential mode.

In a similar way, the lossless integrator shown in Figure 15.4(a) will have a mirror image
as shown in Figure 15.18(a), which can be combined with it. The resulting circuit will have
either two grounded capacitors or one floating capacitor as shown in Figures 15.18(b) and
15.18(c), respectively. For Figure 15.18(a), the ratio of output to input voltage will be:

V-V = ~(g,/50) (15.23)

which is true for Figure 15.18(b) and (c) as well.

I.

-V,
-V -V -V -
0 in ™~ I, _Y, in x Vo
- C
o—1{+ ~T o——+ +—4—o0
= C Vi, ’ ? +v, L Vo

- | I |
(a) by = (©

Figure 15.18 (a) Mirror image of the lossless integrator shown in Figure 15.4(a); (b) differential lossless
integrator with two grounded capacitors and alternatively; (c) with one floating capacitor.

The lossy non-inverting integrator of Figure 15.4(b) can be converted into differential
forms, with two grounded capacitors, and another with one floating capacitor, as shown in
Figures 15.19(a) and (b), respectively. The corresponding transfer functions are the same as
before in equation (15.5).

Example 15.6: Design a first-order LPF using the differential mode non-inverting amplifier

shown in Figure 15.19(b) with the following specifications: cut-off frequency of 100 kHz with
a dc gain of 1.6.
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Solution: From equation (15.5), to get a dc gain of 1.6, if g,,, = 2.5 mA/V, we need g,,, = 4
mA/V, and for a cut-off frequency of 100 kHz, value of the capacitor C will be = 2.5 x 10-3
/2 x 2 x mx 105 = 1.9886 nF (floating capacitance in the circuit shown in Figure 15.19(b)
is halved). The circuit is simulated and the responses are shown in Figure 15.19(c). The
simulated dc gain is 1.6 and the cut-off frequency is 98.945 kHz. The small deviation in the
cut-off frequency is due to the parasitic components as effective value of capacitance increases
due to G, C and other capacitances. Phase response in Figure 15.19(c) shows no phase shift
in the output V, at low frequency and a phase shift of 180° for -V,

1 ==C 2" OVD
~Vin o0—] _y.o—1+ $ + Vo
in / / 02

2.0V A
1
"""" £ Miverting and nofignvertiag gain TTTTTETTTTTTT
1.0V - ‘ s 58
0d utput phgase
>>
ov- -100d
1.0 kHz 10 kHz 100 kHz 1.0 MHz 10 MHz
OV(3) avV(@® x Vp(3) AVp(4)
Frequency
(c)

Figure 15.19 Combination of the non-ideal, non-inverting integrator shown in Figure 15.4(b) and
its mirror image with (a) two grounded capacitors and (b) one floating capacitor.
(c) Magnitude and phase responses of the non-inverting lossy integrator as a low pass
filter from Figure 15.19(b).
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15.5 Second-order OTA-C Filters

There are different approaches through which second-order OTA-C filters are obtained. Most
of these are based on the same techniques as those in the active RC synthesis using OAs.
Since alternatives are available for any given filter specifications, there are certain criterion on
the basis of which a particular structure or approach is preferred. Apart from the sensitivity
considerations, a few other important considerations are taken into account with respect to the
spread and value of capacitors and OTAs’ transconductance, economy in terms of OTAs used,
flexibility in obtaining as many types of responses from a single circuit and ease in tuning or
programmability of the filter parameters.

15.5.1 Two-integrator loop biquads

Out of the many second-order OA-RC sections, two-integrator loop sections are quite
attractive because of their low sensitivity to passive elements. A circuit based on OA-RC Tow-
Thomas biquad of Figure 8.2 is shown in Figure 15.20(a). Its analysis gives the following
transfer function

Vo _NG) _ ~(&m&na 1 C6,C)

Yol _ =— (15.24)
Vie D) s> +(g,3/C)s+(gmagms ! CGCs)

(Voo Vi) = =g,/ CS/D() (15.25)

The circuit provides LP and BP responses having parameters as:

wo = ng2gm4 /C1C2 > Q = (I/gm3)\/{(gm2gm4)(cl /C2)} (1526)
Mid-band gain of the BP section = g,,,/g,,5 (15.27a)
Low frequency gain of the LPF =g /¢, (15.27b)

Hence, frequency w, can be tuned either by ¢, , and/or g, , and then Q can be changed through
&3 without effecting @,. The mid-band gain of the BP, or dc gain of the LP will be the last to
be controlled through g,,.

Example 15.7: Design a BPF, using the two-integrator loop circuit shown in Figure 15.20(a)
having a center frequency of 400 krad/s, pole-Q of 2.5 and mid-band gain of 3.0.

Solution: Assuming a suitable value of 10 nF for both the capacitors C; and C,, and with g,
= g4 equation (15.26) gives their values as:
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5105 g\2 521>
G2 = &ni ={C.C,0] } ={(1o ) x(4x10°) } =4mA/V (15.282)

@ = (g2gme)” 1Q=4x107/25=1.6mA/V (15.28b)

Vin
O
40V ;
20V
0V -F¥
1.0 kHz 10 kHz 100 kHz 1.0 MHz
X V(3 oV
Frequency
(b)

Figure 15.20 (a) Two-integrator loop-based low pass and band pass filter for Example 15.7; (b) its
simulated magnitude response.

and from equation (15.27), for a mid-band gain of 3 and for the BP response
Zu1 =3 xg,3=48mA/V (15.28¢)

The circuit shown in Figure 15.20(a) was simulated using the calculated elements and the
magnitude response is shown in Figure 15.20(b). Center frequency of the BP is obtained as

https://doi.org/10.1017/9781108762632.016 Published online by Cambridge University Press


https://doi.org/10.1017/9781108762632.016

Continuous Time Active Analog Filters

63.407 kHz (398.56 krad/s) and mid-band gain is 3.0017. With a bandwidth of 25.331 kHz,
pole-Q = 2.503. Gain of the LP at low frequencies is 1.2 and a peak gain of 3.0650ccurs at fi.,
of 61.108 kHz. From equation (2.46), center frequency is again obtainable as:

fo = frea 11 = 172(Q,)* 1% = 61.108/{1 — 1/2 x 6.25}% = 63.07 kHz
KHN Biquadratic Structure: In addition to the LP and the BP responses, if it is desired to
get HP and notch responses from the same circuit, OTA-C based KHN (Kerwin-Huelsman-

Newcomb) biquad structures can be used which is shown in Figure 15.21(a); the circuit is
derived from the one shown in Figure 8.1/8.2. Analysis shows the following relations.

I/o _ 1 Em1 Ems Eme (gm3 +gm4)

= (15.29a)
Vio DG) g4 (gml +gm2)C1C2
D(S)Zfz-i- Em2 &ms (gm3 +gm4) S+gm3 s &me (1529b)
Emé (gml +gm2)C1 ZnaCiCy

Output voltage V, gives LP response as shown in equation (15.29). Its parameters will be:

J’_
, \/(gm3 Ems gmG) , Q — (gml ng) \/(ng Em4 gmGCIJ (1530)
ZmsC1Cy Em2 (gm3 +gm4) ZmsCa

With the same expressions for @, and Q, voltages V,, V, and V5 provide a notch, HP and BP

responses respectively, as shown by the following expressions.

V2 _ 1 Zal (52 + Em3 &ms Emé ) (15.31)
D(S) (gml +gm2) gm4C1C2
1 gml(gm?) +gm4) 2
V, = (15.32)
D(S) Em4 (gml +gm2)
1 +
- Em&ms (&3 + &ma) 5 (15.33)

D(s) gm4(gm1+gm2) Cl

In equation (15.31), poles and zeroes of the filter are the same for the notch response. If a
general notch and AP responses are to be obtained, the process discussed in Chapter 8 can be
followed. Output voltages V,, V, and V are to be added employing an adder circuit like that
in Figure 8.8(a).
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(b)

Figure 15.21 (a) KHN biquadratic configuration using six OTAs and (b) magnitude response of low
pass, band pass, high pass and notch functions.

Example 15.8: Design the KHN based biquad shown in Figure 15.21(a) having the following
specifications: center frequency = 800 krad/s, pole-Q = 2 and notch frequency will also be 800
krad/s.

Solution: As there are six OTAs and two capacitors, a few assumptions can be made in the
beginning.
Let g3 = g4 = &5 and C; = C, = 1 nF, then from equation (15.30):

& =0,C =8x10°x107=0.8mA/V =g, =g,5s
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To get the notch frequency same as the center frequency, from equation (15.31), g, will also
be 0.8 mA/V and value of the other transconductance will be obtained as:

Q=01+g,/2,,)x05>g,=1mA/V,g =3 mA/V

With these elements, the circuit was simulated and the magnitude response is as shown in
Figure 15.21(b); following are the observations:

The voltage V, provides notch, which occurs at 126.005 kHz;
The voltage V; gives an LP response having a peak gain of 3.213 at 117.877 kHz;
The voltage V gives a HP response which has a peak at 134.453 kHz with a peak gain of 3.221;

The voltage V5 provides a BP response with a center frequency of 123.839 (778.4 krad/s)
and a bandwidth of 60.289 kHz, resulting in Q = 2.054. Difference in the peaking of LP, HP
or BP is due to Q = 2, in conformity with equation (2.46).

A two-integrator loop structure can be used in a different way, with more input voltages
applied to some OTA terminals which were earlier grounded. For example, as shown in Figure
15.22(a), five input voltages are applied and outputs are taken as V,; and V,, having the
following expressions.

Vi D) € G=C G V) + (g G Vo + 8,3 G Vit gy G Vit gy G Vs
+ (gml Em2 1/1 *+ &2 &m3 ‘/2 *+ &t 4 ‘/5) (15343)

VD) C Cy = C G Vis*+ (g,4 C Vs + 20 Gy Vs + (€1 & Vi + &2 &3 V3)  (15.34D)
D(s) = 52 + (g,,/ Cy)s + (g1 2,2/ (C; Cy) (15.34¢)

It is obvious that a suitable choice of input voltages and transconductance will provide all
general type of transfer functions.

© Voz

(b)
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20V
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10 KHz 30 KHz 100 KHz 300 KHz 1.0 MHz

Frequency

Figure 15.22 (a) Two-integrator loop-based biquad with multiple inputs, (b) modified form to get a
high pass notch response. (c) A high pass notch from a general two-integrators based
biquadratic section with three OTAs for Example 15.9.

Example 15.9: Obtain an HP notch at 400 krad/s using the circuit shown in Figure 15.22(a)
with pole frequency at 800 krad/s and pole-Q = 2.

Solution: To get a HP notch, from equation (15.34b), V= V5, V, = V5 = 0 and V] can also
be zero. For g, = g,, and selecting C} x C, = 4(nF)2. It gives:

Zn=8x100%x2x10°=1.6mA/V=g, (15.35 a)

Equation (15.34c¢) is used to find values of capacitors C; and C, with Q = 2:

0.5
Q:(gL%] =2—C, =4C, orfor C, = 1 nF, C, = 4 nF (15.35b)
Em2t1

Combining equations (15.34b) and (15.34¢), for @, = 0,/2, g3 = g,,/4 = 0.4 m A/V and V;
as input, substitution of these element values and input voltages in the circuit shown in Figure
15.22(a) modifies it to Figure 15.22(b), which is simulated using PSpice. The simulated
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magnitude response in Figure 15.22(c) shows notch frequency at 63.61 kHz (399.83 krad/s),
gain at low frequencies of 0.25 and gain at high frequencies reaching near unity.

15.5.2 OTA-C biquads derived from active RC circuits

Resistors can directly be replaced in OA-RC circuits using the circuits shown in Figure 15.2
and 15.3 for grounded and floating resistor, respectively, resulting in mixed OA-OTA-C
circuits. In the case of floating resistance, transconductance g, and g,,, needs to be matched;
the circuit shown in Figure 15.16(a) can also be used for floating resistance saving one OTA.
Fortunately, many a times, the RC combination of integration can be replaced by the simple
OTA-C integrator shown in Figure 15.18(a) resulting in an OTA-C circuit.

R,

Vin 1C [1C2 R
AVAVAY, - v, °—|| |

——O

= +

Cl C2 —O

(a) (b)
Figure 15.23 (a) Sallen and Key high pass filter section, (b) its OTA version.

Sometimes, the action of the OA may be easily substituted by a circuit using OTA; though
it may not be practical economically in some cases, which makes it necessary to use OAs also
in OTA-C circuits. Figures 15.23(a)—(b) and Figures 15.24(a)—(b) illustrate the point. OA in
the HP Sallen—Key circuit and resistor R, in Figure 15.23(a) can be combined and replaced by
OTALI; the resistance R, is realized using OTA2, resulting in all OTA HP filters, whereas in
the LP case, only resistor R, is simulated; OA replacement would involve more components.

_ v,

AN\ +
R, R,
I
(a)

| €1
|1

(b)

Figure 15.24 (a) OA-RC and (b) OTA with OA version of the Sallen and Key low pass filter.
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15.6 OTA-C Filters Derived from LC ladders

Lossless doubly terminated ladders have been extensively studied and used because of their low
sensitivities in passive as well as in active form. OTA-C filters based on these ladder structures
also enjoy the same advantages and almost the same techniques are applied as in the OA-RC
case. Hence, filter realization approaches making use of ladder structures will be discussed in
this section.

15.6.1 Element substitution scheme

In a doubly terminated LC ladder, it is the inductance in the grounded and floating form
which is replaced using OAs and R C elements. In the OTA-C filter realizations, in addition
to the inductors, resistors are also to be simulated. It is also preferable to replace even floating
capacitors by circuits using only grounded capacitors as will be described now.

Gyrators were found to be very successful in impedance conversion and hence, extensively
used for inductance simulation. They essentially act as an interconnection of an inverting and
a non-inverting voltage amplifier terminated in an impedance. The same idea is used here and
it is found out that in the OTA-C case, it is much simpler compared to the OA-RC case, as
shown in Figure 15.25(a), for which

Li=L=g,V,l,=1I =g, Vyand V, = ZI, (15.362)

Lt gives Vi/1, = Z, = 1/{g,,1 2o (D} (15.36b)

If Z(s) = 1/sC, the input behaves like an inductor having its expression as: L = C/(g,,12,.0)-
For OTAs considered ideal, gyrator simulates the pure inductor. However, as simulation of
inductors finds wide usage, effect of the non-ideality of the OTAs needs consideration. Figure
15.25(b) shows the small signal model of the gyrator with Z being an external capacitor.
Analysis shows the input admittance as:

Y, (s)=go +(Cl- +C0)x+1/{(c+ci G, )s+( S0 )} (15.37)

&m1 +gm2 Em18m2

The circuit represented by equation (15.37) is shown in Figure 15.25(c), with parasitic
resistances 7, and 7,, and capacitance C,. The realized inductance value and effective increased
terminating capacitance, respectively, are:

Leffz (Q + Co + O/gmlng (15383)

Ci=C+C+C (15.38b)
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Figure 15.25 (a) OTA-based gyrator terminating in impedance Z, (b) small-signal equivalent circuit of
(a) showing parameters of OTA, and (c) the resulting non-ideal grounded inductor.

Differential GI (grounded inductors) can also be realized by employing the procedure discussed
in Section 15.4. Figure 15.26(a) shows a mirror image of Figure 15.25(a), and as they are
combined together, it results in the circuit shown in Figure 15.26(b).

I
o—s [~ —
Vlct 7 =, .
(a) (b)

Figure 15.26 (a) Mirror image of the circuit in Figure 15.25(a) with Z as capacitor, (b) differential
grounded inductance simulator.

Example 15.10: Verify that the circuit shown in Figure 15.25 simulates a GI by using it in a
BPF with center frequency of 20 krad/s and Q = 5.
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Solution: Figure 15.27(a) shows an RLC second-order BPF for which parameters are derived
as:

@} =1/1C,, Q=%R(C,/L)*’, mid-band gain=0.5forR, =R, = R

For the given specifications, if C) is selected as 4 nF, the required value of inductance will be
1.0 mH. The inductance is realized using the circuit shown in Figure 15.25(a), with g,,; = g,,»
= 3 mA/V and the terminating capacitor C = 9 nF. For Q = 5, needed R = 5 kQ.

Figure 15.27(b) shows the simulated magnitude response of the BPF. Center frequency is
79.49 kHz (499.6 krad/s), bandwidth is 15.88 kHz, giving Q = 5.02 and the mid-band gain is

0.498, verifying the simulation of inductance.

500 mV

250 mV

'
e e am--

100 kHz 300 kHz 1.0 MHz

Frequency

(b)

Figure 15.27 (a) Passive RLC band pass filter section for Example 15.10, (b) response of the band pass
filter using the OTA simulated grounded inductor shown in Figure 15.25(a).
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15.7 Single-ended and Differential Floating Inductance

Back-to-back gyrators terminating in a capacitor realize a FI (floating inductance) in the
OTA-C case as well, as it is applicable in the OA-RC case. Figure 15.28(a) shows such a
scheme and Figure 15.28(b) shows its simulated form. Analysis gives:

L=1,=gm (_V’) =1, =g,,V" (15.39a)
Ii=g.V I =g (-V,)and V' =—(I1,+1})/sC (15.39b)
For &1 = &mand &m2 = &m2> equations (15.39a) and (15.39b) result in the following matrix:
e M 1540

Matrix equation (15.40) represents the FI shown in Figure 15.28(b) with the expression of
inductance as:

L=Clg,gmn (15.41)
1= C
gmlng
cT> SXIA :T>
I
2o Vi Vs,
v
L
(a) (b)

Figure 15.28 (a) Realization of floating inductance using back-to-back gyrators, (b) its equivalent
circuit.

However, with non-idealities of the OTAs taken into consideration, the effective value of the

simulated inductance will be the same as given by equation (15.18) for the GI, and the circuit
representation will be as in Figure 15.25(c), but with both terminals ungrounded.

Example 15.11: Utilize the FI simulator shown in Figure 14.28(a) in a notch filter of Figure
15.29(a) having a notch frequency of 50 kHz.

Solution: Expression of the notch frequency will be 1/(LC)%5. Hence, for the selected value
of the capacitance C = 10 nF, required inductance is 1.0 mH. For the realization of FI, all the
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four transconductance are taken as 1 mA/V, which requires its terminating capacitor as 1.0
nF. Load resistance R decides the pole-Q. The simulated response shown in Figure 15.29(b)

has a notch at 50.03 kHz.
o —i— —O
(@)

600 mV

¥ ¥ o n TS SEOTERRRTE JUePn
400 mV
200 mV

ov t
10 kHz 30 kHz 50 kHz 70 kHz 90 kHz
Y V) Frequency
(b)

Figure 15.29 (a) Passive notch circuit for testing OTA-C floating inductor in part (a) of Figure 15.28(a),
(b) magnitude response of the OTA-C notch filter.

An alternative FI using only three OTAs and a grounded capacitor is shown in Figure
15.30(a). It is obtained by combining OTA1 and OTA1 as OTA2. With OTAs considered
ideal, the simulated inductance is the same as in equation (15.41) with g, = ¢,.5. Students can
find the simulated equivalent circuit when OTAs are considered non-ideal.

Using the mirror image of Figure 15.28(a), and combining it with its original gives a floating
differential inductor using four differential output OTAs as shown in Figure 15.30(b).
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15.7.1 Floating capacitor simulation

From the circuit fabrication point of view, it is always better to use grounded capacitors, as
parasitic capacitances are considerably reduced. That is why it is desirable to simulate the floating
capacitor in terms of the grounded capacitor, wherever practically feasible. Tolerance is further
reduced if the filter parameters are obtained in terms of the ratio of the grounded capacitors.
A capacitor is simulated if the gyrator in Figure 15.25(a) terminates in a GI (or terminates
in Figure 15.30(a) for FI). Using three OTA FIs of Figure 15.30(a), which terminates in a
GI (using two OTAs and a grounded capacitor), a floating capacitor simulator is obtained as
shown in Figure 15.31(a). With g,,, = g,,3, expression of the simulated capacitance is given as:

C = 2,18mC 8085 (15.42)

(e, + = N ’e)
Vi4 — AV,
1 o+ —1C _ o+ Vo) 2
° / /
(b)

Figure 15.30 (a) Alternate floating inductance simulator using three OTAs. (b) Differential floating
inductor from Figure 15.28(a).

It is obvious that the circuit not only simulates a floating capacitor, it also works as a capacitance
multiplier with proper selection of transconductance.

Example 15.12: Figure 15.31(b) shows a passive BPF. Design and test the same using the
OTA-C floating capacitor of Figure 15.31(a) for the filter to have center frequency of 500
krad/s and Q = 10 with a mid-band gain of 10.

Solution: For the circuit in Figure 15.31(b), expressions for center frequency and Q are:

w?=1/LC,andQ=(L/C)*° /R
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Selecting C = 5 nF, the required inductance shall be 0.8 H and R = 40 kQ. With g, =g,, =
213 = & = &ms = 2 MA/V grounded capacitance C’shall be 5 nF. The circuit was simulated and
the response is shown in Figure 15.31(c). Simulated center frequency is 79. 49 kHz (499.65
krad/s), mid-band gain is 9.99 and with a bandwidth of 7.9489 k Hz, Q becomes 10; verifying

the performance of the floating capacitor.

I, I,
o o

1.0V

05V

ov
30 kHz 100 kHz 300 kHz

AV (5) Frequency
(0)

Figure 15.31 (a) Floating capacitor simulation using grounded capacitor (b) RLC band pass filter circuit
and (c) simulation of the second-order band pass filter shown in part (b) while using the
floating capacitor of part (a).

Example 15.13: Obtain a fifth-order Chebyshev filter employing the element substitution

approach in the OTA-C form. The filter is to have a corner frequency of 800 krad/s and ripple
width of 0.5 dB.
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Solution: Figure 15.32(a) shows a fifth-order LP RLC ladder with normalized element values.
The inductance simulator shown in Figure 15.30(a), and resistance simulators of Figures 15.2
and 15.3 can be used to obtain the OTA-C ladder shown in Figure 15.32(b). However, the
circuit has been slightly modified by combining the adjacent OTAs 4 and 5, now shown as
OTAA45 in Figure 15.32(b). Note that the parasitic capacitances of the OTAs can be absorbed
in the GCs. First, the elements are de-normalized using a frequency scaling of 8 x 10 rad/s and
impedance scaling factor of 1.25 kQ; the values become:

R, =R, =125kQ, C, = Cs = 1.7058 nF, C, = 2.5408 nF, L, = L, = 1.92125 mH

For the realization of resistances R, and R;, use of equations (15.1) and (15.3) gives g,

Zn1 = &g = 1/1250 = 0.8 mA/V. For simulating Fls, assuming g, = £,.3 = Z,4/5 = Zin6 = &7 =
1.0 mA/V, use of equation (15.41) gives C;, = C;4 = 1.92125 nF. Using these element values
in Figure 15.32(b), the circuit is simulated; the high value resistances (10 mega-ohm) are
connected at some nodes where the path for bias current was needed.

Figure 15.32(c) shows the magnitude response having pass band edge frequency of 127.345
kHz (800.45 krad/s) and ripple width of 0.5058 dB and gain of 0.4998 at dc.

Iy Rn vy Ly v, La

]
1o | 12296H 1.2296 H {
1.7058 F 2.5408 F 17058 F & R,

Vi Vout
ln TC | TS T:S 1 Q

—_

(b)
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Figure 15.32 (a) Fifth-order LC ladder structure, (b) floating inductance and terminating resistances
simulated OTA-C circuit and (c) simulated magnitude response of the fifth-order
Chebyshev filter in (a)-example 15.13.

15.7.2 Anti-aliasing filter for an ECG detection device

A brief discussion on an analog front-end system for portable ECG (electrocardiograph)
detection devices was included in Section 11.5.1 [15.1]. One of its important constituents is
an anti-aliasing filter. Based on the system requirements, an OTA based filter is preferred at
low frequency operation as transistors inside the OTA can be operated in the sub-threshold
region to save power. To attenuate out of band interference before the ADC, a fifth-order
ladder type Butterworth filter with cut-off frequency of 250 Hz was needed. As the aim was to
show the utilization of OTAs in anti-aliasing, the present design of the filter is different from
the filter mentioned in the reference on two counts. OTAs having transconductance of the
order of mA/V are used instead of operating in the sub-threshold region, and element (floating
inductance) substitution approach is used instead of operational simulation.

The structure of a fifth-order Butterworth passive filter is already shown in Figure 15.32(a).
It can be used with different values of elements corresponding to the specification for this
application. Normalized element values as obtained from Table 3.3 are:

Ly=L;=1.618H,C =Cs=0.618F, C;=2.0 Fand R, = R = 1Q (15.43)
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Applying frequency de-normalization by 250 Hz and using an impedance scaling factor of 103,

element values modify as:
L,=L,=1.029H, C = Cy= 03932 UF, C,= 1.272 uFand R, = R, = 1 kQ  (15.44)

The inductance simulator of Figure 15.30(a), and resistance simulators of Figure 15.2 and
15.3 are used to obtain the OTA-C ladder as shown in Figure 15.32(b).

For the realization of resistances R, and R;, use of equations (15.1) and (15.3) gives g,,, =
Zn1 = &g = 1/(1000 = 1.0 mA/V). For simulating FIs, assuming g,., = ,,3 = £,,4/5 = 6 = L7
= 1.0 mA/V, use of equation (15.41) gives C;, = C74 = 0.9718 nF. Using these element values
in Figure 15.32(b), the circuit is simulated, while connecting high value resistances (10 mega-
ohm) at some nodes where path for bias current was needed.

Figure 15.33 shows the magnitude response having a pass band edge frequency of 258 Hz,
and its attenuation of 46.5 dBs occurs at three times its cut-off frequency; this satisfies the
requirements.

1.0 Hz 10 Hz 100 Hz 1.0 kHz
:X: DB (V (6)/V (1)) Frequency

Figure 15.33 Response of a fifth-order anti-aliasing filter.

15.8 Operational Simulation Process

The process follows exactly the same steps as in OA based active RC circuits. Only inverting
and non-inverting integrators are required for the RLC ladder. Lossless and lossy integrators
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of Figures 15.4(a) and (b), respectively are employed, while keeping in mind that alternate
inverting/non-inverting modes are used. The RLC fifth-order low pass section of Figure
15.32(a) can be described by the following equations.

LD ,12=V1_V3,V3=—[2_[4 (15452
sC +G, s, sCy
=Y o & (15.45b)

sy MG +G

Input series resistance R, has been replaced by its equivalent shunt resistance in parallel with
capacitor C; as depicted in equation (15.45a). All currents are to be converted as voltages
through resistance scaling; hence, the following relations are obtained:

__ R, —RI, s g = 2iin TV12

= 15.46
sRC, +RG,, 1 sep+ g ( 2

1

Here, subscript / with » indicates a current signal converted to voltage through scaling. The
remaining expressions are:

R, =75, _nTn (15.46b)
sL, I R sl

v, =Fo Rl _vnTvs (15.460)
sRC; sc3
V3 —Vour — vy = Y3 " Yout (15.46d)

A‘L4 /R 5[4

Rl =

Vv ——R[4 - v, = Y14
out out —

(15.46¢)

Using the lossless and lossy integrators of Figure 15.4, we obtain the OTA-C version in Figure
15.34(a). For g,, = 2,15 s = Gut> &7 = &ne and g,9 = 2,5, the current-voltage relations
corresponding to equation (15.46) are:

n=—23m (4 —0p,), 05 =525 (4 — ;) (15.47a, b)
561+ &3 1

vy =528 (0, — ), vy = M(% ~05), Vo = —Lalo_,, (15.47¢,d, €)
sc3 SCry4 s+ g
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Equation (15.47) can be used as a design equation for finding the values of the capacitors and
trans-conductance.

In case a floating capacitor is also present in the series branch in parallel with inductor Z,
or Ly, it needs no special consideration. The capacitor is to be placed between the same two
terminals where the inductor is in the original RLC ladder, without any change. For example,
if there is a capacitance C"in parallel with Z,, current through it will be (V5 — V, )sC". As
these two node voltages V3 and V,  are available in the OTA-C circuit and if C”is connected
between them, it will carry the same current.

Example 15.14: Re-design the fifth-order ladder of Figure 15.32(a) using the operational

simulation technique.

Solution: Figure 15.34(a) shows the operationally simulated OTA-C version of the filter
ladder of Figure 15.32(a). Two non-ideal integrators simulating equations (15.46a-¢) and
three ideal integrators simulating equations (15.47b-d) have been joined as discussed in the
text.

Application of the frequency scaling by 800 krad/s and impedance scaling of 1.25 x 103
yield the following element values for the ladder structure of Figure 15.32(a).

R,=R, =125k Ly=L;=1.92125mH, C, = C; = 1.7058 nF and C, = 2.5408 nF
All integrators simulating equation (15.46) and (15.47) employ OTAs with transconductance

2, = 1.0 mA/V. It results in the value of capacitances C;, = C;4 = 1.9215 nF. However, OTAL1
and OTAL11, which are simulating resistors have g, = 0.8 mA/V.
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Figure 15.34 (a) Fifth-order Chebysheyv filter through operational simulation technique. (b) Operationally
simulated fifth-order Chebyshev filter response for Example 15.14.

The simulated response is shown in Figure 15.34(b), which is in close conformity with the
design having a pass band edge frequency of 127.47 kHz (801.24 krad/s) and a ripple width
of 0.495 dB.
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Practice Problems

I5-1 Determine the output voltage in the circuit of Figure P15.1 at | MHz, with resistor being 10 k Ohm and

applied voltages and trans-conductance are: V, =2V, V, =3V, g,/ = O.ZmTAand 8m2 = O.Bn:/—/q :
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Figure P15.1

Derive the expression in equation (15.5). Design a non-inverting integrator having cut-off frequency of
106 rad/s and a dc gain of 2 using ideal OTAs. Find the percentage deviation in the cut-off frequency if
the following values for the non-ideal model of the OTAs are used: input capacitance = 4 pF, output
resistance = | MQ and output capacitance = 10 pF.

Repeat Problem 15-2, for required dc gain of 20.

Determine the kind of function generated by the circuit in Figure P15.2

Figure P15.2

Design an inverting amplifier using OTAs for a gain of 10. Find its useful frequency range if the OTAs have
parasitic input capacitance = 5 pF, output resistance = | MQ and output capacitance = 8 pF.

In Figure 15.14, C=5nF, o=0.2 and g,,, = 2 g,,, = 4mA/V. Sketch the voltage ratio transfer function
equation (15.21) and give its dc gain and gain at high frequencies, if the OTAs are considered ideal.

Design and test an HP filter for a cut-off frequency of 300 krad/s using the circuit in Figure 15.10(b) when
OTA:s are considered ideal, and when OTAs have parasitic C;=3.6 pF, R, = [.5 MQ and C, = 5.6 pF.

Design and test an HP filter for a cut-off frequency of 400 krad/s and high frequency gain of 2, using the
circuit in Figure 15.11 when OTAs are considered ideal, and when OTAs have parasitic C;=3.6 pF, R, =
[.5MQand C, = 5.6 pF.

Realize an AP filter using the circuit of Figure 15.13(a), such that it has a phase shift of 90° at 500 krad/s.
OTAs have the following non-idealities: C; =4 pF, R, =2 MQ and C, = 6 pF.
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[5-10 Test the circuit of Figure 15.15(c) as an AP filter such that its phase shift of 90° occurs at 100 kHz for both
the outputs. How much variation takes place in magnitude when the signal frequency changes from dc
to 100 kHz.

[5-11 Design and test an LP filter using the differential mode inverting amplifier from Figure 15.19(b) for cut-off
frequency of 120 kHz and dc gain of 2.

[5-12 Design a BP filter using the two-integrator loop circuit in Figure 15.20(a) having a center frequency of
80 kHz and Q, = 2 and mid-band gain of 5. What is the peak gain of the simultaneously obtained LP
response and the frequency at which the peak gain occurs?

[5-13 Repeat Problem 15-12 for the following specifications:
@, =300 krad/s, Q=5 and mid-band gain = 10.

[5-14 Derive the relation in equation (15.29a) and design an LP filter having the following specifications:
@, =250krad/sand Q= 1.5

[5-15 Derive the relation in equation (15.32) and design a HP filter having the following specifications:
@, =200 krad/s and Q= 1.25

[5-16 Derive the relation in equation (15.33) and design a BP filter having the following specifications:
@, =300 krad/s, Q=5 mid-band gain = 10.

[5-17 Design the KHN based biquad in Figure 15.21(a) for a notch frequency of 600 krad/s and Q = 2.
Note: For Problems 15-18 to 15-23, use circuit in Figure 15.22(a)

[5-18 Obtain the signal V,, as the LP response having a cut-off frequency of 500 krad/s, Q=2 and dc gain of 5.
What kind of response becomes available as V/,?

[5-19 Obtain the signal V,, as the HP response having a cut-off frequency of 500 krad/s and Q= 2. What kind
of response becomes available as V,,?

[5-20 Obtain the signal V,, as the BP response having center frequency of 400 krad/s, Q=5 and mid-band gain
of 10. What kind of response becomes available as V,,?

[5-21 Obtain the signal V,, as the BP response having center frequency of 500 krad/s, Q=5 and mid-band gain
of 5. What kind of response becomes available as V,,?

[5-22 Obtain the signal V,, as an LP notch response having center frequency of 200 krad/s, and notch frequency
of 500 krad/s.

[5-23 Obtain the signal V,, as an HP notch response having center frequency of 400 krad/s, and notch frequency
of 200 krad/s.

15-24 Use the floating inductance of Figure 15.28(a) for the normalized fifth-order LP filter of Figure 15.32(a).
Design and test it for pass band edge frequency of 100 kHz with values of the elements being:

Ri=R =10,C =Cs=1.1468 F, C;= 1.975 Fand [, = [, = 13712 H.
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[5-25 Obtain the expression of the floating capacitor of equation (15.42).

15-26 Design and test the notch filter of Figure 15.29(a) having a notch frequency of 60 kHz. Employ OTA
based floating inductance as well as floating capacitance.

[5-27 Repeat Problem 15-26 using operational simulation technique.

[5-28 Design and test a fourth-order OTA based Butterworth filter having cut-off frequency of 80 kHz using
operational simulation method.
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