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ABSTRACT

This research examines a unified approach to several of \
the problems associated with Operational Amplifiers(OAs),
namely, speed, accuracy, and frequency dependent gain. The
approach which is examined is the Composite Operational
Amplifier (CNOA), where N=2, 3, or 4 single OAs. The CNOA
is found to greatly extend the useful operating frequencies
of the OA while maintaining low sensitivity to circuit
element variations and a high degree of stability. It also
provides a method for obtaining a fast and accurate 0A. An
additional feature of the CNOA is that it can be implemented
using current technology. A computer model for the single
OA was created and validated, and provided the basis for
proving the superiority of the CNOA. Theoretical and .
experimental results were used with these computer

simulation results to fully substantiate the findings.
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It can be shown by a similar analysis that the non-inverting
amplifier has the same -20dB/decade rolloff, has a 3dB
frequency also governed by equation (5), and has a dc gain

of (1 + R /Rl). These are very useful results and will be

f
used later for analysis of the O0A.

D. SLEW RATE LIMITATIONS

If an OA is overdriven by a large-signal pulse of a
square-wave having a fast enough rise time, the output dces
not immediately follow the input. Figure 1-6 illustrates this
response for a finite gain inverting amplifier. This

response is known as the slew rate (SR) response and is

defined as the maximum rate of change of the output voltage
with respect to time. Figure 1-7 provides an effective model
for calculating slew rate limits for an inverting amplifier.
If the input to this amplifier is large enough to fully
switch the differential amplifer, then the current 2Il is
directed to the integrator consisting of A and C. The SR

is given by

dv i (t)
o . ¢

dt T TC
max

SR =

and since ic(t) is always 2I, then

21
_ 1
SR = ol (8)

25
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As A approaches «,

2 =__£f
v R)

Using the ope.'-loop frequency dependent expression given

by eqn. (1) yields

V (w) R /R
o

_ £l
V.(wy ~ ~ R Jw(l + R./R
. 1+ 21+ 5+ £ 3
A R w
(o) 1 u

For AO>>(1 + Rf/Rl), and from eqn. (3),

V (w) R_/R
o - - f° 1
V.(w) Jw(1+R_/R.)
i 1+ f 1
w
u

These results show that the inverting configuration has a
dc gain equal to -Rf/Rl, the ideal value. The closed-loop
gain rolls off at a uniform -20 dB/decade slope with a

3 dB frequency given by

= 4 (5)
“n ° I¥R./R

24
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and to extending the bandwidth of the OA. It will replace
the simple OA in the active circuit and will utilize low

cost OAs available with existing technology. In addition,

SO S T YL

the individual OAs which compose the CNOA do not require

matched GBWPs.

Voo R VY

Since much of this research is associated with the
use of finite gain amplifiers, it is necessary to develop
some basic relationships for this configuration.

Figure 1-5 shows a schematic for the amplifier under

PR RF s R ]

consideration. This configuration is known as an inverting
amplifier and as the mane implies the output is 180 degrees
out of phase with the input. Since the positive terminal
is at ground potential, the voltage at the input is given

by —VO/A. Thus, the current in Rl can now be found as

e 3O A L R

V.=(=V_/A)
i o
R

o ot
=
e
=
"
}
’ioll-
~
=
+
D>!O<
o

1 1t

Since the OA has approximately infinite impedance and

(DR RV

T lob Ui L no sl oA Lu B aa gl s e kg hus-idl g b e A B Ak Ak A3 g al - aicA o [asieca Rad et s le pvel g gd B4 i g diatedd Shede MRS At R AL b |

5 IR = IR , then the output voltage may be expressed as
g 2 1

! Vo 1 vo

g ormx tr Vi TR R

j which simplifies to

)

: Vi 1+ (l+nf/Rl)7K

' 22
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1. Passive Compensation

This approach includes introduction of additional

passive components to produce an amount of phase lead to

A

compensate for the phase lag due to the imperfect OA's.

These passive components are adjusted for a specific

a8 v

temperature and power supply voltage to match the OA GBWPs.

b o)

If the ambient temperature or power supply voltages change,

..1

'.,d

‘ adjustments of the components will be required. 1In

X addition to this impractical consideration, the precise

L rud

GBWPs must be known.

s

2., Active Compensation

This approach adds an additional OA to complement

<4 MRETS

each OA in a configuration. The additional OA has

-
T
a s

-
v
-

characteristics which closely match the first. Although

this approach has been utilized for specific configurations,

-
v

(it ]

there has been.no generalized method developed for

application to all structures.

3. Wider GBWP 0OA's

In this approach wider GBWP 0OAs are utilized to

replace existing OAs in an active network. Although this

“» ' HBES A

extends the useful operating frequency range of the OAs,

y e v
£ A

these 0As are expensive to produce and their cost may not

[
4 a' s

be justified when a large number is required.

-

In this research, the Composite Operational

Py Yy ey Py

Amplifier (CNOA) will be shown to provide a unified approach

e

for minimizing the effects of the variations described above

21
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and thus the frequency where the gain Ao reaches unity

(0 dB), w 5 is given by

w A W ' (3)

Substituting eqn. (3) into (2) gives

f
A(w) = 5%

el

where f w /2n.
u u

The term W, (rad/sec) or fu (Hz) is known as the unity
gain bandwidth (or, gain bandwidth product (GBWP)). In the
simple OA, f is limited to approximately 1 MHz [Ref. 1]. :
This limitation is imposed by the requirement to limit the

phase in excess of 90 degress.

C. OPERATIONAL AMPLIFIER BANDWIDTH

The high frequency rolloff of the OA imposes a limitation
on the useful frequency range of linear active circuits. As
discussed in Section A of this chapter, further practical
limitations on the useful bandwidth of the OA are imposed by
passive circuit components, as well as variations in the
temperature and power supply voltage. The following
approaches to alleviate the BW problem have recently been

considered by various researchers [Ref. 2: p. 4].

20
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provides the amplifier with a low output resistance,

corresponding to that of an ideal voltage source.
Additionally, it must supply relatively large output
currents without dissipating large amounts of power in
the IC.

In practice, the differential open loop gain of an OA
is finite and decreases with frequency. Although the gain
is quite high at dc and low frequencies it starts to fall
off at a relatively low frequency. Figure 1-4 shows the
open-loop frequency and phase responses of a typical
general-purpose, internally compensated OA. Internally
compensated OAs usually utilize a single capacitor which
gives a -20dB/decade rolloff(or, -6dB/octave). The
constant -20dB/decade rolloff ensures stability of the OA.
The gain of an internally compensated OA may be expressed

approximately as

A
- o
A(w) = T—T—ffﬁq; (1L

where AO denotes the DC open loop gain and W is the -3dB

corner frequency (radians/sec). For w>>w 5 eqn. (1) becomes

Alw) = —— (2)
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1. The ideal OA should not draw any current, i.e., the
input current at terminal 1 and terminal 2 should be
zero. This means that the ideal OA has infinite input
impedance.

2., The output voltage between terminal 3 and ground should
always be equal to A(v -v independent of the current
drawn from terminal 3 lnts a load impedance. This means
that the OA has zero output impedance.

3. The OA responds to a different voltage, vy hence
if v then ideally the output will be ze}o. This
propertﬁ is known as common mode rejection and it is
ideally infinite.

4, The open loop gain A is ideally infinite.

5. The open loop gain A remains constant from zero to
infinite frequency, i.e., it amplifies all frequencies
equally.

The operational amplifier is a multistage amplifier.
Figure 1-3 shows a basic three stage OA. The first stage
of this OA is a differential amplifier which provides high

gain to difference signals, v and low gain to

27V
common-mode signals. The differential amplifier also
sets the input impedance and its characteristics minimize
the common-mode response and offset voltages. Offset
voltages are small signals, usually on the order of a few
millivolts, which cause some output voltage when v2-v1=0.
They affect the accuracy of the OA and are caused by an
imperfect match of the emitter-base voltages of the input
transistors, Ql and Q2. The second stage of the OA
provides both current and voltage gain. The voltage gain
contributes to the overall amplifier voltage gain and the

current gain is used to drive the final stage without

loading the input stage. The output stage of the OA

16
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as well as good stability. The investigation of the CNOA
will consist of computer simulation, theoretical, and

experimental analyses.

B. CHARACTERISTICS OF AN OPERATIONAL AMPLIFIER

This section will briefly discuss the characteristics
of the OA. The OA is a three terminal Voltage Controlled
Voltage Source (VCVS), consisting of a positive
(non-inverting), negative (inverting), and an output
terminal. A simplified schematic for an OA is shown in
Figure 1-1., If the non-inverting input is grounded and
a signal is applied to the inverting input, the output will
be 180 degrees out of phase with the input signal. If the
inverting input is grounded and a signal is applied to the
non-inverting input, the output will be in phase with the
input signal. The amplified voltage is found at the output
terminal. The differential open loop gain of the OA,
denoted as A, is the gain of the OA with no feedback path,
i.e., with none of the output referred back to the input.
It is usually of the order of 105 or more.

It is useful to consider the 0OA as an "ideal" amplifier,
and although in practice none of the ideal properties can be
achieved, they can be approximated closely enough for most
applications. Figure 1-2 shows the equivalent circuit of
the ideal OA. The following properties are associated with

the ideal OA shown in that figure:
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The requirement to improve the speed (slew rate) and
accuracy (offset) of OAs has been driven by such applica-
tions as the introduction of the 16 bit analog-to-digital
(A/D) and digital-to-analog (D/A) converters. The general
results ~f efforts to improve these characteristics of OAs
has been the attainment of greatly enhanced speed at the
cost of a significant loss of accuracy. The slew rate of
an OA is primarily determined by the type of input stage
used, while the offset is determined by the imperfect match
of the input stage transistors. A detailed discussion of
the factors affecting the slew rate of an OA, as well as
efforts to improve slew rate, is contained in Section D of
this chapter.

This research proposes a new approach to extending the
BW and improving the speed and accuracy of the OA. Each
OA in a network is replaced by a Composite Operational
Amplifier (CNOA), where N=2, 3, or 4, the number of single
OAs required to achieve the realization. The resulting
device has three terminals, consisting of an inverting
input, a non-inverting input, and an output. Amplitude
and phase compensation is accomplished by using resistor
ratios as the controlling parameters. The CNOA has the
same versatility as state-of-the-art designs using the
same number of OAs, while at the same time maintaining
the attractive features of the single 0OA, including low

sensitivity to circuit element and power supply variations,

13
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I. INTRODUCTION

A. BACKGROUND

The Operational Amplifier (OA) is used as the acfive
element in most linear active circuits, namely, positive,
negative, and differential gain amplifiers, integrators,
and active filters. System design advancements have
generated greater demands on the electrical performance of
these OAs in several areas. These include extended band-
width (BW), low sensitivity, and high stability, as well as
high speed and high accuracy. Considerable research has
ensued in an effort to improve the performance of the
Operational Amplifier. Their non-ideal performance
introduces frequency dependent gains which 1limit the
operating frequencies of the linear active circuits which
employ them. The effect of this non-ideal behavior
actually contributes somewhat less to the BW limitation
problem than the effect of the passive components
associated with the circuits. Thus, if the ideal mathema-
tical model input-output relationship is Hi(S)’ then the
actual circuit yields Ha(s), which is different from Hi(S)'
Further variations in Ha(s) result from changes in frequency,
temperature, and power supply voltage. A discussion of
recent efforts to minimize these variations is contained

in Section C of this chapter.
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3 Next, consider the small signal transconductance of the
?» input stage, gm, = Il/Vi. It follows that that the output
_; voltage of the model shown in Figure 1-7 is given by )
)
5
! gm. V. (s)
ok V (s) = 211
o) sC
“,
! that is,
- V (w m
' A (w) = o ) = g—l
3 v Vi(w5 wC
Y
) It follows that the open-loop unity gain frequency, w s
aY
2 is given by
. gm
‘, - l
-, “u T (7
i Combining egns. (6) and (7) above, the slew rate is given as
D av_ 20 I,
' SR = — = (8)
dt max gmy
)
4 The above relationship is extremely useful. It shows that
3 for a given GBWP, W, > the slew rate is determined totally
: by the ratio Il/gml. Since W, is the point where excess
: phase begins to guild up, and since it is limited by
» 28
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technology rather than by circuit limitations, the only
effective way to increase SR 1s to increase this ratio
) ‘ [Ref. 3].
Full-power bandwidth may be defined as the maximum
frequency at which the full output swing can be obtained
without distortion [Ref. 4]. If the output signal of an 0A

circuit is equal to VO=Vpsinwt, then
dVo
ta wVP cos wt

and,

= wV (9)

Thus, the highest frequency that can be reproduced without

distortion is

(10)

max

From the relationship above it can be seen that SR and power
bandwidth are related by the inverse peak of the sine wave,
Vp. Figure 1-8 shows the distortion which results if an
attempt is made to amplify a sine wave with WIrw o e In

practical terms this means that for an LM741, whose maximum

slew rate is limited to approximately 0.67v/usec [Ref. 51,

29
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the maximum undistorted output frequency for a 10 volt peak

‘% output, the power bandwidth, is

i SR _ 0.66x10° |
:; ' foox © - = énx}:fo = 10.66 kHz |
;H This is a relatively low frequency compared with the ‘
:ﬁ bandwidth available using the 741 OA and clearly indicates

b the need for a higher slew rate OA.

T

if E. METHODS FOR INCREASING SLEW RATE

‘E; Several methods have been utilized to improve the slew

!

rate performance of operational amplifiers and are presented

below.

e
St

boa, -
e

1. Increasing the Ratio Il/gml

From the previous section, equation (8) shows that

%S the slew rate of an OA can be improved by increasing the

;: ratio Il/gml. One way to do this is by the addition of

g emitter degeneration resistors in the input stage, as shown
;ig in Figure 1-9. It can be shown that the slew rate can be
Eiz increased by a factor of (1 + gmlRE/Z) [Ref. 4]. This

|13

effect can be observed in the LM 118, where a twenty-fold

increase over similar OA's with no emitter resistors is

ot ¥,
(i ok 4

achieved. There are problems associated with this method

however. Unless the resistors are extremely well-matched,

they contribute to increased input offset voltage and drift.

NN W T
- -
»

o oo
- }.

-ty

Additionally, the thermal noise of the resistors degrades

noise performance of the OA.
31
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Figure 1-9 Inclusion of Emitter Degeneration Resistors
in the Input Stage of Typical OA in Order
to Improve the Slew Rate
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2. Utilizing Field Effect Transistors(FET's)

The FET(JFET or MOSFET) has considerably lower
transconductance than a bipolar device. Utilizng FETs in
the input stage of an OA makes use of this normally
considered "poor" feature of these devices and provides
slew rate enhancement of the amplifier. This enhancement
results from an adjustment of the ratio of equation (8).
Figure 1-10 shows a model with JFETs in the input stage.
It can be shown that the JFET slew rate is greater than

that achieved by utilizing Bipolar Junction Transistors
V..

(BJTs) in the input stage by a factor of * 172;%—7—— R
kT/q w,

where wj and w are the GBWPs for the JFET and BJT aﬁplifiers,
respectively, and VT is the JFET threshold voltage. Thus,

for a JFET threshold voltage of VT = =2v and wj T w,, @ slew
rate increase of a factor of 40 can be achieved by use of
JFETs in the input stage instead of BJTs. Further, if JFETs
are substituted for all the slow pnp transistors of the 0A
circuit, GBWPs of a factor of ten timesgreater than that
obtained by the use of BJTs are realized [Ref. 6]. From

the relationship given above, the improvement factor in

slew rate that can be obtained by substituting JFETs for

BJTs can be approximated as

. 2 10
(2)(1.38x10°23)/(1.68x10"1%) 1
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Although this seems to offer an attractive method of slew

rate enhancement, it is known to have an offset increase
of three times greater than that of a BJT [Ref. 71].

3. Increasing the OA GBWP

For an OA with a simple differential input stage
such as the one shown in Figure 1-3, the first stage

transconductance is

gl
m., = 1
gy T xT
and thus
gml - g
I kT

Substituting the above expression into equation (8) gives

dv 2w kT
SR = =2 = 3
dt max q

From this expression it can be seen that the slew rate of an
OA with a simple differential input stage is a function of
W, and some constants. Thus slew rate can be increased by
increasing the corner frequency, but problems with excess
phase can result unless an extremely good design is

utilized. Although some good results have be obtained,
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it is questionable whether the difficulty of building such
an OA is worth the improvement in slew rate achieved.

4. Increasing the Charging Current

This method of slew rate improvement results from
an increase in charging current available to the
compensating capacitor through alternative paths in the
input stage. This method also finds limited application due

to an increase in the offset voltage encountered.

E. CONCLUSIONS

This chapter has outlined some of the limitations
associated with state-of-the-art 0OAs, including frequency
dependent bandwidth, as well as speed and accuracy
constraints. Methods to improve the OA bandwidth have
been said to be deficient due to practical and/or economic
considerations. It was shown that the current methods for
slew rate enhancement result in an inérease in offset
voltage, as well as some degradation in noise performance
in the case of the emitter resistor method. This research
proposes the Composite Operational Amplifier (CNOA) as a
unified approach to overcoming the limitations imposed by

state-of-the-art Operatiomal Amplifiers.
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IT. GENERATION OF AN OP AMP MODEL

A. BACKGROUND

Investigating the characteristics of the Composite
Operational Amplifier (CNOA) by computer simulation required
development of a single OA basic building block model. The
OA selected for this model was the LM741l. It was felt that
this OA possesses the characteristics and degree of
sophistication necessary to accurately and completely
examine the operation of the CNOA. A schematic of the
particular 741 selected is shown in Figure 2-1. The 741
was modelled using the computer program SPICE (Version 2G)

which is resident on the IBM 3033 System.

B. THE SPICE PROGRAM

SPICE is a general-purpose circuit simulation program
for linear AC, non-linear DC, and non-linear Transient
Analyses [Ref, 8]. It is used extensively in the private
sector as an analog and digital design tool. Circuits may
be modelled which contain resistors, capacitors, inductors,
independent voltage and current sources, dependent sources,
and the four most common semiconductor devices: diodes,
BJTs, JFETs, and MOSFETs.

Specific capabilities of SPICE which were particularly

useful for this research include the following.
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1. AC Analysis

The AC analysis capability of SPICE computes the AC

output variables as a function of frequency.

DC operating point of the circuit is computed
linearized small-signal models for all of the
devices are created. The linearlized circuilt

over a user specified range of frequencies.

Initially, the
and the
non-linear

is then analyzed

The listing file

for the SPICE program contains the DC nodal voltage values

for the initial small signal bias solution, and if requested,

a listing and plot of output values may be obtained. The

AC analysis capability found specific application in

determining OA and CNOA frequency and phase responses.

2. Transient Analysis

The transient analysis capability of SPICE computes

the circuit response to a particular input over a user

specified period of time. The initial transient conditions

are automatically computed and are available in the listing

file. Transient response data together with a plot of that

data are avail=ble if requested. The transient analysis

capability found specific application in determining OA and

CNOA slew rate response.

5. OC Analysis

The DC analysis capability of SPICE automatically
ietermines the linearized, small-signal model for non-linear
RS troan A0 analveis is requested and automatically
Detwerm ree whe dinitial “ransient conditions 1if a transient
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assigned by the system. These capacitances were included

in the model in an effort to introduce the appearance of
the second pole (which was never achieved). These
capacitances were removed for all other slew rate analyses
and the simplified model operated satisfactorily for

these analyses. The model which contained the capacitances
operated satisfactorily for all other analyses. The slew
rate response curves are shown in Figure 2-7. Appendix E
shows the programs utilized to obtain these results.

3. An AC analysis was performed to determine the
open-loop gain of the model. A large resistor (93,600 kQ)
was used in the feedback path of a non-inverting amplifier
configuration to simulate an open-loop situation. An
open-loop gain estimate of 93,600 was obtained with the
dominant pole appearing at 10.5 Hz. These values are
considered to approximate those of an LM741. Figure 2-8
shows the plots of the results of this analysis and
Figure 2-9 shows a schematic of the circuit used. Appendix
F contain the program used in the analysis.

4, A DC analysis was performed to determine the
collector currents of selected transistors in the model.
Simulated and theoretical results compared very closely, as
shown in Figure 2-2. Appendix G contains the program used

in the analysis and Figure 2-10 shows a schematic of the

circuit used in the analysis.
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1. The basic circuit was configured as both a
positive (non-inverting) and negative (inverting) finite
gain amplifier, with gains of k=10 and k= -10,
respectively. An AC analysis of these amplifiers was
performed by SPICE. The results showed a GBWP of 0.9 MH=z

and a constant -20 dB/decade rolloff. The output voltage

))

agreed with theoretical values (i.e., V (dB)=20log(V

ouT OuT
and the proper phase response (showing a 45 degree phase
shift at the dominant pole) was observed. TFigure 2-3
shows schematics of the circuits used in these analyses
and Figures 2-4 and 2-5 show the results. Appendices B
and C show the programs used to generate these results.
2. A transient analysis of both the inverting and non-
inverting amplifiers was simulated in a unity gain
configuration. A large signal pulse (-5.0 to +5.0 volts)
was input and a slew rate of +0.615 v/usec was observed.
This value is representative of a typical LM741. Some
difficulty was encountered with the model at this point and
should be mentioned. An unexplainable voltage spike was
observed at the beginning of the leading edge of the response
pulse for each configuration. Figure 2-6 shows this
situation for the non-inverting configuration and Appendix D
contains the computer program used to obtain these results.
It is believed that this was due to the interaction of the
specified values of the transistor junction capacitance

with the defaulted values for the other transistor parameters
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PARAMETER MODEL TYPICAL
VALUE LM741

GBWP 0.8 0.5-1.0

(MHz)

Slew Rate 10.615 10.6

(V/us)

Voff(mV) 0.15 1-5

Ioff(nA) 0.14 3=-200

Power Dissipated(mW) 49 50

-20 dB/decade rolloff

Correct frequency and phase response

TRANSISTOR MODEL COQLLECTOR THEORETICAL
CURRENT (uA) COLLECTOR CURRENT

(unA)

Ql v 3.6 9.5

Q2 9.6 9.5

Q12 736 730

Q13 177 180

Qlu 531 550

. :.1- -.'l_»l ./ _"',-. !, ) ',: ) -

Figure 2-2 Results of Analysis of LM74l Computer Model

4y

DAL IR TR LR TSRS AN TR o > o\ TS oAt ..'_‘-\ - .'_..“_ te.

LN ) ‘\ s ‘- ) ] o




e

o i

T R .
- ‘fﬁ” | TR

X

N | T AN R

I

o an- L cac oun e das dan dag bac dub e Sk Bl b r o Ao B R b i 4 A g Log Ban B-n & an i YA Nut Rat o SRl i it A lk “alh 2n]
7 e .

output stage consisting of Q14 and Q20. This provides
greater efficiency than an emitter follower stage would.
Transistors Q18 and Q18 provide bias for the output stage.
Transistor Q23 acts as an emitter follower, which minimizes
the loading effect of the output stage on the second stage.

5. Short Circuit Protection

Short circuit protection in the LM7u41 is provided by
transistors which conduct only if large amounts of current
are drawn by the load. This would happen if the output
terminal is short-circuited to one of the supply terminals.
The short circuit protection circuitry consists of
transistors Q15, Q21, Q22, and Q24, together with resistors

R6 and R7.

D. GENERATION AND VALIDATIQN OF THE MODEL

A SPICE program was written utilizing the schematic of
Figure 2-1 and the program is shown in Appendix A. Transistor
parameter values for the 741 were determined from the
literature [Refs. 9, 11], although most transistor values
were not available and were allowed to default to SPICE
assigned values. Nodes were added and node numbers were
changed to accommodate the various configurations used in the
research, Various analyses of the basic model were
simulated and the results are summarized in Figure 2-2.
Analyses performed to validate the model included the

following:
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335

;%: differential input to the amplifier formed by Q3 and Qu.
53: Transistors Q5, Q6, and Q7, together with resistors R1, R2,
e and R3 form a load for the input stage. The output of the
EE input stage is taken from the collector of Q6. The tran-
_;: sistors Q3 and Q4, in a common-base configuration, provide
N the OA with the ability to swing between positive and

g negative output voltages (called level shifting).

-3 3. Intermediate Stage

MONE The intermediate stage of the OA consists of

:ﬁg transistors Ql6, Ql7, and Q25, together with resistors RS
‘;: and R9. Transistor Ql6 acts as an emitter follower

:& amplifier which gives the stage high input resistance, thus
ﬁ{ avoiding loading of the input stage. The high gain of the
?5 stage is accomplished without using a large load resistor,
Wi through the use of Q17 with an active load formed by Q25.
o

A

Capacitor Ccis connected in the feedback stage to provide

XN

%5 frequency compensation using the Miller compensation scheme.
™~ Capacitor CC gives OA a dominant pole at approximately S5 Hz.
o )

Wi ] ] .
oo Pole splitting causes the other non-dominant poles to be
A S

'l
i . . . . .
55 shifted to much higher frequencies and results in a uniform
{tj -20dB/decade rolloff and a GBWP approximately 1 MHz.

DAY

:%ﬁ 4. Qutput Stage

SRS

e The purpose of the output stage of the OA is to
3

ff provide the amplifier with low output resistance and to
.‘_'.’
ﬁz supply large load currents without dissipating unduly large
o
e amounts of power in th& 1C. The output stage is a Class AB
;Ei 42
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few ﬁumber of resistors, and only one capacitor. These
characteristics are dictated by limited silicon area, ease
of component fabrication, and the quality of fabricated
components. The OA normally operates with VCC=VEE=15V,
however, it may operate at much lower voltages and still
perform acceptably. Each section of the circuit and its
basic operation are described below.

1. DC Bias Circuitry

The reference bias current for the 0A, IREF’ is
generated in the branch consisting of transistors Qll and
Ql1l2, together with resistor R5. The bias current for the
first stage is generated in the collector of Q10 through the
current mirror formed by Ql0, Qll, and R4. Transistors Q8
and Q9 also contribute to the biasing process. IREF provides
current to the double-collector lateral pnp transistor
Q13/25. Transistors Q;Z and Q13 form a two-port current
mirror. The output from the collector of Q13 provides bias
current to the output stage and the output from the collector
of Q25 provides bias to Ql17. Transistors Q18 and Q19
establish VBE voltage drops between the bases of the output

transistors Q14 and Q20.

2. Input Stage

The input stage consists of transistors Ql through
Q7, with biasing performed by Q8, Q9, and Q10. Transistors
Ql and Q2 act as emitter followers and establish a high

amplifier input resistance, as well as delivering the

41
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TEE analysis is requested. DC transfer curves may be generated
X by steppingAan independent voltage source over a user
) specified interval. These curves and their associated data '
?é may be printed in the program's listing file if requested.
_# The DC analysis capability found specific application in
o determining OA and CNOA offset characteristics as well as for
'ﬁ circuit analysis. Detailed DC circuit analysis was greatly
E’ assisted through the use of ammeters in the circuitry.
8 - The procedure for utilizing SPICE on the IBM 3033
Ei system is relatively simple. First, a program 1is created
?: in XEDIT utilizing the procedures of the SPICE Manual. Once
ij the file is created SPICE may be entered by using the
%é following commands:
““}) CP LINK 0166p 191 192 rr
85 ACCESS 192 B
;; EXEC SPICEIT filename filetype
;* The file produced as a result of the execution of the above
2} sequence is identified as RESULTS LISTING and may be used to
}; analyze the circuit configuration.
?Q

C. OPERATION OF THE LM741
EE This section describes the operation of the 0A selected
?é as the simulation model and utilizes the schematic of
Figure 2-1., This discussion follows that by Sedra [Ref. 9].
Ei The circuit is designed with IC considerations in mind, that
;é is, it utilizes a large number of transistors, relatively

40
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5. A DC analysis was performed to determine the voltage
and current offset of the model. The offset of this model
was slightly better than that of a typical LM74l, probably
owed to the fact that matched transistors were used for the
input stage transistors, something that is not usually
achievable in the real world. Figure 2-2 shows the results
of the offset analysis. Appendix H shows the program used
to generate the results and Figure 2-11 shows the schematic

of the circuit used in the analysis.

E. CONCLUSIONS

Based upon-the results obtained from the analyses of the
basic computer model, the model was considered to closely
simulate the characteristics of the LM741 and was
considered suitable for use in studying the characteristics
of the Composite Operational Amplifier (CNOA). The
difficulties encountered in the slew rate analysis were
not considered severe enough to limit further study of the
CNOA. Efforts were made to obtain a full set of SPICE
parameters from various sources, however this was found to
be closely held data and the efforts were to no avail.
As such, most transistor parameters was allowed to
default to SPICE assigned values. The combined effect of
these values and the high degree of complexity of the
basic model was believed to at times cause problems in

analysis of circuits, specifically the DC analysis of the
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‘?} circuits would not converge and thus the intended analysis
b could proceed no further. Despite these types of problems,

SPICE most generally performed adequately.
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" . III. THE COMPOSITE OPERATIONAL AMPLIFIER
A. BACKGROUND
4 Chapter I discussed the limitations of state-of-the-art
i Operational Amplifiers (OAs) in terms of their bandwidth,
;3 slew rate and offset and iterated methods for improving their
’ performance. This chapter presents the Composite
E Operational Amplifier (CNOA) as an alternative to overcome
g the limitations imposed by these methods. The concept of
i nullator-norator pairing to generate then CNOA is presented
I and the characteristics of the C20A as a finite gain
‘E amplifier are studied through the use of computer simulation,
e theoretical, and experimental results. The superiority of
-j the CNOA as an egtended bandwidth (BW) amplifier with
;S improved slew rate and offset characteristics will be shown.
- This research is limited to the C20A, however the general
) results may be extended to the C30A and CU4OA.
%
‘: B. GENERATION OF THE C20A
' The realization of the C20A is based upon an application
:3 of the concepts of nullators, norators. and nullors. The
i? nullator is defined as a theoretical one-port device which
“: will neither sustain a voltage or current (i.e., Vl=il=0).
.? The norator is defined as a theoretical one-port device
{? which will sustain an arbitrary voltage and pass an
d
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arbitrary current which are independent of each other. A
nullator and a norator may be combined into a two-port
device, with the nullator as port 1 and the norator as

port 2, to create a nullor [Ref. 12]. Figure 3-1 shows a
schematic of an a nullator, a norator, and an OA in its
nullor representation. A nullator-norator equivalent
network consisting of n nullators and n norators yields n!
equivalent networks [Ref. 2: p. 13]. So, for a nullator-
norator network consisting of two nullators and two norators
there exists two nullor equivalent networks. This is
depicted in Figure 3-2. Each of the two networks shown can
be arranged as in Figure 3-3 and thus a nullor equivalent
network consisting of two nullors corresponds to four
physical networks.

Utilizing the above concepts the C20A may now be
constructed by combining a second amplifier of gain H with a
single OA. This network corresponds to a nullor. Figure
3-4 shows an example of this pairing. If possible pairings
of these two amplifiers are considered, i.e., if the 0A and
the nullor are combined in every possible manner, there are
a total of 192 networks. Of these, 136 represent actual
nullors, that is, the elements of signals can assume
arbitrary values. The resulting C20As are examined in
accordance with the following criteria [Ref. 2: p. 18].

1. They must satisfy the necessary (but not sufficient)

conditions for stability. This is realized if the
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denominator of the inverting and non-inverting open loop
gain equations have no change in sign.

2. They must not require single OAs with matched GBWPs
and must have low sensitivity with respect to their components.
This is achieved if none of the coefficients in the open
loop gain equations are realized by differences.

3. No right-hand S-plane (RHS) zeroces due to a single
pole should be allowed in the closed loop gain equations of
the C20A's (for minimum phase shifts).

4. The external terminal performance should be the
same as that of the single O0A.

5. The actual transfer function relationship should
indicate an extended useful frequency operation.

6. There should be minimum gain and phase deviation
from ideal.

Four of the 136 C20As examined for acceptable performance
in accordance with the above criteria were considered
satisfactory. These configurations are shown in Figure 3-5.
The alpha (a) shown in that figure is the ratio of the
resistors which connect the single OAs. The same basic
approach shown here can be used to generate the C30A and CUuo0A.

It was shown in Chapter I (equation (1)) that the
expression for the dc open loop gain of a single OA is
given as

A
_ o)
Alw) = T 3 o (L
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Equation (2) from Chapter I gave the GBWP of a single OA as

w = Auw (2)

From equations (1) and (2) above, the open loop gain of the
single OAs utilized in constructing the C20As can be

written as

Aoiwmi Dui
Ai = w T s 5T (3)
mi mi

where Ao" w_., and w ; are the DC open loop gain, the 3 dB

i’ “mi
bandwidth, and the GBWP of the ith single 0OA, respectively.

The input-output relationship for the C20A has the

general form VOX=VaAai(s)-VbA (s), i=1 to 4, The development

bi
of the input-output relationship for the C20A2 of Figure 3-6

is shown here. From the basic relationship for a single OA,

<
1]

(Vl—Vz)A2 (%)

and

<
"

(Va-V JA (5)
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From Eqns. (4) and (5),

Vo = (Va—Vb)AlAz—VzA2 (6)
Also,
s 0
(I+e)R ~ R

which also gives,

<

- _0° .
V2 ) (7)

Substituting eqn. (7) into eqn. (6) gives,
Vo
vV = (va—vb)AlAZ—(ITE)A (8)

o] 2

which gives the input-output relationship

A A (1l+a) AA_(1+a)
Vo= v L2 -y, 2 (9)
o) a A2+Zl+a5 b A2+(l+a5

Similar analysis may be utilized to develop the input-output

relationships for the other three C20As.
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C20Al1

g€ (1+a)<(1+k)/2
C20A2
C20A3 (1+a)<v1+k
C20AL (1+a)<4v/1i+k

From equation (17), it is desirable to choose o such
that wp and Qp result in an acceptable amplitude and phase
deviation in Ha from Hi’ while at the same time satisfying
the stability conditions given above. TFigure 3-11 shows
the values of a required to give a Qp = 0.707 (maximally
flat) and QP = 1. Applying the results of fhe necessary
and sufficient stability considerations to each of the
C20As shows that the optimum configurations from both the
stability and BW standpoint are the C20A1 and C20A2

designs.

D. SIMULATION RESULTS FOR THE C20A FINITE GAIN AMPLIFIER
The previous section showed theoretical relationships
associated with the use of the C20A as a finite gain
amplifier, Figures 3-12 and 3415 show computer simulation
results for the frequency response of the C20A used as a

finite gain inverting amplifier (k= -10). Figure 3-16 shows
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N=1+as =1+ >
w
z
and
_ 2 _ 2, 2
D = a+ bls + bzs =1 + (s/wPQp) + s /wp

From the above it can be seen that N/D determined the
amplitude and phase deviation of Ha from Hi and bl and b,

determine the stability of Ha' Also W, wp, and Qp are seen
to be functions of the circuit parameters Wy s Wy and a.

Low sensitivity of Ha’ W

2 mp, and Qp to the circuit

parameters is guaranteed since in all of the transfer
functions neither the a nor the b coefficients are realized
through differences. Assuming a single pole model, the
fact that the b coefficients are always positive guarantees
the stability of the transfer function. It is observed from
Figure 3-9 that for the C20Al1, a 5% mismatch in GBWPs of the
single OAs results in a change in wp and Qp of no greater
than 2.5%.

The necessary and sufficient conditions for the stability
of the C20A1 through C20A4, when considering a two-pole OA

model, can be shown to be the following [Ref. 2: p. 37]:
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The general input-output relationship for this second

order circuit may be given as,

v z (16)

Then for (15) and (16) to be equivalent for the C20Al the

following relationships must hold:
w = / “m1%m?2
p (1+K)

(1+a) ml
Qp m
v1+k m2

The above two relationships of the four C20A configurations
are shown in Figure 3-9.

Each of the transfer functions shown in Figure 3-9 has

the form
H, = H, - % (17)

where Hi is the ideal transfer function realized assuming

ideal 0As and
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which gives,

(l+a)+Al .

1 Vo KA TRy ()

Now considering the currents for the external loop,

VorVin _ Vi-Vin

(1+k)R"' R'

which gives,

V_+kV
o) IN _ v

1+k 1

but from (14),

VO+kVIN -y (l+a)+Al
T "o BA,(TFaY
1+k o} Al 2 1l+a
“ni
Using Aoi=§—— (from eqn. (3)), it can be easily shown that
v
- = -k 5 (15)
IN (l+k) s s
o o— * +
o lta “me (e m1%m2
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which yields

Also,

V3-0 )

(I+a)R ~

v

which gives,

\Y) =

3 V2(l+

From Egns.

So from eqns.

N .f:'

=

'~':. -V

R T? =y
- AR, 1
.

o

b3

b4 p*}.':' :' ’

L}
.

- -
»
a3

R

»
3

SR

(11) and (12)

(1)

2-0

R

o) (12)

(13)

(13) and (11),
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Finite gain amplifiers in either a C20Al or C20A2
configuration will be shown to have a BW shrinkage factor
of 1 for Q=0.707 and somewhat greater than 1/vk for
Q=l{E>>l). Figure 3-7 shows a comparison of the frequency
response of a single OA, a cascaded pair of 0OAs, and a
C20Al1 in a finite gain inverting amplifier configuration.
The responses seen in that figure approximate the
bandwidth shrinkage criteria previously given. The
bandwidth extension advantage gained by using the C20A is
evidenced. An additional feature of the C20A is that it
requires only two accurate gain determining components vice
four for the cascade realization. The computer programs
used to generate the results in Figure 3-7 are contained
in Appendices B, I, and J, and the schematics of the
circuits utilized to produce those results are shown in
Figure 3-8.

Figure 3-9 shows the input-output relationships for the
four C20A configurations. For illustrative purposes, the
derivation for the relationship given for the C20Al is
shown here. Figure 3-10 shows the circuit under consideration.

The basic input-output relationship for the A2 0OA is

given as
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to be less than acceptable. These efforts have included

use of passive and active compensation, as well as actually
utilizing wider BW OAs. Each of these methods and their
associated problems were discussed in Chapter I. This
section shows the use of the C20A as the active elemeﬁt

in the finite gain amplifier and its superiority to previous
methods utilized to overcome the non-ideal characteristics
of the 0A,.

Equation (5) from Chapter I shows that the BW of a
finite gain amplifier shrinks by a factor of 1l/k relative
to its unity gain BW(wu). If two OAs are cascaded in a
finite gain amplifier configuration with an overall gain of
k, it can be shown that a BW shrinkage of 0.6u4/vk is
experienced, assuming each amplifier has a gain of vk.

This bandwidth shrinkage factor results from the following

[Ref. 13]:

where f; is the total GBWP for the two identical stages,

and fm is the GBWP for a single stage. Tor two cascaded
stages, n=2, s? fm = .64 fm. Since fm for an inverting
u

amplifier is :EEIH (Eqn. (5), Ch. I), then, for the

circuit with two cascade stages,
0.6uf

e
«w

m 3
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Assuming identical OAs, that is,
A = A = AO and w, = w, = W

and the C20A2 in an inverting amplifier configuration with

Va=0, the dc gain for the C20A2 is given by

Ao(l+a) .
AOC2 = T3 (l+a)/Ao Ao(l+a) for (l+a)<<AO (10)

From (1) it can be seen that the C20A2 has a single pole
roll-off from wi/AO to wi/(l+a), where the second pole
occurs. As o increases, the dc gain increases while the
second pole frequency decreases., Similar analyses may be
performed to derive the dc open loop gain equations for the

other three C20As under consideration.

C. THE C20A AS A FINITE GAIN AMPLIFIER

Finite gain amplifiers find use in a wide variety of
applications including active filters, instrumentation, and
oscillators. In Chapter I the concept of an ideal OA was
discussed and it was shown that in practice the amplifier
circuits which are realized through the use of 0As do not
operate in an ideal manner, but are frequency dependent.
Further limitations in the BW are imposed by the use of
passive components in the active circuits, and efforts to

minimize the effects of the passive components have proven
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the differences between the frequency response of the

C20A in the inverting and non-inverting configurations.
These differences are caused by the introduction of a zero
in the non-inverting configuration. The transfer function
of Figure 3-9 for the C20Al . shows this fact. The
programs contained in Appendices J through M were used to
produce Figures 3-12 through 3-16.

The results shown in Figure 3-12 are analyzed below to
show the comparison with the theoretical results obtained in
the previous section:

1. The output amplitude at low frequencies corresponds to
that given by a single 0A, i.e.,

)

VOUT(dB) 2010g(kVI

N
201logl(10)(0.1)1]

= 0 dB

2. The value of a required for maximum flatness is seen
to be 1.35. This corresponds to the theoretical value
given by the formula of Figure 3.9, i.e.,

/W
q = 0.707 = 42ta) /.2 (w, = @)
p vIit10' Y1

which gives o=1.35.

3. The w_ for Qp=l.0 corresponds to the theoretical
value given by the equation of Figure 3-11, i.e.,

wlwz U.)i
v, = TEey - = 1.705 MHz
P /IFK
= 2.71 x 10°.

which gives fp
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;i 4., By using a=1.35 (max flat),_an additional BW extension
S is observed, i.e., f_=3.15 x 10°, which 1is 3.5X greater
b than that of a singlg OA.

) The results for the other C20As may be analyzed as

" above and are shown to correspond to the theoretical

b | results of the previous section. Based on the frequency
response for the C20A3 and C20A4, together with the

stability considerations given in the previous section,

St L il od DY)

these two configurations seem to have limited application

as finite gain amplifiers. The C20A3 has been shown to

"

perform well as an inverting integrator [Ref. 2: p. 62].

o,
fd.h;

Chapter IV of this paper will show the use of the C20A3

5 and C20A4% in active -RC filters.

. The C20A 1 was further utilized to demonstrate the low
sensitivity and high degree of stability of the composite

. configuration. Figure 3-17 shows the effect on bandwidth Dby
varying the gain of both the C20A 1 and the single 0OA. It
is observed that for both of these amplifiers as k increase,
BW decreases. The bandwidth shrinkage; however, is seen to

be much greater for the single OA. Figure 3-18 shows the

P O R

effect of varying power supply voltage on the C20A1 and the

single OA. It can be observed that for decreased power

=~ ri,;x

supply voltages, the C20Al1 continues to perform better

———
AW

than the single 0OA. Finally, the good stability of the
C20A1 can be observed from the results of Figure 3-19,

where the resistor-ratio was varied by +5% and the effects

T

on circuit operation are observed. From these computer

‘1‘ 87
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simulation results it can be seen that a significant BW
extension over the single OA is attained by the of a C20A.
Additionally, the .C20A performs at least as well as the
single OA with respect to sensivity to circuit element
values, power supply variations, stability, and versatility.
The results discussed in this paragraph can be duplicated
by modification of the appropriate parameters in the

program of Appendix L.

E. SLEW RATE AND OFFSET ANALYSES

Chapter I discussed the methods which have been utilized
to improve the slew rate (SR) of the single 0OA, as well as
the limitations inherent to these methods. In each of the
methods presented, an increase in SR of the OA resulted
in an increase in offset voltage. This section will show
how the C20A can be employed to overcome this effect. The
analyses of this section combine computer simulation,
theoretical, and experimental results. The slew rate
analysis of the C20A will show that its slew rate is
determined by the slew rate of the output OA (A2) and the
offset analysis of the C20A will show that its offset is
determined by the offset of input OA (Al)., Finally, it will
be shown how these two features can be combined to produce
a high speed, high accuracy Operational Amplifier.

To simulate the performance of OAs to prove the

assertion above required the design of single 0OAs with
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different slew rates. This was accomplished by varying
the value of the compensating capacitor in the basic LM741
model. The computer program of Appendix E with Cl=10pf,
20pf, and 30pf was used to simulate the different slew
rates. The computer simulation results of this effort are
shown in Figure 3-20, It can be seen that the slew rate
of the single OA may be enhanced by decreasing the value of
the compensating capacitor. The 0OAs #1 and #3 were selected
to be used in the C20A. The four possible combinations of
these two OAs were considered in the C20A 1 inverting
amplifier configuration and the simulation results are shown
in Figure 3-21. It can be seen from these results that the
output 0A(A2) is the OA which controls the slew rate of the
composite configuration. It is noted that when a slow OA
and a faster OA are combined, with the faster 0A as Al, that
an overshoot exists. Figure 3-22 shows that the amplitude
of this overshoot can be adjusted by adjusting o. The
program of Appendix N was utilized to obtain these results.
This slew rate analysis was then repeated experimentally
and the results are shown in Figure 3-23., From both the
computer and experimental results it can be seen that the
slew rate éf the C20A is controlled by the output OA (A2)
of the configuration.

The above results can also be easily proven by applying

the results obtained in Chapter I for the full-power
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bandwidth (uhax)' From equation (9) of Chapter I

= wV . (18)

and from equation (10) of Chapter I

av

1 0
max \Y dt max
Combining egns. (18) and (19) above gives
W __ = +- x SR (20)
max v

The result of equation (20) can be applied to the C20Al1 of
Figure 3-22 and an interesting conclusion is found. First
assume that the slew rates of Al and A2 are equal. Since

it can be easily shown that the voltage at the output of

A2 is much larger than that at the output of Al, it is
clearly seen that the maximum frequency according to eqn. (20)
will be determined by A2. Then by using a high slew rate OA
in place of A2 will allow the C20A to work at a much higher
frequency, with very little effect due to the dlew rate of
Al. The result will be a high slew rate C20A with speed as
fast as the speed of A2, This result agrees with the

simulation and experimental results achieved earlier.
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Figure 3-24 shows the theoretical offset relationships
for the C20A. From these relationships it can be seen
that the offset voltage of the C20A is determined primarily
by the offset voltage of the Al amplifier. For purposes
of illustration, the derivation of the relationship for the
C20A4 1is shown below. Figure 3-25 shows a schematic of
the circuit under consideration. |
Since,

Vl--V2 V2-V3

aR  ~ R
then,
Vl+aV3 = (l+a)V2 (21)
Also,
Vl = Alv3 (22)

Substituting eqn. (21) into (22) gives

A1V3+0tV3 = (l+a)V2

which simplifies to

V. =V (l+a)
3 2 (A+a)
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But, V2 = VOff and Voff for the circuit is V3, so,
- l+a
Vore = Vorr1 * Vorr2 A0

To perform an offset voltage analysis to demonstrate the
validity of the assertion that the offset voltage of the
C20A is determined by the offset voltage of the Al OA
required the design to -two OAs with different offset
voltages. One of these two OAs used was the basic LM74l
model., Its voltage offset was found to be 0.15 mV. A second
model was created by using resistors in the emitters of the
input stage transistors Ql and Q2. Its offset was found to
be 0.916:'mV. The program of Appendix 0 was used to obtain
these results. The four possible combinations of these two
OAs were then considered in a C20A3 iﬁverting amplifier
configuration. The results of a computer analysis of this
configuration are éhown in Figure 3-26. It can be seen from
these results that the offset of the C20A3 is controlled
by the offset of the Al amplifier. Appendix P shows the
computer program used to generate these results.

Finally, an experiment was performed in the laboratory
to show that a high speed, high accuracy 0A could be
produced by combining the best characteristic of two seperate
OAs. A high speed OA(HA-2525) and a high accuracy OA(HA-5170)
were combined in a C20A4% configuration. The experimental
results are shown in Figure 3-27 and conslusively support the

hypotheses previously proven.
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F. CONCLUSIONS

The C20A has been shown to be a superior extended
bandwidth Operational Amplifier. In addition to its
extended bandwidth characteristics it has been shown to
perform with a high degree of stability and low sensitivity
to circuit element variations. It overcomes the disadvantages
imposed by previous methods of active and passive compensa-
tion to extend the frequency dependent bandwidth.
Additionally, the C20A has been shown to overcome the offset
problem associated with attempts to enhance the speed of
the OA. It has been verified by computer simulation,
theoretical, and experimental results that a high accuracy,
high speed OA can be produced by using the C20A. These
results are better than those offered by state-of-the-art
designs. An additional advantage of the CNOA is that it
may be implemented using current technology. Although
this chapter has considered only the C20A, the results

may be extended to the C30A and Cu0A.
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IV. USE OF THE CNOA IN ACTIVE-RC FILTERS

A. BACKGROUND

It has been shown in Chapter III that the CNOA provides
an Operational Amplifier with far better characteristics
than the single 0OA, namely, extended bandwidth, lower
sensitivity to circuit element variations, better
stability, and the capability to achieve a realization
with both high speed and high accuracy. This chapter will
show the application of the CNOA to active-RC filters.

Many different technologies exist for realizing.filters.
Perhaps the oldest of these is where inductors, capacitors,
and resistors are used in a passive RLC network., The major
drawback of this is that in low frequency applications
(dec to 100 kHz), inductors are extremely bulky and their
non-ideal characteristics greatly hinder the filter
performance. Further, inductors have the added disadvantage
that they cannot be fabricated utilizing IC technology. The
RC filter provides an alternative to this filter containing
an inductor. The simple RC filter is realized through the
combination of a resistor and a capacitor. The selectivity
of this filter is limited, however, since its poles lie on
the negative real axis in the s-plane. Utilizing active
components in this filter can improve the selectivity of

this filter by moving the circuit poles from the axis to
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complex locations in the s-plane [Ref. 14], This chapter
will consider CNOAs as the active elements in these
"active-RC" filters. Specific filters which will be
considered are the Multiple Feedback (MFB) Biquadratic

(BIQUAD) Filter and the Generalized Immittance Converter (GIC).

B. THE MULTIPLE FEEDBACK (MFB) BIQUAD FILTER

The MFB Filter considered here utilizes a single OA and
is shown in a Bandpass (BP) configuration. Figure 4-1 shows
a schematic diagram of this filter. The BP transfer function
of this filter is given by the following expression

[Ref. 2: p. 83]:

1 s
H (s)= :
l+k o 52+S(l4l~k)(RlC RlC +RlC )+ (L%k)(R RlC o)
141 Ry Ry 1824169
For R.=R.=R, C.=C.=C, and w=a=
l 2 9 l 2 L] RC.
Vour _ s/w
v 7,7
I 1 + 3 s/w + (1+k) s /w

Since the general expression for a BP transfer function is

ziven by

als

52+s(w /Q)+w2
o o
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Figure 4-1 The MFB Single-BIQUAD BP Filter Using a C20A1
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then for the filter being considered

W = w/vV1+k
Q, = VI¥K/3
BW = 3wo/vl+k

where w g is the filter poles resonant frequency and Qp is the
quality factor,

Figures 4-2, 4-3, and 4-4 show computer results for the
freqyency response of an MFB using both the single OA and a
C20A 1. The schematic of Figure 4-1 was used in the design
of these filters. The design center frequencies of the
filters shown are 6.25 kHz, 40 kHz, and 100 kHz, respectively,
Additionally, the filter for each design fo is plotted using
ideal OAs for the C20A 1. It should be noted that for the
C20A the resistor-ratio, o, can be used to control the
amplitude and the transfer function at resonant frequency
of the filter, as well as the quality factor Qp' The
effects of adjusting o are shown in Figure 4-5 for a design
of fo = 60 kHz. Figure u4-6 shows the effects on the C20A 1
response caused by a *+5% resistor-ratio variation (small,
as compared to the variation used to adjust fo) and
Fizure 4-7 shows the effects of power supply voltage

variations. The response for the +5% curves are so close
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resistor-ratio variation on the response of the filter and
it can be seen from that figure that the filter is
relatively insensitive to those small variations., Figure
4-13 shows that the filter can operate acceptably with
lower than normal power supply voltages. The response of the
single OA used in place of the CNOA is this configuration
was not considered to satisfactorily represent the
situation and as such was omitted. The program of
Appendix S was utilized to produce the computer results
for the GIC Filter and the program of Appendix T was used
to produce the frequency response for the filter using

1deal OAs.

D. CONCLUSIONS

This chapter has shown the application of the extended
BW CNOA to active-RC filters. It has been shown that the
response of these filters very closely approximate the
ideal at low frequencies and that the filters are relatively
insensitive to small variations in resistor-ratio variations
and variations in power supply voltages. Further, it has
been shown how the resistor-ratio can be used to control
the resonant frequency and amplitude of the filters. These
filters represent but a small number of potential applications

for the CWOAs.
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C. HIGH FREQUENCY GENERALIZED IMMITTANCE CONVERTERS (GICs) ‘
USING CNOA'S ‘

It was mentioned in the introduction to this chapter that .
the use of inductors in filters is impractical due to their
bulk and expense. One way to overcome this problem is to
design and inductorless filter. One method is to simulate
the LC network associated with a filter through use of the
active-RC filter. One of the promising designs that can
affect this simulation is the Generalized Immittar.ce
Converter [Ref. 15]. This design maintains a low
sensitivity to circuit element variations and possesses a
high degree of stability. The same bandwidth limitations
imposed by the non-ideal performance of the OA effect the
GIC. Once again, however, the CNOA provides an alternative
to help overcome this problem. A schematic for this
filter is contained in Figure 4-9.

To show the use of CNOAs in the GIC, the BP realization
of Figure 4-10 was selected. As shown, it utilizes a C20A3
as the Al amplifier and a C20A4 as the A2 amplifier.
Circuit parameters shown are for a design of fO = 20 kHz.
The.computer simulation for this configuration is shown
in Figure 4-11, Also contained in that figure is the
response corresponds very closely to the theoretical
response, As was the case with the MFB filter, a was
used to control fO and the amplitude of the response of the

filter. Figure 4-12 shows the effect of a +5%
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that they appear as one curve in Figure 4-6. Figure 4-8
shows the comparisons of Qp and fo.variations from design
from the C20Al vs. the single OA. Appendices P, Q, and R
contain the computer progréms used to generate the results
obtained in Figures 4-2 through 4-8.
An analysis of the computer results for the MFB BIQUAD
shows the following:
1. The C20Al corresponds much closer to the ideal
response than the single OA in all cases. At the lower
frequencies the C20Al very closely approximates the

response of the ideal case.

2. The actual quality factor (Q_ ) and resonant frequency
(fo) are very close to desigg for the C20Al.

3. The C20Al displays a low sensitivity to variation in
circuit elements.

4. The C20Al is shown to operate acceptably with variations
in power supply voltage.

There was some discrepancy between the anticipated and
computer results for the single OA. It was envisioned that
the amplitude of the response for the single OA would drop
off at higher frgquencies, but it was not the case. This
discrepancy also affected the C20Al to a lesser extent,
but it is felt that the general results obtained were still
valid. It is believed that this discrepancy is due to the
high degree of complexity of the model utilized. The above

results demonstrate clearly the advantage of using a C20A

o in place of a single OA in active filters.
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V. CONCLUSIONS

The objective of this research was to introduce a
unified approach to several of the problems associated with
Operational Amplifiers (OAs), namely, frequency dependent
gain, and speed and accuracy limitations. The method
introduced to solve these problems was the Composite
Operational Amplifier (CNOA), where N=2, 3, or 4 single
OAs. This device is treated as a single OA and is shown
to possess the same versatility as the single OA. 1Its
characteristics have béen shown to be superior to the
single OA and it has been shown to overcome the disadvan-
tages associated with previous attempts to extend BW and
improve slew rate.. A combination of computer simulation,
theoretical, and experimental results were used to generate
the findings of the research.

Chapter I discussed the problems of the high frequency
rolloff of the OA and the limitations imposed in attempts
to improve slew rate. Chapter II introduces the model
utilized to generate the computer simulation results of this
paper. Chapter III discusses the generation of the CNOA and
contains the computer, theoretical, and experimental results
which demonstrate the superiority of the CNOA. Chapter IV

shows the application of the CNOA to active-RC filters.
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Current passive and active compensation introduced to
minimize the high frequency rolloff problem of the OA have
been found to be in most cases impractical or not cost
justified. Furthermore, each of these methods was
introduced for specific applications and a general approach
for different circuit networks was not found. These
methods have included the introduction of passive components
to produce an amount of phase lead to compensate for the
phase lag due to the imperfect OAs, adding additional OAs to
a configuration, and the production of wider GBWP OAs. It
was shown thegretically and verified by computer simulation
that the C20A finite gain amplifier has a greatly extended
BW over the single OA, or cascaded stages of OAs.
Additionally, the C20A was shown to have a high degree of
stability ‘and a low sensitivity to circuit element variations
when compared with the state-of-the-art designs.

It was shown that each of the common methods presently
available for enhancing slew rate contributed to an offset
problem. These methods included the use of JFETs in the OA
differential input stage circuitry, the inclusion of emitter
degeneration resistors in the emitters of the transistors which
form the input stage, increasing the OA GBWP, and increasing
the charging current available to the internal compensating
capacitor through alternative routes. The use of the C20A,
however, was shown to be a method whereby a high slew rate

could be attained with low offset voltage. This is
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accomplished by using a low offset OA as the input OA (Al)
of the configuration and a high slew rate 0OA as the output
OA (A2) of the configuration. The use of such different
OAs in constructing the CNOAs was possible due to the
fact that mismatching of individual OA's GBWPs is tolerable
in these proposed families of CNOAs. This provided an
excellent chance to éonstruct composite OAs tailored to
certain unique specifications such as high speed and high
accuracy. These improved specifications were proven through
the  use of computer, theoretical, and experimental results.
An application of the CNOA was shown in active-RC filters
and it was demonstrated that these devices performed
considerably better with the CNOA than with the single. OA.
The computer model used to generate the computer
simulation results operated satisfactorily for most of the
research, however, some difficulties were experienced. As
noted, a problem with slew rate analysis was experienced
during verification of the basic model and then later a

problem with the response of a single OA in an active filter

configuration was experienced. Additionally, some
sensitivity of the SPICE Program to the method in which
values of components were input was experienced. Attempts
were made to adjust the system tolerance values, but were
to no avail. It is recommended that prior to further
research requiring OA circuit analysis an attempt be made

to obtain a full set of transistor parameters for inclusion
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in the SPICE program. Attempts to obtain a complete set of

parameters for specific OAs was not successful and as such

most values were allowed to default to system assigned

values. The lack of these parameters, coupled with the

high degree of sophistication of the model is believed to

> have contributed to some of the difficulties experienced

r with SPICE. Consideration should also be given to

L; utilizing a more simple model for the single OA. Finally,
it is recommended that the 2G Version of SPICE resident

%_ on the IBM 3033, and utilized in this research, be compared

to later versions of the program to ascertain the extent

to which problems associated with the 2G Version hinder
circuit analysis efforts.

In conclusion, the objective of this research has been
met. The CNOA has been shown to be a unified approach to
overcoming the frequency dependent gain problem, the speed
problem, and the accuracy problem associated with the
Operational Amplifier. An added advantage of this device
is that it is fully compatible with state-of-the-art IC
technology and as such requires no new technological

innovation.
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APPENDIX L
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APPENDIX N
C20A1 INVERTING AMPLIFIER
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1 NON-INVERTING AMPLIFIER
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APPENDIX O

PROGRAM FOR DETERMINING OFFSET OF C20A3
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APPENDIX T
(IDEAL OA'S)
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APPENDIX S
USING A C20A4 AND A C20A3

PROGRAM FOR FREQUENCY RESPONSE OF GIC BP FILTER
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APPENDIX Q
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APPENDIX P
PROGRAM FOR FREQUENCY RESPONSE OF MFB BIQUAD
(SINGLE 0OA) '
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